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Under hot weather concreting, the primary cause of shorter service life of concrete
structure is cracking. Cracking of concrete is noted in many structures éfrdben

Gulf where the environmental condition is characterized as hot weather. It could initiate a
number of detrimental processes that are known to be harmful to théelomgoncrete
performance. High concrete temperature at the time of placemere of time reasons of
concrete degradation, especially under hot and arid environments. The cause of concrete
deterioration is also ascribed to the high differential between the fresh concrete
temperature and the ambient temperature.

To overcome the adversdfects of hot weather and to produce good quality concrete,
many local building regulatory authorities and international codes of practice including
the Saudi building code limit the maximum allowable fresh concrete temperature to
35 C. However, there iso data to validate this limit. Further, the applicability of this
limit to blended cement concretes needs to be evaluated.

This study was carried out to evaluate the effect of water to cement ratio, casting
temperature and curing regimes on the compresand split tensile strength, pulse
velocity, depth of water penetration and plastic and drying shrinkage strain of plain and
blended cement concretes. The blended cements studied were fly ash (FA), very fine fly
ash (VFFA), silica fume (SF), ground grdemed blast furnace slag (GGBFS) and natural
pozzolan (NP) and used at the following replacements: at 30, 10, 7, 70 and 20%,
respectively, by weight of plain cement. The plain and blended cement concrete
specimens were cast at temperatures of 25, 32, 3& @ and cured under moist
condition, covering with wet burlap or applying a curing compound. Plain concrete
specimens were prepared with a w/c ratio of 0.3, 0.4 or 0.45 while blended cement
concretes were prepared with a constant water to cementitidegatsaratio of 0.4.



Results of this investigation indicated that the optimum casting temperature for OPC and
SF cement concretes was B@2while that for VFFA, FA, GGBFS and NP cement
concretes it was 3€. Further, moist curing was noted to be the méfstient curing
regime for strength and pulse velocity development as well as for enhancing the
durability followed by curing by covering with wet burlap and applying a curing
compound, in decreasing order of importance. However, the application of g curin
compound exhibited higher efficiency in reducing the plastic and drying shrinkage strain
compared to curing by covering with wet burlap or plastic sheet. Based on the data
developed in this study, the optimum concrete mixture temperatures for plain and
blended cement concretes for hot weather conditions were presented. In addition,
correlations between test properties and concrete mix parameters were developed along
with the relationships among test properties.

Vi
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CHAPTER 1

INTRODUCTION

1.1 Effect of Hot Weather on Concrete Pdormance in Local
Environmental Conditions

Every year, a large number of concrete construction projects are executed under hot
weather conditions in many countries around the world. Concrete was deemed to be a
maintenancdree material until its deterioration has been reported from several parts of
the world. Although the cost of repair and rehabilitation in the Arabian Gulf is not well
documented but in general, it is estimated that hundreds of billions of US dollars are
required annually to repair and rehabilitate the deteriorated concrete stasctin
different countries. Literature review shows that concreting under hot weather poses

special problems.

The environmental conditions of the Arabian Gulf includihg Kingdom of Saudi
Arabiaat largeare characterized &t weather, and can be cldigsl as a hehumid and
hot-dry depending on the distance from the shordlifjeln these regions, deterioration

of reinforced concrete is attributed to the following inteated factors: )i severe
climatic and geomorphic conditions, (ii) poor quality of construction materials,
particularly the aggregates, and (iii) inappropriate construction practices, particularly

inadequate design specificatid2s.

Hot monthsin harsh regions of Saudi Arabia, where the quantity of concrete cast

everyday may be larger than that in any other parts of the world, are characterized by



having maximum d&y temperature in excess of 45, diurnal variations in excess of
20°C, relativehumidity less than 15%, average wind speed of 6 m/s, and solar radiation

of 600 w/nf [3].

The ambient temperature in these regions may be as high as 45 to 50°C in the summer.
At this condition, the temperature on the concrete surface may be as high as 70 to 80°C
due to solar radiatiof4]. The persistent high temperature, rapid wind speed, solar
radiation and concentration of chloride and sulphate salts in atmosphere, soil and
groundwater are the predominant weather factors which makeetiion aggressive for

concrete constructiopp].

High monthly/annual mean temperature and wide diurnal variations have harmful effects
on properties of concrewghich lead to reduction in useful service life of the structures.

The rate of water evaporation increases as the air temperature increases; for example, an
increase from 10 to 20°C will result in the doubling of the rate of evaporation from the

concretg6].

High wind velocity and temperature tend to increatlee drying of concrete skin.
Therefore, the recommendations of ACI Committee 305 regarding minimizing the rate of
water evaporation, such as lowering concreting temperature, increasing the humidity by

water spraying, and erecting wind barriers, shoulddmpted7].

Concrete mix design, including the selection of appropriate materials, significantly
influences the performance of both fresh and hardened contreteman factor that
contributego the deterioration of concrete in the Arabian Gulf region is the quality of the
locally available aggregates. Most of the aggregates available in the region are crushed

2



limestones that are of marginal quality. These aggregatesporous, absorptive,
relatively soft, and excessively dusty on crushing that cause higher water demand
resulting in lower strength and greater shrinkage of concrete. Further, due to the large
difference between the coefficient of thermal expansion gfreggate and hardened
cement paste, tensile stresses are developed at the aggesgjatenterface tending to
cause interface bond failure and significant micro cracking around the transition zone

[8,9].

The high concrete temperatures at the time of concrete placement could initiate a number
of detrimental processes that are known to be harmful to lbe- sand longterm
concrete performance. The possible adverse effects of hot weather conditions on concrete

quality may includg10]:

1 Rapid evaporation of mixing water resulting in slump loss,

1 Reduced concrete strength due to loss of mix water as a result of high temperature
and low humidity, evaporation of curing water, aamform precipitation of the
products of hydration between cement grains due to comparatively rapid
hydration, micrecrackng as a result of strain incompatibility due to different
expansions of concrete constituents,

1 Reduction in the setting time of cement which creates difficulty in handling and
finishing the concrete,

1 Thermal cracking and increased plastic shrinkagekitrgc

1 Reduced durability,

1 Formation of cold joints,



1 Increased difficulty in controlling entrained air content, and

1 Increased permeability.
The low durability of concrete in the hot and humid areas of the world has directed the
attention of concrete tboologists to search for concrete admixtures to improve the
quality of concrete to cope with the aggressive exposure conditions. Research conducted
earlier indicated the great potential of supplementary cementing materials in enhancing
concrete durabilityAmong the SCMs researched, silica fume has displayed distinctly
superior performancgll]. However, the use of supplementary cementing materials in
the semiarid and arid areas of the world, to improve concrete durability, deserves special
attention for two reasons. Firstly, the climatic conditions of such regions make curing a
difficult process and, secondly, in some places such as in the Arabian Gulf, these
materials are used purely for their technical merits. As such, it is prudent to utilize these

materials properly.

Curing of concrete is very essential for its strength gaindandbility. Proper curing
becomes very difficult under hot weather conditions as low humidity and high ambient
temperature greatly assist in the evaporation of thewaber. Concrete cast under hot
weather and not sufficiently cured may show as muclddas 30% reduction in strength

[12]. Curing becomes even more important if it contains supplementary cementing
materials, such as fly ash, ground granulated blast furnace slag, or silica fume, and it is
subjected to hot and dry environments immediately after placement and consolidation.
However, concretes moist cured for only two days exhibited significant improvement in

strength and other characteristics, as compared with concrete without any{t8jfing



The durability, strength and other characteristics of concrete in hot climates are thus
critically dependent on its treatment from the moment it is compacted. Inadequate curing
can negate all the earlier care takemix design and concreting operations, and can also

lead to serious defects such as plastic shrinkage cracking and excessive drying shrinkage.

