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CHAPTER 1
1. GENERAL INTRODUCTION

l.1 THE CORROSION OF CONCRETE SEWER PIPES: PROBLEM IDENT&-
FICATION

l1.1.1 Introduction

The service life of concrete in particularly extreme
bacteriological environments has long been a problem that has
been facing engineers and concrete materials experts. This is
particularly relevant for the case of concrete sewser pipes;
the useful life of which is critically limited by corrosion
due primarily, and ultimately, to sulphide attack.

Sulphides are formed from the sewage sulphates, by
bacteria in the slime layers on the walls of the pipe. These
diffuse, firstly,into the liquid, and then into the seuwer
atmosphere as hydrogen sulphide, which is then in turn oxidised
to sulphuric acid. Hydrogen sulphide gas is well known for its
characteristic "rotten eggs" odour, but more important although
less known, for its extreme toxicity.(l) The maximum safe con-
centration in air is only twice that of hydrogen cyanide.l It
also has the dangerous side effect that the ability to sense it
by smell is quickly lost(2) after first encountering the gas,
and deaths have occurred in sewers that can be both directly

and indirectly attributed to hydrogen sulphide poisoning.

The corrosion discussed in this thesis refers primarily
to that caused by this bacteriologically created sulphuric acid
attack in the space above the liquid, as opposed to sub-liquid
level corrosion due to aggressive chemicals, more commonly
associated with industrial effluents. This is all discussed

more fully in later sections.

1.1.2 Effects of Hydrogen Sulphide Based Corrosion on Sewers

The results of sulphuric acid corrosion is manifested in

sewer pipes in various ways.

(a) A sewer pipe or manhole which has been corroded to
such an extent that it has to be replaced can be regarded as
a loss of a capital asset.(3) .To replace an existing and



operating sewer is always expensive because (i) the flow cannot
be stopped and must therefore be diverted by means of mechanical
pumping on a continuous basis, and (ii) costs for excavation,
pipelaying, materials and reinstatement will, almost certainly,
have increased substantially since the pipe was installed. Neu
services, roads and structures may also have been constructed

in the vicinity of the sewer in the period betueen initial con-

struction and the relaying of the pipeline.

(b) The loss of load bearing capacity due to material loss
or deterioration in the pipe structure as a result of corrosion
often causes the collapse of sections of pipe. Frequently in the -
event of sudden collapse, the broken pipe pieces cause blockages
in the pipeline and the failure of the pipeline is quickly
noticed.(S) Occasionally, however, the pipe deteriorates gradu-
ally, with the result that soil may be washed into the seuwer
from above, sometimes leading to the formation of a large cavity
in the soil above the pipe, uwith the eventual collapse of the

ground surface and surrounding roads, sidewalks or structures.

(c) A typical example of severe corrosion of concrete
structures in the local sewerage system can be seen in the
harbour residential area of Hout Bay, near Cape Towun. This
‘reticulation system has been in operation for some 19 years and
carries pﬁrély domestic sewagse. The system consists of a series
of interconnected septic tanks and concrefe manholes, and the
saverity of the corraosion on these structures is graphically
- illustrated in plates 1.1 to 1.5.

The typical results of corrosion such as the deterioration
and eventual diéappearance of concrete, or mortar, are clearly
evident in plates 1.1, 1.2 and 1,4, as wvell as expansion of
mortar in the brick structure, plate 1.5 and (but less clearly)
plate l.1. The mortar material, between the brickuork, after
such corrosion; is of a soft mushy or flaky nature of the con-
'sistency of wet cake or fresh cement paste, and has no strength
at all. This can be seen in plates 1.1, 1.2 and is very easily
removed or dislodged, as can be seen in the spade in plate 1.3.
0ften, with the removal of this scum layer, for example by
hydraulic action or gravity, the undeflying aggregate and
indeed steel reinforcing of concrete. structures, is sometimes

exposed - plate l.4.



It has been estimated that the replacement of only the
manholes and foof_slabs of the septic tanks of this system
will cost approximately twice the.amount of the original full
construction costs! o /

These and other types of situations are obviously very
undesirable as severe disruption is caused and rectification

of the situation is costly and time consuming.

A far more preferable situation would be to use, in the
first place, a pipe which is designed to have extremely high
corrosion resistanqe so that it does not need any maintenance,
repair or replacement during its design life but which is
still economically attractive. This study on deeply impreg-

" nated polyurethane concrete is aimed at contributing to this
field with a view to at least eXtending the useful life of

concrete seuer pipes.

To this end the thesis reviews current solutions to the
concrete sewer corrosion problem including the physical and
chemical treatment of the sewage and the use of sacrificial
‘layers in pipes; alternative or better materials selectionj;
PUC and vitrified pipes; and composite "pipes within pipes".
Coatihgs,and linings are also examined and their deficiencies
in terms of cost and serviceability exposed. The need for a
polymer coating which is impregnated to form an inteqgral part
of the pipe wall is developed and the specific effectiveness
of this, using a moisture curing polyurethane co-polymer, is

discussed.

In addition the thesis deals with improvements of strength,
degree of penetration, and corrosion resistance as necessary
and successful adjuncts prior to the development of the use of
these composite materials on a commercial scale. Future tests
still to be undertaken are also discussed together with re-
commendations of how present techniques can be optimised, and

of alternative polymer materials.

l.2 BIOCHEMICAL BASIS OF SEWER CORROSION:

~1l.2.1 Sources of Sulphides in Ssuers

In domestic wastewaters sulphur compounds are derived



from human metabolism of foodstuffs and from household deter=-
gents.(2) In addition there are naturally occurring sulphates
as well as those added to water as flocculants during the
water treatment process such as aluminium, ferrous or ferric
sulphates.

Certain industries such as abattoirs, tanneries and oil
refineries may discharge relatively larger amounts of sulphides
into the sewers. It is, however, possible to implement some

control over these discharges.

However, the commonest source of sulphides is biological
activity in the sewer itself(2) and the principal sulphur
compound in wastewaters is the sulphate ion. Provided there
are dissolved oxygen and/or nitrates present, little change in
sulphur compounds will take place. When organic material is
present and both dissolved oxygen and nitrates are absent, then
bacteria of the species Desulphovibrio desulphuricans (or
Desulphatomaculum desulphuricans) and others will reduce the
sulphate to sulphide, using the oxygen made available to oxidise

organic matter:

SO4 + 2C + 2H20 ——~_—2HCD3 + HZS

For sulphate to be reduced to sulphide, it is necessary that
the medium be completely devoid of free oxygen(l) and other
active oxidising agents such as nitrates(2, 4) and chlorine.
The stream of wastewater in a partially-filled sewer is not
completely anaerobic because it is exposed to the sewer
atmosphere. 0Oxygen absorbed at the surface of the stream
genefally reacts quite rapidly, and in large seuers its con-
centration may be quite low, say 1 mg/litre, yet enough is

present to prevent sulphate reduction in the stream.

. All seuers have a layer of slime on sections of the walls
which are submerged.(l, 4) If dissolved oxygen is present in
the.stream, it diffuses rapidly into the slime layer, but the
aerobic bacteria will use it so rapidly that the oxygen pene-
‘tration is only about 0,25 mm. Ffurther in than this, the
slime layer is anaerobic and it is here where the reduction of
sulphate to sulphide takes place. The sulphide generation
layer is also about 0,25 mm thick. At deeper levels the slime



layer is largely inactive because of a lack of nutrient
supply. As long as the surface of the slime layer is aeracbic,
sulphide diffusing out of the anaerobic zone will be oxidised
(see fig. 1.1). If the dissolved oxygen content of the waste-
water drops to less than about 1 mg/litre then incomplete
oxidation of the sulphide may occur. Anaerobic conditions

are however needed before all the sulphide produced can pass
into the stream. Figure 1.2 illustrates this.

The rate at which sulphide can be produced by a slime
layer is generally determined by the rate that the reactants,
i.e. sulphate and organic nutrients, can reach the sulphate
reducing bacteria. UWhen the slime layer contains a maximum
population of these bacteria, and when their metabolic rate
is high because of favourable temperature and other conditions,
the reactants do not have so far to diffuse and the rate of
sulphide generation reaches a maximum.(2) By contrast, if the
population is sparse or the metabolic rate is lower for some
reason, the reactants must diffuse further; as a result, the

sulphide generation rate is slower.

The effect of temperature on the rate of sulphide pro-
duction is complex.(2) The increased metabolic rate of the
bacteria reduces the distance that the reactants heed to
diffuse, and at the same time the diffusion coefficient in-
creases. It appears that the overall effect is about 7% in-

o : .
crease per 1 C rise in temperature.

The absorption of oxygen into a wastewater stream can
take place at the surface of the stream and at points of high
turbulence. At the surface of the stream the rate of oxygen
transfer is proportional to the oxygen deficit, i.e. the
difference between the actual concentration of oxygen in the
‘wastewater stream and the saturated concentration of oxygen in
the wastewater stream at the same conditions of temperature
and pféssure, also the relative difference in oxygen concen-
trations of the air and the stream. The rate of transfer will
- be affected by the presence of any surface active films caused
by fats, oils and detergents.(2, 5) In addition to surface
aeration much oxygen'can be dissolved in the wastewater at dfops
and high velocity junctions, i.e. places of high turbulence.



Sulphides may be lost in two ways:(5)

(a) By reaction of sulphide with oxygen

Under the conditions usually found in partly filled
sewers, a major part of the sulphide passing from the slime
layer into the stream is subsequently destfoyed by oxidation.
This reaction may be either chemical or biochemical. . In
wastewaters that are biologically inactive because of toxlc
materials, the sulphide is oxidised chemlcally to sulphate -
by complex reactions; The reaction rates vary with sulphids

and dissolved oxygen concentrations.

The biological reaction is more rapid with thiosulphate

being formed:

2HS + 202—»- 5203 + H20

The rate ofvsulphide oxidation in this reaction varies with
the biological activity of the wastewater, e.g. the rate may
be 1 mg/litre/hr in fresh wastewater, or 10 mg/litre/hr in
.stale Seuage. The rate is independent of dissolved oxygen and
sulphide concentrations provided these are not less than

1 mg/litre.

(b) By escape to the atmosphsre

For sulphide to enter the atmosphere it must be in the

form of a.gasQ The relevant sulphides here exist in tuwo formsi

(i) Insoluble metallic sulphides - mainly iron
~sulphide except where industrial wastes in-

clude zinc, copper, lead and cadmium.

(ii) Dissolved sulphides, being a mixture of the
Ha
the S~ ion. The ionisation reactions are

HyS==H* + HS™= 2H" + 57,

S molecule, the HS™ ion and a trace of

There‘is aluays a balance betwsen the proportions of these
dissolved sulphide forms,(l) the proportions depending on the
' temperature of the sewage, the pH, and the presence of

' metallic ions. The proportion of molecular H,S is very de=-
pendent on the pH, being 50% at pH = 7 and 90% at pH = 6.
Thus the sudden discharge of any acid wastes u1ll result in a
release of a high concentratlon of stvgas._ At pH valuses’



above 8 nearly all the sulphide is held in the form of the
HS™ ion, and cannot be lost to the atmosphere. See fig. 1.3.

l.2.2 Bacterial Activity

It has been proved that certain spscises of bacteria are

responsible for the oxidisation of H,S gas in the sewer air

‘ 2
to H,50, on the crouwns and sides of sewer pipes.(4)

Nature of the Bacteria

The bacteria which effect the oxidation of sulphur or
sulphur compounds to sulphuric acid are autotrophic,(4, 5)
i.e. they require C02 as a source of carbon, NH3 as a sourcs
of nitrogen, and various mineral salts such as magnesium, iron,
potassium and manganese. It appears that these salts are
readily available from solution of the concrete salts. Near
the sewage surface, these and other salts are drawn up from

the sewage in the concrete walls by capillary. action.

The energy requirements for bacterial metabolism ars
derived from oxidation of sulphur or nitrogen compounds, using
atmospheric oxygen as the acceptor ion.(6) For example, in the
breakdown of the HECOUH molecule, the hydrogen bonds are broken

by the bacterium to form CO, molecules and H' ions. This

2
breakdown releases energy which is used by the bacterium in
its metabolism, and the H' ions are attached to 0,, N03—,

NOZ- or S ions, in that order of preference. Thus it can be

sesn that HZS will be formed only if there is no oxygen present,
as happens when HZS is produced in anaerobic sewage, provided

no nitrates are available for use as acceptor ions.,

The organisms significantly active in the advanced highly
-acidic high~rate stages of concrete corrosion in sewers are tha
species Thiobacillus concretivorus.(4, 5) The pH range in which
this species is active is 1 to 6, and before this species can
prbliferate, the pH of the concrete surface must first be lowered
- to épproximatelyyﬁ. It has been suggested that this reduction in
pH is brought about as follous:(4)

The pH of freshly hardened concrete is determined by the
Ca(OH)2 liberated and lies bstween 11 and 12,5. Due to carbon-
ation by 002
converted to calcium carbonate and the pH drops to 10. 1In the

in the atmosphere, the exposed surface becomes



presence of moisture, which is usually the case 'in seuwers,
some of the carbonate is dissolved as Picarbonate (HCOS-)
and an equilibrium is set up between the calcium carbonate
(CaCOs), the saturated bicarbonate solution and ‘the CO,

the atmosphere. Depending on the 002 concentration, the pH
drops further (to pH 8,4 for normal 0,03% co,
in air, and to pH 7,4 for sewer air containing 1% CO

in

concentration
con-
2

centration). The pH may drop even further if H,S is dissolved

2
~on the moist surface. At this point the bacteria Thio. con-
cretivorus (and Thio. thiocoxidans) become established and
proceed to produce sulphuric acid under favourable conditions;

the pH can then drop to as louw as 1.

It is also thought that bacteria species Thio. thioparus(4)
and sulphur oxidising fungi Aspergillus niger, Penicillium
cyclopium and others, which are less acid tolerant, may also
assist in reducing the pH by way of limited acid production

before Thio. concretivorus takes over.

Growth Requirements

For the chain‘of bacteriological processes to commence
and continue to the final stage, and for the final stage to re-

main active, certain environmental conditions must be satisfied:(5)

(a) "Source of Infection:

There must be a primary source of infection of the concrete
surface with the necessary bacteria. It is kﬁoun that the
organisms actively involved in the corrosion process are
commonly found in water supplies, soil, and in stormwater (from
running over and thfough soils thereby picking up the various
organisms). These organisms then find their way up the walls
of the concrete pipe presumably by capillary action, splashing,
or by simply being carried up in moisture globules evaporating

from the surface of the sewage.

(b) Moisture on the Concrete Surface: -

The various bacteria cannot proliferate if the concrete
surface is insufficiently moist. This occurs when the relativs
humidity of the sewer air falls below 85%, at which point the
evaporation of water from the acid solution on the surface is

so great that the high acid cqnbentration kills off the acid



producing bacteria, the remaining acid being quickly neutralised
by the basic cement products.

The moisture on the concrete surface arises from evapar=-
ation from the éewage and then condensation on the normally
cold walls, through capillary action at the sewage surface,
and sometimes, if the external ground water level is high enough
above the pipe, by direct infiltration through the concretes
walls of the pipe. |

(¢) Nutrient Supply to the Bacteria:

Important nutrients are

Sulpﬁur - from H,S in the sewer air

2
Nitrogen - from NH3 gas or ammonium salts
Carbon - from 002 in the sewer air

from the cement in the concretese

Mineral salts

and from the sewage water.

It should be noted that no corrosion occurs if H25 is not
present, also, the amount of acid produced is directly pro-
portional to the Nitrogen and Phosphate content in the

nutrient supply.

(d) Temperature:

The temperature at which acid production by the bacteria
effectively starts is b lSOC, rising to 'a ‘maximum rate at
2 30°. Outside of these temperatures, production decreases
and may even cease. The normal sewage temperature of 25°¢C

‘unfortunately fits well into the active temperature range.

l.2.3 The Mechanism of Corrosion

Introduction

" The chemical corrosion of concrete sewer pipes results.
from the breaking down primarily of the cement paste and to a
lesser extent aggregate by chemical action of the aggressive
agents,(4) in this case sulphuric acid and sulphates. Attack
by sulphates may result from the presehce of sulphates in the
séuage'or from sulphates formed as products of sulphuric acid

‘attack on the concrete.

Corrosion of sewer pipes made of cement-bonded materials

is not uniform.(l) Lack of uniformity is due in part to the
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air currents that control the rate of transfer of hydrogen
sulphide to the pipe wall. The greatest corrosion is generally
observed at the soffit of a manhole outlet because that is uwhere
there is the greatest shear betueen the éir stream and the pipe
material. Structures projecting into the air stream suffer more
rapid corrosion than the pipe wall. Test specimens hung in a
seyer may provide information on the relative corrodabilit§ of
different materials, but they will not shou how fast a pipe wall
will corrode.

There is normally a flou of air doun the seuwer, but in
addition, transverse currents are set up by temperature differ-
ences. The pipe wall is normally cooler than the wvater, especi=-
ally in the summer when sulphide concentrations are at a maxi-
mum., The air that is cooled by the walls moves dounwards, and
slightly warmer air rises from the centre of the stream surface.
As a'result, the maximum rate of transfer of hydrogen sulphide

to the pipe wall is at the croun (ses fig. 1l.4).

Uneven distribution of corrosion also results from the
migration of acid=-containing condensate down the pipe wall,
particularly when there is a high rate of acid production. In
the zone that is intermittently washed by the sewage, the pasty
decdmposition products'are cleaned away. As a result, the pipe
wall is l;id bare to the attack of the acid when the water level
is low. Deeper penetration may therefore be observed in this

zone (see fig. 1.5).

