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ABSTRACT
This investigation deals with the influence of initial curing periods and different curing environ-
ments, similar to those found in Middle Eastern countries, on the pore size distribution, perme-
ability, water absorption and compressive strength of cement monrtars and concretes made with
and without pulvenized fuel ash (pfa) and ground granulated blast-furnace slag (ggbs).

Three environments were chosen as follows: 1) 20C+70%RH, 2) 35C+70%RH, and 3)
45C+30%RH. To simulate in-place casting, the initial mix temperatures were controlled to be
as close as possible to that of the environment in which the mixes were to be kept and moisture
loss was allowed to occur from only the top-as-cast face of the specimen. Durability of the
mortar specimens was assessed using pore size distribution, oxygen permeability, air perme-
ability and water absorption. In addition to strength, the following tests were carried out on the
concrete specimens to assess durability: initial surface absorption (ISAT), water absorption, rel-

ative air permeability and porosity. All the tests carried out on all specimens were undertaken
at an age of 28 days.

The test results showed that the durability properties of all specimens were significantly
improved as curing periods increased. While curing durations had some significant effect on
the strength of OPC/ggbs samples, the effects on OPC and OPC/pfa were in general only mini-
mal. Furthermore, as to the effects on the pore size distribution and permeability, a critical cur-
ing duration (beyond which no further significant changes in these properties were observed)
was seen to exist which depended on both curing environment and cement type.

Environments hotter than 20°C+‘70%RH adversely affected the durability properties of uncured
samples of all mixes. Furthermore, the durability properties of plain OPC samples were
adversely affected by the two hot environments when compared to 20C+70%RH for all curing
durations. On the other hand, while OPC/pfa and OPC/ggbs samples cured for one day or more
at 35%3+70%RH showed similar or worse durability results compared with those cured at
20°C+70%RH. better results were obtained at 45%+30%RH than 1n either of the other two envi-
ronments. As to the effects on strength, for any given curing period, environments hotter than
20°C+70%RH adversely affected the OPC and OPC/ggbs samples but not those containing pfa.

AT 20°C+70%RH. the pfa specimens showed generally similar or worse durability results and
weaker samples than plain OPC for all curing periods. This trend was reversed in the two hot
environments. On the other hand, while OPC/ggbs samples showed similar or worse durability
results at 20C+70%RH and 35C+70%RH compared to plain OPC, at 45%+30%RH the slag
specimens showed better durability results for curing periods of one day or more. The 28-day
strength of OPC and OPC/ggbs concretes were similar to each other in all environments for all

curing periods except for those which were uncured. The uncured OPC specimens were
stronger than the slag specimens in all environments.
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CHAPTER ONE

INTRODUCTION

1.1 - General Introduction

Concrete has often been taken for granted in the Middle East without impos-
ing suitabie standards for quality control. Many concrete structures were built
using either saline water or unwashed sea sand. Furthermore, no limits on water/
cement ratios, cement contents or workabilities were set for small contractors to
follow. Steel which had already corroded from leaving exposed for long periods
was also used. Ordinary Portland cement (OPC) was imported from all over the
world without any control checks. Curing of concrete has often been overlooked

by some contractors who pay little attention to it and budget only a small amount

of the total contract value for it.

The effort involved in controlling the quality of materials and production of
the concrete can be negated if adequate curing is not carried out. The sensitivity
of concrete to curing is influenced by the environment in which it is placed. Hot
dry environments accelerate drying of the concrete and thus are far more harmful
than cool damp environments. A properly designed concrete mix, carefully
placed, compacted and cured will have adequate strength and will be durable.
. Strength is easy to define and relatively easy to control by means of standard
cubes or cylinders. The strength from these standard specimens does not necessar-
1ly relate to the strength of the concrete in the structure; it merely gives a measure
of the potential strength of the material. Durability on the other hand is not an
intrinsic property of concrete and therefore it is not easy to define or to measure.
Broadly speaking though, durability is an attribute 6f concrete which is related to

its 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. Attack from the environment can take many forms but two of the most

common are chloride ingress leading to corrosion of reinforcement , and sulphate

attack.

Deterioration of reinforced concrete structures is ‘mainly attributed to two
factors; the quality of the concrete placed and the ambient conditions. To the
author’'s knowledge, the main type of cement used m the Middle East in the 60's
and the 70's was ordinary Portland. High ambient temperatures and the existence
of aggressive salts are known to accelerate the deleterious reactions that take
place within concretes, such as carbonation and steel corrosion, hence shortening
the service life of the structures. When this is added to the fact that most concrete
structures built in the last two decades were made of unsuitable materials, with

inadequate specifications and by unskilled labour, the problems people see now

are certainly understandable.

Middle East concreting has certainly come a long way. People can now
produce better concrete than they did in the past. The service life of currently
built concrete structures can be expected to be longer than those constructed in the
past. However, it is still very difficult to produce a reinforced concrete as durable
as, for example, that in Europe because of the factors described above. If it is
desired to lengthen the service life of concrete structures in, for instance, the Gulf
States, then a need exists to produce concretes that are less permeable and less
absorptive than those in temperate environments. According to Kasai et al (48),

the carbonation rates are greater for samples that are more permeable.

Durability of concrete cannot be assessed by strength alone and there are
many examples of reinforced concrete structures in existence today which sub-
stantiate this point. Few if any structures fail to perform adequately because of

insufficient strength of the concrete. In the majority of cases the reason is lack of

durability, leading very often to problems with corrosion of reinforcement. This



lack of durability is a particular problem in countries such as the Gulf States
where the hot arid environment combined with the presence of chlorides and sulp-
hates (in both the aggregates and atmosphere) has resulted in a rapid and exten-
sive deterioration of a large number of buildings (30,33,34,36). The ability of the
concrete to resist ingress of any deleterious material is a good indication of its
durability but it is unlikely that this can be linked to one single parameter. Poros-
ity and permeability to air, water, water vapor, chlorides and sulphates are prob-

ably the more important parameters considered to have an influence on the dur-

ability.

The use of cement replacement materials like pulverized fuel ash (pfa) and
ground granulated blastfurnace slag (ggbs) is quite common in Europe and North
America. There are many technical advantages to be obtained when using pfa and
ggbs particularly in terms of durability (58,19). Because, however, both materi-
als are slower to react than the Portland cement which they replace,there are some
doubts as to their performance in situations where the concrete 1s allowed to dry
out rapidly immediately after placing (i.e. where little or no curing is applied in a
hot arid environment). There is little documented evidence available on this par-

ticular problem.

1.2 - Hot Weather Factors:

Hot weather 1s characterized by high temperatures, low humidities and high
solar radiation, see Fig. 1.1. The environment of the Arabian Gulf is, moreover,

known for large daily fluctuations in both temperature and humidity and also for

persistent winds.

1.2.1 - Temperature:

The temperature in the Arabian Gulf countries often rises to 50C in coastal
areas and more than this inland with May, June, July, and August being the hot-

test months of the year. The mean maximum temperature in the summer can be
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as high as 45C while the mean minimum ranges from 25 to 30C. When this high
ambient temperature is combined with about 11 hours of direct sunshine, 1t is
understandable that the surface temperature of concrete and formwork can be
much higher. Furthermore, a variation in the ambient temperature of up to 20C

can occur within 24-hours which may cause severe thermal stresses in concrete

especially when it is young.
1.2.2 - Relative Humidity (RH):

The term relative humidity is defined as the ratio of water vapc‘):i' available to
the amount of water needed to reach saturation. According to the laws of nature,
a rise in temperature is always accompanied by a reduction in relative humidity.
The smaller the relative humidity, the higher the capacity of air to absorb moisture
from available sources including concrete. For instance the relative humidity in
coastal regions of the United Arab Emirates (U.A.E.) varies from a mean maxi-
mum of 85-100% to a mean minimum of 10-40% all year around, see Fig. 1.1.
These mean values are seen to be considerably lower in the inland plains away
from the Gulf. The average daily relative humidity is about 70% and 55% in win-
ter and summer respectively and about 20% lower in the interior regions. Addi-
tionally, the interior parts of the Arabian peninsula ,such as Riyadh, have a much
lower relative humidity where it hardly rises over 60%. Moreover, considerable
variation in relative humidity can occur m only a few hours creating quite severe
cycles of wetting and drying. When combined with the high ambient salinity that

is common in the Gulf, this could result in the deposition of salts on the surface of

the concrete.