Unless extraordinary precautionary measures are taken, concrete cast, placed, and cured
in hot weather conditns will be of low quality10]. Such low quality porous concrete
significantly increases the ingress of chlorides, oxygen, moisture, and carbon dioxide to
the steel surface. This situation is idéar the initiation of reinforcement corrosion,
especially if the cover over the reinforcing steel is of poor quality. St{ith¢sonducted

on the effect of tempature and humidity on reinforcement corrosion indicated that the
rate of reinforcement corrosion is sharply increased by high temperature (greater than
20°C) and high humidity. The chloride permeability has been recognized to be a critical
intrinsic propety of the concrete. The chlorideduced corrosion of reinforcing steel
manifest itself through cracking, spalling and delamination of the concrete cover, which
eventually leads to the direct exposure of the reinforcing steel to aggressive environment
[15]. One method to reduce this problem may be to stop the supply of oxygen, moisture,
and other aggressive ions and gases to the steel surface, which are essential for
reinforcement corrosiorio occur. This can be achieved by designing good quality

concrete and curing it properly.

The need to improve the quality of concrete in the Arabian Gulf is all the more important
in order to minimize the prevalent corrosion deterioration problems imebisn and to

produce durable concrete. Construction practices significantly influence the performance



of concrete, especially reinforcement corrosion. According to RasheeduzzafajOgt al.

the following are the presquisite steps fgroducing efficient concrete:

I.  Realistic evaluation of the service conditions,
ii.  Formulation of materials specifications to match the severity of the service
conditions, and
iii.  Implementation of design specification and correct construction practices on site.
The above three requirements are highly interactive and constitute part of a holistic
approach to increase durability. A deficiency at any of the above three stages will lead to

a less durable concrete and its performance is bound to suffer.

In this reseah investigation, the effect of casting temperature and subsequent curing
conditions on the mechanical properties, shrinkage, and durability characteristics of plain
and blended cement concretes would be investigated. The outcome is expected to be
benefical to both the local and international construction industry and would be helpful

in updating local codes of practices.

1.2 Significance of This Research

Cracking of concrete is noted in many structures in the hot weather conditions of the
Arabian Gulf. Bth plastic and drying shrinkage cracks acegerthe deterioration
phenomenasuch as reinforcement corrosion. Further, the compressive strength of
concrete is often reduced due to the crack propagation. According to literdueire, t
properties of concretare usually evaluated at laboratory conditions where concrete is
cured at constant or variable (by artificial means) temperatures which do not simulate the
fluctuating hot weather field conditions particularly those prevailing in most parts of
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Saudi Araba, Middle East and other countries having hot weather in summer. However,
practically, concrete structures are exposed to continuous variation in climatic conditions.
Therefore, there is a need to cast concrete at different temperatures in the natural
environmental conditions and exposed for curing in the field by different means that are
practiced and implemented on si#.significant amount of research work has been
carried out on the curing of concrete at different temperature. While few studies have
been conducted to evaluate the effect of hot weather conditions ooothpressive
strengthof concrete, research is required to assess the effect of casting temperature and
subsequent curing regime on the mechanical properties, shrinkage and durability
chamlcteristics of concrete. Further, the effect of hot weather conditions on the
performance of blended cement concretes is not very well elucidated. This aspect also
needs to be evaluated since almost all the concrete now incorporates supplementary

cementingnaterials.

1.3 Objectives

The general objective of the proposed research was to evaluate the effect of casting
temperature and curing regime on the mechanical properties, shrinkage, and durability
characteristics of plain and blended cement concretescdrioaeete mixtures were cast in
the natural atmospheric conditions of hot weather and specimens were cured both in the
laboratory and in the field. The developed data would be utilized to ascertain the suitable
casting temperature and curing regime forltoal environmental conditions with a view

to enhance the performance of concrete.

The specific objectives of this study were the following:



To examine the individual and cumulative effect of concrete casting temperature
and curing methods on the mechathiproperties, shrinkage, and durability
characteristics of plain and blended cement concretes, and

To provide recommendations on the appropriate casting temperature and curing

regime for the production of durable concrete under hot weather conditions.



CHAPTER 2

LITERATURE REVIEW

2.1 Hot Weather Concreting

Hot weather is defined as any condition (like high ambient or concrete temperature, low
relative humidity, high wind velocity and solar radiation) that adversely affects the
quality of fresh and harded properties of concrete, during these environmental
conditions, exceptional measures are required to be taken to ensure proper handling,
placing, finishing, and curing of concre{@0]. Problemsof concreting are most
frequently encountered in the summer, but the associated climatic factors of high wind
and dry air can occur at any time, especially in the arid or tropical climates.
Specifications for concreting in hot weather conditions usuabytity a temperature

limit of 32 C to produce good quality concrete. However, this limit has been raised to
35 C in the recently formulated Saudi Building Cod&]. AClI Committee 305 for Hot
Weather Concreting also limits the maximum allowable fresh concrete temperature to

35 C. To achieve this limit, the following precautions are recommefiti#d

i. Placement of concrete at lower temperature of the day, such as late afternoon,
evening or night. If concreting is to be done at higher temperature, the following
measures may be adopted: keeping aggregates cool by shading thgyn or
spraying water over them, use of cold water for mixing and, if necessary, use of
ice as part of the mixing water,

ii.  Use of watereducing and retarding agents,
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iii.  Minimum mixing time and delivery time,

iv.  Shortest possible time for placemeronsolidationand finishing, and

v. Proper curing of concrete by keeping it moist by making water available for

hydration.

Some of these recommended measures are difficult to implement and when followed
meticulously add to the cost of construction. Nevertheless, concrefisgto be
continuously carried out even at high ambient temperature pertaining to hot weather
conditions. Furthermore, even if the concrete temperature is loweredGo tB&re still
remains the curing problem. Curing has to be carried out under hdteweanditions for

at least seven days or even longer for blended cement concretes.

2.2 Curing of Concrete in Hot Weather

The objective of curing is to keep the concrete almost damp until the-fillatbispaces,

to a large degree, reduced by the prodo€tsydration of cemenitl6]. Adding water to
Portland cement starts a@nohemminadalp rdikelaucteiso rx
substance (i.e. the hardened cement paste). Hydration reaction is exothermic, which in
combination with hot climatic conditions (such as low humidity, high temperature and
persistent winds) can cause the concrete to dry ouekly and restrict the hydration

reaction to incomplete. Further, it may induce thermal cracking and cause water inside
the hydrating cement to Aboil o0, thus <creat
concrete. Josst and Reinhafd¥] reported that concrete mixes with the temperature
ranging from 20 to 50°C increases the permeability by 13 to 62% aBdd$5% with

an additional increase to 80°C. Both the rate and degree of hydration and the resulting

concrete strength rely on the curing process that follows placing, consolidating and
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finishing of the plastic concrete. Hydration continues infinitelyaalecreasing rate as

long as water is present in the mixture and the environmental conditions are favorable.
Once the water is removed, hydration ceases. In general, curing ensures that the mix
water is available for hydration of cement. According to Peis], a minimum of 80%
humidity is required for cement hydration. Moreover, he reported that the permeability of
the surface layer of concrete may increase five to ten folds if concrete is inadequately

cured.

