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ABSTRACT

This investigation deals with the influence of hot and
temperate curing environments on the hardened properties of
concrete and mortar mixes. Condensed silica fume was blended
with OPC as a potential alternative cementitious material to
plain OPC for use in the hot Iraqi climate, in an attenpt to
find a cement combination that would overcome some of the
durability problems experienced when using a plain OPC
concrete in such an environment. Throughout the
investigation two curing environments were used: the first
simulating the UK temperate climate and the second simulating
the hot Iraqi climate. Temperature and humidity were varied
to simulate day and night time.

The first stage of the experimental study was the
development of a mix design method capable of producing an
OPC-CSF cement concrete of a medium workability and a
specific 28-days compressive strength ranging between 25 to
55 MPa, both with and without superplasticizer. Three grades
of concrete strength were chosen (25, 40 and 55 MPa) and the
effect of four cement replacement levels (5, 10, 15 and 20%)
of silica fume on concrete compressive strength was assessed.
Test results showed that CSF was relatively more effective 1in
lean mixes than 1in rich ones. Compressive strength of CSF
concrete increased with increasing CSF percentages for both
normal and superplasticized mixes up to an optimum levels of
10-15% and 15-207%, respectively. The amount of OPC <{kg/m”)
necessary to bring a change 1in compressive strength of 1MPa
was also determined and the theoritical blend proportions of
OPC-CSF necessary to produce 28-day conmpressive strength
equivalent to the plain OPC nixes were determined from the
produced data above. The theoretical blend proportions were
examined experimentally and the data were used to establish
the relationship between strength and water/cementitious
ratio for the blend mixes with and without superplasticizer.
Results showed that this basic relationship had changed

quantitatively but not qualitatively when CSF was used. A
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cost study using current OPC and CSF material costs was
performed in an attempt to determine the most economic blend
proportions.

A total of eleven different concrete -mixes were
selected to study the effect of curing environment <(hot and
temperate), initial curing time (0, 1, 3 and' -7 days)> and
curing method (water and polythene sheeting) on the
compressive strength, permeability and absorption properties
of the CSF concretes. Tests were carried out at 3, 7, 14,
28, 56, 90 and 180 days of age.: In addition five different
mortar mixes were used to examine the effect o0f curing
environment (temperate and hot) on the 'permeabllity, pore
size distribution and durability +to magnesium sulphate
attack. v

Test results showed that hot Iragql curing environment
was favourable to the early-age strength, absorption and
permeability of plain OPC mixes. However, - the later-age
properties were significantly lower than those obtained for
concretes cured in a temperate UK environment. The early and
later-age strength and more i1importantly +the permeability,
absorption and durability properties of CSF mixes were all
lmproved by the hotter curing environment. Consequently, the
later age permeability and absorption of CSF mixes were much
lower than the plain OPC ones, and the strength and
durability properties of CSF mixes were all higher. The
lmprovement 1in compressive strength and durability and the
reduction in permeability and absorption properties of CSF
nmixes increased with increasing CSF percentages.

The effect of curing time under both tenmperate and hot
climate on the compressive strength, permeability and
absorption properties helps to define the critical curing
period (period beyond which effects on hardened properties
become insignificant) for both plain OPC and CSF mixes. This

critical curing period seems to depend on the type of cement

as well as the curing environment. For plain OPC mixes a
critical curing period of 3 days was found under both
temperate and hot environnment. For the CSF blend mnixes

critical curing periods for the temperate and hot environment
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were found to be 3 and 1 day respectively. Results also
reveal the 1importance of curing épecimens immediately after.
casting for one day. Research work has also confirmed the
superiority of water curing over polythene sheeting 1n a
temperate environment for the rich plain OPC and CSF mixes.
However, there was no significant difference between water
and polythene for lean mixes.

The reduction in . permeability and absorption
properties of CSF mixes cured in a both temperate and hot
environments 1s thought to be due to the changes in the pore
structure brought about by +the use  of silica fume.
Combining CSF with OPC was found to increase the percentages
and volume of fine pores at the expense of coarse pores.
This effect may be described as a "refining" effect.