1.2.3 - Solar Radiation:

High solar radiation can result in the heating up of the raw materials used in
concrete production, resulting in a high initial mix temperature. Skies in the

U.A.E. are generally always clear and so is the case in the other Gulf States. The



mean daily sunshine hours are 7 to 8 in winter and 10 to 11.5 during the summer

months (31).

1.2.4 - Winds:

The effects of persistent high winds on both fresh and hardened concretes
should not be underestimated. An increase in wind speed results in an increase in
the rate of evaporation of water, leading to a reduction in concrete workability and
difficulty in compaction. It is estimated that the evaporation of water at 15 and 40
km/hour is 4 and 9 times that in still air respectively. The exposed surfaces of
hardened concrete may also be attacked by salts deposited by the wind. Salts car-
ried by winds can also be deposited on the aggregates and sand resulting in a high

salt content within the concrete unless precautions are taken.

Winds in the Gulf countries are more persistent than in many parts of the
world. Wind speeds of between 7.0 and 27.5 km/hour were observed for more
than 75% of the time according to readings taken at 3 airports in the U.A.E. (31).

Abu-Dhabt has a daily mean wind speed of about 16 km/hour all year around
(31).

1.3 - Curing

Curing is the procedure by which water loss from concrete is prevented or
minimized to allow sufficient hydration to take place. Loss of water from fresh
and young concretes can result in detrimental effects on:’ifropcrties of fresh and
hardened concretes. Some of these problems such as plastic shrinkage cracks can
be seen immediately , but others such as lack of durability and strength are not as

obvious. The rate of this water loss is greatly accelerated by the environment of

the Arabian Gulf States; i.e. low humidity ,high temperature and persistent winds.

The majority of water loss occurs in the top 30-50 mm of concrete, see Fig.

1.2. If water is not replaced or evaporation prevented, severe cracking could occur



(44). Continual water loss from young hardened concrete could also result in a
rapid termination of hydration. According to Payne and Dransfield (44), if the
relative humidity within the pores of the concrete drops to less than 80%, then no
further significant hydration will take place. Tests have shown that the relative
humidity drops to less than 80% in one day in the top 6mm under severe condi-
tions and in the top 20mm within seven days (44). Powers (55) indicated that
hydration ceases to take place if the vapour pressure in the capillary is not suffi-

ciently high, i.e. about 0.8 of saturated pressure.
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Fig. 1.2: Water loss with time and thickness of mortar in mould'
using B.S. proposed curing conditions (44).

Low permeability can only be achieved if the capillaries become either
blocked or significantly narrowed and the time needed to reach this state depends
largely on the initial water/cement (w/c) ratio, see Fig. 1.3. Senbetta and Scholer
(22) attempted to measure the water absorption at various depths below the sur-
face for concretes cured under different conditions and concluded that curing only
influences the top few centimeters of concrete. It is however this few centimeters,

the cover zone, that is instrumental in preventing ingress of deleterious matenals.



The effect of curing on the relevant properties of concrete

will be dealt with separately in reviewing each property.

Preventing or reducing water loss from concrete can be achieved in many
ways. Application of additional water by ponding or wet hessian is widely used or
alternatively, the use of coatings and membranes can help in reducing water loss.
Fig. 1.4 (44) shows the effects of curing methods on the water absorption of cores

taken from cubes during the construction of Jabal Ali port in Dubai.
1.4 - Hydration of Ordinary Portland Cement (OPC):

The hydration process of OPC has been investigﬁtcd by many researchers and
1s very well documented (17,98). The main components of Portland cement,
which are tricalcium silicate (C;S), dicalcium silicate (C,S), tricalcium aluminate
(C;A) and tetracalcium aluminoferrite (C,AF), react with water to form complex

hydrates. The end products of Qs and C,S phases can be presented approxi-

mately as follows:

CS+H— C-S-H+CH and
CS+H— C-S-H+CH

where C-S-H is calcium silicate hydrate, CH is calcium hydroxide and H is water.

1.5 - Pulverized-Fuel Ash (pfa):

Pulverized fuel ash (pfa), which is also known as fly ash, is a by-product of

burning coal in power stations for the generation of electricity. It is defined by

British Standards (BS3892,1982) (79) as:

... the solid matenal extracted by electrostatic and mechan-

ical means from the flue gases of boilers fired with the
bituminous coal’

Pfa, which is considered as an artificial pozzolana, does not posses any

cementitious properties on its own. Nevertheless, it will react with calcium
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hydroxide (lime) in the presence of moisture to form compounds possessing
cementitious properties. The lime is usually provided by the reaction of the cal-
cium oxide found in the OPC with water. Fly ash is now widely used in the con-

struction industry in Europe, North America and Australia.

1.6 - Ground Granulated Blastfurnace Slag (ggbs):

The potential hydraulicity of glassy formed blastfurnace slag produced by
rapidly quenching slag was first discovered in 1862 by Emil Langen. The pres-
ence of activators, such as solutions of alkalis and sulphates, are essential for the
hydration of ggbs (19), for this reason, Portland cement is mixed with the ggbs
to produce the needed alka/sand the mixture is called Portland-blastfurnace
cement. The Portland blastfurnace cement (PBFC) is widely used in Europe,
North America and Australia. According to Reeves (19), the countries of the

European Cement Association produce 40 million tones per annum of PBFC,

about 20% of the total cement production.

Ground granulated blastfurnace slag consists mainly of the oxides of calcium,
silicon, aluminium and magnesium which amount to about 95% of the total con-

stituents. The chemical composition of ggbs is closely related to that of Portland

cement (19),

lime silica alumina magnesia
slag 34-44 34-39 §-14 6-10*
OPC 64-66 19-22 §-7 1-1.5¥

* inductive ranges

and can therefore be used as a raw material for the production of Portland cement.

1.7 - Hydration of Pozzolanic Cements:

Pozzolanic materials possess little (if any) cementitious value in themselves
when mixed with water. However, the pozzolanic reaction occurs between sili-

cious or silicious aluminous fractions of the pozzolan with calcium hydroxide to
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form compoundswith cementitious properties in the presence of moisture. The
pozzolanic reaction can take place only when C;S and C,S have formed calcium
hydroxide (lime). The main components involved in the pozzolanic reaction are
510,,Al,0;, Fe,05 and Ca0. Since the main components are similar to OPC, the
main products are also similar to Portland cement hydration. These products are
calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H). They
are produced after the silica and alumina of the pozzolan react with calcium

hydroxide.
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CHAPTERTWO

LITERATURE REVIEW

THE EFFECT OF HOT WEATHER CONDITIONS ON THE
PROPERTIES OF FRESH AND HARDENED CEMENT MIXES

2.1 - Fresh Concrete:

Hot weather conditions will influence the properties of fresh concrete in
several ways including an increase in the rate of evaporation of water from the

concrete, an acceleration in the rate of setting, and an increased water demand for

constant workability.

2.1.1 - Rate of Evaporation:

Rate of evaporation of water from the concrete is enhanced by concrete
temperature, high ambient air temperature, low relative humidity and high wind
speeds (26), see Fig. 2.1. When the evaporation rate exceeds the bleeding rate,
plastic shrinkage cracks are likely to occur (26). According to the American Con-
crete Institute (ACI), precautions shoulci be taken when the rate of evaporation
exceeds 1.0 kg/m*hour (26). Such precautions may include: casting at a lower
environmental temperature (e.g. in the shade), erecting wind breakers, reducing
the time between production and placement and providing adequate curing. If the
water lost through evaporation is not replaced immediatly, hydration may cease

resulting in an impairment in many of the short and long term properties of the

concrete.
2.1.2 - Setting Time :

Cement hydration, like many chemical reactions, is accelerated by heat

and the rate of hydration is likely to double for every 10C incease in temperature
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(32). ACI reported results of the effect of temperature on the setting times of dif-
ferent cements and Fig. 2.2 shows that setting is significantly accelerated by high
temperatures (26). It also shows that setting depends not only on temperature but

also on cement type, particularly when set-retarding admixtures are used.
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Fig. 2.2 : Temperature and brand of cement influence hardening charac-
teristics of concrete mortars (26).