A variety of curing methods are used pmactice to prevent loss of moisture by
evaporation from the concrete; they range from moist curing methods, such as water
ponding and covering with wet burlap, where extra water is added to concrete, to sealing
methods where the evaporation of water fraoncrete is prevented by the application of
curing compound. As compared to watetaining techniques, moist curing techniques
are most effective and popular methods in which concrete remains fully saturated during
the curing period. Also, curing compowndan be expensive than water. However, under
the following circumstances it becomes necessary to cure concrete by the application of

curing compounds:

1 When potable water or burlaps required for curing is either costly or not easily
accessible.

1 When total expenditure of moist curing, including the cost of water and
workmanship, especially repeated applications under hot environmental
conditions, is greater than the cost of only one time applying a curing compound.

1 When wet burlap curing is not beneficiakd in remote locations or when the

curing under wet burlap cannot be prolonged due to construction constraints.
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During curing period (i.e. duration from consolidation of concrete to the point concrete
reaches its design strength), there should be cestizns taken to keep the concrete moist

and as near to 32°C as practical. The properties of concrete, such as strength, water
tightness, freeze and thaw resistance, wear resistance, and volume stability, improve with
age as long as the moisture and tempegatonditions favorable to continued hydration

are maintained. The period can vary from a few days to a month or longer. For most
structural purposes, the curing period for géagplace concrete is usually 3 days to 2
weeks. This period depends on suohditions as ambient temperature, cement type, mix
proportions, size and shape of concrete mass, required strength and durability and so

forth [19].

Loss ofwater from fresh and young concrete caused by inadequate curing can result in
detrimental effects on the properties of concrete in the short and long run. These
undesirable effects include appearance of plastic shrinkage cracks, reduction in strength,
and increased permeability of harmful species due to porosity resulting in a shorter
service life of the structurflQ]. In many regions of Saudi Arabia, low humidity, high
ambient temperature, persnt rapid wind speeds, and the solar radiation are the
predominant hot weather factors. In such a weather where the loss of water from fresh
and young concrete is greatly accelerated by the environment, the need for proper early
moist curing is essentiaEffective curing reduces the loss of water and increases the
hydration of the cement and, hence, reduces the total porosity by continued formation of
hydration products. Low permeability of concrete, on the other hand, is extremely
important for the longerm durability of concrete. The lower is the permeability, the

lower will be the ingress of deleterious substances in concrete. Moreover, curing has a
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significant effect not only on the fresh concrete but also on hardened concrete. It has been
reported tht proper curing reduces the concrete permeability and absorption

characteristi¢19].

2.3 Blended Cement Concrete in Hot Weather

Cement significantly inflances the properties of the fresh and hardened concrete. The

main properties that are affected by the type of cement are:

1 Heat of hydration,
1 Workability and its retention,
1 Bleeding and settlement,
i Setting time, and
1 Rate of early strength development.
While the type of cement influences the strength of concrete, it can also influence the

following durability parameters:

1 Corrosion of reinforcing steel caused by chlorides,

1 Resistance to sulfate attack,

1 Resistance to salt weathering, and

1 Alkali-aggregateegaction.
The quantity of cement is also known to influence concrete durability. Rasheeduzzafar et
al. [20] evaluated the effect of cement content on concrete durability and based on the

results of that studyhe authors suggested the following minimum cement contents:

T Foundations350- 375 kg/n?
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f Superstructures expged to direct marine influen@80- 375 kg/ni

f Superstructures not exposed taetit sulfate/chloride attacB25- 350 kg/ni
The importance of minimum cement content for the production of durable concrete is
now recognized by the international codes of practice and limits on these values based on
the service environment are recommend2d]. Increasing the cement content will
increase the heat of hydration thereby accelerating the possibility of developing shrinkage

cracks, particularly in the hot weather conditions of the Arabian Gulf.

Cement is a key constituent of concrete constructions. A world without Ordinary Portland
Cement (OPC) can hardly be expected. However, the cement industry is dealing with a
number of unpecedented challenges that include depleting fossil fuel sources, lack of
raw materials, continually increasing demand for cement, escalating environmental
influences due to climatic changes and unstable world ecof#ithyResearchers of civil
engineering field are suggesting the world to use sustainable materials for green

construction because of the following reasfi)s

I.  The large amount of waste thatdisposed to landfill annually,

ii.  The global impoverishing of natal resources and environments, and

iii.  The emergency of carbahoxide emissions.
In this regard, the usage of supplementary cementitious materials (SCMs) or
environmentafriendly concrete has gained popularity. SCMs consist of raw materials
such as industrial, agricultural and domestic waste, recyclable matediadvan earth
(that are cheap and abundant almost everywhere). The increased use of and interest in

SCMs is also due to:
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I.  The reliance on foreign imports for cement would decrease because construction

boom in many countries of the world has raised the copsan of cement more
than their production. For example, according to Portland Cement Association
(PCA), the domestic cement production of USA in 2003 was about 85 million
tons while the demand was 107.5 million t¢23]. Also, the Saudi government,
on April 16, 2013, ended the ban on cement import for one year and has permitted
to import 10 million tons of clinker to overcome the shortage of locally produced
cement24].

ii.  The amount of energy required by the cement manufacturing industries and
producton of greenhouse gases would be redy@®sj. Manufacturing of every
ton of OPC leads to emission of about same amount gfil@®the atmosphere.
It is estimated that cement plant releases 40% of @Om the combustion of
fossil fuel during kiln operation, production processtes 50% CQ while the rest
of 10% emission occurs at the time of transporting the finished product to the site
[26]. In developing countries, the rate of £€nission is continuously increasing
because of population growth and industrial revolution, which is a serious threat
to future generation and prosperity on the egThj.

iii.  The desire of industries to exempt from gresxes and to avoid fuel price hike
which will help to stabilize the cost of cement bags and control ecof@Zhy

During the late 1980s, pozzolanic materials for improving concrete durability were

introduced to the construction indusi®8]. SCMs are used in concrete mainly as fillers

or due to their pozzolanic characteristi@]. It means that the hydration of SCM
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particles will be same as Portland cement, by providing substantial silicate in the mixture

to react with the extra hydrated lime discharged during the Portland cement hydration.

The advantages of incorporating SCMs agiglareplacement to the cement include: (i)
refined and discontinuous pore structure resulting in improvement in strength and
impermeability of hardened concrete to water and other aggressive species, (ii) increased
resistance to sulfate and acid atta@k, minimum risk of alkalisilica reaction and (iv)
reduction in amount and rate of heat evolution which is beneficial in mass concreting
[29). Some of the most commonly wused SCMOSs

describedn the following paragragsh

Fly Ash (FA)

Fly ash, ado known as pulverized fuel gsb a byproduct of coal or other solid fuel
combustion systems mainly used for electricity generation. Where bottom fuel ash is left
in the region of combustion, fine grained fly ash is carried with combustion fuel gases
and usually captured by electrdstgprecipitation process. The chemical composition of
fly ash tends to be a heterogeneous mixture of silicon oxides)(SilDminum oxides

(Al203) and iron oxides (F©s, F&Oy) [30].

Because of its pozzolanic properties, fly ash is often used to replace typically 30% of the
mass of Portland cement in a concrete mix, for example to lower permeability and reduce
initial heat evolutionFly ash may contribute to the strength of concrete after seven or
more days of curing. Strength development of fly ash in concrete is due to a chemical
reaction between the fly ash and calcium hydroxides produced by hydration BOPC

Because of the slow reaction of fly ash in the concrete, it is reported by Nagjlléhat,
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at early ages, the concrete containing fly ash has a higher permeability than plain
concrete with a similar w/c ratio. However, Fyaand Bijen[33] reported that with time,

fly ash concrete acquires a very low permeability.

