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Summary

This thesis describes an investigation of the effect of
abrasion resistance of concrete containing pulverised fuel
ash.

The test method is based on wear produced by rotating steel

wheels running in a circular path. The abrasion resistance is
expressed in terms of the depth of the groove produced by 15
minutes of abrasion.  This test has been used in the present

study to assess the abrasion resistance of the wvarious test
surfaces.

Numerous factors influence the abrasion resistance of floor
slabs, a most significant being curing, strength grade and
trowelling intensity. These factors have not been adequately
tested with mixes containing pulverised fuel ash, and so this
research work was structured to examine the resistance to wear
of concrete with pulverised fuel ash.

The experimental investigation was formulated in three separate
but related phases and these may be briefly summarised as
follows:

1. The development of basic mix design data from a series of
trial mixes containing PFA to be used for the design of
the mixes for the main investigation.

2. To study the abrasion  resistance of concrete mixes
containing PFA using the rolling wheel apparatus developed
at Aston University. This macrostudy of abrasion
resistance to place particular emphasis on the influence
of the «curing regime and the age at test on the
performance of the test slabs.

3 Through a parallel study, of microscopic <characteristics
of individual mixes, to identify those factors that
particularly influence the abrasion resistance of concrete
mixes containing PFA.



The experimental results revealed that positive curing has a
ma jor influence on the abrasion resistance of PFA concretes.
With a given water/cementitious material ratio, the abrasion

resistance is influenced by the combined effects of PFA content
—and curing regime.

Further improvements in abrasion resistance were detected at a
later age.

Well cured concrete appeared to be relatively independent of

PFA content up to 40 percent but the performance of air cured
slabs appears to be inversely proportioned to PFA content.
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CHAPTER ONE
INTRODUCTION

INTRODUCTION

The abrasion resistance of a concrete slab in an
industrial environment may be defined as the ability
of the concrete surface to resist being worn away by

rubbing, rolling, sliding, cutting and impact forces.

The floor wuser judges the performance of a floor by the
characteristics of its surface and additionally
requires a floor which will resist any damaging agency

to which it is exposed. Such agencies will primarily
damage the surface and the nature of the attack will be
largely controlled by the activities wundertaken within
the particular environment. The nature of the attack
co;ld range from chemical spillage to physical damage and
it is this latter mechanism with which this investigation
is concerned. Typical factors likely to produce surface
abrasion include impact of objects dropped onto the floor
or dragged over it and abrasion produced by wheeled and

tracked vehicles travelling over it.

During the past 20 years a considerable amount of
laboratory-based research has been undertaken to assess
the abrasion of concrete floors. However, very little
work to date has been reported on the abrasion resistance
of concrete containing cement replacement materials.
This investigation has therefore been directed towards
this topic and is concerned with the abrasion resistance

S



of concrete slabs containing pulverised fuel ash (PFA) as a

cement replacement. The long term consequences of damage to
the floor in industrial or warehouse premises can be
significant for the essential repairs «can be &expensive and
disruptive. Thus, it 1is necessary to provide a <clear
assessment of the abrasion performance of concretes containing

PFA so that decisions <can be taken relating to their

incorporation in industrial floors.

Research on abrasion resistance has been recorded for
more than 85 years (21) although little research has been
undertaken in the UK during the past 20 years, even
though the annual cost of floor construction and repairs
in this country is in excess of several hundred million
pounds.(1l5) There is no universal classification system
by which industrial floors "may be rated in terms of
abrasion resistance although there are several general
classification systems for floors {34, 6). Indeed
concrete floors are still-invariably specified in terms

of compressive strength rather than abrasion resistance.

This partly arises from the 1lack of a wuniversally
accepted test for measuring the abrasion resistance
of concrete. Although the ASTM has detailed (8) (67)
several tests, there is no current British Standard test
for making such assessments. However, recent research at
Aston University has led to the development of an

appropriate apparatus and test method (65) (40), which is



now gaining acceptance (22), (17, (18), within the
industry. The test method is based on rotating steel
wheels running in a «circular path. The abrasion
resistance is expressed in terms of the. depth of the
groove produced by 15 minutes of abrasion. This test has

been used in the present study to assess the abrasion

resistance of the various test surfaces.

Numerous factors influence the abrasion resistance of
floor slabs, among the most significant are curing,
strength grade and trowelling intensity. It has been
suggested (59) that, for a given set of materials, the
resistance of concrete to wear (both erosion and
abrasion) improves as its strength increases. However
this hypothesis has not been adequately tested (25) with
mixes containing PFA, and so this investigation was
structured to examine this hypothesis for mixes both with

and without PFA.