Sulphuric Acid Attack

Sulphuric acid will attack both the aggregate and cement
portions of concrete.(4)

(a) Aggregate

Silicious aggregates which are often used for normal con-
crete pipes are relatively unaffected by sulphuric acid and
cannot therefore provide any neutralising basic material. Oncse
the cement bonding matrix around the aggregate has been corroded
away, the aggregate falls off, thereby exposing fresh concrete
to attack (see section 1.3.3.5). |

-

Calcareous aggregates such as limestone are attacked by the

sulphuric acid although they do provide a larger chemically
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active surface area and hence the rate of corrosion'of the pipe
is less than that for silicious aggregate pipes. The corrosion
products formed are calcium and magnesium sulphatés, which may

further aid the general sulphate corrosion.of the cement matrix.

(b) Hydrated Cement

Hydrated calcium silicates, aluminates and ferrites are
broken down to form the various sulphates of calcium, aluminium
and iron, together with amorphous silica in the case of calc1um
silicate hydrates, the principal hydratlon product of cement.
Calcium hydroxide reacts with sulphuric acid to form gypsum
(Ca S0, . 2H,0). This in turn reacts with some of the hydrated
calcium aluminates to form C,A . 3Ca SO, . 31H.0 or .

3 4 2
C,A . Ca SO 12H,0. Due to the large amount of water of

crystallisaﬁion, tﬁe calcium sulphate and tri-calcium sulpho-
aluminate have larger volumes than the substances from which
they are formed, and this resultant increase in volume(4, 7) can
cause expansion of the concrete accompanied by cracking and

deterioration (see plates 1.2, 1.3, 1.5).

Sulphate Attack

As can be.seen from the section above, the sulphéte attack
on concrete is a function of the tricalcium aluminate (C3A)
content of the cement. Certain sulphate resisting cements with
louw C;A contents are available.(7, 8) These, however, only
provide a certain amount of protection against sulphate, as
opposed to sulphuric acid, attack, although they are not resistant

to magnesium and ammonium sulphates.

The rate of sulphate attack increases with sulphate con-
centration,(?7) up to 0,5% for magnesium sulphate (MgSD4) and
1% for sodium sulphate (Na 4)

magnesium sulphate leads to serious deterloratlon of concrets,

A saturated solution of

although with a low water/cement ratio this takes place only
after 2 - 3 years. Alternate wetting and drying accelerates
the rate of sulphate damage owing to an accumulation of -

crystallised salts in the pores of the concrete.

In designating cement compounds, a shortened notétion is con-
ventionally used where

C = Cal, S = Si0,, A = Al,04, F = Fe,0; and H = H,0
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A summary of the relevant chemical reactions is given
belouw.(S, 7) ‘

(a) Sodium Sulphate with Calcium Hydroxide

Ca (OH), + Na, S0, . 10 H,0—Ca S0, . 2H,0 (Cryst.)

+ 2Na OH + 8H20

(b) Sodium Sulphate with Calcium Aluminats Hydrats

2 (3ca0 . Al,0,

4 ° 10H20)——~
. 31H20 (Cryst.) + 2Al (UH)3 +
6Na OH + l7H20

. 12H20) + 3 (Na2 S0

3 Ca SO4

(c) Calcium Sulphate attacks only Calcium . Al. Hydrate,

forming 3 CaO . Al,0, . 3 Ca SO, . 31H,0 (Cryst.)

(d)  Magnesium Sulphate with Calcium Silicate Hydrate

MgSQ, . 7H,0 + 3 Cal . 2 Si0, ag.— Ca S0, . 2 H,O (Cryst.)
+ Mg (OH)2 (ppt) + si0, (aqg.)

(e) Magnesium Sulphate also attacks Calcium Hydroxide

4

MgS0, . 7H,0 + Ca (OH)Z—*-Ca S0, . 2 H,O (Cryst.) + Mg (OH)2

4
+ 5H20

4
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1.3 ANTI-CORROSION MEASURES IN SEWER PIPES AND SEWERAGE
SYSTEMS

1.3.1 Introduction

The structural deterioration of concrete‘seuer pipes due
to corrosion in service is primarily a function of the pipe '
material and of the éeuage itself. Modification of either or
both these parameters can lead to reduced corrosion and a
longer life for the system. The limiting factors in these tuwo
parameters appear to be, respectively, the cement matrix
bonding material of the pipe and the presence of hydrogen
sulphide generated in sewage and in the slime layers on the
pipe walls;as mentioned in section 1l.2. Hydrogen sulphide,
on oxidation by the bacteria present above the water level in
the sewer, yields sulphuric acid which attacks primarily the
cement matrix. Efforts to inhibit, or at leaét retard the
corrosion process are thus divided into two areas, (i) treat-
ment of the sewage to prevent critical levels of sulphides
developing, and (ii) improved pipe materials which have both
an inherent higher resistance to corrosion as well as making
it more difficult for bacteria to settle and proliferate on
the pipe wall. | -

l.3.2 Sewage Treatment

Sewerage systems and sewage can be treated, with a vieu
to preventing corrosion, by mechanical means or by the direct

introduction of chemicals to the sewage.,

1.3.2.1 Forced Ventilation

An essential environmental requirement for the prolifer-
ation of acid-producing bacteria is moisture on the surface of
the pipe wall. If the relative humidity of the seuer atmosphere
falls below 85%,(2, 5) the rate of evaporation of water from
the acid on the walls ofvthe pipe is such that the increased
acid concentration tends to kill off the acid-producing bacteria

(see section 1.2.2).

The walls of the pipe can be dried to this degree by means
of mechanically induced forced air ventilation.(4, 5) The main
drawbacks are, however, the high installation, running and

maintenance costs, as well as increased problems with odours
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that are blown out at manhole lids along the sewer line. This
methqd is also generally only suitable for large diameter seuers
where the air requirements are less than that for small diameter
pipes, because of the smaller internal wall surface area to

pipe volume ratios.

l.3.2.2. Injection of Air or Oxyqen

Often, in the sarly stages of the operational life of
sewerage pump stations, long retention periods can occur if the
flow into the pump station is well below the design capacity.
Such long retention periods cause a rapid depletion of dissolved
oxygen levels and a severe build up of hydrogen sulphide gas,(3)
resulting in corrosion of concrete structures in the pump station

sump and at the outfall of the pressure main.

By injecting air into the pressure main,(2, 3, 4) the
oxygen content of the sewage can be maintained at a suFFiéiently
high level to.prevent the evolution of hydrogen sulphide (i.e.
in excess of approximately 1 mg/litre - see section 1.2). A
more efficient dissoiution of oxygen in the sewage can be
achieved if the air is injected at the lowest poiht in the
pressure main where the hydrostatic pressure is at its maxi-
mum. (2)

A more effective level of dissolved oxygen concentration
can be obtained if pure oxygen is injected into the sewags.
Wastewater is capable of carrying up to 20 mg/litre of dissolved
oxygen if turbulence is avoided, uhereas the injection of air
as opposed to pure oxygen into the main will result in a residual
level of oxygen of not more than 4 mg/litre (consistent with

the elemental composition of the atmosphere).

This process is generally only suited to full pressure
mains, but has the added advantage of bringing about a partial
purifying treatment of the sewage because of the relatively high
0x999n levels. The remarks on capital and running costs as

mentioned in the section on forced ventilation above also apply.

1l.3.2.3 'Chemical Treatment of the Sewaqge

The addition of chemicals(2) to sewage can reduce hydrogen
sulphide evolution and subsequent sulphuric acid production by
either (i) killing off the sulphide-producing bacteria, or (ii)
by limiting the very evolution of free hydrdgen sulphide (HZS)
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gase.

Chemicals that have been used with varyingvdegrees of
success (1, 4, 6, 9) are calcium hypochlorite, zinc sulphate,
sodium hydroxide, potassium permanganate and acfivated carbon.
More successful results have been obtained with chlorine, lims,
nitrates and hydrogen peroxide, the processes of which are
more fully described below.(2, 9)

(a) Chlorine and Hypochlorite

Chlorination can be effected by the use of liquid or
gaseous chlorine, as well as calcium and sodium hypochlorits.
Chlorine reacts with sulphide, according to the reactions in-
dicated below, and other organic sulphides to form sulphur and
hence sulphate ions. The reaction with chlorine is immediats,
whereas the reaction with injected air or oxygen is slower.
Theoretically nine parts by weight of chlorine are required for
one part of sulphide, but in practice about twelve parts by

weight are required due to side reactions.

HS™ + Cl,— S + HY + 2 Cc1™

folloued by HS™ + 4 Cl, + 4 H20-—7504= + 9 H

"+ 8 Cl1”

For maximum effectiveness the chlorine must be uniformly
distributed in the sewage, preferably introduced just above an
hydraulic pump or any point of high turbulence. If the seuwer
is long, rechlorination at points further down the line may be
necessary as the chlorine is .quickly consumed by the sulphides

and other chemicals in thevseUage.
(b) Lime

Slaked lime or calcium hydroxide may be added continuously
to the.seuage at a suitable point of turbulence or as a periodic
bulk "shock" loading. By liming on a continuous basis, the pH
of the sewage is increased to about 8,5 at which point the
"emission of hydrogen sulphide is virtually stopped since approxi-
mately 97% of the sulphide is present as the non-vdlatile HS™
ion(l, 2) (see fig. 1.3). The dosage of lime required is
“usually about 150 mg/litrs. This treatment does not reduce the
total amount of sulphide present but merely holds it'in the
liquid phase. Raising the pH to 8,5 appears to reduce the
activity of the sulphate-reducing bacteria..
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In shock dosing of a sewer, the pH is temporarily raised
to about 1l. The intention of this procedure is to neutralise
"or render inactive the slime layer and effectively arrest or
seriously inhibit sulphide generation. This is only a temporary
measure as generation can start within a few days and can be
back to pre~treatment levels within a week. Higher pH values
reached during shock dosing will generally have a more lasting
effect, but the critical effects of cost effectiveness play a
part, as well as the ability of the treatment works to handle
the high pH sewage and limit its widespread use.

A disadvantage of using calcium hydroxide is the quantity
of sand(3) (up to 15% by weight) commonly found in industrial
lime. If lime is used on a continual basis, the effects of
sand build up in the seuérs and pump station sumps must be con-
sidered and is often limiting.

(c) Nitrates

As mentioned in section 1.2.2, sulphates will not be re-
duced if nitrates are present in the wastewater.(2, 4) The use
of commercial nitrates is uneconomical, but if a cheap source
of nitrates can be found, such as humus tank effluent, it may be
well worth while leading this effluent back to a sswerage pump
station.(2, 3) Pump stations are usually located at a level
below that of treatment works outfalls, so that additional
pumping will not be necessary. When the pump station is under-
loaded and excessive retention times occur in the pressure main,
this additional flow will help to reduce the retention time,
and by diluting the wastewater, will reduce its oxygen demand
at the treatment works, as well as also reducing the total |

oxygen demand in the sewer.(2)

(d) Hydrogen Peroxide

Hydrogen peroxide dissolved in water in a 50% concentration
can be used to oxidise hydrogen sulphide completely. The oxi=-
détion products vary depending on thé pH of the sewage. In
acid or neutral sewage, water and elemental sulphur areiformed:
(2, 6, 9) |

.H202 + HZS ~S + 2 H20

In alkaline sewage, water and sulphates are formed:
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= +
4 H202 + HZS-—»-SD4 + 4H20 + 2 H

In practice a ratio of 3 ¢ 1 of hydrogen peroxide to sulphide
is required in the first reaction to allou for sids reactlons,

and a ratio of 6 ¢ 1 in the second reaction.

Hydrogen peroxide mixed with the sswage has an advantage
in that it does not produce any problematical by-products that
may affect the subsequent treatment processes since it decom-
poses to form water and oxygen.(9) It also helps to reduce

odour problems!

The practice of mixing hydrogen peroxide with sewage to
reduce hydrogen sulphide evolution has been successfully en-
ployed in Texas, U.S.A.,(9) wheres severe corrosion of a
1050 mmg, 6 km long concrete sewer pipe has been affectively
halted. Hydrogen peroxide treatment proved to be the cheapest
solution in comparison with relaying of the sswer and slip-

lining as well as significantly reducing odour problems.

1.3.3 Improved Pipe Materials

l.3.3.1 Steel

If the pipe is completely full, and.if the pH of the sewage
is above 6,5, and the chloride content less than 500 mg/litre,
little serious corrosion will occur. However, most sswsrs run
less than full, typically half full, and a steel pipe will
suffer both sulphuric acid corrosion and hydrogen sulphide
corrosion if oxygen is present in the sswer atmosphere, pro-
ducing bulky iron sulphide deposits. Corrosion due to oxidation
under the water level is, however, small. If the steel pipe
has 10 mm or thicker cement mortar lining,. it will be protected(1l)
as long as the lining is not exposed to sufficient acid to

'destroy the protective lining.

The great variety of chemicals found in industrial waste-
- waters would appear to limit the beneficial effects of galvan-
ising of steel pipes, although this method is very successfully
used in buried galvanised steel water supply pipes, where the
zinc coating provides adequate electrolytic protection under

most groundwater conditions.(6)

A maJor advantage of steel pipes is that they need only to
be manufactured with relatlvely thin walls (6 - 10 mm) as
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opposed to concrete pipe walls (50 - 100 mm) and although of
denser Material, are therefore lighter in weight. Steel

pipes can also be manufactured in lengths limited only by
handling considerations, thereby greatly reducing installation
time, effort and hence, ultimately, cost.(3) |

'1.3.3.2 CLast Iron

Cast iron pipes generally last longer than steel because
the pipe wall is thicker(l) and the corrosion process slouwer.
The corrosion of cast iron exposed to water commonly proceeds
by "graphitization", in which the true iron crystals are dis-
solved, leaving a porous mass of carbides and silicides of
\iron,(l) The surface of iron often appears unaltered, thus
giving a false impression of the true condition of the pipe.
Like steel, cast iron gives good service when completely filled:
with wastewater at a pH of 6,5 or above, together with an

absence of high chloride content.

Fabrication costs of cast iron pipes are understandably
greater than those of steel or concrete pipes, particularly so
in the larger diameters, and typically also r9qui:e a thicker
wall than steel to maintain the same structural strength and

toughnéss.

l.3.3.3 Vitrified Clay

These pipes appear to be completely immune to sulphuric
acid attack,(l, 2, 3) but suffer from several disadvantages,
namely o

(a) they cannot easily be manufactured in sizes greater

than 450 mm diameter;

(b) clay pipes are generally tuice as expensive as

concrete pipes in the 300 - 450 mm sizes;

(c) clay pipes are more brittle than concrete pipes,
are easily cracked or broken during transport and
laying, and have a louer structural strength when
load bearing capacity is considered, e.g. maximum
22 kN/m(10) as against 45 kN/m(1l) for a class C

concrete pipe;

(d) because of the limited structural strength, clay

pipes are also not manufactured in lengths laonger
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than 1,5 m, leading to significantly increased

laying costs;

(e) whers sulphides are expected, the use of cément
mortar joints is unsatisfactory,(l, 4) because the
aqtion of sulphuric acid on the cement causes ex-
pansion, which may break the socket joints and may
even crack the pipe. A new development is the use
of rubber ring joints which are substantially un-

affected by sulphuric acid.

Ancther disadvantage of cement mortar caulked joints is
that tree roots(3) can relatively easily penetrate cracks in
. the mortar and eventually cause a total blockage of the pipe
in their search for water and nutrients, both of which are
supplied abundantly by sewage. The use of rubber ring joints
should dramatically reduce the occurrence of this type of

problem.

l.3.3.4 Asbestos Cement

Owing to an 85% cement content, the alkalinity of asbestos .
cement pipes is higher than that of dolomitic aggregate pipe
(see section 1.3.3.5) and this can therefore neutralise much
of the sulphuric acid which normally causes corrosion.(12)
AsbéstOs cement pipes have a high compaction value which is
considered an imﬁortant factor in reducing the rate of
corrosion,(8, 12, 13) and the felted layer of magnesium silicate
asbestds fibres remains in position after the cement has been -
corroded.(13) This matrix contains a gel of silica, and pre- -
cipitated calcium sulphate, both of which interfere strongly
with the diffusion of acid into the deeper layers of the asbestos

cement pipe wall.

- This tends to extend the service life in comparison with
an equivalent size and strength concrete pipe, although generally
-being more expensive. They are manufactured in lengths up to
6 m and are easily cut on site to the desired length. If, how-
ever, the cut section has to be coupled to another pips, the end
of tha.pipa must be machined at a factory to fit the coupling
joining the two pipes. ‘

Asbestos cement pipes are alsoc generally lighter in weight

than concrete pipes, due to a thinner wall, although this may
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again limit the service life of the pipe>under,corrosive con-
ditions.(1)

l.3.3.5 Dolomitic Aggreqgate Concraete

7

Conventional concrete pipes are made with a siliceous
aggregate which is relatively inert, so that the only neutral=-
ising material available is the cement.(14) Sulphuric acid
attacks the cement binder around the large and small aggregate
particles, and the aggregate eventually falls off, exposing a
fresh and deeper section of pipe wall to the corrosion. Be-
cause of this, concrete sewer pipes are often made with large
and small calcareous (dolomitic or limestone) aggregates(l, 2,
3, 8) which substantially prolong the service life of the pipe
by providing additional alkalinity and hencé enhanced neutral-

ising ability.