Ground Granulated Blast Furnace I8g (GGBFS)

This is a byproduct of the iron and steel mills; while pig iron is extracted froeited

raw iron ore, the residue material (which floats to the top) is referred to as slag. It consists
of calcium, magnesium aluminosilicates and also has pozzolanic properties depending on
guenching history and cooling method used. Granulated slag nsedoby quickly
guenching molten iron slag with water. The result is glassy-Bemdnaterial that, when
granular product is ground to a fine powder and contacted with alkali such as lime or

Portland cement, develops strong hydraulic cementation prog@#ies

Natural PozzolangNP)

Natural pozzolan is awaor calcined natural material that has pozzolanic properties. It is
one of the oldest materials used for construction purposes by blending it with lime. Its

sources are volcanic ash or pumgleale tuffs and some diatomaceous eaf84.

Initial studies conducted at KFUPM have shown that the pozzolanic activity of this
indigenous material is low and as such it does merely meet the ASTM C 618
requirements as a pozzolanic matefid6]. NP fineness and source did not affect
compressivestrength Hot curing is very beneficial for strength development and for
improvement in chloride permeabilifg7]. Hence, utilization of locally available NP in

hot weather regions of the Kingdom of Saudi Arabia is ¥&vgrable
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Silica Fume(SF)

Silica fume, also known as micsilica are essentiallgne and the same; is a-pyoduct

of the production of silicon and ferrosilicon alloys in electric arc furnaces. Addition of SF

to cement results in a stronger and durable concrete than other blended cement concretes.
It also reduces the permeability aincrete and, hence, provides better protection to steel
reinforcement. One drawback of using silica fume is the increased water demand and,
therefore, many codes limit the replacement level to around 6% unless the mix contains
high dosage of superplastieiz Although in early days, silica fume was a cheap waste
product, it is now an expensive high performance cement supplement primarily used in

structures exposed to aggressive environments.

A study performed by Khatri and Sirivirathand@8] indicated that the addition of silica
fume to Portland ceméroncrete marginally decreased its workability but significantly
improved itscompressive strengtt all ages. The unique qualities that make silica fume

handy in improving the concrete performance[a83:

I.  Its particle diameter is 100 times finer than that of ordinary Portland cement,

ii. Its spherical shaped particles increase the lubrication effect in the cement,

iii.  Its glassy particles enhance its reactivity with cement, and

iv. Its high amorphous silica content (abc®®%) makes it a superpozzolanic

material.

Early researches on the use of SCMs, such as fly ash and blast furnace slag, in the
Arabian Gulf were carried out at King Fahd University of Petroleum and Minerals. These
studieg[42,43] reveal@ that satisfactory characterization of SCMs is necessary, since all

SCMs did not perform as expected. Following studies were related with the use of silica
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fume, fly ash, and blast furnace slag to increase concrete durability. It was concluded
from the results[44,45] that incorporating these materials to cement can greatly improve
the durability of concrete. It was revealed that from the industrigirbgtucts examined,

silica fume performed better than others.

However, concerns were existed about thealsein of silica fume cement concrete in
magnesium sulfatbearing soil and groundwat¢46,47]. The second concern is the
increased plastic and drying shrinkadesitica fume cement concrete under hot and arid
climates[48,49]. Shekarchi et al[48] studied the longerm chloride diffusion in silica
fume cement concrete in harsh marine envirent. It was noted that partial cement
replacement level, up to 7.5%, with silica fume reduced the coefficient of chloride
diffusion significantly while higher replacement levels slightly decreased the diffusion

coefficient[48].

The use of supplementary cementing materials, such as silica fume, fly ash, blast furnace
slag, and natural pozzolans, has been encouraged by the concrete technologists for their
technical ad economic advantagg$9]. However, the use of supplementary cementing
materials in the hot and humid areas of the world, to achieveptadite strength and
enhance concrete durability, requires special care regarding their water demand, curing
method and duration. Curing is also essential for the pozzolanic cement concretes as
water is required for the pozzolanic reaction. Despite somdsS@quire less water,

others increase their water requirement to give the desired workability. Hence, for a
reasonable comparison of the properties of blended cement concretes, it is essential to
design concrete with same workability. Also, effects ofrumethod and their period on

the performance of blended cement concretes is another concern because unlike OPC
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concrete, these concretes need early and extended curing. The quality of curing water is

another important factor for making durable concriéteoncrete is improperly cured, the

permeability of the surface layer may be increased by more than five times.

The harmful effects and precautionary measures required to be taken, when curing has

been carried out in the hot weather particularly with SCéfe reported and suggested by

several authors including:

Proper curing of concrete becomes more essential under hot weather conditions
with increasing use of SCMs, such as silica fume. Due to high pozzolanic
reactivity of silica fume, the chances of giia and drying shrinkage of such
concrete is also increased if it is inadequately cured. Due to insufficient curing to
silica fume cement concrete, several problems of cracking have been reported
from the field[53,54].

Blended cements aradreasingly utilized to improve concrete durability. Several
research studies carried out at King Fahd University of Petroleum and Minerals
on the use of supplementary cements have indicated the superior performance of
these cements in mitigating reinfoncent corrosior{55i 60]. However, the main
cause of concern for the use of these blended cements, particularly silica fume
cement, has been the need for extended curing and the tendency for the formation
of plastic and drying shrinkage cracks.

Partial cement replacement with GGBFS offers the potential to produce stronger
and more durable concrete in hot climates. The disadvantage of GGBFS concretes
is that they proved to be more sensitive to poor cutiag OPC concrete. In this

case, both their strength and permeability and, hence, their durability, were
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Vi.

seriously impaired. Therefore, special care must be taken when using this type of
concrete, especially on site, where the working conditions and thieadigm of

curing are not as easy to control as in the labor§&&iy

Due to the use of GGBFS in concrete mixes, the hydration process is slower than
the OPC concrete migeand concretes containing GGBFS require more curing
period than OPC concretfs9].

In general, longer periods of initial curing are essential for redes in hot
weather, and especially for those that contain natural pozzolan (a period of more
than seven days is necessd6f)].

The use of fly ash involves greater plastic shrinkage and thémebsases the
vulnerability of the concrete to plastic shrinkage cracking. Hence, when fly ash is
used, extra care should be taken in order to prevent such cracking by protecting
the fresh concrete from drying as soon as possible after being placedishedi

[61].

2.4 Effect of Hot Weather onProperties of Concrete

Most parts of Saudi Arabia aiacluded in the typical environment classified as hot

weather. In these regions, summer day temperature is frequently in exces€.oTH@

humidity is low in the central region of the Kingdom of Saudi Arabia and it varies from

very low to high in the cadal flats within a short span of time. The contrast between

night and the maximum day temperature and humidity is |argetefore, bt weather

not only creates difficulty whileasting, placement, consolidatiomi$hing and curing of

concrete but alsmfluence the fresh and hardened properties of concrete.
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Mouret et al[62] investigated the influence of temperature on the physical and cilemic
properties of hardened concrete. Concrete specimens were cast in summer conditions and
using physical and chemical tests, the reasons for the decrease irdidngs Z8rength of
concrete was found. In their study, scanning electron microscope (SEMpgdhaw
bubbles and calcium hydroxide crystals which indicate the decrease in strength in some
cases. Porosity and water absorption were reported to increase under hot weather while

the degree of hydration was not influenced.