The influence of high temperature on the setting time of cements was con-
firmed by Berhane (28) who studied the effect of temperature on the heat of hyd-
ration. He found that the heat generated at early ages was greater at elevated
temperatures than at normal temperatures and, since setting time and the heat of
hydration are closely related, this agrees with the earlier findings of ACI. More-

over, elevated temperatures seem to decelerate the reaction at later stages (28).

2.1.3- Effects on Workability:

Due to the fact that the temperature and/or relative humidity greatly affect

the evaporation rate of water and setting time of cements, the workability of the
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concrete is likely to be impaired in hot dry environments. The consequent loss in
slump is normally compensated for by the use of additional water which results in
an increase in water/cement ratio leading to a reduction in the strength, an
increase in the capillary porosity and thus in the permeability (17). However,
Burg (5) suggested that when trying to compensate for slump loss of ready mix

concrete, an extra 8-10% of the total unit water can be added without any signifi-

cant loss in strength.

The effect of concrete and ambient temperatures on the amount of water
needed to increase the slump (which was measured immediately after mixing) by
25mm is shown by Klieger (77) in Fig. 2.3 for ASTM type I and II cements (nor-
mal and moderate sulphate resistant). At S(fC this amount was about 33% greater
than that at 20C. Moreover, Fig. 2.3 shows the effect of concrete temperature on
slump, a reduction of about 40 mm was seen when the temperature was increased
from 2(?C to S(fC. It is important to note here that Klieger found the workability
of ASTM type III cement (high early strength) mixes to be unaffected by high

concrete and ambient temperatures. He could not explain the reason behind this

behaviour.

Shalon and Ravina (38) examined the effect of concrete and ambient temper-
atures and relative humidity on the workability of ordinary Portland cement con-
cretes as measured by the slump test in an actual desert area. Slump loss became
significant only for concretes cast at temperatures above S(;JC and at relative
humidities below 20%. Additionally, they found that slump remained almost con-
stant for about 20 minutes under the rather severe environmental conditions of
50C and 40%RH. Their findings are in disagreement with those of Klieger. They
nonetheless suggested that although they used a similar type of cement to that of
Klieger, the cement composition, which is known to influence setting rate, could
have been different. Sample size could be another factor in explaining such a

behaviour. It is understood that Shalon and Ravina's samples (38) were bigger
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than those used by Klieger (77).

per I-inch change in slump
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Fig. 2.3 : Effects of concrete temperature on slump and water required to
change slump. Cement content=307 kg/m?; 4.5% air; maximum size of
aggregate 38 mm; average of data for Types I and II cements (normal and
moderate sulphate resistant) (77).

The inclusion of pulverized fuel ash (pfa) in concrete is known to lead to an
increase in the workability or alternatively to a reduction in water/cement ratio in
order to maintain the same workability (18,58,111). The level of reduction in
water/cement ratio depends on both the level of replacement and on the source of
pfa. Ramazamianpour (18) found a reduction of about 10% when 30% of the OPC
was replaced by pfa from Drax Power Station in West Yorkshire. On the other
hand, the effect of the inclusion of ground granulated blastfurnace slag (ggbs) on

workability 1s known to be slight and a reduction in the water/cement ratio of no

more than 5% can be expected if workability is to remain constant (19).

2.2 - Hardened Concrete:

The influence of hot weather conditions on the properties of the fresh con-
crete may also be reflected in such properties of hardened concrete as compres-

sive strength and durability. Strength, permeability, water absorption, pore
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structure and many other properties may be permanently impaired if adequate pre-

cautions are not taken.

2.2.1 - Compressive Strength:

Although compressive strength may give little indication as to the durability
of concrete, it is a test used worldwide as a means of compliance and quality con-
trol. In this review, mention will only be made of the effects of hot weather con-

ditions on the compressive strength of the concrete.

Plain OPC Mixes

There 1s agreement among researchers that an increase in:curing temperature
results in an increase in the early age compressive strength of the concrete. Fig.
2.4 shows the effect of curing temperature on the one-day compressive strength of
OPC concretes (26). As the temperature inc;'eased, there was a cbnsequent
increase in the one-day compressive strength. It was also shown by Byfors (39)
that the rate of strength development was significantly increased by higher temp-

eratures at early ages, a trend also confirmed by Price (112).
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There is, however, some disagreement as to the effects of temperature

on the compressive strength at later ages (i.e. 28 days and greater). The
results reported by ACI (26) of work done by Verbeck and Helmuth, Fig.
2.4, show that the 28-day strength decreased as the curing temperature

increased.

Shalon and Ravina (38) studied the effects of mix and curing temperatures on
the 56 day compressive strength of concrete. Concretes with mix temperatures of

between 30-40C were water-cured for seven days on site then left uncovered for
seven more days on site before transfer to the laboratory where it was left uncov-
ered.  The temperature and relative humidity of the laboratory were 20C and
70%RH. In addition similar concretes were water cured for seven days in the lab-
oratory and then kept uncovered in the laboratory until testing. They found that
the strength of those concretes kept initially on site were 8-15% lower than those
continuously kept in the laboratory. Ridley found, as reported by Shalon and
Ravina (38), that concretes cast in Lagos, Nigenia (average tempera-
ture=30C,RH=70-87%) and cured under water at 23C showed a reduction of
about 15% in compressive strength at 28'days when compared to those cast in an

environment of 20C and 70%RH and cured under water at the same temperature.

Klieger (77), on the other hand, found that curing temperatures between -4C
and 49C in a moist environment had practically no effect on the 28-day compres-
sive strength of air-entrained concrete. He concluded that the concrete strength is
not impaired until the temperature exceeds a certain value and this value varies
from one type of cement to another. ASTM committee C-1 (78) reported that the
effect of temperature on long term compressive strength is insignificant until the
temperature of fresh concrete exceeds 38°C, above which the strength was seen to
decrease. In addition to this, Price (112) reported results obtained by casting and

maintaining the specimens for the first two hours at temperatures between 5C and
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46C. The specimens were then sealed and maintained at 20C. He found that the
maximum 28-day compressive strength was achieved when the temperature was
the highest. He also reported however that the long term strength (i.e. greater

than 28 days) of concretes made and cured at higher temperatures was the lowest.

Abbasi and Alam (24), and Shalon and Ravina (38) investigated the effect of
reducing the initial mix temperature on the 28-day compressive strength of con-
cretes in hot environments. Abbasi and Alam (24) who performed their tests in a
Saudi Arabian desert, concluded that the extra precautions taken to reduce the mix
temperature were unnecessary, Shalon and Ravina (38) attempted to reduce the
mix temperature by casting in the evening or at night; they concluded that there
was no advantage to be gained by casting in the evening or at night, and 1n fact

midday concreting yielded higher strength results at all ages up to 56 days.

The literature review indicates that there is an agreement among researchers
that higher temperatures (over 30°C) will impair the long term (over 28 days) com-
pressive strength of OPC mixes, when compared with those stored at lower temp-
eratures. There is however some disagreement on the effects of ambient tempera-
tures on the 28-day strength. This disagreement can be attributed, among other
factors, to‘thc fact that the cement composition used by the various researchers
could have been different hence resulting in a totally different strength develop-
ment behaviour. It is also important to mention that, with the exception of sealed
and water cured specimens, small samples were used and evaporation was

allowed to take place from all sides, a technique which does not represent condi-

tions of site casting.

OPC/pfa Mixes

The effect of temperature on the strength of OPC/pfa mixes has also been
investigated. March et al (69) showed that, at 20%3, paste samples containing 30%

pfa were weaker than those of plain OPC having the same water/cement ratio at
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all ages less than 90 days, but the strength was statistically similar thereafter until
one year of age. The strength development in the OPC/pfa samples, at 20°C. was
slower than that of the plain OPC specimens. However, as the curing temperature
increased, the pfa samples became stronger. For example, compared to OPC,
specimens containing pfa and cured at 80°C were stronger after two days of curing
only and those cured at 50C were stronger after seven days, see Figs. 2.5, 2.6, and
2.7. Nevertheless, March et al (69) concluded that the general trends in both the
OPC and OPC/pfa pastes were similar, i.c. strength rises with age to a maximum
value after which strength degradation is noticed. The time at which strength

reduction begins depends on the curing temperature and whether or not pfa is
included, see Figs. 2.5 and 2.6.