Concrete pipes can also be made with aluminous cement and
sulphate resisting cement, but these only impart resistance to
sulphate attack, not sulphuric acid attack. Aluminous cement
will also be attacked by caustic alkalis(7) if these are present

in the sewage.

Concrete pipes are often constructed with a thicker pipe
wall,(1, 3, 11) the object being to provide a sacrifical
layer of concrete on the inner wall which will prolong the life
of the pipe. In addition, being sacrificial, the layer is not
taken into account as a load bearing structural element of the
pipe. This'understandably,makes the pipe heavier and more ex-
pensive; and also reduces the internal diameter and hence the

flow capacity.

1.3.3.6 Protective Coatings

Polymer and other non-corroding linings are évailable
(l, 9, 15 - 18) and have hbeen extensively used, but a problem
exists in obtaining a satisfactory bond between the lining and
the wall of the concrete pipe. In many circumstances where the
pipe is laid below the water table, infiltration of water through
the pipe walls under the external hydrostatic head lifts the
lining off the concrete surface. In addition, pinholes and any
damaged areas of the lining, houwever small, can cause the

sulphuric acid to penetrate behind the lining-and cause serious
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corrosion of the pipe, leadihg to peeling off of the lining.

A strong physical joint or bond is required to ensure that the
lining will not be forced to separate from the concrete, and
there is always the danger of damage to the lining during
transport and laying and also by debris in the sewage, such as
stones, logs of wood, bricks and scrap metal.(6) Damage can
also be caused by cleaning equipment uwhich is of necessity
harsh and sharp.(l, 3)

A useful analogy here is to regard the polymer skin as
being useful only so long as its integrity is maintained, i.e.
the "plastic bag" concept. A plastic bag full of water, for
example, will only continue to hold that water while there are
- no holes in it - once it is punctured it becomes effectiveiy
useless. A ‘thin polymer skin lining a sewer pipe may be re-

garded in a similar light.

An extension of the pipe liner concept is that of a pips
within a pipe,(9, 3) where a corrosion-resistant pipe (e.g.
PUC high density polyethylene) of sufficient wall thickness
(10 - 20 mm) to support itself is drawn through a concrste |
pipe, the concrete pipe acting as the main structural portion
of the pipe. This method of corrosion control is expensive
as firstly, thickwalled PVC pipes are very costly, and secondly,
the user is effectively paying for two pipes while only ob-
taining the benefit of the flow carrying capacity of one of
them.

1.3.3.7 Impregnated Linings

A  far more satisfactory type of lining promises to be
where the protectivevéoating is impregnated into the pores of
the concrete pipe(lﬁ, 17) either at the time of manufacture
of the pipe (Polymer Portland Cement Concrete - PCC - see
section 2.3.1) or by impregnating an already cast and cured
concrete pipe with a polymer or monomer (Polymer Impregnated
Concrete - PIC - see section 2.3.3). This would imply that
the polymer forms an integral part of the pipe wall and as
such cannot be torn away or result in any spreading corrosion
damage due to small local pinholes or scratches. Impregnation
depths up to several centimetres are obtainable(16, 17) with

monomer impregnations which are subsequently polymerised, and
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!

also but more rarely with freshly polymerised polymer impreg-
nation.(12, 19) This is fully discussed in section 2.6.

This thesis seeks to examine the feasibility of this
latter technique, i.e. polymer impregnated concfete, as a means
of strengthening sewer pipes and of overcoming the effects of
the_severe conditions which are present and which have been
extensively discussed in this chapter. This is done initially
as a laboratory scale investigation, but it is envisaged that
data obtained in this way will be correlated with, and extended
by, parallel studies with in service pilot systems in actual

Seuers.

The approach taken has been to examine the parameters
which control the impregnation characteristics of polymer into
the concrete. Chief among these are reportedly(17) (a) evacu-
ation prior to soaking,.(b) application of pressure during
soaking, (c) drying temperature, (d) curing and impregnation
time (i;e. "soaking"), as well as (e) viscosity and (f) polymer
properties. At the same time it has been necessary to develop
techniques for measuring impregnation depth, strength, porosity

and durability.

Other areas which are considered worth examining but which
have not been included in this thesis because of time con-
siderations include the effects of sulphate attack, toughness
measurements, long term corrosion tests, shear and adhesion

and in-situ corrosion in sewer pipes.(24)

The polymer used for this study has been a moisture curihg
polyurethane co-polymer of the type used for factory floors as
supplied by a commercial company. As will be seen in later
chapters, this material is very effective in achisesving the de=-
sired propertiss and'fulfilling the necessary requirements.
However it is not felt that this is necessarily the "ultimate"”
polymer material and future studies will almost certainly ex-
amine other possibilities, for example, poly methyl methacrylate
(PMMA), if only to confirm the present work. Before the experi-
mental techniques are discussed in detail, a review of the use

of polymers in concrete is in order.
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FIG 13 N
PROPORTIONS OF H,S AND HS™ IN

DISSOLVED SULFIDE
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FIG 1.4

UN'EVQUAL DISTRIBUTION OF CORROSION
IN A CONCRETE SEWER
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CHAPTER 2

2. THE USE OF POLYMERS IN CONCRETE

2.1 INTRODUCTION

The development of much of concrete-polymer composites is
relatively new. Ressarch on polymer concrete (PC) and polymer
cement concrete (PCC) (see section 2.3) has been in progress
since the 1950s and much of the early data are contained in
the three symposia held by RILEM® and the American Concrets
Institute between 1965 and 1967.(18 - 20) Extensive work on
the technology and use of PCC and PC was carried out in Russia
during this period and much of the data are well documented by
Solomatov(21) and Moschanskii and Paturoev.(22) An excellent
revieu of polymers in concrete, particularly polymer impregnated
concrete (PIC), is given by Swamy(1l7) and for a more compre-

hensive study readers are referred to this and other references.

A monomer can be regarded as a molecular species which is
capable of combining chemically often by means of cross linking
of chains with molecules of like kind, or with other species of
monomers, to form a high molecular weight material known as a
polymer.(16, 17) Such a pblymer consists of repeating units
derived from the monomers which are linked together in a chain-
- like structure. The chemical processes through which these
“linkages occur is knoun as polymerisation. If more than one
chemical species is used as the monomer, then a co-polymer
results.(16, 17)

2.2 POLYMERISATION

When the monomer is polymerised, it sets or cures to a
solid gel-tYpe material, and this may be brought about, depending
on the type of monomer used, by three methods:(16)

(a) Ihermal Catalytic

Small amounts of certain compounds called initiators can
be added to the monomer which will generate free radicals on

heating and thereby cause the monomer to polymerise.

*Réunion Internationale des Laboratories D'%essais et de Recherches

sur les Materiaux et les Constructions.:
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(b) Promoted Catalytic

Polymerisatibn can also be brought about without heat by
chemical promoters which cause the initiators to decompose and

release free radicals, leading to polymerisatioﬁ of the monomer.
(c) Radiation

Some monomers which absorb radiation, for example, gamma
rays, will polymerise without the use of initiators. The main
advantage of this method is that polymerisation can be brought
about when it is requifed and at low air temperatures. At low
temperatures the chain length of the polymer is increased,
leading to less loss of monomer from the impregnated specimen

due to seepage.

2.3 CLASSIFICATION OF POLYMER CONCRETES

There are generally three types of concrete materials which
utilise polymers to form composite materials,(16 -~ 22) as de-

scribed below.

2.3.1 Polymer-Portland Cement Concrete (PCC)

PCC is a premixed material in which either a monomer or a
polymer is added to a fresh concrete, mixed in, and subsequsently

.allowed to cure, and, if necessary, polymerised in place.

2.3.2 Polymer Concrete (PC)

A polymer concrete is a composite material formed by polyf
merising a monomer and aggregate mixture. The polymerised
monomer acts as a binder for the aggregate, performing the same

function as the cement matrix in cement concrete.

2.3.3 Polymer Impregnated Concrete (PIC)

PIC is an hydrated Portland cement concrete which has been

impregnated with a monomer, and subsequently polymerised in situ.

- A variation -of PIC is polymerised polymer impregnated con-
crete.(19) One such polymer is a polyursthane co-polymer which
is polymeriséd during manﬁfacture with short initial chain
lengths but which requires moisture to bring about the final
curing or setting of the polymer, i.e. substantial cross linking
and chain lengthening. The polymer is impregnated into the open

pores of the concrete thereby sealing the pores and bridging

gaps between adjacent aggregate and hydrated cement particles
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(see fig. 2.1).

2.4 PROPERTIES OF POLYMERS IN CONCRETE

The impregnation of concrete with polymers .in general re-
suits in a new composite material which is significantly
superior to ordinary concrete in both physical and chemical
properties, such as increased compressive, tensile and flexural
strengths and abrasion resistance, increased durability and re-
sistance to chemical attack and reduced shrinkage, creep and
water absorption.(16 - 23, 26 - 29)

2.4.1 Strength

High strengths in compression, tension and flexure can be
achieved with PIC, with increases being as much as four times
that of control specimens(16) (see fig. 2.2). These improve-
ments appear to be due to several factors, viz. the empty pores
of the concrete are filled with load bearing polymer, the poly-
mer fills and heals microcracks, and the polymer improves the
bond betwsen the aggregate and the cement paste (see fig. 2.1).
This is shown during compression failure tests.(17, 18)

Normal concrete specimens will fail but retain their shaps,
whereas PIC specimens shatter, and fracture cracks can be seen
to pass through, not arouhd, the large aggregate particles.(23)
The strength improvements are very dependent on the degree of
impregnation, the type of polymer used, and the quality of
polymerisation.(16 - 18) (See fig. 2.2.) A lower grade, more
porous concrete will require a greater polymer loading than a
denser, high grade, concrete, but the final strength values
will be similar.(16, 17) ‘

Tests have been carried out on impregnating non-reinforced
concrete pipes which showed that .three point loading and internal
‘hydrostatic strengths were tuwice those of non-impregnated

control pipes.(28)

. 2.4.2 Durability and Corrosion Resistance

PIC demonstrates significantly less water absorption and
permeability than does conventional concrete.(16 - 18) As a
result, the durability of PIC to most forms of environmental
attack, including resistance to freeze-thaw, sulfates and acids,

is significantly improved. The reason for this appears to be
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that the open pores of the concrete are effectively sealed, (16)
thereby preventing the intrusion of water and other deleterious
substances.

The sulphate resistance test usually consisfs of a 24-hour
cycle in which the concrete is soaked in 2,1% sodium sulphate
solution for 16 hours, then dried in hot air for 8 hours. A
net expansion of 0,2% is considered a failure. In sulphate re-
sistance tests,(23) because of the sealed pores, PIC typically
indicates an expansion of about one-tenth that of normal con-

crete.,

Tests on the resistance of PIC(17, 23) to sulphuric acid
indicated a somewhat reduced rate of corrosion in . 15% sulphuric
acid solution, although this test is considered very severe.(l5,
23) Considerable improvement in the acid resistance results
when the concrete is given two layers of polymer coating.

This may be due to the fact that during the first impregnation,
polymer (or monomer) may be drawn into the smaller diameter
pores from out of the larger pores by the high capillary forces.
(20). When polymer cures, a certain amount of shrinkage of the
polymer takes place.(l16, 29) The effect of this on pore volums
is not fully understood, and a preliminary attempt in the'present
study to evaluate the performance of both single and double poly;
mer impregnated concrete specimens with respect to acid corrosion
resistance and strength was undertaken. The rate of corrosion
was observed by monitoring volume changes and weight loss,(15)
fully discussed in section 4.8, Significant improvement in
corrosion resistanbe was observed, but the data on double im-
pregnation tests was too sparse to draw final conclusions. This

is considered a promising area for future study.

2.5 PRESENT DAY USES OF POLYMERS IN CONCRETE

Although much empirical evidence needs to be accumulated on
" the impregnation and utilisation of polymers in concrete before a
full understandingrof this field can be developed, this relatively
new composite material has already been successfully_used,(lﬁ, 17
20 - 22) and the following examples highlight some of these areas.

2.5.1 Highway Bridge Oeck Impreqnation

Certain highway bridges in the U.S.A. have suffered from

severe freeze-thaw deterioration and de-icing salt corrosion due
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‘to the water and salt being able to penetrate the open pores
of tHe concrete deck surface, causing disruption and corrosion
of the concrete.(16, 29) The Federal Highway Administration
arranged for the impregnation of four bridge decks with polymer, -
using the following procedure:

(a) drying a section of the concrete surface with

hot air heaters, and then cooling;

(b) allowing a monomer to soak through a layer of
dry sand and into the deck surface for several

hours; and finally,

(c) applying heat to the deck surface to polymerise

the monomer in the concrete.,

Although optimum impregnation depth is usually obtained in the
‘laboratory by the use of vacuum and pressure (see section 4.4)
dense impregnation depths of up to 125 mm were achieved. It
was also found that the salt already present in the pores only
slightly reduced the rate of impregnation.

2.5.2 Desalting Structures

One of the first projects in which polymers were used in
concrete was in the design and construction of prestressed con-
crete tanks for a desalination plant.(16, 28) In this parti-
cular instance the ability of polymer to provide increased
corrosion protection and a long maintenance free service'life,
in a highly corrosive environment was made apparent. In addi-
"tion, it was possible to use thinner walls because of the in-
creased structural strength of PIC, which is of the order of

three to four times that of conventional concrete.,.

Other uses have included(l16) polymer impregnation of con-
-crete surfaces in dams to repair and prevent cavitation damagé,
‘and polymer impregnation of both reinforced and non-reinforced
condrete pipes which were then placed in service in a sewags
farm where they were subjected to high HZS concentrations.
After tuo years of service no. measurable depth of attack was
observed. In the light of the present situation as‘regards‘

corrosion of sewer pipes, this is very promising.
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2.6 FACTORS AFFECTING IMPREGNATION

The success and quality of impregnation of polymers into
concrete depends on several factors; such as poroasity of the
concrete, dryneés of the concrete, age and dilution of the
polymer, application of vacuum and pressure, and other factors

all more fully described below.

2.6,1 Poresity of the Concrete

The amount of polymer used in the impregnation of any cured
concrete specimen is dependent on the volume of the open pores, .
a mbre porous concrete requiring a proportionally greater
volume of polymer than a denser concrete; for the same depth of

impregnation.(16)

The average pore size also affects the efficiency of im-
prégnation. It has been found that concrete cured under both
high and louw steam pressures and then impregnated resulted in
higher strengths at louwer polymer loadings than comparable
concretes moist cured at room temperature.(16, 17) This uas
attributed to the fact that the steam cured concrete had larger
pore sizes (although similar total porosity) than moist cured

concretes, lesading to a more efficient impregnation.

The change in porosity (or net volume) of any concrete
specimen before and after:impregnation,'as well as the depth
of impregnation, can be measured to determine the effectiveness
of the impregnation. Apparatus and technidues developed for
this project, to measure the change in porosity and dépth of im-

pregnation,are described in sections 3.6 and 3.4 respectively.

2.6.2 DOryness of the Concrete

The strength and durability of PIC are strongly affected
by the proportion of pore volume occupied by the polymer,(16, 17)
thch in turn depends greatly on the degree of drying of the
concrete before impregnation,(16, 17, 23, 27) the two main
‘reasons for this being that (a) impregnation into the pores may
be hindered by the physical presence of water, and (b) the bond
between the concrete and the polymer may be adversely affected
by moist pore surfaces. 1In thevcase of the polymer used in this
project, which is moisture-curing, the polymer may begin to cure

prematurely before maximum impregnation is achieved.
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. If the pore‘uater'is to be removed by heating, it appears’
that a drying temperature just above boiling point (say llUOC)
is insufficient,(16, 17) yet heating the concrete to tempera-
tures above 200°C adversely affects the strength of the con-
crete(8, 16) (see fig. 2.3). Although a temperature of 100 to
150°C has been reported as optimum,(16) tests were carried out
during this project to determine the optimum“drying temperature,
based on drying temperature vs. concrete strength, as well as
to determine the exposure time required to dry the concrete to

constant mass (see section 4.2).

2.6.3 Time Effects

(a) Age of the Polymer

It has been reported(l2, 16) that the "freshness" of the
polymer affects its impregnation characteristics. This fresh=-
ness is related to the time between polymer manufacture and im-
pregnation, but is also related to storage conditions and
temperature and affects the effective size of the polymer (or
monomer). Monomers are normally supplied with an inhibitor
added to prevent premature polymerisation. The inhibitors be-
come used up with time, and must be replenished periodically
until the monomer is used and polymerised. Tests conducted in
this project used commercially manufactured polymer, the age of
_uhich was variable. Often polymer cannot be made on a small
scale (in the laboratory) without resulting in a wide vari-
“ability in viscosity, setting and curing time,(12) because of
the normélly large volumes required to maintain the exothermic

reaction.

(b) Soaking Time

In addition, the duration of soaking, or the'length.of
time the concrete is subject to polymer impregnation, also has
a significant effect on impregnation depth.(17) Generallyv
longer impregnation or soaking times yield greater impregnation
depths or polymér loadings. This can be seen; for example, in
asbestos cement in fig. 2.4.(20)

2.6.4 Vacuum and Pressure

The depth of impregnation is affected by the pressure
applied to the polymer(l2, 16 - 18, 20, 23) during impregnation,

1
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as well as by pre-svacuation of air from the pores of the con-
crete, and also the length of time which the concrete is allowed

to soak in the polymer, under pressure or vacuum. .