Hale et al.[63] examined the influence of curing temperature on fresh and hardened
properties of plain and supplementary cement concrete. The cementitious materials
included ordinary Portland cement (OPC), 20% fly ash (FA) and 25% blast furnace slag
(BFS). At first, concrete was cured at elevated temperature (mixed 8732 and cured

at 37.7°C for first 12 hours and then cured at 28.3°C in water until testing). Secondly,
concrete was cured in cold weather (mixed and cured at 10°C for first 2 dralitater

on cured at 10°C in water). Third curing regime was standard curing (mixed and cured at
23°C and later also cured in water at 23°C). The results showed that introduction of BFS
and FA slightly decreased and increased slumps, respectively,ngsarea to OPC
concretes. It was noted that setting time decreased with increase in mix temperature of all
mixtures while final setting time of cold weather concretes were about twice of those
mixtures cast at standard temperature. ddmpressive strengibf concrete cast with FA
tended to reduce than OPC concrete mixes wtolmpressive strengtiof GGBFS

containing mixtures increased as compared to OPC concrete mixes at all curing regimes.

Soroka et al.[61] studied the harmful effects of elevated temperatures on the

characteristics of fresh concrete, notably water cement ratio, setting time, raienpf sl
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loss and plastic shrinkage using retarders and fly ash. They concluded that under hot
climatic conditions, the use of Class F fly ash along with Type D admixture is advisable.
This admixture was found to increase the rate of slump, but good for rgduater
requirement and for delaying setting times. Fly ash, on contrary, helps reduce the rate and
degree of slump loss. Both fly ash and retarders prove to raise the vulnerability of fresh

concrete to plastic shrinkage cracking.

Al-Negheimish and AHozamy [64] studied the variation in slump and concrete
temperéure, during transportation of ready mixed concrete (RMC) under the very hot
and dry weather of Riyadh in central Saudi Arabia. A total of 80 delivery trucks were
tested including three plants employing a tratiking method and three plants using a
centra-mixing method. They reported that changes in the characteristics of RMC while
delivery under the hot weather conditions were not much different than those for a milder
summer typical in the migvestern U.S. The results indicated that during deliveryén t
summer period, by an average of 1.1°C of concrete temperature was increased and slump
loss was 37% of its initial value. The-@itu compressive strengttvas slightly higher

than that at the plant and was not significantly changed by long transpotiatgn
According to the authors, as per ACI 305R specifications, the use ofmedterzing and
retarding admixtures as well as limiting concrete temperature and avoiding delivery
during noon hours were shown to be effective in controlling the detrimdfaeiseof hot

weather on the production and delivery of concrete.

Baluch et al.[65] studied the effect of hot weather conditions on mass transport
properties of concrete including convective moisture transfer coeffieied moisture

diffusivity. With the help of experimental and numerical method the adverse effect of

23



different temperatures (35 to 70°C) and wind speed (22 km/h) on moisture loss, moisture
diffusivity, and convective transfer coefficient in concretes wuhitee water to cement
ratios was examined. Based on the results obtained in that study, some invariant
functional forms were postulateduch as moisture loss, free shrinkage, and average
moisture diffusivity. In addition, the results were also used rigenting model for a

minimum crack mix design.

Ahmadi [66] carried out a study on the effect of hot weather on the initial and final
setting time of concrete. The influence of field temperature, relative humidity, wind
velocity, and admixture on setting time @increte was evaluated. It was reported that the
weather conditions affected both the initial and final setting time of concrete. It was
observed that the initial setting time of concrete decreases with the increase in field
temperature and wind velocjtyvhile initial setting time tends to increase with the
increase in relative humidity. Two correlations for predicting the initial and final setting

times of concrete in hot weather were developed.

Mouret et al.[67] conducteda research to determine the influence of aggregate
temperature on the compressive agmlit tensile strengthof plain cement concrete.
Concrete specimens were cast with several aggregate temperatures between 20 to 70°C
and cured uner either laboratory condition (20°C) or dmulated hot climatic condition

(at 35°C). It was noted that both th28-day compressiveand split tensile strengttof
concretewere decreased with an increase in the aggregate temperature by 15 and 17%,
respedwely. The rise in aggregate temperature also tends to increase the water

requirement of the concrete mixture.
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Ait-Aider et al.[68] studied the effect of w/c ratio on tlemmpressive strengtof
concrete under hot climatic conditions. Under normal conditions, an increase in w/c ratio
tends to decrease concrete strength. However, they reported that in hot weather, increase
in water content would not provide the same resiiiis amount of extra water can
provide adequate moisture for the hydratiogaction maintains workability and
compensate simultaneously mixing water lost due to evaporation. This research indicated
that under hot weather conditions, the increase in theatib, up to a certain extent, has

no pronounced effect on the strength of concrete.

Hasnain et al[69] assessed the effect of evaporation of water from fresh concrete in hot
weather conditions of Jeddah, stern Saudi Arabia. The concrete specimens were cast
with surface area of 0rh? while maintaining the casting temperature of about 32°C. The
specimens were cast in the morning, noon or early afternoon time and cured in the field
by shading or in open aifhe results indicated that the maximum rate of evaporation
exceeded the limiting value of 1.0 kd#m for all casting time. Generally, the maximum
evaporation rate occurred in the first hour if concrete is cast in the noon and afternoon
time while the madnum rate of evaporation took place 3 to 5 hours later if the mix is
cast in the morning time. It was further noted that 50% rate of evaporation decreases
when concrete specimens were shaded as compared to those concrete samples which

were kept in open aduring day time.

Ortiz et al.[70] studied the effect of mixing time on workability amdmpressive
strengthof concrete under hot and cold weather environments. The study focused on
variables such as concrete mixing hour and five distinct mixing hours were adopted for

both climatic conditions. The results faompressive strengtshowed that the best
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mechanicalperformance of concrete, under hot weather conditions, took place when
there was a minimum difference between concrete temperature and ambient temperature

i.e. during the later hours of the day.

Kayyali [71] studied the influence of some mixing and placing practices on the strength
of concrete under hot weather conditions. The parameter studied were different methods
of compaction, vibration time, mixing time and delay between mixing aranplaThe
concrete specimens were cast at an average temperature of 32°C and relative humidity of
20% using ordinary Portland cement. It was found that prolonging mixing time and
delaying casting up to 40 min increases the concrete strength of about 238atwi
significant loss in workability, provided that curing is done properly. It was also noted
that vibration time should be kept to about 10 sec for achieving higher strength. The
author concluded that if such effects are considered while castinglikelis that no

special measures are needed to reduce the temperature of the fresh concrete mix.

Alshamsi et al[72] investigated the influence of mixing @tion and season of casting

on the drying shrinkage of normal strength concrete. The concrete mixtures were
prepared and tested in outdoor condition ofA# city (interior region in the UAE).

Each mix was cast twice, once in the summer and once in tierwi he specimens were
cast, cured and kept in the field condition. All the specimens were kept in natural
environmental condition after curing for three days. Drying Shrinkage was then
immediately measured. The influence of mixing duration was alsontietd by casting
concrete specimens at ,280 and 60 minutes from the beginning of mixing. The

cementing materials used were OPC and OPC plus silica fume. The authors reported that
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drying shrinkage has great effect on season of casting. However, thierdofamixing

did not influence the drying shrinkage of both OPC and silica fume cement concretes.