OPC/ggbs mixes

Wainwright (80), who has intensively studied the behaviour of slag cements,
investigated the effects of the inclusion of slag on compressive strength, Because
of the fact that slag cements are slower to react with water than ordinary Portland
cement, he advised that problems may be encountered in achieving the same
28-day compressive strength as Portland cements and hence longer periods of cur-
ing may be required. He also studied the effect of curing temperature on strength
development of concretes containing ggbs. The one-day strength of OPC con-
cretc was seen to be higher than that of slag cement concretes for temperatures up
to SOh However, the 28-day compressive strength of slag cement concretes was
higher than that of plain OPC for curing temperatures exceeding 25%3 Further-
more, Wainwright investigated the effect of the lack of curing on the strength of
concretes with and without ggbs. He showed that the difference between uncured
and wet cured specimens was bigger when slag was included. Wainwright (80)
reported work done by Fulton which showed that the difference between uncured

and wet cured specimens was a function of sample size as well as age. Further-

more Mather showed, as reported by El-essa (70), that OPC/ggbs mortars at 20C
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developed strength more slowly than OPC mortars up to three days after which
the strength development for the slag mixes increased sharply. At higher temper-
atures, the slag mortars were stronger at all ages (1, 7, 28 days) when compared to
the OPC mixes. It would appear therefore that the effect of curing temperature on

the strength development of OPC/pfa and OPC/slag cement mixes are similar.,

The influence of ambient tcfnpcratuics on the compressive strength of OPC/
pfa and OP(/slag cement mixes have mainly been investigated in a saturated
environments such as water tanks. The resulting behaviour from these studies
could be very different from those in an actual hot dry environment where the rel-
ative humidities can be very low, below 50%. Furthermore and unlike OPC
mixes, the author was not able to find in the literature a work that investigated the

strength characterestics of such mixes in hot dry environments similar to those

secen in the Middle Eastem countries.

The Influence of Relative Humidity

With regard to relative humidity, there is a complete agreement among
rescarchers that a lack of moisture will result in a lower strength. Fig. 2.8 shows

the effect of relative humidity on the 28-day compressive strengths of OPC mixes.

Compressive
strength

Niomt

'l
'i‘
&

0

361280 296 $121 WLk
1 3} 1 - 280 age

Fig. 2.8 : Compressive strength gain in concrete stored in ditterent relative
humidity (39). ~
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The difference in strength between samples stored in a 100% and S0%RH envi-
ronments increases with time. It is relevant to mention here that sample size can
play an important role in the development of compressive strength in specimens
exposed to dry environments. The work reported by Wainwright (80) showed
that smaller samples, 102mm cubes as opposed to 230mm cubes, exaggerate the
effects of drying when it is allowed to take place from all of the six sides.

2.2.2 - Porosity and Pore Structure

The structure of the hardened cct;lcnt paste is thought to consist of two
types of pores, namely capillary and gel pores. Capillary pores are classified as
having a diameter of the order of 1.3 um whereas gel pores are much smaller:
between 0.0015 to 0.0020 pm in diameter (17). The quantity and sizes of these
pores in the cement matrix are influenced by many factors such as: dcgrr;c of hyd-
ration, water/cement ratio, type of cementitious material used, age and rate of
hydration. Moreover, the first seven days are considered to be the most critical
period with regard to the formation and structure of the pore system within the

cement paste (17). As far as this review is concerned, the pore structure will be

discussed in terms of the following:

1- Total porosity; the total pore volume per unit volume or weight.

2- Pore size distnbution; pore volume and pore surface area as a function of

pore size.

Capillary Pores

Capillary pore volume is defined by Neville (17) as the gross pore volume
which has not been filled by hydration products. Continuous hydration results in

a gradual reduction in capillary porosity, in addition to which pores may also

become blocked by hydration products resulting in a reduction in the length of the
pores. This is considered to be due to the fact that hydration products occupy
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more than twice the original volume of the cement paste (17).

Water/cement ratio is a very important factor affecting capillary porosity
(17). At a water/cement ratio equal to 0.38, there is, theoretically speaking, suffi-
cient water for complete hydration to take place in which case there would be no
capillanies, see Fig. 2.9 (110). However, at water/cement ratios above 0.38, capil-
laries will be present even in the case of complete hydration. Some of these capil-
laries will contain excess water from the mix while others may acquire it from
outside. Fig. 2.9 shows that increasing the water/cement ratio leads to an increase
in the capillary porosity and that porosity also depends on the degree of hydration.
However, the influence of water/cement ratio is much greater than that of age as
shown in Fig. 2.10. The porosity was doubled when the water/cement ratio was
increased from 0.47 to 1.00, but the effect of time was less significant. Similar

results on the total porosity and pore size distribution have also be shown by Par-
ker and Roy (21)

The rate of hydration has, according to Neville (17), no effect on the capillary
porosity per se, but the type of cement used influences the degree of hydration at

any certain time.
Gel pores

The gel pores are smaller than the capillary pores and classified in the region
of 0.0015-0.0020 pm in diameter (17). The gel porosity is known to occupy
about 28% of the total gel volume and as hydration continues, the gel porosity is
increased while capillary porosity is reduced.

2.2.3 - Methods of Determining Porosity and

Pore Size Distribution:

There are many methods available that will determine porosity and pore size

distribution of pastes, mortar and concrete. Some of these methods determine
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total porosity while others determine capillary porosity only. As far as this review
is concerned, the methods which will be used in this programme of research are

the only ones reviewed. Further details of each test method will be given in
Chapter 3. 1

1 - Helium pycnometry

This method uses a helium pycnometer which measures the specific gravity
(S.G.) of the sample under test. The pycnometer works by sucking the air out of
the sample and then calculates the volume by measuring the amount of helium
absorbed. Porosity can be evaluated by the equation developed by Cabrera (73)
which takes into account the dry density (D,) of the sample:

D,

Porosity(% of volume) = 1—( SG.

)x 100%

2 - Total water saturation method:

The method measures the volume of water absorbed after full saturation of the

sample has taken place. Porosity is then calculated as follows:

Porosity (%) = ( volume of water 1x100

volume of sample

3 - Pore size distribution method:

The machine that will be used in this programme of work is called a mercury
intrusion porosimeter (MIP), the method estimates the distribution of pore sizes

by intruding mercury into a sample at different pressures. At each pressure the

corresponding pore sizes are determined using the following equation:
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D =( -4Scosf )
P
where:
D = diameter of pore
P = pressure applied
S = surface tension
B = wetting angle

This method is very useful since it gives both the capillary porosity as well as

pore size distribution.

2.2.4 - Porosity and Pore Structure of
Ordinary Portland Cement(OPC) Mixes:

Goto and Roy (46) published some information on the effect of curing temp-
erature on the pore structure of OPC pastes. Tiley used two method in investigat-
ing the pore structure, namely evaporated water and mercury intrusion porosime-
try. They found that the porosity measured by MIP was always less than that
measured by the evaporated water method. This observation 1s to be expected
since water was able to fill most of the pores whereas mercury did not enter those
pores smaller in diameter than about 0.0020 pm. The significant observation was
that the capillary porosity, measured by MIP, was increased from 36% to 56% of

the total porosity as the curing temperature was increased from 27 to 60C.

The effects of curing temperature on the pore size distribution, measured by

MIP, have also been studied by Goto and Roy (46), and Roy and Parker (21).
They (21) concluded that higher curing temperatures result in an increase in the

number of larger pores, and this effect was maximized when the curing tempera-
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® | ' o
ture was 1increased from 60 to 90C.

An explanation of this was given by Bakker (41) who said that at lower curing
temperatures, the hydration products of OPC are better dispersed, resulting in a
more complete blocking of the capillary pores than at higher temperatures. In

addition to the increase in the capillary porosity due to the higher temperature, the

pores also became larger in diameter (46).