Finally, the performance of CSF mortar mixes cured in
a temperate and hot environment and their resistance to

magnesium sulphate attack was significantly better than the
plain OPC ones.
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CHAPTER ONE
INTRODUCTION

1.1 General

Concrete 1is one of the most common construction
materials due to 1ts low cost and wide range of
applications. However, 1in Iraq i1t has often been used without
imposing suitable standards for quality control. Many small
concrete structures have been built without imposing limits
on water/cement ratio, cement content or workability.
Reinforcing steel which had already been corroded after being
left exposed for 'long periocds ‘has often been used. Most
lnportantly, curing has often been overlooked by contractors
who paid little attention to it and budgeted small amounts of
the total contract value for 1t. In Iraq, as well as the
other Middle Eastern Countries, there are two aspects of the
environment from which concrete deterioration can arise:
these are the climate and the geology. As far as the latter
1s concerned, a conplex variety of salts exist in both soils
and ground water. . The principal chemical compounds involved
are calcium, magnesium and sodium sulphates and chlorides.
The presence of these harmful salts can cause two
problems: external attack of concrete elements in contact with
them, and internal attack arising from contamination of the
aggregate, mix water or on the reinforcment. As far as the
climate is concerned high temperatures and low humidities can
accelerate the rate of water evaporation and drying. of fresh
mixes at early ages which in turn can adversely affect the
strength and durability properties of the mature concrete.
Therefore, strength, durability and other characteristics are

critically dependent on the curing after the concrete has
been placed and compacted and during the first few days
following casting.

The Iraqi environment problem 1is, however, more
complex in the situation of substructure concrete elements.
Due to the concurrent presence of high chloride and sulphate
levels in the soils and ground water. In such a situation

the use o0f sulphate resistant cement (low CsA content)
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usually provides adequate protection agalnst sulphate aftack.
but would not significantly reduce the corrosion of steel due
to chlorides. |

The use of pozzolans such as pulverized fuel ash (PFA)
as a cementitious material 1is quite common in Europe and
Anmrica. However, there is an increasing interest in the use
of condensed silica fume <(CSF) as a partial cementitiocus
replacement material. Research shows that with the use of
CSF under temnmperate environment conditions, many aspects of
concrete can be favourably 1influenced, some by physical
effects associated with the very fine particle sizes, and
others by the pozzolanic Ij(gction. The rate and extent of
hydration are among the physical effects assoclated with the
particle sizes of pozzolans. otrength, permeability,
resistance to alkali silica expansion and sulphate attack
are the main properties associated with the pozzolanic and
cementitious reactions. However, the performance and
behaviour of CSF concrete and mortar mixes under severe
curing environments <(hot and dry) compared to the cooler
temperate curing environments has not been 1investigated
thoroughly.

Durability of concrete is not an intrinsic property of
concrete and therefore it is not easy to deflne or measure.
Broadly speaking durability is an attribute of concrete which
is related +to 1ts ability to resist attack from the
environment in which it is placed, to maintain its appearance
and to continue to function in the manner for which it was
designed. Deleterious attacks <from +the environment need
fluids either as a transport means or as a reaction mediumn.
oince permeabilility and absorption can affect and control the
rate and the degree of ingress of fluids and ions, they have
an important bearing on the durability and the wvulnerability
of concrete to different kinds of attack. Accordingly a
great deal of emphasis had been paid in this research work on
measuring permeability and absorption. Previous experience
and research work shows that concrete surfaces are considered

the most vulnerable and weakest part of concrete since many

types of attack <(mechanical and chemical) start from the



surface. Therefore 1t 1is vital for concrete durability to
have a sound surface with low permeability characteristics.