Almusallam et al[73] investigated the combined effect of mix proportions, i.e. water to
cement ratio and cement content, on plastic shrinkage cracking of concrete in hot
environments by measuring the water evaporation, bleeding rate, and time and intensity
of cracks. The authors reported that cement content and-eeemt ratio greatly
influence the plastic shrinkage of concrete. Further-plelstic concrete mixes creed

after the leasstiff concrete mixes. The intensity of cracks in the former was found to be
more than that in the latter. It was indicated that plastic shrinkage cracking appeared
when the evaporation rate was in the range of 0.2 to 0.74y/as comast to a value of

1 kg/nf-h recommended by the ACI 305. The rate of evaporation and bleeding was
reported to be lowest in a leatiff concrete mix prepared with a cement content of 300
kg/m® and a water to cement ratio of 0.40, showing that this mix ositipn can be

effectively considered to minimize plastic shrinkage cracking in hot weather.

Al-Amoudi et al.[49] studied the performana# plain (OPC) and certain supplementary
cementing material like 7.5% silica fume (SF), 30% fly ash (FA) and 10% very fine fly
ash (VFFA) by conductingompressive strengtand pulse velocitytests after exposing
the concrete specimens to sulfate sohgiand moisture and thermal variations. A
constant workability of 7% 100 mm slump in concrete mixtures were maintained. The
compressive strengtbf SF, FA and VFFA cement concretes was greater than that of
OPC concrete. Further, maximwuompressivestrengthwas observed in VFFA and FA
cement concrete. Theompressive strengthf OPC and all blended cement concretes,

exposed to thermal variation (70 to 25°C), increased with an increase in the number of
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thermal cycles. On contrary, the pulse velocigcrgased with the number of thermal
cycles. The influence of curing condition, specifically water ponding and application of
curing compound, was also determined. It was recorded that the water demand of FA and
VFFA cement concretes was less than that &COand SF cement concrete. This
reduction has resulted in better strength and durability of FA and VFFA cement

concretes.

Almusallam et al[74] examined the effect of different environmental exposure at the
casting period orthe characteristics of fresh and hardened concrete specimens. The
specimens were exposed to temperature (30 and 45°C), relative humidity (25, 50 and
90%) and wind velocity (0 and 15 km/h). The specimens were kept in the exposure
chamber for 6 h after 24 the samples were taken out from the chamber and kept in the
field condition. Further, the specimens were covered with wet burlamstiqpkheet for

curing up to 28days. The results indicated that the increase in temperature and wind
velocity and decrese in humidity caused increase in evaporation rate and shrinkage
strain. Also, plastic shrinkage cracks were appeared earlier at low humidity and elevated
temperature exposure of concrete specimen compared to those exposed to high humidity
and low temperaire. Likewise, cracking was noted earlier in windy conditions than those
exposed to no wind concrete specimens. Furtloenpressive strengtind pulse velocity
decreased in elevated temperature exposure and these values were higher in concrete

specimensast at 30°C than 45°C.

Wang et al.[75] investigated the behavior of membrane curing and observed that the
performance of such curing chiefly depends on its application time. The authors

suggested applying the curing compounds at the earliessibb® time after placing
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concrete. The results indicated that among the curing compounds tested, effectiveness of
type of curing compound in increasing order were whssed type followed by solvent

based and then chlorinated rubber.

Al-Amoudi et al.[46] investigated the exposure of hot weather conditions on the plastic
shrinkage of concrete specimens made with plain and silica fume (of different types and
dosages) cement concrete. Silica fume was obtained from five sources, one of which was
undensified and remaining four types of silica fume were densified. Dosages of silica
fume used by weight of cement were 5, 7.5 and 10%. Maximum plastic shrinkage was
reported in the concrete specimens cast with undensified silica fume at all dosage of silica
fume. Plastic shrinkage strain in all types and dosages of silica fume concrete samples

were greater than those in plain cement concrete samples.

Fattuhi and AlKhaiat [28] exposed concrete specimens to natural environmental
conditions in Kuwait and conducted a letggm analysis on the drying shrinkage. 52
concrete mixes were cast and the specimens werasedxpo field condition after 28ays

of laboratory curing (water or air cag). Parameters studied includater to cement

ratio, type of cement, type of pozzolaniaterial, type and dosage of admixture, curing
duration, and type of curing aid and special coating. The normal and high range water
reducers and retarders were used as admixtures. Drying shrinkage results were recorded
up to 726 days of age. The authorserved that no particular admixture had adverse
effect on the drying shrinkage of concrethile effect of dosages of admixture requires
further investigation. Moreovethe addition of silica fumély ash or white cement in the

concrete mix caused reduction in the drying shrinkage. It was also concluded that in
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lowering the drying shrinkage, some of the curing compounds/aids and special coatings

utilized were more useful than others.

MA Bao-guo etal. [76] measured the drying shrinkage property of cemgntnaterials

like 100% OPC or 5 and 10% SiliGmme (SF) or 1@&nd 30% fly ash (FA), at varying
w/b ratios (such as 0.8,4, 0.5 or 0.6), under constant temperature of 20°C and humidity
ranging from 50 to 100%, after 2Bys of water curing to prism specimens. The results
indicated that at lower w/bratio and relative humidity, drying shrinkage of mortar
specimens deeases. The inclusion @F, under higher humidity, reduces the drying
shrinkage due to more refined pore structure of mortar $#hThe addition ofFA,
under different environmental editions, increases the drying shrinkage due to increase

in porosity of mortar withFA.

Al-Amoudi et al.[77] measured plastic shrinkage of plain and silica fume oéeme
concrete and monitored the effect of different Superplastgaed silica fume. The type

of superplasttizers includes polycarboxylidreer (PCB, modified Ignosulfate Polymer
(MLP), sulfonated naphthalene polyme(SNP) and sulfonated naphthalene
formaldehydg(SNF). Silica fume used were procured from three producers from which,
one type was undensified and other two were densified. The concrete slab specimens with
a constant slump were cast and cured in an exposure charnee¥the emperature,
relative humidity and wind velocity were maintained at 45 + 2°C, 35 £+ 5%, and 15 + 2
km/h, respectively. It was noted that resistance to plastic shrinkage cracking improves in
silica fume concrete with the use of Superplasticizer. The reslsits showed that
undensified silica fume concrete attained the highest plastic shrinkage strain for all types

of Superplasticizers useathile plain cement concrete developed lowest strain.
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Al-Amoudi et al.[78] evaluated the influence of specimen dimensions and curing regime
on shrinkage and mechanical propertms plain cement and silica fume concrete
specimens prepared and cured outdoor under hot weather conditions. Results indicated
that the plastic shrinkage strain in the silica fume concrete specimens was 70% (on
average) greater than that in plain cememicoete specimens. Drying shrinkage in silica
fume concrete specimens were also more than those in plain cement concrete specimens.
Further, plastic and drying shrinkage in both plain and silica fume cement concrete
specimens cured by covering with wet lapriwas found greater than those cured by
continuous water ponding. Tleempressiveand split tensile strengttand pulse velocity

were measured up to 180 days and found to increase with age. These values were more in
silica fume cement concrete specimens@sapared to plain cement concrete specimens.
Also, these values in specimens cured by water ponding were greater than those concrete
specimens cured by wet burlap. The authors suggested that cracking of concrete due to
plastic and drying shrinkage can peevented by selecting good quality silica fume and

curing regimegespeciallyunder hot weather.