The influence of curing duration on the pore structure of cement pastes was
studied by Lach and Rosova (14). They produced sem-micrographs of hydrated
cement pastes after 7, 14, 28, and 56 days of curing. The density of hydration
products was clearly seen to be greatest after 56 days of curing and the longer the
period of curing, the denser the products pccomc. However, curing the samples in
a water tank could result in some leaching of the calcium hydroxide, Ca(OH),, out
of the cement matrix as shown By the electron micrographs in reference 9, which

could result in a more porous and a more permeable sample,

2.2.5 - Porosity and Pore Structure of OPC/pfa Mixes:

| The use of pfa as a partial replacement for cement affects the properties of
both the fresh and hardened concrete. According to Cabrera (58), for concretes of

equal compressive strength , the addition of pfa alters the pore structure by two

mechanisms:

1 - The reduced water/cement ratio achieved in order to maintain a constant

workability.
2 - The slow filling of voids by the pfa-lime reaction products.

Ramazanianpour (18) found that the pore size distribution in the mortar of an
OPC concrete, designed to have a compressive strength of 40N/mm?. at 28 days
with a slump of S0mm, changed with time. The total porosity decreased with

time, but more importantly, the number of pores larger than 0.010 um diameter
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decreased sharply with age. Meanwhile, the use of pfa to replace 30% by weight
of the OPC at a constant slump resulted in a decrease in water/cement ratio of
0.09 (67). Consequently a reduction in porosity was seen at an age as early as 3
days. However, the most significant effect was that the volume of pores over
0.010 um 1in diameter was practically nil, whereas with OPC, there was signifi-
cant number of pores above this diameter ,see Figs. 2.11, 2.12, 2.13. One impor-

tant point to note is that the above results are from tests carried out in a controlled

laboratory environment at 20C and 100%RH.

March (71) measured the total porosity of OPC/pfa pastes by MIP and the
helium pycnometry. He found that higher curing temperatures resulted in lower

porosities at an early age as measured by both methods even though the long term

result was not significantly different.

2.2.6 - Porosity and Pore Structure of OPC/ggbs Mixes:

Fig. 2.14 shows the effect of ggbs content on the pore volume of concretes for

water/cement ratios ranging from 0.50 to 0.65 (40). This shows that in the long

term, pore volume for those pores ranging from 30 to 7500 um decreased sharply

with increasing slag content.

Pigeon and Regourd (65) reported the results of mercury intrusion porosi-
metry measurements on 1:3 cement:sand mortar specimens made with OPC and
Portland blastfurnace cements (PBFC) containing 28% and 60% slag all at 0.5
water/cement ratio after 28 days of curing. Although they found that the total
porosities were similar, there was a significant difference in the pore size distribu-
tion. Pores became much smaller as the percentage of slag increased and at 66%
slag, they found that most of the pores were less than 0.020 pm in diameter.
Smolczyk (64) has earlier réportcd similar results. He also found that capillary

pores over 0.030 um in diameter are greater in number in OPC pastes than in

OP(/slag pastes and that capillary porosity was reduced by about 20% when 76%
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of cement was replaced by slag.

Roy and Parker showed (21) the effect on the pore size distribution of replac-
ing 60% of OPC by ggbs. Although the total porosities were similar, the use of
100% OPC resulted in a critical pore diameter (i.e. the pore diameter at which the
differential pore volume is maximum) of about 0.0125 pm whereas that of slag

cement was significantly lower at about 0.0035 um, see Figs. 2.15 and 2.16.

Similar results were obtained by Gjorv and Vennesland (62) who showed that
in 80:20 slag:OPC pastes, 79% of the total porosity was made of up 0.020 pm
diameter pores where this number was only 29% in 100% OPC pastes.

It has been suggested by Bakker (41) that the presence of slag results in addi-
tional precipitations between adjacent slag and clinker particles, see Fig. 2.17.
This conclusion was based on the results of permeability tests where he found that
the permeability of Portland blastfurnace cement (PBFC) is much lower than that

of OPC pastes. This advantage was also maintained in specimens cured at ele-

vated temperatures.

Another explanation as to the superiority of the pore structure of blended
cements was given by Feldman (12). He 'concluded from his study that the nature
of the pore structure appears to be related to the calcium hydroxide, Ca(OH),,
content. Ca(OH), produces, he said, an inhomogenous body with poor bonding
between the major components. Therefore, blended cements are superior in terms

of durability due to the lower permeability and Ca(OH), content.

The effects of ggbs on the pore structure of cement pastes at normal tempera-
tures 1s reviewed above and shown to be beneficial in this respect. According to

Bakker, this beneficial effect is maintained at higher temperatures.

Parker and Roy (21) found a finer pore structure in 60:40 ggbs:OPC pastes
when compared to plain OPC pastes. Curing temperatures up to 60C had practi-
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OPC/pfa and OPC/ggbs cements (41).
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cally no effect as far as porosity and critical pore radius are concerned for water/
cement ratios below 0.50, see Figs. 2.18, 2.19. However, as the temperature
increased from 60C to 90C, a big increase in both porosity and critical pore radius

was seen especially for the high water/cement ratios.

The effects of temperature on the pore structure of plain OPC, OPC/pfa and
OP(C/ggbs cement mixes was generally investigated in saturated environments.
The author was not able to find adequate data in the literature on the influence of
relative humidity or the combined effects of both temperature and humidity. The
data reviewed and reported can, nonetheless, be relevant to interior parts of large
castings, in which ggbs are normally used, but not to that of the surface or the

cover of relatively thin concrete sections, such as beams and slabs, in hot dry

environments.

2.2.7 - Significance of Porosity Measurement Methods:

Feldman (12) evaluvated different methods of measuring porosity and pore size
distribution. He found that the pore structure of hydrated OPC/pfa and OPC/ggbs
blends is relatively discontinuous. He concluded that total porosity cannot be
consistently measured by the helium method but the mercury intrusion porosime-
try (MIP) gives better results. This improved consistency is thought to be due to
the high pressure applied by mercury which breaks the gel structure and reaches
places where helium could not penetrate. However, due to the damage caused at
high pressures, the pore size disﬁbuﬁon results obtained by this method could be
misleading. On the other hand, according to Feldman (12), the pore structure of

OPC pastes i1s continuous and readily allows consistent and more repeatable

results than with blended cement by all methods.

2.2.8 - Permeability:

The durability of concrete is influenced mainly by its ability to resist penetra-

tion by liquids, aggressive salts and gases and depends largely upon its
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permeability. In the case of reinforced concrete, the ingress of moisture, gases or

aggressive salts could result in corrosion of the reinforcing steel and spalling of

the concrete cover.

The permeability of concrete is not a simple function of its porosity, but 1t
depends on size distribution and continuity of the pore structure (17). This can be
seen when comparing cement paste to cement gel, although the porosity of
cement paste may not be much different from that of the gel (depending on the

water/cement ratio), its permeability is about 20-100 times greater due to the pres-

ence of capillaries (17).

2.2.9 - Measuring Permeability:

a - Methods:

Permeability to either liquids or gases can be measured by many methods.
Some of these methods such as the Initial Surface Absorption Test (68) were
designed to evaluate the relative permeability of the surface only. Others, such as
the cell developed by Cement and Concrete Association (61) and Cabrera and

Lynsdale (114) measure the steady-state flow of a liquid under pressure.

There are many methods that measure the permeability directly or give some
indication of it. The methods referred to in the discussion are those used in the

experimental programme.
1 - The Test for Water Absorption :

This is a British Standard test (68) and it measures the amount of water
absorbed after 30 minutes submersion in water. The procedure of this test is

described in detail in Chapter 3.
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2 - Air Permeability by Figg's Method:

This method works by sucking air out of concrete or mortar and measuring the
time taken for every 1kPa drop in pressure (43). The pressure drop and the time
are expressed linearly and the slope of the relation (kPa/sec) is related to perme-

ability; the smaller the slope the greater is the time and the less the permeability.
Further details of this test are given in Chapter 3.

3 - Initial Surface Absorption Test (ISAT):

The ISAT test gives an indication of the permeability of the surface tested. It
is a British Standard test (68) and measures the rate of water absorbed by the sur-

face of the sample under a specific head of water. Further details are shown 1n

Chapter 3.
4 - Oxygen Permeability:

Oxygen under pressure is applied at one end of the sample and collected at

the other end after it reachs a steady-state condition. The flow rate of oxygen, the
cross sectional area and the length of the sample are used to calculate the perme-

ability coefficient. Details and equations are given in Chapter 3.