Contrary to expectations, it has been found(12, 16) that
"forcing" the polymer into the concrete pores under pressures
of less than 690 kPa (100 psi) is not as effective as evacu-
ating the concrete and then simply allowing it to socak in the

polymer under atmospheric pressure (see fig. 2.5).

Soaking the concrete in polymer at atmospheric pressure
for 24 hours results in partial imprégnation,(lZ, 16) the
depth depending on the porosity of the specimen and the vis-
cosity of the polymer., The effect of capiliary forces, which
can be very high for small diameter pores,(26) must alsoc be

considered.

Apparatus'and techniques developed in which concrete
specimens can be impregnated under various pressures (up td
250 kPa).and vacuums (down to -85 kPa), or combinations thersof,
as uell as under a pressure gradient, are described in sections
4e4 - 4,6,

2.6.5 Dilution of the Polymer

The dilution of a monomer or polymer by its solvent
greatly affects the rate and depth of impregnation due to the
change in chain length and hence viscosity.(lZ, 16) 'Capillary
forces are directly proportional to the surface tension of the
fluid entering the pores,(26)_and surface tension is presumably
a function of the dilution of‘the polymer. It can therefors
be expected that any change in the viscosity of a monomer by
the addition of certain amounts of solvent(l2) or of polymer,(16)
will affect the impregnation characteristics of the impregnating

medium.

Tests have been carried out in this project to determine
the effect of dilution of the polymer with its solvent, Xylene,
on the rate and depth of impregnation. Ses section 4.7.
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CHAPTER 3

3. EXPERIMENTAL MATERIALS, APPARATUS AND TECHNIQUES

3.1 MATERIALS: CONCRETE AND POLYMER

3.1.1 Introduction

" Investigations were restricted, in this initial stage of
the investigation, to concrete specimens of limited aggregate
contents. This was done as it was felt that an understanding
was first required of the primary constituents, sand and
cemént, and impregnation of polymer intolthé mortar, before
future studies were conducted using coarse aggregate, the
specification of which is more difficult to standardise and

control.

3.1.2 Sand

For all the test series, specimens were prepared using
local sieved Cape flats sand with a Fineness Modulus between
2,3 and 2,62. The fFineness Modulus was prepared using standard
techniques(8) and the results of the sieve analysis are shown
in- table 1. and fig. 3.1, the sand.grading curve. As can
be seen, there were small changes in the sand grading as the
result of fluctuations in supply for the duration of the project,

but these differences were considered small and acceptable.

To minimise variations caused by differing sand moisture
contents, all sand was dried 'in an oven at 115°C for at least
24 hours, and cooled in a desiccator prior to specimen pre-

paration.

The Fineness Modulus of the sieved sand was determined to
lie 'between 2,3 and 2,62 with a weighted mean of approximately
2,50 (see fig. 3.1, parts (i) and (ii)), a value which indicates
that the sand is within the fine to medium range of generélly

acéepted sizes for fine aggregates.(8)

3.1.3 Cement

Rapid Hardening Portland Cement or-type III(7) was used
throughout this investigation, the particulars of this batch

being as follous:
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Tricalcium Silicate 49,7% | - (C59)
Dicalcium Silicate 19,6% (c,s)
Tricalcium Aluminate 12,1% (C3A)

Tetracalcium Aluminoferrite 7,3% (C4AF),
(8laine) Nominal Specific Surface Area = 5000 % 200 cm? g

‘ Because of the smaller average cement particle size in
Rapid Hardening Portland Cement, the curing process is accel-
erated and approximately 85% of the 28 day strength of ordinary

Portland Cement can be achieved within 7 days.

Since there are only relatively small increases in strength
development following the first 7 days after coating, the experi=-
mental programs were planned to utilise specimens of this age,
and proved to be very suitable. B8efore mixing, all cement was

sieved through a 1,2 mm sieve to remove hard lumps.

3.1.4 lWater

The water used was that obtained from the domestic mains
supply and was typically betuween 18° and 22°C prior to mixing
and specimen fabrication. '

3.1l.5 Polymer

The polymer used in this project was a polyurethane co-
polymer commercially manufactured under the name UPC. This
polymer is polymerised during manufacture and requires moisture
to cure fully. It is used predominantly ét present to impreg-
nate concrete factory floors, showrooms, cold rooms and hospi-
tals (floors and walls) to increase wear resistance, minimise
dust devélopment, improve sterilisation conditions as well as

significantly reducing permeability.

An accelerator was available to speed'up the curing process
and was used in the initial experiments where soaking times of
;,concrete specimens in the polymer were relatively short, typi-
cally 30'minutes.- Later experiments of longer soaking‘times
(24 hours) were conducted without the presence of the accelerator
to avoid the possibility of the polymer curing before the speci-
mens could be properly impregnated, or before they could be re-~

moved from the soaking bath.

Before use, the polymer was storsed in sealed steel or glass

containers to minimiss contact with moisture in the air and thus
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effectively prevent premature curing.

3.2 SPECIMEN MANUFACTURE

3.2.1 Introduction

The shape of each specimen was in the form of a rectangular
prism, 18 mm X 18 mm X 120 mm, these dimensibns being selected
for convenience of: impregnation, pressure and vacuum work,
cost of materials, reproducibility, suitability for the specimen
chamber of the porosimeter and modulus of rupture tests using a

Monsanto Hounsfield tensometer (see sections 3.6 and 3.5 respectively).

3.2.2 Moulds

Two mould boxes each with 10 compartments and one mould
box with 6 compartments were constructed from interlocking panels
cut and milled from 5 mm and 10 mm flat perspex sheet. A sketch
of portion of a mould box is shown in fig. 3.2 and plate 3.1l.

Perspex was chosen as the most practical.material for the

moulds for the following reasons:

(a) Perspex, unlike steel or wood, is only minimally
~affected by the water in the wet specimens, and

for practical purposes can be regarded as ideal;
(b) The ease of cutting and machining of perspex;

(c) Because perspsx is transparent, at least three
faces of each mould compartment could be visually
‘checked for voids or large air bubbles (during
‘casting and after vibration) and subsequently re=-

moved if necessary;

(d) The very smooth and flat characteristics of
perspex lead to a high quality of f-shutter finish
with sharp corners easily obtainable. To capita=-

lise on this characteristic and to optimise re-
producibility for porosity measurements, the
moulds were very lightly coated with a film of
petroleum jelly (Vaseline grease) to facilitate
‘the removal of specimens from the moulds without

damaging the smooth surfaces of the specimens.
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3.2.3 Mix

Several trial mixes were made to determine the most
suitable workability for vibration of the cast specimens on a
small electric vibrating table.

Initially the water/cement ratio was fixed at 0,42, this
value being the minimum required for maximum hydration of the
cement.(7, 8) With this water/cement ratio and the particular
sand used, the optimum cement/sand ratio was determined as
being between 1 : 2% and 1 : 3. A ratio of 1 : 2,75 was ini-
tially chosen, although this was later changed to 1 ¢ 2,5 to
" improve the workability of the mix.

For the preparation of a batch of 26 specimens in the
initial series of tests the materials as described in sectians

3.1.2 to 3.1l.4 were measured out as follows:

Sand: 1815 g < % g
Cement: 660 g %3 g
Water: 277,2 g 39

To compensate for water lost due to evaporation during

sand/cement ratio 2,75 : 1

0,42

'+ 1+ )

water/cement ratio

mixing and for uetting of the steel base on which the mortar is
mixed, a further 2,8 grams (l1%) of water was added to bring the
total mix water up to 280 grams.

In tﬁe'later series of tests, specimens were prepared from

a mix as follous: |
sand: 1800 g
Cement: 720 g
Water: 302 g

+ 3g (1%)

3.2.4 Casting

sand/cement ratio

2,5 3 1
water/cement ratio = 0,42

T+ 4+ 14+
N N N

After coating all pafts of mould boxes with petroleum jelly,
they were assembled and sach box was firmly held togsether with
3 strong rubber bands. These also served the useful purpose of
kesping the moulds out of direct contact with the vibrating
surface of the vibrating table, thereby permitting a mors gentie
vibration of the mortar than would normally.be obtained on fhat

particular type of machine, and also protecting the perspex
from chipping.

The'sand and cement components were thoroughly mixed by
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hand for 3 minutes using a small steel trouwel on a flat stesl
surface, and -then water uas added, followed by hand-mixing for

a further 3 minutes.

Each component of the mould boxes was filled with the
mortar and hand tamped to a level slightly above the top of the
mould. Each mould box was vibrated for half a minute while the
top:surface was smoothed over and levelled with a small steel

trowel.

3.2.5 Curing and Storage

Initial specimens Qere cured in the moulds for 12 hours in
a humid room (RH = 95 - 100%, temp. = 23 - 25°C) and then re-
moved from the moulds and cured under water for 7 days, air
dried for 12 hours, oven dried for 24 hours at a temperature
of 115°C (: SOC), and cooled and stored in an evacuated desic-

cator. See section 4.2.3.

Later specimens were cured in the mouldsvin the humid room
for 18 hours as it was found that those specimens cured for only
12 hours were more susceptible to breakage on stripping of the
moulds. The oven drying was also extended to 24 hours at 110°C
and then 24 hours at 150°C. See section 4.2.4. This folloued
as the result of developments concerning the importance of

correct drying techniques.

3.3 POLYMER IMPREGNATION - GENERAL PROCEDURE

3.3,1 vIntroduction

Tuo methods of impregnation were adopted in this project,
namely, soaking the specimens in polymer for relatively short
periods of time (up to 30 minutes), and for longer periads

(typically 24 hours).

3.3.2 Short Soak (Initial Tests)

After drying and cooling as described in section 3.2.5,
spécimens were completely immersed in the polymer for a short
period and subsequently removed and placed inside the pressure .
chamber for pressure/vacuum impregnation for periods up to 30

minutes, as required.

Before immersion of the specimens, an accelerator was added

to, and thdrdughly mixed with, the polymer in the proportion of
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3 ml/litre.

After impregnation, specimens were removed from the pressure
chamber, ulped clean with absorbent paper, and alloued to curse

in the air for seven days.

3.3.3 Long Soak (Later Tests)

The polymer used in the later tests did not contain the
accelesrator as the impregnation times were up to 24 hours and .
the effect of small errors in accelerator measurement was more
significant. After impregnation, specimens were similarly

cleaned and cured in the same manner as the short soak specimens.

3.4 MEASUREMENT OF IMPREGNATION DEPTH

3.4,1 Introduction

0f fundamental importance to the success of this project
was the development of a facility to determine quantitatively

" the depth of impregnation of polymer in the concrete specimens.

When a freshly impregnated specimen is broken in flexurs,
the polymer impregnated area is easily seen by eye as a wetted
area. When the polymer cures, however, the wet appearance dis-
appears and is almost indistinguishable from the non-impregnated
centre core of the specimen. Various attempts(l2) to colour the
polymer with dye uwere largely unsuccessful and gave limited re-
sults. Hoﬁever, a very simple and successful technique of
colouring the non-impregnated sections of a broken specimen was
developed and is described belou.

3.4.2 The "Ink Staining Technigue"

A water-based black'printer's ink was diluted with water
to approximately the consistency of fountain pen ink, and the
fractured face of a specimen was dipped into the diluted ink
‘for a few seconds, removed and wiped dry with absorbent paper
(i.e. briefly "blotted™). The ink penetrated the non-impreg-
: natedAcbncrete, cdlourihg it black, while the impregnated
portion remained affectively untouched. A permanent and
clearly defined demarcation between the two portions of purs
mortar and polymer impregnated mortar was thus relatively
easily achieved (see plate 3.2). This process constituted the
first stage of quantité%ive impregnation depth measurements.

To quantify the depth of the now readily apparent impregnated
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areas reasonably acdurately, while at the same time achiéving
some degrese of statistical averaging, the following procedurse
was developed.

Flexural fracture surfaces wsere almost alua&s approxi=-

" mately normal to the longitudinal axis of the specimens but
did not readily lend themselves to direct and easy measurement
of impregnation depth by such means as rulers, callipsers or a
travelling microscope. These latter techniques also suffered
from low accuracy and large scatter, depending where the
measurement was taken. For a reasonable statistical mean,
multiple readings would have to be made which was unrealistic,

bearing in mind the large number of tests planned.

Alternatively, it uas considered preferable to obtain an.
‘accurate picture of the fractured face of the specimen on
paper, for record purposes, and also for further evaluation
and measurement of the impregnation depth. Photographic tech-
niques (e.g. plate 3.2), while acceptable, were ruled out be-
cause of ‘the high cost in both materials and time, particularly

in view of the large number of tests.

A quick and easy method of achieving reproductions on
paper was developed in this Department and involved plécing a
batch of broken specimens (ons half of each complete specimen)
in the projector chamber of an epidiascope with the fractured
face facing the projecting lenses (see plate 3.3). A sharply
focused image of the specimens was thus projected onto a paper

screen from which a tracing could readily be made (see fig. 3.3).

The average impregnation depth can be derived from the
ratio R of the annular impregnated area to the full cross-

~ sectional area of the specimen, as shown below.

Calculation of Impregnation Depth

ASSUMPTION: The core area is
square.

= length of one side
= impregnation depth

ratio of impregnated/total arsea

p D A X
n

= core dimension

unimpregnated core

-+ . | impregnated annulus
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From the sketch

X~2d=a 7 . oooo'l
dividing by x and squaring ,
2
2d\2 _ a
(1 - X )" = x 2 A
Now R = ratio of impregnated arsa _ x2 - a2
- total area - xZ
R-1._a>_4d _ 4d?
- x7 x x * ¢ 0 @ 2
v. g- :
Let: < - P , ceee 3
uhere;p = half percentage penetration depth

(i.e. the specimen is fully im-
pregnated when p = 0,5)
' 2

Substituting (3) in (2), R

Therefore 4p% - 4p + R = O

4p - 4p

+

So that: p = = 2 1-R

And from (3) d = px, therefore impregnation
depth, d, can be obtained by multiplying p

by the sample dimension x, in this case 18
e.g. if R 0,732
p 0,241
and d = 4,34 mm

The basic aésumption made is that the unimpregnated core of
the specimen remains approximately square., This is reasonable in
most cases, but implies that the depth of impregnation is wuni-
form on all sides, which is not quite the case for large depths.
It should be remembered, however, that this method gives an
average depth, and that even though the core perimetsr is some-
what irreqular, on average the depth calculated will be re-
presentative. The fact that the depth is calculated from a
ratio of areas means that this very area ratio, R, and hence im~-
pregnation depth, is independent of the magnification created
by the epidiascope and this, experimentally, is very convenient:
and influenced the choice of this techniqus. ’

The areas are conveniently measured using a Tektronics

4051 Summagraphics Digitiser, in effect a digital electronic
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planimeter coupled to a computer. An existing computer pro-
gram was modified for the above task and the printout indicated
the two areas (annular and total).as well as the ratio of the
areas., By repeating the measurements three or four times,

the values of the ratios could be checked and confirmed, and

the operator's accuracy therefore assessed.

Elementary opserating instructions for the computer are
given in the appendix and a typical printout is shown in
fig., 3.4. As can be seen, this is the counterpart of fig. 3.3

and refers to vacuum impregnation tests.

3.4.3 Confirmation of the Accuracy of the Ink Staining Techniqgue

Although the ink technique appeared to indicate accurately
- the position of the interface between impregnated and unimpreg-
nated areas of the specimen, it was thought worthuwhile to con-
firm the accuracy of this method by éomparing epidiascope
tracings with measurements taken using a Cambridge 5180 Scanning

Electron Microscope (SEM), as described belouw.
Procedurs

An impregnated specimen was broken in half; yielding two
mirror cross-sections., One cross-section was prepared for the
SEM by mounting on a large (30 mm diameter) specimen stub, and
coated in the usual way with layers of carbon and gold/palladium.
The other was dipped in ink and its impfegnated area manifested

by the ink staining procedure described above.

After SEM scrutiny of the specimen, it became apparent
that parts of the cross-section appeared in a tight flat matt
form analaogous to a "lace tablecloth™ (see figs. 3.5, 3.7(a)).
Other areas appeared to have pstal-like flakes pesling away
from the surface, rather like paint orv"chocolatelflakes" (ses
figs. 3.6, 3.7(c)). Further observation revealed that the
"lace tablecloth" regions unequivocally represented unimpreg-
nated concrete which had simply been ink stained, while the
“flakes"™ regions represented polymer impregnated cohcrete. The
"flakes" can be thought of as a peeled paint surface which has
come about as the result of the extreme vacuums that specimens
are subjected to both in preparation for, and in the operatioﬁ

of, the SEM. This can be seen to some extent, in context, in
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fig. 3.8(a) and at higher magnification (of the same area) in
fig. 3.8(b). '

Having identified a feature on the fracture surface to
facilitate subsequent relocation, and bearing in ‘mind that
"flakes" represented polymer impregnated areas and the "lace"
merely ink-stained areas, it was possible to perform a mech-
anical line scan from one side of the specimen to the other.
This was conducted parallel to one edge and achieved by means
of the normal X-shift micrometer scresw on the goniometer stage
of the SEM. It was important to arrange the correct tilt
" angles, in tuwo rotational degrees of freedom, to ensure that
the mechanical line was (i) parallel to one edge, and (ii) in
the same plane as the fracture surface (otherwise one is viewing
and measuring on a foreshortened picture which was continually
going out of focus. In this latter case, an alternative but
less desirable solution would be to multiply by the secant of
the effective measured tilt angle.) |

Results and Discussion

Scanning along this line and taking digital readings on
the counter of the micrometer screuw gauge scale, it was possible .
to record the positions of the edges of the sampls as well as
the interface between impregnated and unimpregnated concrete
(see fig. 3.9(a), (b)). These are, for example, 14,9, 6,1 and
11,1 respectively,bindicating an impregnation dépth of approxi-
mately 5,0 mm. Several runs were performed and, for clarity,
only three of these are shown in fig. 3.9(a). A comparison of
" these indications of polymer interface with those obtained by
means of the standard ink staining technique is shown by means
of the overlay in fig. 3.9(b). As can be seen, extremely good
correlation of the two techniques was obtained, thus confirming
the validity of the ink staining technique as a representative

means of obtaining impregnation depth.