Alsayed[3] studied the effect of different curing regimes on the properties of concrete
exposed to adverse climatic conditions of Riyadh. The curing methods include, covering
with burlap and sprayg watertwice a day (method ¥, no covering with sprinkig

water twice a day (method2§ covering with imparious polythene sheet (method #3)
and air curing (method4#. The properties of concrete measured by the experiments
include compressive strengthmoduus of elasticity, porosity, water absorption and
shrinkage. The results indicated thampressive strengtlivas highest in concrete

speimens cured by curing method #ollowed by #2, #3 and #4. Water absorption was
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noted maximum in concrete specimenseduby curing method #4 followed by #31 #
and then &. Shrinkage was measured maximum in concreteirsgas cured by curing
method # which was followed by method3##1 and then #2. It was concluded that for
strength and durability improvemeimtermittent wet curing methods are batin severe
climatic conditions,whereasfor shrinkage reductignneither the dry methods nor

intermittent wet curing are suitable techniques.

Sawan [60] compared the results of ordinary Portland cement (OPC) and natural
pozzolan (NP) mortars cured under hot and normal conditions by measuring strength and
shrinkage. The results showed that OPC mortar specimens gained d¢ogimessive
strengththan NP maars, under hot weather conditions. Under hot weather, strength
development rate was noted higher in early ages as compared to normally cured mortars.
However, the strength of hot weather specimens declined at latewagesstrength
development of norntly cured specimens remained unaffected. Shrinkage results
indicated that normally cured OPC samples have higher shrinkage than NP. However,
under hot weather, NP specimens showed higher shrinkage values than OPC at early age

but later, at the age of oneayr, all specimens reached about equal values.

Maslehuddin et al[79] carried out a study to investigate the influence of curing method
on plastic and drying shrinkage avell as rate of reinforcement corrosion on plain and
silica fume cement concretes. Ttmncrete specimens were curgtler wetburlap or by

the application of one of the curing compounslsch as water acrylic, bitumenbased

or coal tar epoxy. It wagoncludedthat plastic shrinkage strain in concrete specimens
cured by covering with a plastic sheet was more than those cured by applying a curing

compound. The concrete specimens cured by bitdmasad curing compound showed
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minimum plastic shrinkage sin. Also, the drying shrinkage strain in the concrete
samples cured under wet burlap was greater than those curegpbyng a curing
compounds. The least drying shrinkage was recorded in concrete specimen cured by
application of coal tar epoxy coatinjhe authors also reported that 3 days of curing
under wet burlap before applying a curing compound was essential for OPC concrete
while silica fume cement concrete required 7 days of wet burlap curing from durability

perspective.

Al-Gahtani[7] studied the effect of curing conditions by measuring plastic shrinkage,
drying shrinkagecompressive strengtand pulse velocity of plain and blended cement
concretes. The conceespecimens were cast with 100% Type |, 10% very fine fly ash
(VFFA), 7% silica fume (SF) and 30% fly ash (FA). The specimens were cured by
covering with wet burlap or applying one thfe two curing compounds, namelater

and acryliebased. It was noted that specimen cured by wet burlap achieved more strength
than those cured by curing compoundsile minimum plastic and drying shrinkage
occurred in compound cured concrete specimens as compared to burlap andheasti
curing. Compressive strengtéind pulse velocity of SF, VFFA and FA cement concretes
was greater than that of OPC concrete by any means of curing and these values were,
generally, highest in SF cement concrete specimens followed by FA, VFFA and OPC.
Plastic shrinkage strain in all blended cement concretes specimens cured by any method

was, generally, lower than that in OPC concrete specimens.

Whitting et al.[80] investigated the effedf cracking tendency and drying shrinkage of
plain (OPC) and silica fume (SF) cement concretes utilized for bridge decks. It was noted

that the capability of concrete to crack was significantly affected by the incorporation of
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SF only when concrete wasadequately cured. At seven days of continuous moist
curing of SFcementconcrete, the early age cracking was not much affected. Although
the longterm shrinkage in both the OPC and SF concretes were approximately identical
but at early ages, SF cement cate exhibited slightly higher shrinkage than OPC
concrete. The authors suggested that specifications for the use of SF concretes in bridge
deck construction should add a condition fata¥s of moist curing of exposed concretes

without interruption.

Al-Gahtani et al[1] adopted factorial experimental design to investigate the combined
effects of: (a) water to cement ratio, (b) total aggregate to cement ratio, (c) fine to total
aggregate ratio, and (dpthweather conditions in terms of concrete mixture temperature
(26, 35, 38, 41 or 44€) at placement and curing conditions (laboratory or field) on
workability andcompressive strengtiThe ingredients used in concrete were heated in
sun before mixing anduitable quantity of additional water were mixed to compensate
the loss of water from the mixture due to evaporation caused by mixing in hot weather
condition. It was reported that decreasing the concrete mixture temperature at placement
only, as specifiedn the codes of practice, does not completely alleviate the detrimental
effect of hot weather onompressive strengtand therefore, it is essential to carry out
proper curing of concrete in hot weather. It was observed ctirapressive strength
decreaseswith increase in casting temperature.)(and can be calculated by the

following equation:

Y p&1Y t®b; for35AC.00 4B AC
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Abbasi et al.[81] investigated the influence of hot weather sirength of reinforced
concrete beams. They prepared 52 reinforced concrete beams and cured them under hot
weather environment at different temperatures. The experimental results indicated that
despite the necessary cares are taken during their prepartt® strength of the
reinforced concrete beams cast and cured under hot weather could be decreased by

approximately 25% when the concrete mixture temperature approaches to about 45°C.

Abbasi and AlTayyib [82] studied the effect of hot weather on the flexure sgpid

tensile strengtlof concrete prepared at differtetemperatures (between 24 to 45°C) and
moist cured under hot weather conditions. The results indicate thagplihgensile
strengthand the modulus of rupture of concrete cast and cured in hot environment are
decreased with increase in casting tempeeatlt was reported that even if the required
compressive strengtbf concrete in hot weather conditions is achieved, the splitting
tensile strength and modulus of rupture of concrete could be reduced by 11 and 22%,

respectively.

Abbasi and Tayyilp83] presented the experimental results of pulse velocity and modulus
of elasticity of concrete cast andred under various laboratory and hot weather
conditions. The normal temperature specimens were cast and cured in laboratory by
water ponding or wet burlapvhile hot weather specimens were prepared after heating
them in oven or in sun to get the concrete mix temperature in the range of 24 to 47°C and
then moist or wetburlap cured in the fieldThe resultsndicated that due to the adverse
effect of atmosphericonditions of hot weather, both tipelse velocityand modulus of
elasticity of concrete specimens were significantly decreased with increase in casting

temperature of concrete mixture. The authors reported that the modulus of elasticity of
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concrete speciens could be reduced by approximately 17.5%, even if the concrete
mixture is so proportioned as to produce the dessogdpressive strengtfor concrete

cast and cured under hot weather.

Cebeci[84] studied the influence ofoncurrentlychanges in the curing and mixing
temperature (17 and 37°C) in conjunction with the relative humidity of the curing media
(saturation, 75 and 33%) on strength gain in concrete specimens (up to one year). The
results showed that the decrease in humidity of the curing condition, instead of th
increase in mix temperature, is the important parameter influencing the strength
development. Thecompressive strengtlof the concrete specimens placed in low
humidity was decreased by 30 to 46% contrast to water cured concrete. Despite this,
when all wee placed in low humidity, the warm concrete specimens achieved greater
strength than the cool ones. Under outdoor curing environment, the result of temperature
variation among the specimens cast and placed under direct sunlight and those protected

in theshade was not as adverse as the effect of inadequate curing conditions.