5 - Osmotic Effects of Salt Solutions:

This relative permeability apparatus consists of a hollow cylindér, made of the
material to be tested, filled with a salt solution such as potassium hydroxide,
KOH, see reference 41. The cylinder is closed by a rubber stopper holding a glass
tube. The unit is then immersed in a water tank and the rise or drop in water
height is monitored. It is important to note that the water movement in the tube is

also influenced by the type and concentration of the salt solution.

b - The Effect of Testing Procedure :

Drying the specimens at high temperatures, over 100%, before testing could
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affect the results due to the possible formation of ruptures between capillaries
(55), these cracks will create new passages for air and water to penetrate. How-

ever, trying to reach an equilibrium moisture content at low temperature, such as

20°C, and constant relative humidity may be impractical due to:

1 - The length of time it may take to reach equilibrium, making young concrete
very difficult to test.

2 - The aﬂditiona.l changes that could occur during this time especially if con-
crete is brought from drier environments which could make results difficult to

interpret.
2.2.10 - Factors Affecting Permeability:

2.2.10.1 - Degree of Hydration:

Due to the fact that the volume occupied by hydration products is about twice
that of the unhydrated cement, the permeability decreases sharply as hydration

continues. In a mature paste, permeability is controlled by the discontinuity of

capillaries due to hydration, see Table 2.1 (17).

2.2.10.2 - Water/Cement Ratio:

According to Powers (55), the permeability of cement paste is greatly influ-
enced by the water/cement ratio, and it 1s increased significantly at water/cement
ratios above 0.6 (55), see Fig. 2.20. The permeability of cement pastes was found
to increase by about 100 times as the water/cement ratio increased from 0.3 to 0.7
(55). Kasai et al (48) found that the permeability of a cement paste with a 0.5
water/cement ratio was approximately one fifth that of a similar paste with a

water/cement of 0.65. A similar trend was also found by Goto and Roy (46).

The effect of water/cement ratio on the permeability was explained by Pow-

ers in terms of capillary porosity, see Fig. 2.21. He showed that at water/cement

ratio of 0.38, the volume of capillaries was negligible yet the capillary porosity



water/Cement Ratio

Fig. 2.20: Relation between permeability and
water/cement ratio for mature cement pastes ( 93%
of cement hydrated) (17).
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Fig. 2.21: Relation between permeability and
capillary porosity of cement paste (17).



41

the
was about one third that of Atotal porosity at water/cement ratio of 0.8.

2.2.10.3 - Aggregates:

The permeability of aggregates has an influence on the permeability of con-

' crete (17). The presence of low permeability aggregates reduces the area over
which flow can take place which can lead to a reduction in the permeability.

The permeability may be influenced by maximum size of aggregate used.
Pihlajavaara and Paroll (54) compared the permeability results of two different
mixes having the same compressive strength and water/cement ratio. They found
that concretes made with 32 mm maximum size aggregate were more permeable
than those made with 8§ mm aggregates, although the cement content was much
greater in the case of 8 mm ma_ximum size aggregate. It was expected by the
writer that at the same water/cement ratio and curing condition, the mix having
the greater cement paste to aggregate ratio would be more permeable. Pihlaja-

vaara and Paroll did not however offer any explanation for such unexpected

behaviour.
2.2.10.4 - Curing:

Parrot (66) investigated the length of curing time needed to reach a specific
permeability value for different water/cement ratios. He showed that for a water/
cement of (.73, it was almost impossible to reach that value. However, when

water/cement ratio was reduced to 0.59, it took only 18 days of curing, see Table

2.2.

Ho and Lewis showed the importance of early curing on permeability (109).

The effects were greater for lower grade concretes and as the strength increased it

became less sensitive to curing duration, see Fig. 1.3 in Chapter 1 (44).
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Table 2.1 : Reduction in permeability of cement paste
(water/cement ratio=0.7) with the progress of hydration(i?).

Age (days) Coefficient of permeability (m/sec)
~ fresh = 2xi0c
5 4x10-10
6 1x10-10
8 4x10-12
13 5x10-14
24 - 1x107%
ultimate ~ 6x10-13 (calculated)

Table 2.2 : Free water/ceﬁent ratios to obtain a given
28~-day strength and corresponding moist cure times to
vield a permeability of 25x10-!% (m/s) (66).

1950 OPC 1980 OPC
28-day .
strength w/c cure time w/c cure time
25 N/mm 0.62 80 days 0.71 900 days
35 N/Jmm - 0,51 16 days 0.59 18 days
45 N/mm 0.48 5.7 days 0.50 4.5 days

55 N/mm 0.38 3.2 days 0.43 2.0 days
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2.2.10.5 - Properties of Cements :

The permeability of concrete may also depend upon the coarseness of the
cement particles. Coarser ground cements produce a matrix with a higher porosity
and permeability at the same water/cement ratio (55). However, for pastes with

equal porosity, results show that the ultimate permeability, i.e. 100% hydration, is
not necessarily different (55).

The chemical composition of cement affects the permeability at early ages
because it influences the rate of hydration. However, the ultimate permeability

and porosity are unaffected (55).

The effects of a combination of OPC and pfa on the permeability of concrete
has not been studied thoroughly and there is a dearth of published information on
it especially when dealing with hot dry environments. However, according to the

limited data available, there exists a diversity of opinion as to the effects on

permeability.

Bakker (41) showed that the permeability of an OPC/pfa pastes was greater
than that of plain OPC paste at normal temperatures and at a constant water/ce-
ment ratio. He did not however mention the age of testing which makes a differ-
ence when comparing pozzolans with OPC because pozzolans are inherently
slower to react. According to Hughes (43), the permeability at 7 days was greater

for OPC/pfa pastes than for plain OPC pastes having the same water/cement ratio,

but at 4 and 12 weeks, the permeabilities were similar.

On the other hand, March (60) reported that OPC/pfa pastes are superior to
plain OPC pastes of a constant water/cement ratio as far as permeability is con-

cerned. He showed that after one week of curing, OPC paste samples exhibited
similar permeabilities to OPC/pfa in the range of 101! to 10!2 m/sec. As curing

was cxte:x:/icd, the permeability of OPC/pfa pastes was reduced to between 10-14
se¢

and 10"1whi1st that of the OPC pastes remained almost constant (59). This trend
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was confirmed to some extent by Nagataki and Ujike (51), they showed that after

28 days of curing, the permeability of OPC/pfa and OPC specimens (made to a
similar 28-day strength) were similar but the OPC/pfa specimens were less
permeable after 90 days of curing.

Kasai et al (48) investigated the effects of curing periods on the permeability
of OPC/pfa samples, as expected their results showed that lower permeabilities

were obtained in those specimens that were cured longer.

The permeability of slag cement mixes has been shown to be very dependent
on the curing conditions. Kasai et al (48) studied the effects of curing periods,
before placing the samples at 2(?C+70%RH. They found that, for curing periods
of up to seven days, the OPC/slag specimens were more permeable than the plain
OPC samples. However, the difference between the two mixes was seen to

decrease as curing periods increased.

The results reported by Kasai et al (48) were somewhat confusing; they
showed that, contrary to expectations, samples exhibited higher permeability with
increasing age. The reason behind this behaviour could be attributed to the mois-
ture content of the samples. It is understood that Kasai et al did not condition
their samples to a constant moisture content. For example, the moisture content
of specimens tested at seven days was greater than that of specimens tested at
three months of age and this could be the reason behind this unusual trend. They,

nonetheless, did not give the reason for choosing this procedure of sample condi-

tioning before testing.

Bakker (41) on the other hand, showed that for seven-day cured samples which

were tested at the end of the curing period, specimens containing ggbs were less

permeable than the plain OPC mixes.
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2.2.10.6 - Temperature:

The level of permeability 1s thought to be influenced not only by the amount

of gel formed but also by the locality where the gel is precipitated within the
capillaries (41).

Temperature affects both the amount of gel formed and its locality and there-

fore, it influences the permeability. At a temperature of 20°C, the hydration prod-
ucts of an OPC pastes are well dispersed resulting in a more effective closure of

the capillaries and a lower permeability (41), see Fig. 2.22.

sl y A
//l/ /l/l// oy ged Iy, 4.

TP vl 7 T 7732

Blocking

No blocking

Fig. 2.22 : Influence of locality of precipitation of the same amount of gel
on the sealing effects in a pore (41).