3.5 MEASUREMENT OF STRENGTH

3.5.1  Introduction

In order to determine the effect of polymer impregnation
on the flexural strength of impregnated specimens, Modulus of’
Rupture tests were conducted on all specimens prior to measure-
ment of the depth of impregnation. The Modulus of Ruptufe is
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defined as the maximum stress on the outermost fibres at

failurs,

3.5.2 Procedurs

e

Specimens were tested in flexure to destruction in a thres
point loading rig of a Monsanto Hounsfield Tensometer with a sban
of 80 mm between supports, and loaded at a 'rate of approximately
600 N/minute. In the first few test specimens, the direction of
loading was parallel to the bleeding pores -of the specimens (see
fig. 3.10). This particular positioning of the specimen in the
rig meant that either the knife-edge supports or the knife-sedge
load point uere applied to the open side of the specimen, i.s.
the uppef side of the specimen as seen from the top of the
perspex mould box. This open face was not in contact with any
straight sides of the mould box, and its surface was therefore
not as straight and reqular as the other three longitudinal
sides. To ensure that the loading points of the rig were evenly
applied, all other later specimens were positioned with the

bleeding pores perpendicular to the direction of loading.

The load/deflection curves uwere recorded on an automatic
rotating drum and heat sensitive pen plotter attached to the
Tensometer (see fig. 3.11l, plate 3.4). '

3.6 POROSITY AND VOLUME MEASUREMENT

3.6.1 Introduction

The ease with which polymer can impregnate into concrete
was thought to be a function, among other parameters, of con-
crete porosity. Porosity in concrete can be related to the
relative amount of open pores or spaces within the concrete or

mortar matrix, and may be classified as of three types,(25) viz.:

(a) External Pores: Those present on the surface
of the concrete;

(b) Open Pores: . Those that are inter-connected
and linked to the external pores;

(c) Closed Pores: Those that are not linked to open
pores or external pores, i.e.
sealed cavities locked inside the

matrixe.
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This project is concerned with those pores that can be impreg-
nated with polymer, viz. the external and open pores (the so-

called "effective porosity") (see fig. 2.1).

In order to make measureable comparisons of'this "porosity"
(or strictly external solid volume), a measuring device was re-
quired. This is described in the next section and had the added
advantage of being suitable for measuring volume loss as fhe

result of corrosion in the series of corrosion tests (see section
4.8). '

3.6.2 Porosimeter

Ramana and Venkatananayana(25) describe an 1nstrument which
'1s suitable for the measurement of such external pore volume, a
so-called Porosimeter. A model was constructed along the lines
of that described in Ref. 25 and a detailed description and
method of operation of such a porosimeter is given in that re-
ference. The porosimeter constructed for this work is shown in
fig. 3.12 and its operation in fig. 3.13. The principle of
operation of the porosimeter relies on the linear relationship
between the level of the mercury column in the 2 mm diameter
tube and the volume of free air in the épecimen chamber (fig. 3.12).
Any change in this volume due to the introduction of solids within
the specimen chamber is reflected in thé level of the mercufy
column. Thus, for example, é change in the effective external
porosity (or solid volume) of .a specimen before and after im-

pregnation of polymer is shown by a change in this mercury level.

Calibration of the Porosimeter

Prior to each series of tests, the instrument was calibrated
by making use of six steel specimens of the size and shape of the
proposed mortar specimens (see section 3.2.l1). Assuming the
~porosity of steel to be zero with respect to this measurement
technique, different artificial porosities of these calibration
spedimens was achieved by drilling several holes of knoun dia-
meters into each. The "porosity" or solid volume of each speci-
"men could then be calculated from volume determinations subf

sequent to vernier calliper measurements,

Porosimeter Calibration Tests: Results and Discussion

Preliminary tests for a range of specimen volumes from
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0 to 40000 mm? indicated that the reiative change in mercury
level of the porosimeter was not very great, typically 50 mm,
and the sensitivity could be increased by reducing the so-
called "dead space" surrounding the specimen in the specimen
chamber. This Qes achieved by filling a portion of the "dead
space"™ with paraffin wax which included a 4 mm diameter hole
to allow for free movement of air (see fig. 3.12). This had

the effect of increasing sensitivity by approximately 40%.

The results shown in table 2 are drawn graphically in
fig, 3.14. Within experimental error, the level of the mercury
can be seen to be linearly dependent upon the volume of the
free air in the specimen chamber, or inversely linearly de-
»pehdent upon the solid volume of the specimen, uwhers:
| solid volume = overall volume minus

effective pore volume

3.7 SUMMARY

This chapter has described the basic materials and
apparatus needed for the general study of the suitability of
polyurethane polymer as an impregnating material for concrete

with a view to improving its corrosion resistance.

The fundamentals have been discussed in this chapter and
include choice of materials, specimen fabrication and general
procedures for polymer impfegnation. All the measurement
techniques have also been discussed and cover impregnation
depth measurement by means of an ink staining technique follouwed
by epidiascope plots for subsequent digitiser analysis; the
verification of the validity of this technique using the
- scanning electron microscope; and measurements of flexural
strength (Modulus of Rupture) and solid volume (or so-called

external “porosity").

Specific tests and their associated apparatus that needed
to be developed during the course of the investigation,_heuever,
are not mentioned'here but in the next section. This.includes
such perameters as the effect of temperature, pressure (and
_Vacuum), differential pressure studies, polymer/solvent dildtion,
duration of impregnation and corrosion tests. All this is fully

discussed in the next chapter.
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GRADING ANALYSIS RESULTS

FOR BOTH SAND BATCHES (i) AND (ii)

Sieve Size Mass Retained Percentage Cumulative Per-
( m) on Sieve (gm) | Retained centage Retained
» l . * . | - . ] « .
(1) | GO | @ Gy | @ T G
(. ! !
2360 0 ' 0 0 . 0 0 . 0
1180 47 ' 28 4.7 ' 2.8 4.7 ' 2.8
1 ] !
600 642 1 455 64.2 1 45,5 68,9 1 48.3
) 1 !
300 206 . 331 20.6 . 33,1 - 89,50 . 8l.40
150 95 ' 168 | 9.5 ' 16.8 99.0 ' 98.20
' . ' ! ]
Pan 14 1 19 1.4 1 1.9 - i -
] 1 L
TOTALS 1004 :1001 : 262.1 : 230.
4 [] 1

FINENESS MODULUS (i) 2.62 and (ii) 2.30

- TABLE 1
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VOLUME OF STEEL SPECIMENS AND CALIBRATION READINGS

Specimen : Overall "Pore" or Nett Solid Porosimeter
Volume Hole Volume | Volume Reading
mm3 mm3 mm3 mm
186.7
No holes 38680 0 38680 187.0
189.8
5 X 5.1 mm holes| 38703 1838 - 36865 190.3
_ 193.3
10 X 5.1 mm_ 38507 3677 34830 193.6
holes
: 200.6
5 X 10.2 mm 38680 7350 31330 201.0
holses
212.2
Block 23900 0 23900 213.0
19 X 19 X 66.2
Cylinder 47800 o | 47800 170.4
94,7 X 25,35 ' 167.0

TABLE 2
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DETAILS OF SPECIMEN LOADINGY IN TENSOMETER

Knife Edge Load

SP

ECIMEN

T

80 mm T_

" Knife Edge Support

Tl

Beam Length

Knife Edge Support

Load

Bleeding Direction——= Depth, d
Breadth, b
Modulus of Ruﬁture = —g—g—li
2bd

where P
B
d

" b

load of failure (Newtons)
beam length ( 80 mm )
mean dgpth

mean breadth -
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200-

1004E | )
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Automatic Recording Results from the Tensometer Showing

Failure Loads (in Newtons) for Specimens in Bending,

Three Point Loading.
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POROSIMETER

wax
specimen
specimen mercury reservoir
chamber
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' R |
!
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R frame
2 mm diameter }E
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' ; |
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OPERATION OF POROSIMETER
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CHAPTER 4

4,  SPECIFIC TEST PROCEDURES AND TECHNIQUES

4.1 INTROBUCTION

The previous chapter introduced the basic building blocks,
the materials, general impregnation probedure and testing and
measurement apparatus that was generally common to all sub-
sequent work. This chépter describes specific test programs
that were conducted to investigate the effects of specific
parameters on performance. In particular, this includes the
'very important areas of drying temperature, soaking time and
vacuum and pressure effects, as well as the sections on solvent
dilution, differential pressure investigations and acid cor-
rosion, the latter two of which were more of a preliminary

1

Nnature.

4.2 TEMPERATURE EFFECTS AND SPECIMEN DRYING

4,2.,1 Introduction

It is reasonable to expect (see section 2.6.2) that
temperature affects polymer impregnation of concrete in two
principal ways. Firstly, the temperature to which the concrete
‘(or polymer) is subjected before impregnation, affects (i) the
strength of the concrete, (ii) the time required to achieve
total drying (to constant weight), and (iii) the depth and
degree to which concrete can be impregnated. Secondly, the
temperature of the concrete dp polymer at the time of impreg-
nation uopld-presUmably have some effect on the penetrability,
or degree of impregnation, that can be achieved. Thé effect
of prior heating (and subsequent cooling) of the polymer before
- impregnation has yet to be investigated, but it is believed to
have a deleterious effect. The experiments conducted were thus

chosen accordingly, bearing in mind the discussion above.
The drying process was necessary for various reasons:

(a) The residual moisture content should as closely as
possible be identical in all specimens if results of experiments

are to be comparative.

(b) Any significant quantity of water left in the pores

of the mortar specimens may inhibit the penstration of polymer
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into the pores.

(c)r Removal of all evaporable water effectively arrests
any further curing of the specimen so that the "porosity", for
present purposes, remains constant for the duration of sub-

sequent expseriments on the particular specimen.

(d) In addition, the removal of water from the specimens
ensures repeatability for subsequent testing measurements.
For example, spurious readings which could result from moisture

contamination in the porosimeter are obviated.

Although the effect of drying temperatures on the strength
of concrete has been reported,(8, 12, 16) it was decided to
carry out the experimenﬁ described below in Section 4.2.2 to
determine the effect of various drying temperatures on the
strength of the particular concrete mix used in this pro ject.

" This provided a baseline with which subsequent strength measure-
ments and improvements, arising from impregnation, could be

compared.

4,202 Detérmination of the Effect of Drying Temperature on

Concrete Strength

Procedurs

Twenty five concrete specimens ueré prepared following the
procedure mentioned in sections 3.2.1 - 3.2.5, and using the
materials described in sections 3.1.2 - 3.1.4 (Later Series,

sand/cement ratio = 2,5 : 1),

After air drying for 24 hours; S5 specimens were placed in
an evacuated desiccator and the remaining 20 specimens wuere
placed in an oven and dried for 24 hours at 50°C (see plate
4.1). After drying, a further 5 specimens were removed and
placed in the desiccator to cool, the remaining 15 specimens
-being dried-at 90°C for 24 hours. This process was repeated
for temperatures of 125°C and 175°C.

A second batch of 25 specimens was similarly prepared and
dried in reducing multiples of 5 at temperatures of llOOC,
150°c, 200°, 250°C and 300°C.

All specimens were then placed in the test rig of the
Tensometer (ses section 3.5.2) and loaded in flexure to failurse.

Modulus of Rupture values were calculated (see fig. 3.10),



71

subséquent to vernier calliper measurements, and plotted (see
fig. 5.1 in Chapter 5). The results are given in section 5.2.2,
Chapter S5, and as can be seeﬁ, there appears to be a plateau in
strength in the vicinity of 100 - 150°C.

4.2,.3 Determination of the Minimum Period for Drying

The previous section described the effect of drying tempera-
ture alone on concrete strength. This section deals with the
time required to achieve constant weight at such temperature
which can be considered as representative of the approximate
~maximum of strength. This was undertaken to facilitate speed
of testing and to determine the period necessary to dry specimens
fully, but at the same time not wasting oven drying time. In _
addition, tests to determine subsequent re-absorption of moisture
were ‘also undertaken simultaneously to examine the seriousness

of short periods out of the desiccator.
Procedure

Six specimens were cast following the procedure mentioned
in sections 3.2.1 - 3.2.5 and using materials described in
‘sections 3.1.2 - 3.1.4 (Initial Series, sand/cement ratio =
2,75 s 1). '

After 9 days of underwater curing and at an age of 10 days,
each specimen was removed from the water bath, touch dried with
absorbent paper and weighed before placing in an oven operating
at a temperature of 115°C (2 SOC). After 5 minutes in the oven,
specimens were cooled in a desiccétor containing silica gel for
10 minutes and weighed again. This process uaé repeated for

varying periods of time the specimens spent in the oven.

' The results are shoun and plotted (see fig. 5.2, table 5.1,
Chaﬁter 5), and are fully discussed in section 5.2.3, Chapter 5.

&.2.4' Variation of Impregnation Depth with Drying Temperaturse

For this serieé, five groups from a batch of 25 specimens
were variously dried at the same age and for the same time at:':
room temperature in air, SDOC, llDOC, 180°C and 250°C and then
cooled in a desiccator. All the specimens were impregnated and
subsequently cured for 7 days before being measured for impregl
nation depth and strength (M.0.R.) in the standard manner. The

results are shown in section 5.2, Chapter 5.
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4.2.5 Determination of the Effect of Concrete Impregnation

Temperature

In this series of tests, specimens were dried at 110°cC in
the usual'uay and then impregnated at this temperature. In
addition, specimens which had also been dried to this tempera-
ture, but allowed to cool in a desiccator until at approximately
SOOC, were also impregnated. Control impregnation tests which
had experienced an identical history but allowed to cool to
room temperature, were also conducted. The soaking in all casss
in this section was of 5 hours' duration. The results are given
in section 5.2, Chapter 5.

4.3 THE EFFECT OF SOAKING TIME ON DEGREE OF IMPREGNATION

4,3.1 Introduction

The easiest method of achieving impregnation was simply to
"allow a concrete specimen to soak totally submerged in polymer.
The economic advantages of this method of impregnation are
apparent when it is realised that large scale and very costly
mechanical vacuum and pressure vessels would be required in a
full scale factory pressure impregnation. This is partibularly
important, for example, where pipes of 1,8 m diameter and
larger, often weighing over 6 tonnes, are to be impregnated.

- An experiment described belouw uas carfiéd,out to determine the
effect of time of soak of concrete specimens in pure polymer,
on depth of impregnation, as this would provide a basis against
which other methods using pressurs, vacuum, dilution of the
polymer etc., could be measurédvand compared (see sections 4.4 -
4.7). In effect, the rate of impregnation was to be determined
and, in addition, the optimum impregnation time to be estimated
from the change in this rate. The effect of prior stching was

also briefly examined.

4.3.2 Procedurs

(a) Two batches of 25 specimens each uers prepared, as described
in sections 3.1.2 - 3.1.4 and 3.2.1 - 3.2.5 (Initial Serises,
sand/cement ratio = 2,75 : 1).

(b) The 50 specimens were then divided into 10 groups of 5
which were submerged in the pure polymer (without any additipn
of catalyst), for periods of %, 1, 2, 3, 5, 6, 8, 12, 24 and
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48 hours., After removal from the polymer, excess polymer wuas
wiped off with absorbent paper and the specimens were placed

on the shelf to cure in air for seven days.

(c) Subsequent to flexural strength testing (see section 3.5),
the depth of impregnation was determined by the combosite
procedure involving ink staining, epidiascope .and digitiser
techniques (see section 3.4), and results plotted graphically
(ses section 5.3, Chapter §).

(d) 1In addition, the effect of etching specimens prior to

soaking was examined and compared with non-stched, but identically
soaked specimens. The etch consisted of removing the surface

film of cement from specimens by submerging them for 15 to 30
seconds in 20% hydrochloric acid and then washing thoroughly

with water.

Results are given and fully discussed in section 5.3,
Chapter 5.

4.4 PRESSURE IMPREGNATION

4,4,1 Introduction

The success of polymer impregnation of concrete under various
conditions of pressure and vacuum has been reported, (12, 16, 17,
23) and it was considered an important aspect which needed
further investigation in relation to the impregnation of the

particular polymer, used in this projsct.

Consideration was later given to a possible improvement in
the rate of impregnation by subjecting a flat circular disc of
~concrete to a pressure gradient, as opposed to a simple appli-
cation of pressure or vacuum, by applyingvpressure to one side

and a vacuum to the other (see section 4.6).

. A relatively low cost pressure/vacuum chamber was con-
structed for this purpose and is described in the following

sections.

4,4.2 Apparatus

A steel pressure chamber was constructed in which specimens
could be impregnated under various pressures from a vacUum of.
-85 kPa representing 650 mm of mercury to a pressure of
+400 kPa (see fig. 4.1, plates 4.2, 4.3). '
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The main body of the chamber was constructed from a 10 mm-
thick, 260 mm internal diameter water pressure pipe welded to
a flangé in which 8 holes were drilled and a 6 mm deep groove
machined for a 300 mm diameter rubber O-ring. The flange was
coupled to a circular steel cover plate, which, together with
8 bolts and the O-ring, ensured an air-tight seai. The base
plate was a 12 mm thick steel disc welded to the opposite end
of the pipse.