Recently, more attention has been paid to the use and
development of non-destructuve permeability and absorption
test methods which can be used for assessing durability.
These tests do not give an absolute value for permeability
but rather time and rate of flow and absorption. None of
these parameters can easily be converted to a true intrinsic
permeability wvalue. However, 1t seems reasonable to expect
that these parameters can be related to durability, although
there 1s at present very limited data available on these test
methods. oince they have the advantage of assessing the
concrete surface (“"surfacecrete")> and concrete subsurface
("subsurfacecrete") permeability and absorption properties,
efforts were made 1in this research work to use these non-
destructive absorption and permeability tests for assessing
durability. The major problem associated with these test
methods which can limit their usefulness and make conmparison
difficult is the moisture content of tested specimens. This
ls because moisture can affect the permeability of concrete
and mortars by blocking the capillary pores as the degree of
saturation increases. Consequently concrete specimens used
in this research work were conditioned by oven drying to a
constant weight, <(0.1% change 1in weight over 24 hours of
drying). In addition, tests for true air and water
permeability together with the pore size distribution were
conducted on mortar specimnens.

Permeabllity of concretes, mortars and pastes is not a
simple function of their bulk porosity but depends also on
the size, distribution and +the continuity of pores.
Therefore it is the pore size distribution, the volume of the
harmful capillary coarse pores avallable and the inportance
of eliminating continuous pores are more inmportant 1in
relation to the control of permeability other than the totall
porosity. Further more total porosity cannot describe pore
characteristics since at the samnme strength 1t may vary

widely. This reveals that distribution of the pores rather



than the total porosity which would have an important role on

the strength of concrete and mortar mnixes.

1.2

1.3

Alms of the research

There are seven aims in this research.

To review the current state of knowledge on silica
fume modified concrete and concreting in hot climates.
Hence to design a cohesive experimental programme that
targets areas requiring further research work.

To produce a mix design method capable o0of producing
plain OPC and OPC-CSF concrete mixes with equivalent
nedium workabillity and compressive strength at 28-days
of age.

To study the effect of age, curing methods (water and
polythene sheeting), temperate -and hot environment,
condensed silica fume content, initial curing duration
and the use of superplasticizer on the absorption and
permeabllity properties of plain 0OPC and:. OPC-CSF
concrete mixes with equivalent 28 day compressive
strength by .-means o0of five non-destructive  test
methods. These tests are Figg air and water
permeabllity, Egg air permeability, Initial Surface
Absorption and water absorption at 30 minutes.

To study the effect of age, temperate and hot:- curing
environments, CSF content and superplasticizer on the
intrinsic air and water permeability and <the pare
structure of five mortar mixes.

To determine the resistance of plain OPC and CSF
mortar mixes to magnesium sulphate attack conducted by
alternate soaking and drying, the most common
condition of attack in hot environnents.

To make recommendations on the use of condensed silica

fume concrete. in Middle Eastern climates and more

specifically in Iragq.

Introduction to the thesis
This thesis can be divided into seven parts, which

address the seven aims of the research programme.



1. Current Knowledge

Chapters 2, 3 and 4 examine the background of the
subject. More specifically, Chapter 2 provides a general
{llustration on the use of CSF and its effect on the fresh
and hardened properties of concrete, mortars and paste. ° The
chapter also identifies the areas where knowledge is lacking.

Chapter 3 contains' general information ° about
concreting operations in hot climates, dealing first with the
main climatic factors. The chapter also focuses on the
effect of hot environments on the properties of fresh and
hardened concrete. Chapter 4 provides a description of

curing methods and curing materials used in practice.

2. Experimental Programme

Chapter 5 and 6 describe a pre-research hypothesis
and the test methods used in the experimental programme. More
specifically, Chapter 5 focuses on the mechanism of hydration
of plain OPC and OPC-CSF mixture. It also illustrates the
general problem with concrete structures in the Middle East.
The chapter also contains a description of the research model
which aims to give an explanation of the strength and
durability characteristics of plain and CSF concrete mixes
used 1in temperate and hot environments.

Chapter 6 describes the experimental tests used in the
investigation together with the methods of nixing
preparation, curing and conditioning. The chapter alsoc gives
a brief introduction to the Iraqi climate and the means used

to simulate it in the laboratory.

3. Mix Design

Chapter 7 gives detalls of the development of a mix
design method capable of producing an OPC-CSF concrete mix of

a specific 28 day compressive strength and medium
workability.