Following preliminary testing, to provide mix design
data, the investigation was divided into two series. In
the initial series a range df mixes was produced by the
simple substitution of cement with PFA on an equal
weight basis. This clearly produced mixes with a range
of strength. In the second series PFA substitution
ranged from 0 to 40 percent but the individual mix
designs were modified so that the strength was constant.

In order to understand the mechanisms involved in



developing abrasion resistance, test specimens were also
subjected to micro structural analysis using
microhardness techniques and mercury intrusion

porosimetry (MIP).

In view of the acknowledged importance of curing to the
long term performance of concrete containing PFA, the
role of the curing regime was also included in the
study. This involved monitoring the abrasion resistance
of slabs at ages of 28 days, 3 months, 6 months and 12
months, so that any long term benefits arising from the

incorporation of PFA could be established.



CHAPTER TWO

LITERATURE REVIEW

INTRODUCTION

This literature review is divided into two parts. The
first part deals with the abrasion resistance of
concrete, including the development of an accelerated

abrasion test apparatus with a standardised testing
procedure. The remainder of the review is devoted to the
use of PFA in concrete and includes its production, its
influence on the properties of concrete leading to

recommendations for the use of PFA in concrete mixes.

INVESTIGATION OF SLIDING FRICTION

The three basic laws of friction which were initially

preéented by Coulomb (25) can be presented as follows:-

(1) Frictional resistance is proportional to the weight
of the object which is being removed.

(2) Frictional force is independent of apparent area of
contact.

(3) The interfacial resistance between two surfaces is

independent of the velocity of sliding.

Of these three basic factors, the greatest concerns have

been associated with the influence of speed.

Indeed the effect of speed on the value of the
coefficient of friction was first discussed by Coulomb

AL



(26 ). In the second chapter of his classical work on
friction "Theorie des machines simples" Coulomb reached
the conclusion that the frictional force during sliding
was independent <of speed for oak sliding on oak.
Subsequently, in 1785, the English investigator Vince
(80) showed that the textile materials exhibited a marked
increase in the.coefficient of friction with increasing

speed.

Experiments carried out in 1829 by Rennie (61) wusing
metals, iron, stone, ice, leather and fibrous materials
(textiles) showed that for all except the textiles, the
coefficient of friction was independent of the speed.
However, for the fibrous materials, the coefficient
decreased with increasing speed. In his text "Friction
and Wear" Kragelskii (42) makes the reservation that the
softer types of wood, stone and metals behave similarly
to the fibrous materials. It is, however, necessary to
clarify the difference beﬁween the kinematic and static

coefficients of friction.

The third law implies that the force required to start
sliding is the same as that to maintain sliding, at any
specified velocity. Dokos (31) demonstrated that the
static, coefficient of friction (surfaces at rest) is a
function of time of contact, while the kinetic
coefficient of friction (surfaces in motion) is a

function of velocity.



In a series of brilliantly executed experiments Morin
(50) rectified most of Coulomb’s results and also
arrived at the conclusion that the coefficient of

friction of a moving object is independent of speed.
ABRASIVE WEAR

This can be defined as the wunintentional removal of
material from the surface of bodies moving in contact
with one another and may be due to attrition by sliding,

scraping or percussion.

The resistance of concrete to abrasion is difficult to
assess as the damaging action varies depending on the
exact cause of wear and no single test procedure is
ideal ¢to satisfactorily evaluate all the loéding
conditions, with tests ranging from simple rubbing tests
to rolling balls or dressing wheel through to
sandblasting may each be appropriate in different cases.
The ASTM standard C418-76 prescribes the précedures for
determining wear by sandblasting but it is not obvious
how this should be used as alcriterion of wear resistance

under different conditions (53).

2+3.1 Abrasion Resistance PC Concrete

The abrasion resistance of concrete has been defined by

the ACI (7) as the ability of a surface to resist being



worn away by rubbing and friction. The more extensive
definition, provided by the ASTM, develops the term by
extending abrasion to include erosion by cay?tation and

impingement (9) and defines abrasion as wear by the
displacement of materials from a solid surface due to
hard particles or hard protuberances sliding along the

surface.

Prior (57) has classified the wear of concrete surfaces

by abrasion into four main categories:-

(1) Wear on concrete road surfaces due to foot traffic,
light trucking and skidding, scraping or sliding of
objects on the surface (attrition).

(2) Wear on concrete road surfaces due to the movement
of heavy vehicles (attrition plus scraping plus
percussion).