The follouwing connections were drilled and tapped in the
side of the pipe using 3/8" B.S.P. threads:

(i) Pressure Gauge (0 to +400 kPa).

(ii) Vacuum Gauge (0 to -100 kPa).
(iii) Hand operated pressure release valve.

(iv) Air inlet connection (Pressure connection).

(v) Air exhaust connection (Vacuum connection).

The air inlet and exhaust points were connected with tuo
high pressure flexible plastic pipes, each 1 m long, through
two non-return valves to a type GAST 0522-V4-G21DX vacuum/
pressure pump fitted with two 3/8" B.S.P. gate valves, one on

_each of the pressure and vacuum pipses.

4.4.3 General Procedure

The follouing procedure was adopted:

(i) Following placement of the specimen and associated
imbregnation appératus in the pressure chamber, the cover plate
was sscured, tightening the bolts in opposing order sufficiently
to ensure an airtight seal but still with regard to the integrity
of the O-ring.

(ii) Prior to either pressure or vacuum operation, the

pressure release valve on the side of the chamber was closed.

(iii) Subsequently for pressure operation the pressure line
gate valve and the pump suction valve were opened, and the vacuum
line gate valve and pump pressure valve uwere closed., Ffor the

vacuum condition, the operation of the various valves was reversed.

(iv) with the pump running, any desired pressure (or vacuum)
within the limits of the apparatus could be achieved and main-

tained by suitable adjustment of the pump pressure (or vacuum)
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valves. A certain amount of the air delivered by the pump
could be released to the atmosphere by way of the pump pressure
valve, while the remaining portion would be diverted under
pressure to the chamber. In this way, a constant pressure

could be maintained in the chamber.

During testing of the pressure apparatus, the maximum
pressure and vacuum levels achieved and maintained indefinitely
were as follous:

)
?)

Pressure:  +250 kPa (2 38 1lbs/in
Vacuums -85 kPa (% 13 1bs/in

Operation of the apparatus is uncomplicated and qhick; the
average time taken from the insertion of the specimen in'the
chamber to attaining the maximum pressure or vacuum is typically
less than 4 minutes.

In subsequent work, in order to be able to subject the
concrete to a pressure gradient, modifications to the pressure
chamber consisted of making a new 1lid with tapped holes for the
pressure pipe inlet connection, a pressure gauge and a hols,
with a plug, through which the polymer could be introduced. A
small second pressure chamber was constructed by welding two
flanges to a short length of 100 mm diameter steel pipe; this
apparatus being subsequently bolted to the 1lid of the main
pressure chamber and the concrete disc, as shown in fig. 4.2
and plate 4.4. All bolted joints were sealed with flat annular

rubber gaskets, and threaded holes with taped screw plugs.

By attaching the pressure inlet line to the lid and sealing
the pressure hole in the main pressure vessel, pressure could be
built up in the small chamber while a vacuum could be maintained
in the main chamber. In this way, a pressure gradient, typi--
cally from +250 to -85 kPa, could be set up across the concrete
vdisc. Polymer was normally introduced through the hole in the
new lid, which could then be sealed with the plug prior to‘

operation of the air pump.

4,4.4 Pressure Impregnation Tests

At this stage in the project, the effect of pressure on
thé impregnation of polymer on the mortar specimens was unknoun,
and to gain an initial understanding of this, the experiments

described in the following sections were conducted.
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Procedure 1

Tuenty-four specimens (designated "D") uwere chosen from
a batch of 26 specimens prepared as described in sections 3.2.1 -
3.2.5 and using the materials as mentioned in sections 3J.1.2 -
3.1.4 (Initial Series, sand/cement ratio = 2,75 : 1). Thess
were divided into three groups of 8 specimens each. After
drying and cooling; those specimens to be impregnated were
weighed and their solid volumes determined in the porosimeter
(see section 3.6.2 )., Catalyst was added to the polymer in
amount of 3 ml/litre, and thoroughly mixed.

The impregnation procedure for the three groups of speci-

mens was as follous.
Dl - D8 3 Conﬁrol-specimens, not impregnated.

D9 - D16 : Oipped into the polymer, removed and placed
on two parallel steel rods, exposed to the
atmospheré for 30 minutes, cleaned of excess
polymer and placed on the shelf to cure in-
air.

D17 - D24: Similarly coated with polymer, placed on steel
rods inside the pressure chamber, exposed to
a pressure of +250 kPa for 30 minutes, cleaned

of polymer and stored.

After curing for 7 days, the impregnated specimens were
again weighed and their solid volumes determined in the porosi=-
meter. ' '

Subsequent to vernier calliper measurements to determine
their dimensions, both control and impregnated specimens were
loaded to failure in the Tensometer and the Modulus of Rupture

of each determined.
Results and discussion are given in section 5.4, Chapter 5.

Procedurs 2

Further work was undertaken to observe the effect of
pressure on totally submerged specimens. Procedures and
materials for the manufacture and preparation of the specimens

ware similar to those mentioned in the previous Procedure 1.

A batch of 24 specimens was divided'into 4 groups of 6, ..
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submerged in uncatalysed polymer, and impregnated under pressure
as follous.

6 specimens: 100 - 150 kPa for 15 minutes

’

6 specimens: 100 - 150 kPa for 60 minutes
6 specimens: 200 - 250 kPa for 15 minutes
6 specimens: 200 - 250 kPa for 60 minutes

After impregnation, all specimens were cleaned of excess
polymer and cured in the air for 7 days. Subsequent to vernier
calliper measurements, the impregnated specimens were tested
for Modulus of Rupture in the Tensometer (see section 3.5.2)
and for depth of impregnation using the standard ink staining

technique (see section 3.4.2).

To determine whether the differences in the means of the
results of each test of each group of 8 specimens were signi-
ficant, the Standard Deviation was determined for each group,

where?
x - %% 3

Standard Deviation § = a——]

where x

x = mean of all results in one group and one
test

n = number of results in one group (i.e. 8)

H

each individual result

Results are given and discussed in section 5.4, Chapter 5.

4.5  VUACUUM IMPREGNATION

4,5,1 Introduction

The effect of the application of a vacuum during the im~
pregnation process is significant in reducing impregnation time
and achieving greater depths and rates of impregnation. This.
has been reported in several papers and references. (15, 16, 17,
23) 1t was considered that a greater depth of impregnation
would provide a correspondingly increased corrosion protection
to concrete sewer pipes, and tests to confirm and evaluate this
important aspect of impregnation procedure were therefore carried

out as described belou.

4,5.,2 VYacuum Impregnation - Initial Series

To determine the general effect of vacuum on the impreg-

nation of the specimens in a manner analogous to pressure in
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4.4.4, a batch of specimens was prepared in the usual manner,
grouped, weighed and measured in the porosimeter and impreg-

nated with catalyst-activated polymer as follous.

£2 - E10 ¢ Totally immersed in polymer, kept under a
vacuum of =85 kPa for 30 minutes, and whilse
still immersed, éxposed to atmospheric
pressure for 30 minutes, removed, cleaned

and staored.

£Ell - E18 Also immersed, kept under a vacuum of -85 kPa
for 15 minutes, then a pressure of +250 kPa
for 15 minutes, and similarly removed,

cleaned and stored.
E19 - E26 : Control specimens, not impregnated.

After curing in air for 7 days, the specimens were simi-
larly weighed, measured in the porosimeter and tested in the
Tensometer after their dimensions had been measured using vernier

callipers. Results are given and discussed in section 5.5, Chapter

4.5.3 Suspended and Submerged Evacuation: Modification of

the Pressure Chamber

In order to be able to subject specimens to a vacuum before

-submerging them in polymer, and to submerge them while still

under a vacuum, the lid of the pressure chamber was modified.
As shaoun in'fig. 4.3 and plates 4.5 and 4.6, an airtight piston
rod was fitted through the lid; the airtightness being main-
tained'by a vacuum seal. A sieve basket was suspended from thse

piston by means of wuire.

With the piston fully withdrauwn, the specimens could be
subjected te a vacuum while suspending them in the basket above
the polymer liquid. By depressing the pisfon slouwly, the speci-
mens could then be submerged into a beaker of polymer while

still under vacuum (see fig. 4.3).

- Two methods were used for evacuating the specimens.
Firstly, the specimens were evacuated while being suspendsd in
the baskst above the polymer, and then submerged while still
under vacuum. Secondly, specimens were evacuated only after being
submerged. A vacuum of -85 kPa was used throughout the test.

Specimens were prepared as previously described (see

o L e LR oot pe P T ‘ o Lo .
N . * - s . ¥ . . S P . PO T .
-k . s . S v Ty B . . N : R . . N
PRPLAT LW IR g - e - . - - . B t. ' ~ - -
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sections 3.1.2 - 3.1.4 and 3.2.1 - 3.2.5, Initial Seriss,
sand/cement ratio = 2,75 : 1). ‘

After curing and drying, the batch of 25 specimens uas
divided into S groups of 5 specimens each, and impregnated

with uncatalysed polymer as follous.

(a) Evacuated for 15 minutes while suspended, then sub-

merged and soaked for 3 hours.

(b) Evacuated for 15 minutes while submerged, then soaked

for 3 hours.

(c) Evacuated for 60 minutes while suspended, then sub-

merged and soaked for 3 hours.

(d) Evacuated for 60 minutes while submerged, then soaked

for 3 hours.,
(e) Control specimens: soaked for 3 hours.

After cleaning and curing, Modulus of Rupture and depth
of impregnation were determined as described in sections
3.5.2 and 3.4.2, subsequent to vernier calliper measure-

ments.

Results are given and discussed in Section 5.5, Chapter 5.

4,5.4 Evacuation and Tims

To determine the effect aof time of'exposure to vacuum on

impregnation depth, the following experiment was conducted.

Two batches of 24 specimens each were cast and prepared
as previously mentioned (Later Series, sand/cement ratio =

2,5 3 1), and divided into 8 groups of six specimens.

The groups were submerged in uncatalysed polymer and im-

| pregnéted under a vacuum of -85 kPa for periods of 2%, 5, 7%,

10, 124, 15, 17% and 20 minutes, and soaked in the polymer

under atmospheric pressure for 3 hours.

After removal and cleaning, specimens were cured in air
for 7 days and subsequently broken in the Tensameter and the

depths of impregnation determined in the usual manner.

Results are given and discussed in section 5.5.4, Chapter
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4.6 DIFFERENTIAL PRESSURE INPREGNATIUN

4,6.1 Introduction

As mentioned in section 4.4.1, it was thought that an
improved impregnation of concrete might result if the polymer
was impregnated into a specimen under the influence of a differ-
ential pressure, or pressure gradient. The total pressure
difference would then be the numerical sum of the positive
pressure and the absolute value of the negative vacuum, e.g.
+250 kPa Pressure + -85 kPa Vacuum = +250 + [-85| = +335 kPa.
Physically this effect is not the same as applying a pressurs
of +335 kPa to ons side only, as in the first case the polymer
is forced into the concrete by the pressure on one side, and
also sucked through the specimen from the other side. The re-
moval of the air barrier from the pores of the concrete may
prove to be a significant factor in the relative success of
this method (as discussed in section 5.5) for- achieving optimum

impregnation in minimal time.

The main pressure chamber had already been constructed,
and it was therefore considered worthuhile to modify the pressure
vessel to provide a facility whereby concrete specimens could be
imprégnated under a pressure gradient. The smaller pressure
vessel, described in section 4.4.3, was therefore constructed

and used in the following experiment., -

4.,6,2 Specimen Preparation

200 mm by 150 mm diameter cylinders, and 20 - 40 mm thick by

150 mm diameter discs were cast using the following concrseste mix.

Cement: 13,2 Kg

Sand : 27,5 kg

Stone : 24,3 kg (Malmesbury shale)

Water 5,5 kg (water/cement ratio = 0,42)

Three test cubes were cast simultaneously with the specimens
from the same mix, and all concrete was cured under water for

7 days._

After curing, the cubes were crushed and yielded a mean
crushing strength of 46,6 MPa, with a standard deviatipn of
0,5 MPa.
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Discs of 25 mm thickness were cut from the cylinders
subsequent to air drying for an indefinite period and aven
drying for 24 hours at 115°C (% s°c). ‘

4,6.3 Impregnation Procedure

A disc was bolted into position in the test apparatus as
described in section 4.4.3 and the rest of the.apparatus
assembled. Uncatalysed polymer was poured onto the disc through
the polymer inlet to a depth of approximately 20 mm, and the top
of the disc was then pressurised to +250 kPa, while the main
chamber vas evacuated to -85 kPa. A pressure difference of

335 kPa was thus achieved, and this was maintained for 20 minutes.

The impregnated disc was then removed, wiped c¢lean and

stored on the shelf to cure in air for 7 days.

The depth of impregnation resulting from this technique was
significant and details ares more fully discussed in section 5.6,
Chapter 5. '

4.7 SOLVENT EFFECTS: OILUTION

4.7.1 Introduction

As mentioned in section 2.6.5, the dilution of the polymer
'-greatly affects the rate and depth of impregnation. Initial
studies appeared to indicate that small dilution of the polymer
with solvent improved impregnation depth and impregnation rate.
In such studies, contrary to expectations, the more dilute the
polymer was made, the less impregnation depth was achisved, al-
though parallel strength tests were less conclusive than depth
measurements. It was felt that relatively small addition of
solvent may be sufficient to disrupt the molecular structure of
the polymer, resulting in improved impregnation, and to confirm
and investigate this aspect further, the follauwing tests were

carried out.

4.7.2 Procedurs

Several batches of concrete specimens were prepared as
described in sections 3.2.1 - 3.2.5 and using the materials
mentioned in sections 3.1.2 - 3.1.4 (Later Series, sand/cement
ratio = 2,5 : 1). |

After drying and cooling as described in section 3.2.5
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the specimens were formed into groups of 4 and 5 units each,

and impregnated as described below. One group of cast specimens
from each batch was not impregnated but simply stored in a desic-
cator for use as controls; the remaining groups were submerged
in Various‘dilutions of Xylene solvent and polymer ranging from
0% to 75% (solvent in polymer). After soaking for 24 hours at
atmospheric pressure, spscimens were remaoved, cleaned and cured
in air for 7 days.

Subsequent to curing of the polymer, all specimens were
loaded in flexure to failure in the Tensometer, and the depth
of impregnation of impregnated specimens determined, using the

standard staining techniques.

The results are given and discussed fully in section 5.7,
Chapter 5. '

4.8 SULPHURIC ACID CORROSION TESTS

4.8.1 Introduction

The corrosion of concrete sewers and structures by bacteri-
ologically produced sulphuric acid has been described in detail
“in Chapter 1. Sulphuric acid concentrations of 5%,(15) 10%(13)
and pH of 1,0(4, 5) have been reported in sewers. It was con-
sidered that the establishment of a corrosion test system or
"cell" using acid concentrations of up to 10% by volume, would"
constitute an effective accelerated corroéion test. This follouws from
the large volume of acid available in a litre jar in the labora-
tory, to the relatively small size of specimen (I 39 cm3), as
opposed to a thin film of acid adhering to the large area of a
pipe wall in a seuer. Also, the rate of corrosion of concrete
in sulphuric acid solutions increéses to a maximum at 10% di-
lution,(15) and falls off with increasing acid concentration. .
By making use of such a corrosion cell, preliminary accelerated
corrosion studies of polymer impregnated spetimens were carried
out, as described below, on both singly and doubly impregnated
specimens. It was thought that a second impregnation, in effect
a second polymer layer, might provide superior corrosion re-

sistance over single impregnation.’

4.,8.2 Procedure: Single Impreqnation

Three batches of 24 specimens sach, N,_N'and 0, were-
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prepared using the procedUres and materials described in
sections 3.2.1 - 3.2.5 and 3.1.2 - 3.1.4 respectively (Later
Series, sand/cement ratio = 2,5 : 1).

Tuelve specimens from each batch uere imprégnated by
soaking in uncatalysed polymer for 24 hours and curing in air
for 7 days; the remaining unimpregnated specimens were stored

in the desiccator for use as controls.

Six unimpregnated and six impregnated specimens from each
batch uwere loaded and broken in the Tensometer and the remaining
specimens were weighed, measured for volume in the porosimeter
(ses section 3.6.2) and finally immersed in dilute solutions of

sulphuric acid in the following sequencs.

‘Specimens N 3 & unimpregnated control and 6 impregnated
specimens'immersed in 1%, by volume, sulphuric.

acid solution.

Specimens M ¢ Similarly immersed in 5%, by volume, sulphuric

acid solution.

Similarly immersed in 10%, by volume, sulphuric

Specimens O

acid solution,

After immersion in the acid solution for three days, speci=-
mens were lightly washed under tap water, air dried for 6 hours,
oven dried for 6 hours at 110°C and finally 150°C for 12 hours
(see section 3.2.5). After cooling in an avacuated desiccator,
mass and volume measurements were recorded and specimens wuwere
again immersed in fresh solutions of acid. This process uas
repeated sevaeral times for immersion periods of thres days each

over a period of three ueeks.

The results are presented in graphical form and discussed

in section 5.8, Chapter 5.