4, Properties of CSF Concrete
Chapter 8 discusses strength results together with the

absorption and permeability results collected from five non-



destructive test methaods, It also details the statistical

relationships between .these test methods.

S. Properties of CSF Mortars
Chapter O discusses the true air and water
permeability and pore size distribution test results on

mortar specinens. It also details the relationship between

permeabllity and pore structure.

6. Sulphate Resistance of CSF Mortars
Chapter 10 details the resistance of plain and CSF

mortars to sulphate attack.

7. Recommendations

Chapter 11 consists of +the conclusions of the
experimental work and makes recommendations on the use of

silica fume concrete 1in Middle East 'countries as well as

areas for further research.



CONDENSED SILICA FUME
CONCRETE: BACKGROUND

2.1 Introduction

The escalating cost of energy 1in the manufacture of
Portland cement has led to the search for 1industrial by-
products requiring little or no pyro-processing. One such
material is silica fume or CSF. CSF 1is a by—-product from the
reaction of high-purity quartz with coal 1in electric arc
furnaces in the manufacture of ferro-silicon and silicon
metal. The fume, which contains between 85 and 988 percent
silicon dioxide, and consists of extremely fine spherical
glassy particles, 1s collected by filltering +the gases
escaping from the furnace.

For the specific surface area of silica fume, values
as high as 20,000 m=/kg have been reported. When compared to
a natural pozzolan or a fly ash, silica fume appears to be as
a very unique product because of 1its peculiarities noted
above.

The addition of silica fume favourably influences many
aspects of concrete some by physical effects associated with
small particles which have generally a finer particle size
distribution +than does Portland cement, and others by
pozzolanic and cementitious reactions resulting 1in certain
desirable physical effects. Concrete mix proportion,
rheological behaviour of plastic concrete, and degree of
hydration of Portland cement are among the physical effects
associated with the particle size of silica fume. Strength,
permeability, resistance to thermal cracking, alkalili silica
reaction and chemical attack are the main effects associated
with the pozzolanic and cementitious reactions,

This chapter will review the use of silica fume in
pastes, mortars and concrete and will cover 1its effects on
the fresh and hardened properties. Finally an evaluation and

discussion on the research work. so far will .be made to

identify the gaps in knowledge on which the current research
work was made.



2.2.1 Colour

Condensed silica fume (1) wvaries considerably in
colour depending upon; a) its source, 1i.e. whether it is from
a ferrosilicon or silicon furnace, b)) the carbon content and
c) to a lesser extent the iron content. The colour can vary
from a very dark grey when silicon 1s produced in an open
electric arc furnace without a heat recovery system to a
whitish colour when produced in a furnace ‘equipped for heat
recovery. ‘_ o

Fresh concrete incorporating condensed silica fume is
generally darker grey 1in colour than fresh conventional
concrete, particularly so for concrete incorporating higher

percentages of condensed silica fume.

2.2.2 Yorkability and water demand

Condensed silica fume has very fine particles with
high surface area. Accordingly 1its use as an admixture or as
a replacement ingredient in the cement can increase the
amount of mixing water necessary to maintain a specific
workability. Nevertheless (2,3,), experience in U.K. and
abroad has shown that a well designed mix’ c:onltainiing less
than 300 kg/m” of OPC and less than 10% of silica fume will
not significantly increase the amount of mnmixing water.
Richer concrete mixes with high silica fume dosage may become
sticky. Therefore, either the use of plasticising agents or
increasing the amount of mixing water becomes advisable to

reduce the energy required for moving and compacting.
Carrette and Malhotra (4) found that the increase in water
demand is almost directly proportional to the amount of
silica fume added (Figure 2.1). The water demand increaées
approximately 1 litre per kilogram of added silica fume (5).
This increase in water demand can be overcome with the
use o0f water reducer or superplasticizer admixtures and to a
lesser degree by reducing the fine aggregate content of a
mi x. The effect of silica ‘fume, cement content and

plasticizer dosage on the water demand of concrete has been



studied by Loland and Hustad (6. After a conmparison of
water demand values at cement content of 100 kg/m® and 950

kg/m? they reported that in all mixes containing plasticizer
and silica fume, water demand decreased at all dosages of
silica fume. This:  reduction- was because of the dispersing
action of the plasticizer. Similar conclusion may be drawn
from Sellevold and Radjy's work (7).