The effect of temperature on the permeability of OPC pastes was studied by

Goto and Roy (46), see Fig. 2.23.
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Fig. 2.23: Relationship between permeability and water/cement ratio (46).
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They, 1.e. Goto and Roy (46), have shown that the permeability at 60% was
greater than that at 27%3 even though porosity was smaller. This observation was
valid for all water/cement ratios used, from 0.35 to 0.45, see Fig. 2.23.

This trend was thought to be due to the larger diameter pores resulting from the
high temperatures. However blended cements, i.e. pfa and slag, behave in a
reverse manner to this, higher temperatures resulting in lower permeabilities
measured using a technique based on osmotic effects of salt solutions (see page
38), see Figs.. 2.24, 2.25. The results of Bakker showed that at 20C the pfa mix
was the most permeable of the three studied, but when cured at 80%2 for only the
first 18 hours, 1t became superior to the OPC mix. The reason for the superiority

of blended cements over the plain OPC was explained in section 2.2.3 on pore

structure.
2.3 - Discussion and Significance of Research:

Most of the reports on the problem of concrete deterioration in the Gulf area
deal with observation of cracks, salt attacks and steel corrosion. The problems of
bad workmanship and inadequate materials are always included (30, 33, 34, and
36). The behaviour of concrete or mortar 1in environments simulating those of
Middle East site conditions has not been thoroughly investigated by researchers.
Most of the current researches relate to few controlled environments such as 20C
+70%RH or 20C +100%RH. The effects of temperature on the properties of
cement mixes were mainly examined in fully saturated environments whereas the
quality and the behaviour of concrete in actual sites could be very different espe-
cially when dealing with the Arabian Gulf States. Hence, a research study is
needed to investigate the influence of different environments on the properties of

concrete.

In addition to this, there is a dearth of information on the effects of curing peri-
ods on the durability and strength of concretes and mortars in the environments of
the Middle East. The availability of water is essential for the continuation of the

hydration process. The hydration is known to cease if relative humidity within
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Fig. 2.24: The effect of curing temperature on the
permeability of mortar of different cement types
(water/cement ratio = 0.50; aggregate/cement ratio
= 2.00) (41).
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the pore of the concrete drops to below 80% (44). On the other hand, as is the
case with most chemical reactions, the hydration process is accelerated by high

temperatures. Therefore, the curing period needed to reach a certain durability

o
parameter value may be shorter at, for example, 45C than at 20C.

The use of cement replacement materials such as pfa or slag in dry hot envi-
ronments needs intensive investigation. It is true that mixes containing pfa or slag

become Iinhercntly less permeable and exhibit a finer pore structure than Icquiva-
lent Portland cement, as was explained earlier, see section 2.2.2. However, this is
only true when samples are adequately cured. In most environments, concrete 1s
likely to be saturated during the curing period only (if curing is properly carried
out) after which it will continue to lose water until it reaches an equilibrium state
with the ambient conditions. Hence, the quality of the concrete pore structure

attained at the end of the curing period is likely to improve little with time partic-

ularly in dry hot environments.

In hot countries, where the avéragc daily temperature 1s often over 35C during
several months of the year, the inclusion of pfa or ggbs may show advantageous
results compared to pure cement even though the relative humidity may be very
low. It is seen from the literature review that both strength development and pore
structure of cements containing pfa or ggbs are superior to those of equivalent
Portland cements when adequately cured and subjected to high temperatures.
Information is lacking however on how curing time and temperature are related in

dry environments and how this relationship is affected by the use of pfa or ggbs.

The investigation into the effect of curing periods and either pfa or slag in

different environments on some durability properties of concrete or mortar has to
be linked to the pore structure. Hence, the influence of the above parameters on

the pore size distribution 1s very important and would need to be evaluated.

The test for compressive strength of concrete is widely used as a quality con-

trol test. It is a good test for engineers to verify the mix proportion and to assess
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the ability of the structure to carry the design load. It is also useful for engineers
during the construction periods to know when to dismantle the falsework and the
formwork. Nevertheless, more information is required to be able to establish
whether or not this test can be used as a measure of durability and gives an indica-
tion of the efficiency of the curing program. If this test can not be used to evalu-

ate the efficiency of the curing programme, then it is necessary to try and estab-
lish what tests, if any, can be included in the quality control programme and how
t hey should be implemented.

The planned programme of testing, which is designed to study the combined

effects of curing environments, similar to those of the Gulf States, and initial cur-

ing periods on plain OPC and the combinations of OPC and either pfa and ggbs, 1s
therefore divided into three parts as follows:

1 - Initial Investigation:

This acts as a pilot study for the two primary parts of the research.

2 - Primary Mortar Investigation:

It was important to understand how the pore structures of OPC, OPC/pfa and
OPC/ggbs cement mixes are altered by the different curing periods in hot dry

environments in order to explain their durability performance in sit . Steady-state

permeability and water absorption tests were also performed and linked to the

pore structure.

3 - Primary Concrete Investigation:

The influence of curing periods in hot dry environments on the strength and
some durability-related properties were investigated on practical concrete mixes

with typical cement content designed to a given workability.
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CHAPTER THREE

MATERIALS, TESTING EQUIPMENT, CURING ENVIRONMENTS

3.1 - Materials:
3.1.1 - Ordinary Portland Cement:

The Ordinary Portland cement used throughout the investigations was
supplied by the Blue Circle cement company from their works in Derbyshire and

its chemical composition is shown in Table 3.1.
3.1.2 - Pulverized-Fuel Ash (pfa):

The pfa used in this research was supplied by the Central Electricity Generating
Board from Drax power station and its chemical composition is shown in Table

3.1.
3.1.3 - Ground Granulated Blastfurnace Slag (ggbs):

The ggbs was supplied by Frodingham Cement Company, Scunthorpe and its

chemical composition is shown in Table 3.1.

3.1.4 - Aggregates:

The aggregates used throughout the research were quartzite in origin and their

source location was the Tarmac quarry pit in north Nottinghamshire.

The coarse aggregate used was a blend of crushed and uncrushed quartzite

gravel with maximum size of 10 mm which had 'smooth’ to ‘rough’ surface texture

with ‘regular’ to 'irregular’ shape. The general properties of the gravel were found

to be conforming with BS882:1983 (56), see Table 3.2.
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Table 3.1: Composition of the cementitious materials used

M

constituent percent by weight
OPC pfa ggbs
Si0, % 20.9 51.9 36.8
Al,05 % 5.5 26.9 10.0
Fe,03 % 2,7 11.3 1.2
CaO % 64.3 1.5 41.9
MgO % 2.5 1.6 7.2
Na,0 % 0.3 1.2 0.3
K,0 % 0.8 3.8 0.5
TiO, % - 0.9 0.6
SO; % 2.8 0.6 0.1
Alkali-Soluble SiO,; % - 30.0 -
Alkali-Soluble Al,0; % - 0.2 -
loss on ignition % 0.7 2.6 2.3
Specific Surface m?/g 0.38 0.22 0.40

Specific Gravity 3.10 2.36 2.89
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Table 3.2:Aggregates gradation, % by mass of passing

coarse all-in aggregates

aggregates sand:gravel=1:2

2.36(80-100
1.18(70-100
.600}155-100

S.G. 2.63-2.68 2.65-2.72

S.G.= specific gravity
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The fine aggregate used was a quartzite sand the general properties of which

were found to be conforming with Zone F in BS882:1983 (56), see Table 3.2.

The proportion of fine aggregates to gravel used in the concrete mixes was 1:2

by weight and the all-in aggregate gradation conforms with BS882:1983 (56), see
Table 3.2 and Fig. 3.1.

3.2 - Batching:

Batching of cements, aggregates, and water was done by weighing. Mixing
the concrétc materials was performed by loading the coarse aggregate first
followed by the cement, the sand and finally the water. The materials were mixed
for two minutes in a Cumflow 5122 mixer of 0.1 m’ capacity. Mortar mixes were
achieved by loading the sand first followed by the cement and finally the water.
The materials for the mortar mixes were mixed for two minutes in a small pan-
type mixer before casting in the moulds. The cement mixtures were cast in

moulds in two layers and vibrated using a vibrating table to remove cntm;{cd air.,

3.3 = Details of Test Performed.:

3.3.1 - Compressive Strength:

The test for compressive strength was carried out in accordance with
BS1881:part 116:1983 (68), using 100 mm cubes. The results recorded were the

average of two samples.