(3) Wear on hydraulic structure, such as dams, spill
ways, bridge and tunnel due to the abrasive action
by materials carried by water at low velocities,
known as abrasive erosion (attrition plus scraping).

(4) Wear on concrete dams, spillways and tunnels, Qhere
a high hydraulic gradient is present, generally

known as cavitation erosion.
METHODS OF TEST FOR ABRASION RESISTANCE

All the research on wear resistance of concrete has been



based on accelerated wear tests. Some of the earliest
work by Abrams (3) involved the abrasion of concrete
specimens by impact with steel balls. Other workers have
used shot blasting, rotating steel wheels, rolling steel
balls, rubber tyres with chains, rotating pads, dressing

wheels and reciprocating rubbing.

An earlier survey, presented by Sadegzadeh (65), revealed
that there was no simple apparatus which would simulate
all the actions to which a concrete floor <could be
exposed during service. He identified that many test
methods (2) have been used to try to assess the abrasion
resistance of concrete. These have included ratler type
tests, shot blast tests, reciprocating tests, revolving
disk method, dressing wheels, rotating ball bearings and
rolling wheels. Sadegzadeh clearly demonstrated (65) the
shortcomings with each of these tests and this led him to
the need to develop a reliable test (apparatus and
procedure) for assessing the abrasion resistance of
concrete. A number of performance criteria for an
abrasion test were also presented (39) and these were

used in the development of an appropriate test method.

Having completed his review, he concluded that a method
based on rolling wheels presented the most favourable
route for further development. Indeed his final

apparatus was based on earlier work undertaken by Chaplin



(23) at the C & CA. This apparatus performed well in the
earlier study (40) and has subsequently been used to test
a large number of concrete floors (40). It was therefore

decided to adopt this apparatus for the proposed study

and the equipment shown in plates 2.1 and 2.2. it
consists of a rotating steel plate which carries three
hardened steel wheels. As the plate is rotated these

rotary wheels wear a «circular groove in the concrete
surface and the depth of this groove provides a measure
of abrasion resistance. Further details of the adopted
test apparatus and experimental procedure are given in

Chapter 5.

FACTORS INFLUENCING THE ABRASION RESISTANCE OF CONCRETE

The main factors that "are considered to have a
significant effect on the abrasion resistance of concrete

may be summarised as follows:

1. Compressive streﬁgth
2. Finishing techniques
3. Curing

4. Surface treatments

5. The physical properties of aggregates.

The prime factor is the quality of the exposed surface of
the concrete slab and all these factors affect this

quality it is essential to realise the complexity of this
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surface layer for, while the above list represents the
prime factors influencing the quality of this layer, ie
is also influenced by other factors such as the cement
content, water/cement ratio, the extent of hydration and
carbonation and the porosity. Furthermore, the abrasion
resistance mobilised by the concrete surface will be

influenced by the nature of abrading action.

2.5.1 Compressive Strength

The relationship between the abrasion resistance and
compressive strength of concrete has been the subject of
many investigations (3, 69, 39). It has been generally
concluded that compressive strength is the most reliable
predictor of abrasion resistance, with in general, the
abrasive resistance increasing with compressive strength.
Smith (75) found that the abrasion resistance of concrete
varied directly with both compressive strength and cement
contént. with the strength being related to porosity.
Indeed it has been suggested (64) that the strength may
not be the key factor but is partly a simple substitute
for a more complex factor such as porosity. Sadegzadeh

(65) demonstrated that the significance of the apparent
relationship between compressive strength and abrasion
resistance can be markedly influenced by finishing
techniques and curing. However, some concluding data has
been reported by Rushing (64) who found that some mixes

with high compressive strength exhibited lower abrasion



resistance than mixes with lower compressive strengths
but, again, this finding may be due to the role of other
factors such as curing regime, finishing technique and

changes in cement content.

2w Finishing Techniques

Fresh concrete invariably contains more water than 1is
necessary for hydration and sometimes more fine material
than is necessary to fill the wvoids between coarse
aggregate particles. During compaction and finishing
some segregation occurs of the constituents of concrete
with the coarse aggregate tending to sink to the bottom
and a layer of mortar forming at the surface. This
process is known as bleeding and, if the concrete is left
to harden from this state the resultant surface will be
extremely weak and very easily be abraded owing to the
very high water/cementitous ;atio. To prevent this, the
concrete surface 1is wusually trowelled after the bleed
water has evaporated to recompact it and reduce the
surface mortar to a condition comparable with that of a

low water/cement ratio mortar.