4.8.3 Procedure: Double Impregnation

"The procedure for the preparation, impregnation and corrosion
testing of the spacimens of three further batches, Q, R and S,
was the same as that described in section 4.8.2, with the ex-
ception that specimens uere impregnated a second time by soaking
in uncatalysed polymer for a further périod of 24 hours within

% hour of the first imp:egnation having been completed.

The results are given and discussed in section 5.8, Chapter 5.
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4.9 SUMMARY

The tests described in this chapter form the major part of
this study. The apparatus and techniques developed and dis-
cussed in Chapter 3 have been used, as described in this chapter,
to examine the effect on impregnation capacity of the following

parameters:
temperature (including the effect on the concrete itself)
impregnation, or soaking, time

Pressure and Vacuum (coupled with pressurisation time as

another variable)
Differential Pressure or pressure gradients, and finally

Corrosion studies, using sulphuric acid on optimally im-

pregnated specimens.

The results and the attendant discussion are given in the

next chapter.
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CHAPTER 5

5.  RESULTS AND DISCUSSION

S.1 INTRODUCTION

In this chapter, the results of the experiments conducted
as described in Chapter 4 are presented, and observations made
during the experimental work, as well as the significance of
the results, are discussed. The parameters measured specifi-
cally are impregnation depth, breaking strength, i.e. maximum
failure load (or, sometimes, Modulus of Rupture), and rate of
acid corrosion of impregnated specimens (both by weight, and
volume, loss). Impregnafion depth was determined from the
ratio of impregnated to total concrete cross-sectional areas,
as measured by the epidiascopé and digitiser process, fully
described in section 3.4.2. The Modulus of Rupture, MOR, is
derivable from the breaking strength but since the specimens
were ostensibly of similar dimensions and tested under the same
conditions, it was often thought adequate to describe the con-
crete strength simply in terms of breaking strength. This
assumption was made for ail specimens with the exception of the
most recent batches concerning corrosion where it was found that
wear in the components of the perspex moulds was of such a degres
as to make the manufactufe of uniformly sized specimens, with
special reference to the vibration sequence, very difficult. In
these cases sach specimen was individually measured after being
broken in the Tensometsr, and ‘its Modulus of Rupture calculated.
Corrosion was measured by monitoring changes in mass, and volume,
using the porosimeter (see section 3.6.2). Good correlation uwas
found betwsen the results of both these measuring methods. Ths
recording of volume changes was later discontinued in favour of
‘the more easily performed weight loss recordings, which had the

added advantage of giving less scatter.

Some reservation must be placed on some of the results as.
consistent reproducibility was only partially achieved. Certaihly
within batcheé or sets, comparisons of different impragnatioh
variables are perfectly valid but it was difficult to guarantee
that results from one batch would bs identical to those of

another batch under similar conditieons. The trends are quite
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~unmistakable howsver, and there is a lot of confidence attached
to the results mentioned below. For more accurate data, housver,
further tests would need to be conducted with polymer of a con-
sistent quality. Variation in specimen preparation and curing
was reduced to a minimum with presumably the only additional
improvement being increased drying time - thereby minimising
further dry variation - but the same cannot be said for the poly-
mer, which was extremely variable. Changes in age and storage
conditions resulted in viscosity fluctuations and, almost cer-
tainly, variations in polymer chain length. This in turn affects
“the polymer's ability to impregnate concrete. Even polymer very
stringently stored in steel containgrs and of the same viscosity
at time of impregnation, showed significant variation in impreg-
nation depth. It would seem, therefore, that besides moisturs
curing, which increases polymer viscosity, there are further
chemical or other reactions which affect the impregnation capabi-
lities, but which are not readily detectable. Ffor full scale
development of this work, it would appear essential to have a
continuous polymer preparation facility so that the polymer

being impregnated is continually fresh.

5.2 TEMPERATURE EFFECTS AND SPECIMEN DRYING

5.2.1 Introduction

Four experiments are described in this section, namely (i)
the effect of various drying temperatures on concrete strength,
(ii) the length'of time required to dry concrete specimens, of
the size used in this project, to constant mass, (iii) vari-
ation of impregnation depth with drying temperaturs, and (iv)

impregnation of "hot" concrete.

‘5.2.2 Determination of the Effect of Drying Temperature on

Concrete Strength

A graphical plot of the results of experiments described
in‘58ction 4,2.2 relating to drying temperaturs ahd Modulus of
Rupture tests is shouwn in fig. 5.1, These results shoun in
fig. 5.1 agree reasonably well with previous published work
that was, for example, discussed in section 2.6.2, and displayed
in fig. 2.3. |
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Although scatter is relatively large, it appears that the
strength of_the dried concrete initially increases with rise
in drying temperature to a plateau in the temperature range
100°C to lSDOC, and subsequently displays rapidly decreasing
strengths at higher temperatures. This increase is in the
region of 15% to 20%, and may possibly be due to a massive in-
crease in the rate of hydration of the cement for a short period
of time, due to the increased rate of chemical activity caused
by the higher temperatures, i.e. "accelerated curing".(7, 30)
At higher temperatures the free water evaporates and the hydra-
tion process is rapidly arrested. At higher temperatures still,
breakdown of the hydrates occurs(31l) with a consequent signifi-

cant loss of strength,.

This drying temperature plateau of 150°C compares well with
the work of Fulton,(8) Troost(12) and others,(16, 31, 23) uhere it
has been reported that a sustained temperature of 150°C has a
negligible deleterious effect on concrete strength, and fhat
this temperature is optimum for drying concrete prior to impreg-
nation. This confirmed earlier work(1l2) which found that maximum
flexural strength is achieved with specimens dried at approxi-

mately 145°C before impregnation.

5.2.3 Determination of the Minimum Period for Drying

The effect of an adequate drying time, or a lack thereof,
is of great importance in the impregnation of concrete, and has
been widely reported.(12, 16, 17, 23) Indeed it has been re-
ported that concrete dried at temperatures belou 100°C could not
be impregnated at all.(l12) It appears that both temperature and

the time of exposure at that temperature are important parameters.

- The results of the drying test described in section’4.2.3
are given in table 5.1, and are plotted in linear/log graphical

form in fig. 5.2.

From these curves it appears the minimum period required
for adequate drying (i.e. drying to near constant mass) of £he._
specimens is approximately 5 hours, after which subsequent .
weight decrease through loss of moisture is apparently negligibly

small.

‘The dotted lines on the curves, fig. 5.2, show an inter-

esting effect when the specimehs were left out of the desiccator
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after cooling. 1In all cases the specimens appeared to gain
weight due to absorption of moisture from the atmosphere (points
1’and 2 on the curves), this moisture being lost on subsequent
redrying.(boints 3 and 4). As can be seen, houéver, the re-
lative amount of weight increase on exposure to the atmosphere
'is very small and for the purposes of these tests the effects

of the re-absorption of moisture during handling and testing was
regarded as negligibly small. To minimise this already small
effect, however, the time spent by the specimens out of the |

desiccator during experimental testing was reduced to a minimum,

The resulfs shouwed- a mérked decrease in the weight of
specimens és a result of moisture loss from oven-drying, over a
period of about 5 hours, and only small subsequent weight gain
on re-exposure to the atmosphere, and for the present purposes:

were regarded as "dry" for the purposes of testing.

In subsequent drying, to minimise the already unlikely
probability of cracking wet specimens when placed in the oven,
specimens were air-dried by exposure to the atmosphere for 24

hours before being placed in the oven for at least 24 hours.

5.2.4 Variation of Impreghation Depth with Drying Temperature

The series of experiments described in section 4.2.4
effectively parallel those mentioned in section 5.2.3. The
results are shown in fig. 5.3; where it can be seen that impreg-
nation depth and consequently strength, increass with tempera-"
ture, at approximately 150°C After this stage the loss of
hydrate strength in the cement itself cannot be overcome by the
strength gain due to polymer impregnation and the impregnated
strength curve (fig. 5.3) consequently falls, but the drop is
relatively gradual. Observations of increasing depths of im-
'pregnation with increasing drying temperature are consistent
with those of impregnated auto-claved concrete, and is thought
tq“be due to imprbved shape of the pores of the cured concrete.
(17, 23). ’

1t appears, therefore, that a drying temperature of approxi=-
mately 150°C is the optimum as far as the strength of both un-

impregnated and impregnated concrete is concerned.
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5.2.5 Determination of the Effect of Concrete Impreqgnation

Temperature

Tests conducted on the effects of temperature of the
concrete at time of impregnation on depth and stfength have
been described in section 4.2.5. The results of theses "hot
concrete" tests are shoun in fig. 5.4. The results are perhaps
too sparse to be conclusive, but it appears that the temperature
at the time of impregnation has less effect than the actual
degree of drying or moisture removal as mentioned earlier. This
probably masks any effect due to small variations in viscosity
that might be expected at higher temperatures. In addition,
the effect of:temperature on the polymer itself is still to be
determined and this area of study is one which could do with
further research. Houwever, the value of this approach is
debatable and for time considerations no further tests were con-
ducted. |

5.3 THE EFFECT OF SOAKING TIME ON DEGREE OF IMPREGNATION

5.3.1 Introduction

The results of the series of experiments described in
saection 4.3 to measure the effect of soaking time on impreg-
nation depth are discussed here. Since pressure and vacuum
apparatus is expensive, any undertaking to impregnate pipes on
a large scale would need to be considered from an economic '
standpoint, and if time and storage space are sufficient, it

may well be preferable simply to soak units rather than pressure

- (or vacuum) impregnate them. -

5.3.2 Results and Discussion

The results of impregnation depth for non-etched and etched
specimens, which had been impregnated by soaking for various
times, are shown respectively in fig. 5.5(a) and 5.5(b). It
can be seen that impregnation depth, D, increases with time,
but at an ever decreasing rate. From the results it would also
aphear that the scatter increases with time, possibly implying
”a greater dependence on the relative concrete curing character-~
istics, The above results seem to indicate an exponential kind
of behaviour, and indeed if such results are replotted on a log
time scale (against impregnation depth) for two different arbi-

trary temperatures, it can readily be sesn that there is a
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\

linear relationship (see fig. 5.6). The impregnation depth
is obviously greater for specimens dried at 115°C rather than
60°C but in both cases a linear relationship is obtained be-

tueen impregnation.depth, D, say, and log t, ’
io'eo D = a + b log t

where t represents time and a and b are impregnation constants.
On differentiating,

=8

dd = b
t t
i.e. the rate of increase of impregnation depth varies inversely

with time. -

This is a very reasonable physical phenomenon; the rate of .
impregnation being fastest moments after immersion and rapidly
decreasing with time. Earlier investigations indicated that
there was a certain minimum "response time" of the order of a
few minutes for impregnation to occur, which again is physically
reasonable and certainly the equation above, implying that as
t o, %% sy is physically unrealistic in the limit. This
~work is far from complete, however, and more data is required,
although it is an area more of academic, rather than practical,

importance at this stage.

It can also be seen that etching would appear to improve
the impregnation depths marginally, e.g. épproximately 6,8 mm
to 7,5 mm at 24 hours (see fig. 5.7). Scatter is, houever,
large and some reservation must be placed on this conclusion.
Such improvement, if substantiated by further testing, is pre-
sumably due to the removal of the dense "bleeding" skin on the

surface of the specimens which forms during vibration and casting.

5.3.3 Breaking Strength

In an analogous way to impregnation depth, the strength
increases with degree of impregnation for both non-etched and
etched specimens, figs. 5.8(a), 5.8(b) respectively. Houwever,
the etched specimens would appear to be marginally weaker than
non-etéhed'For long soaking time and deep impregnation depths.

This is possibly because of the action of the acid locally
worsening any deep defect in the specimen which is not subsequently

filled with polymer and which then may act as a source of weakness
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during'the strength test. Such shortcomings may be improved

by going to larger specimens. The scatter on these results is,.
however, large and it would perhaps be more circumspect to say,
at this stage, that more tests need toc be done on the effects of
etching, and that it would appear to improve impregnation depth
only marginally. It is of ihterest to note that control (non-
impregnated) specimens have a flexural breaking strength of
about 400N, hence impregnation to depths of 6 to 8 mm with
associated strength in excess of 800N improves the strength by
a factor of approximately 2 for these size specimens - a signi-
ficant improvement. This is of the same order as previous
studies (see fig. 2.2 and 2.3) for flexural strength tests,
while compreSsiua tests in the literature report a four-fold

increase.(17)

5.4 PRESSURE IMPREGNATION

5.4,1 Introduction and Initial Tests

The tests described under Procedure 1, section 4.4.4,
were conducted during the earliest stages of the project, and
before the standard ink technique for determining impregnation
depth had been developed. Specific reference to the actual
depth of impregnation in this earlier work cannot, therefdre,
-be made. As mentioned in section 5.1, the effect of age of the
polymer is critical in achieving significant impregnation. The
importance of this factor was not fully appreciated when the
initial experiments (Procedu:e 1, series D) were carried out,
with the result that the limited increases in Modulus of Rupture
(and other results) of impregnated specimens were a direct re-
sult of using polymer that was not factory fresh and of relati-
vely high viscosity. The‘results are given in fig. 5.9 and ars
therefore more of academic interest, but are included because:
~ they illustrate the significance of the guality of impregnating

polymer.,

These earlier étudies, undertaken before the use of the
ink staining technique, only exhibit a 20% increase in Modulus
of Rupture, whereas for fresh polymer and truly deep impreg-
nation, mentioned in section 5.3.3, the MOR increase is approxi-
mately twofold. . ’ '

The volume and Qeight percentage loading~is relatively
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small, approximately 2%, and consistent with the thicker nature
of the polymer used. Unfortunately, weight percentage loading
was not undertaken for sdbsequent tests, using fresh polymer
which impregnates deeply, and this is an area of study which
should be resolved.

5.4.2 Later Test Series: Procedurs 2

Results of the pressure tests (see fig. 5.10) reveal that
impregnation increases for longer pressure duration and also

for higher pressures.

It would appear that pressure impregnation improves
strength for comparable impregnation depths achieved simply by
soaking, possibly as a result of a denser, but not necessarily

deeper, impregnation (ses fig. S.1ll).

5.5 VACUUM IMPREGNATIGN

5.5.1 Introductian

The almost dramatic effects of vacuum application prior
to impregnation of concrete has been reported by several in-
vestigators.(lS - 17, 23) It is thought that this is due to
the removal of the physical barrier presented by air trapped,
in the porss of the concrete, by the incoming polymer; indeed
in other tests, prior evacuation is generally applied to obtain

maximum polymer loadings.(17)

- These observations uere generally confirmed by the results.
of the tests described in section 4.5, presented and discussed

belouw.

5.5.,2 Initial Saries

The results presented here concerning vacuums, parallel
those described in section 5.4.1 for pressure tests and suffer
from the same shortcomings as regards polymer quality, but are
included for completeness. They were in fact performed with the
same.polymer batch. The rassults of Modulus of Rupture tests,
after loading with polymer by vacuum impregnation, are shoun in.
fig. 5.12. In addition, one can see the degree of polymer
loading both in terms of mass and volume changes uwhich are once
again of the order of 2% loading (with this high viscosity poly-

mer)o
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5.6.2 Results and Discussioh

Impregnation of concrete discs under a hressure gradient
described in section 4.6 proved highly successful, as impreg-
nation of 15 to 20 mm was achieved after only half an hour
(see plates 5.1 to 5.3). It can be seen that polymer flous up
to the aggregate particles and, to some extent, around them,
e.g. plate 5.1 and 5.2. Whether this is due primarily to the
pressure gradient or possibly because of the more porous
structure of the coarse aggregate concrete mix, or a combination
of both, is:-not clear. The tests conducted were of a very pre-
liminary nature but appear most promising, and further work is

necessary to consolidate this area of the research.

5.7 SOLVENT EFFECTS: DILUTION

5.7.]1 Introduction

As mentioned in section 4.,7.1, the dilution of the polymer
greatly affects the rate and depth of impregnation. If the
full benefits of polymer impregnated concrete are to be realised,
maximum impregnation is required, if possible within the minimum
of time, effort and expense. The significant effects of polymer
dilution on impregnation uwere observed in the experiment de-
scribed in section 4.7, the results of which are given and dis-

cussed belou.

5.7.2 Results and Discussion

The effect of diluting the polymer with solvent to varying
degrees prior to impregnation has a very marked effect on the
depth of impregnation achieved (see fig. 5.14). Thse relationship
for impregnation depth would appear to increase from 0% solvent
in polymer, to reach a peak at approximately 25%, and then de-
crease from there onuards for increasing dllutlons. P:esumably
small amounts of free solvent are beneficial and assist the poly-
mer impregnation process, whereas for large polymer dilutions
the impregnation depth decreases markedly. It must also be re-
membered that so=-called "pure polymer" already contains typically
50% of solvent which is incorporated with the polymer as a result

of the manufacturing process.

It is interesting to examine the breaking strength of such
specimens which is seen to decrease from zero dilution (see fig.
5.15). This may be due to diluted polymer contributing a lower
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proportion of strength to the impregnated concrete spaecimens
than pure polymer would, even though impregnated more deeply
.(see fig. 5.14). This in turn may be as a result of diluted
polymer not coating the walls of the pores in the concrste.
as thickly as could be expected from pure polymer, even though
pure polymer does not impregnate as desply. It éhould also
be borne in mind that fracture in flexural specimens originates
where local stresses in the outermost fibres exceed local
strengths (in the same vicinity) and hence lead to fast fracture.
Thus it can be seen that more effective strengthening of the
"outermost fibres is more important than a weaker but deeper
contribution to composife stréngth, as is the case for dilutéd

impregnation. This appears to be borne out by the results.