3.3.2 - Dynamic Modulus of Elasticity:

The dynamic modulus of elasticity(E,) test was carried out on 100X100X500
mm prisms. The apparatus measures the natural frequency of the sample

(maximum deflection),the following equation was used to calculate the E, :
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E,=40N’L? (3.1)

where,

E; = the dynamic modulus of elasticity
o = the density of the concrete

L =length of the prism .

N = the natural frequency of the sample,

3.3.3 - The Test for Water Absorption:

The test for water absorption was performed in accordance with
BS:1881:part 5 (68). The mortar specimens used were S0 mm cubes and the
concrete samples were either 100 mm cubes, (as used in the initial part of the
investigations), or 150 mm diameter 100 mm thick discs ( as in the primary part
of the investigation). According to the test procedure, specimens at 24 days of
age were put in a ventilated drying oven in which the temperature was controlled
at 105% for 72 hours * 30 minutes. The samples were then removed from the
oven and placed in an airtight vessel for 24 hours & 30 minutes to enable them to
reach room temperature. After that the specimens were weighed and totally
submerged in water at a temperature approximately 20C for 30 minutes + 30
seconds. The water absorption was then calculated as the weight of water

absorbed expressed as a percentage of the dry weight of the sample. The recorded

results were the average of two samples.

3.3.4 - The Initial Surface Absorption Test (ISAT):

The initial surface absorption test (ISAT) measures the rate of flow of water
into a sample per unit area. This test was also carried out in accordance with
BS:1881:part 5 (68) and the apparatus i1s shown in Plate 3.1 and schematically in
Fig. 3.2. The flow of water into the sample is measured at 10, 30, 60 and 120
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Plate 3.1: The 1nitial surface absorption Test (ISAT).
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minutes from the start of the test under a constant head of water of 200 mm * 20
mm. The calibration scale depends on the area of contact of water with the

specimen (A;) calculated from the dimensions of the cap and the area of the

capillary bore (A,). It is recommended by the standard that A, should be no less
than 5000 mm?2. The scale is then marked in units of 0.01 ml/m?/sec and spaced

A
6x10™*x—= cm apart.

A,

4

Apart from the initial investigations, where the ISAT was performed on a
vertical face of 100 mm cubes, the test was conducted on the top-as-cast face of
the 150 mm diameter 100 mm deep discs. The ten minute reading was the only
one recorded and the results shown are the average of two specimens. The way
samples were conditioned for this test was identical to that for the water

absorption test and this procedure started at 24 days of age.

3.3.5 - Mercury Intrusion Porosimetry (MIP):

Since the introduction of high pressure mercury intrusion porosimetry by
Ritter and Drake (72), it has become widely used in the cement industry as a
method for evaluating the pore structure of hardened cements pastes and mortars.
A schematic drawing of the MIP equipment used is shown in Fig. 3.3. Mercury,

which is a none-wetting fluid, is intruded at high pressure into the sample.

The equation used for calculating pore diameter is derived from equating the
work (W,) needed to force a non-wetting liquid in a pore of a diameter (D) and

length (L) with the work (W,) needed to force a mercury of a volume (V) into the

pore under external pressure (P) as follows:

W, = nDLScosp

where;
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D = diameter of the pore
P = the applied pressure
S = surface tension

B = contact angle between the liquid and
the wall of the pore, see Fig. 3.4.

and
D2
Wz =PV = TCPL*—4—
ifW, =W y) then

D = -4Scosf3 (3.2)

P

Types of Pores

Equation (3.2) assumes that all pores are cylinders of a uniform radius. This
assumption is an important source of error, as pointed out by Ritter and Drake
(72). They reported that the intrusion and extrusion curves do not coincide. This
was attributed to the existence of ink-bottle pores whose entry diameter is smaller
than that of the pore itself. In addition to this, there are pores which have an entry

smaller than the minimum pore diameter which can be measured by the machine

(0.003 pm in this research). These pores cannot be measured by mercury

intrusion porosimetry.
Apparatus

The instrument used in this research was a Micrometirics Autopore 9200
Mercury Penetration porosimeter. It is capable of exerting a pressure of up to 414
MPa (60,000 psi). The range of pores measured by this instrument is between 36
to 0.003 pm in diameter with intrusion volume of 1.8 cm’. A schematic drawing

of this instrument is shown in Fig. 3.3.
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Sample Preparation

The samples were small mortar discs of 25.4 mm in diameter by about 12-14
mm in height cut from cores cut from the 50 mm cubes as shown in Fig. 3.5 at an
age of 24 days. After cutting, the discs were placed in an oven of 105C + 5C for

approximately 24 hours and left to cool to room temperature before the start of the

test. The recorded results were the average of two samples.

Test procedure

This method works by first evacuating the gases from the pores and then
forcing mercury into the sample by systematically increasing the pressure on
mercury. Both the volume of mercury intruded and the pressure to achieve the

intrusion are recorded for the calculation of the pore size distribution using

equation (3.2).

The pore size distribution was obtained using pressures up to 60,000 psi (414
MPa). A wetting angle of 130 degrees was used in equation (3.2) to calculate the

L . L u L
pore diameters. This value was used for all specimens as compromise value most

widely used by researchers 1n this field.
Type of Results

The MIP test produces many results that help to describe the pore structure of
the cement paste. The direct parameters given by the machine are: total porosity,
total pore surface area, median pore diameter by pore volume, median pore
diameter by surface area and the average pore diameter. These five ﬁarameters
are calculated from the pore size distribution by use of the pore volume and the

pore surface area.
1 - Total porosity

Total porosity is a parameter which is independent of the shape and size of the
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Fi 3.5: Sample prepaqration for the evaluation of
pogé size distribution.
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pores. It is the cumulative value of the volume of all the pores intruded by

mercury in the cement matrix.
2 - Pore Surface Area (PSA)

The pore surface area is directly related to the number of pores in the matrix.

Hence, at a constant porosity, the greater the pore surface area , the higher the

number of smaller pores.

3 - Median Pore Diameter by Surface Area (MPD-A)

The median pore diameter by area relates to the number of small pores
present in the cement matrix, the smaller the median pore diameter the greater the

number of smaller pores, see Fig. 3.6 a. .
4 - Median Pore Diameter by Pore Volume (MPD-V)

The median pore diameter by volume relates to the relative volume of smaller

pores, the greater this value is the greater the volume of larger pores, see Figs. 3.6

b.

5 - Average Pore Diameter (APD)

The average pore diameter (APD) is a parameter that takes 1nto account both

the porosity and the pore surface area by use of the following equation:

APD = 4(porosity)

pore surface area

Thus the higher the pore surface area and the lower the porosity, the smaller the
APD is.



64

- MEDIAN PORE DIAMETER BY PORE VOLUME
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Fig. (3.6 a) Mixes A and B have the same pore volume, but
mix A has greater volume of smaller pores

MEDIAN PORE DIAMETER BY PORE SURFACE ARE!

0 0.4 0.2 0.3 0.4 0.5 0.8 0.7 0.8

r ~J
O O

Cumulative pore surface areas (X)
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L

0
OI 0.9 1.0

Pore diameter

Fig. (3.6 b) If mixes A and B have the same porosity:; then
mix A has greater number of smaller pores
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3.3.6 - Total Porosity Tests:

Three different methodswere employed to measure the porosity of concrete

and mortar specimens.
1 - The Mercury Porosimetry Method:

A description of this method has been given earlier in section 3.3.5. This

method was only used in the mortar part (Chapter 35).

2 = The Helium Pycnometry Method:

Apparatus

The instrument used in this investigation is Micrometirics Auto Pycnometer
1320. It is cabable of measuring the solid volume of samples up to 9 cm3 with an

accuracy of £ 0.02 cm?. The schematic drawing of this machine is shown in Fig.

3.7.

Test procedure

The total porosity of a concrete or mortar sample was calculated following
the method proposed by Cabrera (73). It consists of measuring the density (D,)
of the sample and also the moisture content by drying in an oven at 105C. The

dry density (Dy) 1s then calculated as follows:

D
D =s——m (3.3)

d moisture content
1+(-——-——l 0 )

The specific gravity (S.G.) is then measured using the helium pycnometer.
The helium machine works by sucking the air out of the pores of the sample and

assessing the net volume of the solids. The specific gravity is then measured by
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