Data by Sadeqzadeh (65) have shown that for the purpose
of assessing the influence of the various types of
finishing techniques on the abrasion resistance of
concrete, it is important to understand the influence of

the placing, compacting and screeding operations, and the



role of finishing procedure. During the compaction
operation the concrete segregates as a result of
vibration. This causes the uppermost part to contain
more fines so that the cement content of the surface of
concrete is larger than that in the bottom layer but, due

to the migration of water, this surface also has a higher

water /cement ratio than the interior. The lower section

of the concrete on the other hand, contains more coarse
aggregate and has a lower water/cement ratio.

Furthermore, compaction results in a decrease in both the
air content and the average size of the air voids

although, it has been found that wvibration tends to
produce a higher air content in the upper portions of the
concrete relative to that in the lower layer. At the
completion of compaction, the floor slab is left for a
waiting time as the bleed water rises to the exposed
surface (bleeding is a form of segregation) leading to a
further increase in the water content of this surface
layer. Some of this rising water may also become trapped
and form water voids beneath coarse aggregaté particles
and perhaps even beneath sand particles and immediately
underneath the surface. This rising water leaves behind
capillaries, and since all the voids are orientated in
the same direction, the permeability of the concrete in a

horizontal plane may be increased (65).

It was found, generally, that both the requirements for

the evaporation of bleed water, and the desired state of



hydration coincided. It d4s at this stage that the
finishing operations can commence. The efficiency of
these operations, in compacting the surface layer,
depends on the energy applied to the surface ranging from
a low level with hand finishing to the high energy levels
associated with power floating and trowelling. Iﬁdeed
the results obtained by Sadegzadeh (65) demonstrated that
the hand finishing technique was unable to perform the
finishing task efficiency, thus reducing the abrasion
resistance of the specimen slabs. Indeed, the abrasion
resistance of specimens subjected to the hand finishing
(HF) technique was generally significantly lower than
those subjected to the power finishing (PF) technique,
see figure 2.1. The main differences between hand
finishing and power finishing is that, the latter is
capable of applying vibration and more pressure to the

surface of the concrete than the former.

The wvibration produced by the power equipment is at a

maximum nearest to the surface of the concrete. This
vibration is effectively revibration or delayed
vibration, since it is applied several hours after- the
screeding operations. The effect on concrete of

revibration and delayed vibration has been studied by a
number of investigators. It is generally agreed that
revibration some 2 to 6 hours after mixing, increases the

compressive strength of concrete, compared to the
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strength of non-revibrated concrete.
This phenomenon may be explained by the following:-
1%) The closing of microcracks between the paste and

aggregates that formed due to the restraint

offered to the early shrinkage of the cement

paste.
ii) The reduction of the pore volume in the
revibrated concrete, due to the reduction or

elimination of water and air pockets present
under aggreates.

iii) The structure of cement paste and the hydration
process may be influenced by revibration.
It has been reported that the revibration of
neat cement paste may result in strength

increase.

2iedied Curing

Curing is an important factor as it has been proven that
proper curing increases ﬁhe compressive strength of
concrete (56) and reduces the porosity it is therefore
clear that <controlled curing will also improve the

abrasion resistance of concrete.

Curing is the process of keeping concrete damp so that

hydration, the reaction of cement with water, can



continue. Though concrete hardens in a few hours, it

continues to gain strength indefinitely if kept moist.

If concrete dries out too soon, it will achieve only a
fraction of its potential strength. Curing is simple,
often neglected - but of tremendous importance.  All
concrete should be well cured, but floors are especially
demanding because they have a large area exposed to
drying. In floor construction, poor curing creates a

weak surface that will have a low resistance to wear.

The many curing methods can be divided into three general

types:

1. Wet curing methods.
2. Waterproof sheet materials.

3. Curing components.

The wet curing methods work by keeping the concrete
constantly supplied with water. The other methods work
by retaining the water already present within the

concrete.

Studies in the UK suggest that floors cured under
polythene can be several times more wear resistant than
air cured floors (see chapter 5). American research has
produced similar results for floors cured under wet

hessian (Burlap) (33).

ol F 0



Some curing compounds produce extremely good test

results. There appears to be a double effect; besides
keeping in moisutre, the compound fills pores in the
concrete making the surface more desirable. Because some

compounds are designed to weather away in a short time

this double effect may be temporary.