Better results can be achieved by the incorporation of
superplasticizer which is a better dispersant than the normal
plasticizer,. However, 1t has bDeen claimed (5) without
substantial published data that lignosulphonated-based water
reducers can be more efficient 1in reducing water demand 1n
condensed silica - fume concrete than superplasticizers.
Moreover, the use o0f high dosage of 1lignosulphonate-based

water reducers can cause serious delays in the setting of

fresh concrete.

2.2.3 Bleeding

Concrete 1ncorporating condensed silica fume shows
reduced bleeding because of the .changes 1in its rheological
properties. - These changes are to be  expected. because
condensed silica fume has a high affinity for water resulting
in very little water left in the mix for bleeding. Moreover,
silica fume particles attach themselves to adjacent cement
particle and reduce the channels for bleeding.

Loland and Hustad (6) quantitatively evaluated the
bleeding and segregation aspect of a large number of concrete
mixes, concluding that bleeding was greatly reduced 1in
concrete 1Incorporating condensed silica fume. In his
investigation of the bleeding of fresh concrete Maag (8) also
found that in concrete with condensed silica fume as a cement
replacement, a large reduction in bleeding resulted. This
was true for mixtures with and without water reducing
admixtures.. Similar conclusions were drawn by Burge (¢(9) on
light weight concrete. Data shown .in Figure 2.2 indicates

that incorporating various percentages of condensed silica

fume results in a significant reduction in bleeding.
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2.2.4 Setting time

Setting time of Portland cement concrete can be
measured by determining the resistance to penetration by
needles of a given bearing area (BS.49550 Section 3.6)> <10,

Data on setting time of concrete incorporating silica
fume are sparse. Swamy (l1ll1l) cited that according to the few
published investigations the addition of silica fume in small
amounts to ordinary concrete mixes can alter the setting time
slightly.

Data published by Pistilli et al (12) showed that the
presence of 24 kg/m® silica fume 1in a concrete  mixture
containing 237 kg/m® Portland cement increases the initial
and the final setting time by 26 min and 29 min respectively.,
Moreover, these 1initial and final setting +times were
increased by 47 min and 45 min respectively 1in a concrete

mixture containing 297 kg/m> Portland cement.

2.2.95 Plastic shrinkage -
| The principal cause o0f plastic shrinkage in Portland

cement concrete 1is understood to be the excessively rapid
rate of evaporation of the water from the surface of the
concrete and the inability or lack of bleed water to quickly
replace the é{raporating surface water (13). As soon as the
surface becomes dry meniscl for a capillary pressure
developed on the surface of fresh concrete. Once the
magnitude of +this capillary pressure exceeds the tensile
strength of fresh concrete, plastic shrinkage cracks could
form. The magnitude of capillary pressure depends on the
size of menisci. The smaller the size (i.e. small solid
particle size or large surface area) the larger the capillary
pressure. Thus, all chemical and mineral admixtures which can
reduce bleeding of fresh concrete and have fine particles and

high surface area can increase concrete plastic shrinkage and

make it more prone to cracks.

The problem of plastic shrinkage cracking can become
very serious under severe curing conditions of high
temperature, low humidity and high wind velocity, as they

favour faster water evaporation. According to investigations
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reported from Norway, the most likely period for . plastic
shrinkage cracks to appear is the time when concrete is about
to set (about 15 to 30 minutes after the specimens are cast)
(5.

Merashi et al (14) found that the time when the rate
of evaporation exceeds the rate of bleeding which corresponds
to +the sheen disappearance from the surface, 1s very
critical. Earlier disappearance of the sheen would result in
more severe cracking as the mix would not have enough time to
set and develop sufficient tensile strength. Delay 1n the

time of disappearance of the sheen means less cracking.
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Silica fume containing 80 to 95% Si0= has a bhigh
surface area. It can be used with cement to improve strength
and other properties. The strength development, physical and
mechanical properties are related to the hydration kinetics
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