The scatter in the results, houwever, is large, and further

tests are nacessary to consclidate these results.,

5.8 SULPHURIC ACID CORROSION TESTS

5.8.1 Introduction

The prime purpose of this project was to examine the
corrosion resistance of polymer impregnated concrete with a
Qieu to prolonging substantially the service life of concrete
pipelines operating under adverse corrosive conditions, The
results of the tests described in section 4.8 are the culmi-
nation of this project, and shouw that a significant improvement
in. the corrosion resistance of this polymer impregnated concrete
is achieved in accelerated corrosion tests. However, these re-
sults fepresent only an improvement and it is thought that in-
Vestigations with other polymers, e.g. polyesters, methyl
methacrylates, will be even more successful. Another major
problem, however, still remains and that is how such results
are to be transformed into predictions of life expectancy of
actual in-service concrete pipes. This problem can only be
solved by more extensive investigation and both short and long
term field tests in acidic sewer environments., For the purposes
of this project, howsver, the resuifs of the tests carried out
during the present investigation are presented and discussed

belou.
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5.8.2 Single Impregnation: Results and Discussion

Prior to undertaking corrosion tests at different acid
concentrations for the ﬁ, N and 0 series which uere nominallyv
cast and impregnated identically, the impregnation depths and
flexural strengths were determined on parallel control specimens.
These results are shown in fig. 5.16 and it can be seen that,

for the purposes of corrosion, they were effectively the same,

The extent or rate of corrosion for the M, N and 0 series
was measured in two ways, namely, by mass loss and volume loss.
Both these techniques (see figs. 5.17, 5.18) readily indicate
the largse difference in corrosioh between unimpregnated and ,
impregnated specimens, this being more pronounced, as expsected,
with the higher acid concentrations. Note that each point on
the curves ofvfigs; 5.17 and 5.18 actually represents the mean
of five results (see figs. 5.19, 5.20). These experiments can
certainly bes fegarded as accelerated tests because of the ex-
cessively high losses experienced by the unimpregnated (control)
specimens, these being 3% and 50% mass loss after approximately
only 18 days in acid, for the 1% and 10% sulphuric acid con-
centrations fespectively.‘ Such high rates of corrosion are not
found in sewers operating under even the highest "natural®

corrosive conditions, and would take years to achievs.

When considering the role of the polymer in proViding
corrosion protection, an interesting phenomenon can be seen,
for example, on the 10% acid, impregnated specimens corrosion
‘curve (see fig. 5.17). The section of the curve betueen the
points marked (i) and (ii) represents a sudden increase in ths
corrosion weight loss, and this is attributed to the final
breaking doun and removal of the relatively thick (0,5 mm) poly-
mer layer on the external surface of the specimen. What is of
particular interest, howsver, is that after the loss of this
protectiVe "skin" at point (ii),‘and.simply impregnated but
otheruise bare concrete is exposed to the acid, the rate of
weight loss from (ii) to 16 days does not take place at as severe
a rate as that for pure mortar in 10% acid (the lowest curve).
While there is a significant advantage, it is felt that investi-
gations with other pdlymers more résistant than polyurethanes
(to moisture and acid), would be preferable in that the outer skin

would not deteriorate at all.
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The weight-loss method of measurement shous a'relatively
even change in mass prior to point (i), whereas the volume re-
cordings appear to exhibit somewhat more scatter. This is dus
to the large scatter in observations read from the porosimeter,
- which can be readily seen in figs. 5.19, 5.20. For interest
and to exhibit the increased scatter in volume résults, the
readings recorded from the porosimeter after the first thres
immersions (i.e. 9 days in acid) for the M and N specimens are
shown; and the increased scatter for volume readings against
those for mass readings is apparent. It was therefore con-
sidered that mass readings alone would be both preferable and
more accurate, and the porosimeter uas not used for volume changs

measurements in the subsequent double impregnation test series.

Strength measurements of control specimens indicate a
decreass in strength corresponding to the decrease in cross-=
sectional area, the most pronounced being that for the specimens
immersed in a 10% acid solution (see fig. 5.21, plates 5.4 to
5.6). This may possibly be coupled with a general decrease in
étrength due to the internal chemical reaction caused by absorbed
"acid. The polymer is not immune to attack by sulphuric acid,
and impregnated specimens exhibited a general loss of strength of
betwsen 25% and 50%, depending on the acid concentration. The
most important consideration is, however, that the rate of cor-
rosion of impregnated specimens was considerably less than that
of mortar control specimens, and the relatively high strengths
available after impregnation can be attributed to twa factors,
namely, (i), the cross-sectional areas of impregnated specimens
were not reduced by the same degree as that of control specimens
due to the presence of the pore-filling polymer, and (ii) the
residual polymer which was not corroded, but possibly weakened
by the acid, was still able to contribute some additional strength

to the specimens.

‘Plates 5.4 to 5.6 clearly show the difference in the
appearance and degree of deterioration between impregnated and
unimpregnated (control) specimens, the most marked being that for
those specimens immersed in 10% acid solutions. The impregnéted
specimens retained more or less their .original rectangular shape
due to the presence of the polymer in pores and on the surfaces

which limited the damage to the conctete material. Sharp edges
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are usually particularly vulnerable to corrosion under these
test circumstances because they are attacked from two sides; .
the rate of deterioration is theréby effectively doubled on

the outer reaches of the corners., This effect is evident from
the size and shape of the control specimens which are nearly
circular in section after having suffered severe corrosion on
the sides and in particular the corners. .Volume losses, con-
firmed by mass loss readings, were up to 50% for control speci-
mens in 10% acid solution, compared with 25% for impregnated
specimens,

The "bloated" appearance of some of the corroded impreg-
nated specimens is due to the expanded corrosion products of
the outer polymer skin. As mentioned previously, the polymer
is not immune to acid attack,‘although it did appear to pro-
vide a significant inhibiting effect to the acid, possibly by
serving as a shield; this was, however, only effective while
there was still some form of adhesion to the outer surface of
the concrete. It is as a result of this deterioration of the
polymer skin, admittedly under severe conditions, that further
studies are to examine more resistant polymers, barticularly
PMMA, acrylics, polyesteré and resins. The dark colour comes
about as a result of heating the specimens for drying purposes
in between acid immersions. This process may indeed have
damaged the polymer in some way, although further tests are

needed to confirm this.

"5.8.3 Double Impregnation: Results and Discussion

The results of the experiments described in section 4.8.3
once again highlighted the importance of using fresh polymer
for impregnation purposes. At the time when the double impreg-
nation - acid corrosion tests were conducted, fresh pdlymer could
not be obtained from the suppliers, and use had to be made of a
relatively old quantity of polymer which, although it had been
stored in suitable steel containers, had already begun to shou

- the signs of age by exhibiting a partially gelled consistency.-

The results of these tests were inconclusive, and for the

purposes of this project, had to_ba abandoned.
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5.9 SUMMARY

In this chapter, the most important aspects of tha'project
have been presented and discussed at some length, namely, the

results of the impregnation and corrosion expesriments.

Impregnation depth and rates of impregnation have been
shoun to depend primarily on (i) the adequate drying of the
specimens, (ii) vacuums and pressures applied during the impreg-
nation process, and (iii) the time of exposure to these vacuums
and pressurses. In addition, small advantages were achieved by
pre-stching of specimens to remove cement laitance. The age
and quality of the polymer is most important and impregnation
ability decreases rapidly with age, sven under optimum storage

conditions.

The techniques for achieving optimum impregnation of
laboratory specimens have been well developed, and may be

summarised as follows.
(i) Etch (mildly - further research required).

(ii) Pre-dry specimens to maximum temperature of lSUOC,

and certainly above 110%.
(iii) Cool to.room temperature in a desiccator.
(iv) ’“Impregnate

(a) if time is unimportant, simply soék pre-dried
specimens for at least 48 hours in fresh uncata-
lysed polymer which is diluted with 25% solvent

in polymer, or

(b) if time is critical, vacuum impregnate with
the polymer suitably diluted, if necessary, for
ideally 15 to 30 minutes, but for as long as 3
hours, and comﬁlete thé process by pressurising
for the same time; using the maximum vacuums and

pressures available in the laboratory.
(v) Cure in a catalyst vapour environment.

(vi) Repeat for second, third or fourth layers until
sufficient coating is achiesved. (Success of this aspect should

be determined by future work.)
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The success of impregnating under a pressure gradient
should not be overlooked, and may yet provide the maximum rates
and depths of impregnation if confirmed in further experimental

work.,

On the corrosion side, UPC polymer has been shown to pro-
vide concrete with a relatively successful corrosion resistance
to dilute sulphuric acid, although it is considered that this
particular polymer is by no means the best for corrosion re-
sistance, and that others, such as polyesters and methyl

methacrylates, may prove still more successful.

An important aspect which certainly requires further
attention is the effect of the drying temperatures on the polymer
itself. Polymers are known to deteriorate at higher témpera-
tures, and this may well be the reason for the only partial

success of the polymer in the corrosion tests.
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CHAPTER 6

6. GENERAL CONCLUSIONS

6.1 CONCLUSIONS -

The primary aim of this project was to test the effacts
of sulphuric acid corrosion on polymer impregnated concrete with
a view to extending substantially the service life of concrete
sewer pipes in aggressive acidic sewer environments. Coupled to
this was the need to optimiss effedtive impregnating techniquss
by determining the optimum requirements of both concrete speci-
mens and the polymer necessary for maximum impregnation within
a reasonable time, as well as to develaop methods of measuring
accurately both the depth of impregnation and material loss in

accelerated acid corrosion tests.

It has been shouwn that significant increases in the im-
pregnation capability of this moisture curing polyurethane
polymer into a high strength mortar can be achieved by suitable
variation of certain parameters, namely, increases in soaking
time, adequate drying of the concrete, impregnation under
vacuum and pressure, age and dilution of the polymer, and acid

etching of the concrete prior to impregnation.

It has been found that drying of the concrete specimens
at a temperature of bstuesn 110°C and 150°C for several hours
is a major factor in achieving maximum impregnation. In addi-
tion, it is important to stress that "fresh" polymer,should be
used as its impregnation ability rapidly decreases with age
due to its apparent self-setting characteristics., A dilution
of approximately 25% solvent and 75% polymer solution has besn
shown to result in the maximum rate of imbregnation under ~atmo-
spheric soaking conditions, and it is possible that a similar

relation exists for vacuum and pressure impregnation ‘techniques.

The effect of etching concrete spscimens with dilute
hydrochloric acid prior to impregnation has been ssen to improve
impregnation very slightly, although this technique requires

further testing and evaluation.

The use of vacuum and pressure, or a combimation of these,

in the form of a pressure gradient across a spscimen, has bean
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shown to increasevdramatically the rate and depth of impreg-
nation. Thus, the objective of deep polymer impregnation to
30 mm in commercial concretes to form an integral composite

material, at least up to this depth, has been achieved.

While the application of the techniques described above 15
relatively easy to impose on small laboratory scale specimens,
the same cannot be said for full scals concrete pipes of upbto
1,8 m diameter and weighing in the region of 6500 kg, and which
may be produced at a rate of fifty per day (in all sizes).
Prior to any large scale development of polymer impregnation of
full size pipes based on this study, a complete feasibility
study would need to be undertaken. The capital cost of such
drying ovens, cooling drying areas, vacuum and pressure appa-
ratus would have to be taken into account and pure soaking;as
opposed to pressure or vacuum impregnationy, may be preferable.
However, before efforts are made in this general direction it
is felt that further studies should be undertaken in this study
of polymer impregnation of concrete using other very corrosion

resistant polymers.

The corrosion resistance of the impregnated concrete is
improved by a factor of approximately 2, coupled with a similar
increase in flexural strength. While this may éppear not to be
very significant, it must be remembered that accelerated testing
may in fact be more harmful to the speciméns over a short period
of time than actual in-service corrosion over a long period.

This consideration requires further short and long term testing.

Accelerated acid corrosion also reduces the strength of the
polymer, as well as causing it to degrade chemically. This uwas
shoun in flexural strength tests of speciméns, after corrosion,
when mildly corrdded impregnated specimens exhibited a breaking
strength approximately equal to that of uncorroded and unimpreg-

nated concrete specimens.,

The overall effect of impregnation, however, is a tuwo to
three fold improvement in concrete étrength and corrosion re-
sistanée. This investigation should, however, be continued as
there are many factors which still require further testing and
evaluation before full scale impregnation of concrete pipes can

be put into operation. Prime among these include investigations
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with other polymers; since although major improvements were
obtained, it is believed even better results, especially with
regard to corrosion resistance, can be achieved with more re-
sistant polymer.

6.2 RECOMMENDATIONS FOR FUTURE WORK

During the course of this investigation, several factors
which may affect impregnation capability or corrosion resistance
were brought to light from the results and from general observ-
ations, but could not be investigated more fully because of time
considerations. These are listed below and are recommended for

further investigation in future studies in this field.

Specimen Preparation ' :

(a) The manufacture and use of concrete specimens incorporating
both large and small aggregate.

(b) Variations in the water/cement ratios to change the pore

volume of the specimens.

(c) The use of smaller blocks of moulds. It was found that
the large 1l0-specimen mould boxes were difficult to handle on

the vibrating table.

(d) Before impregnation, the rough cast surface of the specimens
was ground off on the side of a rotating cutting disc. It is
considered that this is a relatively rough grinding technique,
and future specimens should be ground by a more gentle, if

slower, technique.

Impreanation

As has been mentioned before, probably the most important
series of tests to be undertaken concern investigations using
the techniques, skills and know-how developed durihg, and re-
ported in, this thesis but with other more corrosion resistant
polymers. These would include presumably PMMA, acrylics, poly-
esters, resins and indeed ahy polymer material which exhibited
.high-corrosioh_resistance but which was still capable of being
impregnated (e.g. P.V.C., although ideal on the first count, is
probably exbluded on the second count). It is anticipated that
this would imply monomer impregnétion with subsequént poly- '
merisation by heat or radiation. This would require some re-

search to optimise and prevent premature drainage or excessively
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gxpensive procedures.

More specific tests to be undertaken on the exisfing

polyurethane polymer are mentioned belouw.

I3

(a) An investigation of the effect of temperature on the
viscosity of the polymer, its impregnation, strength and dur-
ability characteristics, as well as the effect of the tempera-
ture of the concrete prior to and during impregnation, should
be undertaken.

(b) Further etching experiments to determine more precisely

the effect on impregnation and concrete strength.

(c) By reéording the relative increases in mass of specimens
before and after impregnation, a better understanding of the
density and quality of impregnation can be achieved as well as
a measure of the polymer loading. The present impregnation

depth method is quite adequate but is not normalised.

(d) More tests are required to determine the precise time of
impregnation under vacuum to optimise this important impreg-

‘nation technique.,

(e) Impregnation under a pressure gradient has been shown to
be very effective and should be considered as a significant

impregnation technique to be investigated more extensively.

(f) A more detailed determination of the part played by the
outer skin of polymer on the flexural strength of the specimens

should be undertaken to assess its importance.

'(g) Toughness and adhesion pfoperties of the polymer after
impregnation and curing should be investigated, probably using

the triangular notched flexural beam test.

(h) The addition of a catalyst to the polymer or curing of
the polymer in a catalyst vapour atmosphere may improve curing
and hence strength and durability characteristics and should be

further investigated.
Corrosion

(a) Impregnated specimens should be lightly ground to remove the
polymer coating on the external surfaces to detsrmine the effects

of the presence or absence of this outer skin in corrosion tests.
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(b) The effect of temperature, after curing, on polymer must
be determined as it appears this may have a very deleterious

effact on its propertiss.

(c) The sulphate corrosion of concrete is second only to acid
corrosion in importance in seuers, and must be investigated

further.

(d) Impregnated andAcontrol specimens should be placed in
actual corrosive sewer environments, or alternatively, a newly
laid concrete pipe should be impregnated to investigate the
performance of polymér impregnatéd concrete under ‘"natural"
in-situ service conditions. This is a long term investigation

and may possibly form part of an on-going research project.
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DEPARTMENT OF METALLURGY AND MATERIALS SCIENCE

AREA MEASUREMENT : OPERATING INSTRUCTIONS FOR USE WITH THE SURVEY DEPT. DIGITIZER

Designed for measuring U.P.C. impregnation areas of concrete.

By R.B. Tait and J. Troost ’

1. Switch on (K3 modules)

2. Punch tape in.

3. FIN 2

4, R .

5. OLD

6. R

7. RUN

8. R

9. Scale of original 1 : ?
10. 1 R
11. Do you want screen image ?
12. YES R |
13. Do you want plot ?
14. NO- R
15. Do you want data on tape ?

16. NO R

17.. ‘What are the experiment details ?

18. Type in the heading of your experiment e.g. "IMPREGNATION; 24 HRS." then press

then press R.

19. - Switch to Point Mode

20. Digitize outside bottom left and top right corners
21. Switch to stream switch

22. Digitize area 1

23. Press flag 1

24, Digitize area 2

25, Press flag 1 (at this stage the program will print out the ratio of the

shaded area to the total area, viz.

26. More contours ?
27. YES d

28 a) = HOME PAGE key, R
or 28 b) R
29, Digitize the next area.

Turn off procedure:
©30.  Eject tape
31. ' Turn off power. (3 modules).



NOTES:

or

In case of an error -
a) punch CLEAR and program will
return to statement 9,
b) punch BREAK BREAK and then
~ RUN and program will also
return-to statement 9.

To clear the screen press

home page.

R = Return key

Upper case instructions are to

be typed 1in, lower case to be
followed.
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