2 ik Surface treatment applied to hardened concrete

A wide range of surface treatments are available for
application to concrete floors, both in the fresh and the
hardened states. Many of these products have Dbeen
examined on an individual basis but the only documented
study which attempted to compare the affect of different
treatments on abrasion resistance was reported by Kettle
and Sadeghzadeh. This work shows that in surface seals
(acrylics, etc) performed significantly better than
surface hardeners (i.e. silicates and £flourosilicates)
with. the greatest improvements being reported with
relatively low grade concrete. Surface hardeners are
salts, typically sodium silicate or magnesium fluoro-
silicate dissolved in water. They have small but
measureable effect on wear resistance. In one
experiment, silicate hardeners improved the wear
resistance. In one experiment, silicate hardeners
improved the wear resistane of poorly cured slabs by 152

to 38% (66).



Hardeners are cheap and may be useful where a modest

improvement in wear resistance is called for. For
example, if a floor shows depth of wear just over the
maximum allowed - say, 0.23mm when the specification

allows 0.20mm - then a silicate hardener might bring the

floor into compliance.

Resin seals impregnate the floor surface with polymer
resins. Many proprietary products are available, based
on epoxy, polyurethane, and other resins. Some resin
seals show up extremely well in wear tests. In one
experiment, the use of a moisture - curing polyurethane
resin shifted floor slabs from poor quality to good (see
table 2.2) (66). Surface hardeners and resin seals are
also used to repair existing floors. Sometimes curing
can be re-started by soaking the dry concrete with water

a process that might be called "late curing".

British researchers have studied the effect of 1late

curing making tests on three kinds of surfaces:

1. Slabs cured properly under polythene for 7 days.
2. Slabs exposed to air for 28 days.
3. Slabs exposed to air for 28 days and then soaked and

cured under polythene for 7 days.

Group 1 showed better results than group 2 as expected.

What was surprising was group 3 - the late cured slabs -



Category Code
Mix .
Cement 3 Free 28 day
content (kg/m”) water/cement compressive
365 0.41 65 1
345 0.52 47 2
300 0.65 29 3
Finishing technique
Handfloat and trowel H
Power float and 1 initial pass of power trowel PF
Vacuum de-watering followed by PF VD
Power float and repeated passes of power RPT
trowell over a period of several hours
Curing
Air A
Wet hessian WH
Polythene sheet PC
Resin based sprayed on membrane - 902 efficiency - SM
Liquid surface treatments
Sodium silicate Si
Magnesium fluorosilicate
In surface seals - 3 types ISs
Control specimen - no hardening 0
Dry shake surface treatments
Metallic M
Natural N
Cement Cc

TABLE 2.1 KEY TO LABORATORY INVESTIGATION

Quality of Abrasion depth
concrete slab (mm)
Good <0.2
Normal 0.2-0.4
Poor >0.4

TABLE 2.2 CLASSIFICATION OF

MEDTUM INDUSTRIAL
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showed markedly better wear resistance than air cured

slabs, though not as good as group 1 (22).

2.5, The physical properties of aggregates

Fine aggregate is wusually sand - either mnatural or
manufactured. Its role in concrete is to fill the voids
between the pieces of large aggregate. It also forms
part of the mortar paste which makes a concrete floor
finishable. Designers typically specify fine aggregate
according to a national standard. But this approach does
not guarantee that the aggregate will be good for floor

construction.

In the UK, BS882 defines fine (and coarse) aggregates.
In America the corresponding standard is ASTM C33. Both
standards deal mainly with the size of the aggregate
particles. Unfortunately, size is only one property -
and possibly not even the most important property where

surface matrix is concerned.

Some fine aggreates make finishing easier. Others
produce concrete that is hard to finish. The reasons for
this difference are not clear but particle size has
little to do with it. Shape may be a factor, with
rounded aggregate promoting a better finish. Fine
aggregate is an important factor in the wear resistance

of concrete. Tests have shown that concrete made with



natural sand is much more resistant than concrete made

with crushed rock fines (22).

For good wear resistance mnatural sand is required

complying with BS882.

2.5+ Summary of Sadegzadeh’'s Investigation

Most of the factors discussed above were investigated by
Sadegzadeh (65) in his work on the abrasion resistance of
plain concrete. It is clear that this work represents
the most extensive study of abrasion resistance that has
been undertaken in this <country during the past 20
years. Accordingly it is considered necessary to deal
separately with the major aspects of this study as they

relate to the present investigation.

The iqitial phase of Sadegzadeh’s work was concerned with
the development of the apparatus and testing procedure
for reading abrasion resistance and this is referred to
in detail in chapter 5. The experimental investigation

concentrated on three major factors, these being:-
(a) Finishing technique
(b) Curing regime

(c) Surface treatment

The individual factors are listed in Table 2.1 together