Price[85] carried out two sorts of experiments to investigate the effect of temperature at
the casting time and during curing, on the strength of concrete. In the first case, concrete
was cast and cured aheral constant temperatures in the range of 5 t€ 4bhe results
indicated that concrete cast and cured at higher temperature produced the higlagst 28
strength. In the other type of experiment, concrete was cast and placed for two hours at
severaltemperatures in the range of 5 to @éand then cured at 2T for 28days. Such
examination produced completely different result as the concrete cast at higher

temperature but cured normally developed the lowesta38strength.
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Klieger [86] observed a reducth in the concrete strength of about 15% atCAhs
compared to that produced at 23 In this research, concrete was made of different kinds

of ordinary Portland cement and was mixed, placed and cured at several temperatures in
the range of4 to 49C. The results showed that strength increased with an increase in the
initial curing temperatures for the comparatively early age of 1, 3, and 7 days but

decreased at later ages.

Saricimen et al[87] conducted a study to evaluate the influence of field and laboratory
curing on the durability perfarance of plain and pozzolanic concrete in the Eastern
province of Saudi Arabia. The concrete specimens were cast using different types of
cements and fly ashes and various mix proportions. The specimens were cured outdoor
and in laboratory conditions. Byeasuring the volume of voids and absorption tests, the
permeability of concrete was determined. The authors reported that to produce the least
permeable concrete for both the plain and pozzolanic concretes, continuous water curing
is better. It was obserdethat regardless of the curing method adopted, permeability of
the fly ash concrete samples were lower than plain cement concretes for an early test age
of seven days during curing. The initial surface absorption of laboratory cured fly ash
concrete speniens were lower than control concretes after 90 days of curing for all fly

ash replacement (10 to 40%) and cement contents (275 to 45%) kelired.

Tan and Gjorv[88] investigated the influence of curing conditions on strength and
permeability of plain and silica fume cement concrete. The varying parameters studied
were w/c ratios, cement contents, curingpenatures and duration of curing in water and

in air. The results indicated that utilizing the silica fume in the mix increases the concrete
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compressive strengtbf about 30% but it was noted that silica fume is less sensitive to
early drying compared tolggan cement concrete. Curing temperature greatly influenced
thecompressive strengthf concrete specimens while resistance to water penetration was
not affected by elevated curing temperature. Further, silica fume showed more resistance

to water penetratn as compared to plain cement concrete.

Austin et al.[58] investigated the effect of strength development and permeability of
ordinary Portland cement (OPC) and ground glatied blast furnace slag (GGBFS)
concrete exposed in controlled environment where temperature were maintained between
5 and 35°C and relative humidity between 20 and 80%. Tieeteof curing methods,
namelywet burlap, polythene sheets, curing membrane, air curing and water curing were
examined. Also, authors investigated the effect of differentgpeéages of GGBFS,
specifically 30, 50 and 70% used as cement replacement. In all cases, the GGBFS
concrete spgmens that were initially cured under wet burlap for 7 days achieved the
greatercompressive strengthnd pulse velcity at all test ages up to 2ys than OPC
concrete specimenshile air cured concrete specimens had lowest strength and pulse
velocity. The specimens tested for water absorption and initial surface absorption tests
performed best by membrane curing followed by wet burlap, polythene and air, @aring
decreasing ordefThe concrete specimens cast by OPC performed better in temperate
climatic conditiongswhereas GGBFS concretes were effective in hot weather condition. It
was also noted that concrete specimens with 50% cement replacement of GGBFS showed

better results in strength and durability with different curing methods.

Shariqg et al[59] carried out experimental investigation to study the effecfltodisonic

pulse velocityon plain and GGBFS (20, 40 or 60% constitution) cement etsciihe
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UPV was measured at different ages up to 180 days on prism specimens which were
cured in wagr tank for 28days and then kept at room temperature until 180 days of
testing The research demonstrated that OPC concrete specimens attained more pulse
velocity than GGBFS containing specimens at all percentage level and at all ages. It was
noted that 8 day UPV of OPC concrete has been achieved withithe§8 by the GGBFS
concretewith cement compensation of 20 and 40% but 60% GGBFS concrete did not
attained such UPV even in 1&R&ys. The authors established a relationship between
compressive strengtind UPV which can be utilized to find the strength of concrete for

all levels ofpercentage replacement of GGBFS in concrete and at any age.

Kefeng Tan and Nichol89] investigated the strength development of concrete at normal
and elevated curing temperature. After casting, the normal cured specimens were kept in
water tank at 20°QGwhile the elevated cured specimens were kept in oven at 65°C for 16

h andthen placed in same water tank, until testing up ta&®@. The results indicated

that under elevated curing, later strength of concrete specimens reduces significantly as
compared to normal cured ones. It was also noted that inclusion of blended déments
silica fume, fly ash and blast furnace slag or lowering the w/c ratio mitigate this adverse
effect of strength reduction. Among the supplementary cements, silica fume is the most
effective means to reduce the later strength reduction. The authatadsxhfrom SEM
analysis that it is the uneven distribution of hydration products caused by elevated curing

temperature that tends to the reduction in later strength development of concrete.

Al-Amoudi et al. [11] investigated the influence of hot weather on the strength
development of plain and blended cement mortars. The specinersprepared with

ordinary Portland cement, 20% fly asi9% silica time, and 70% blast furnace slaigh
39



w/cm ratio of 0.3 or 0.4. After casting, the specimens were exposed to 25, 40, 55 and
70°C. The results indicated that tb@mpressive strengtat early age increases in both

the plain and blended cement mortars cast widm ratio of 0.3 or 0.4, under elevated
curing temperature. However, the lotgrm strength largely depends on m/gatio

under elevated temperature exposure. The mortar spesimade with wfa ratio of

0.40 reduced theompressive strengtivhile the behavior of specimens made withw/c

ratio of 0.3 was opposite.

Shoukry et al[90] investigated the development of mechanical properties of concrete
cured under different environmental condition. Thegerature was varied fror20 to
+50°C and relative humidity between 40 and 60% in an environmental chamber. The
results indicated thabmpressive strengtlplit tensile strengtland modulus of elasticity

of concrete were degraded by higher temperatuwiléhamidity and were inversely related

to environmental conditions.

Al-Amoudi[19] reported that the concrete permeability is significantly reduced for a w/c
ratio below 0.45The author suggestdtiat the w/c ratio should be less than 0.45, and
preferably around 0.40, to obtain good durability of conciatenormal exposure
conditions.However, siitable dosage of admixtures may be added to obtain the desired
workability at this w/c ratioFurther,ACI 318 and BS 8110 have imposed similar limits

on the concrete structures exposed to aggressive environments.

Al-Amoudi et al.[91] developed correlation amongpmpressive strengtnd some
durablity indices. In this researclopmpressive strengthvater permeability and chloride

diffusion coefficient after 28lays of moist curing were tested on plain, 7.5% silica fume
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(SF)or 20% fly ash (FA) cement concrete samples prepared for a range of tement
materials content (300, 350 or 400 kdyrand water to binder ratio (0.35, 0.40, 0.45 or
0.5 by mass). Theompressive strengtlof all types of cementing matersalvere
decreased with increase in w/cm ratio. Tighest and lowestompressive strettly was
observed, respectively iBF and FA cement concrete specimens afterd2§ moist
curing. It was noted that the depth of water penetration also increased with increasing
w/cm ratio. At same w/cm ratio and cementitious materials contentlotiest awl
highestdepth of water penetration waseasuredn SF andOPC concretesrespectively

Both compressive strengthand water permeability improved with increase in

cementitious material content.

Demirboga et al]92] developed a relationship amomngfrasonic pulse velocity and
compressive strengtfor mineral admiture concrete. They performedéirasound test to
evaluate theompressive séngthof concretes. The cementing materials used were 100%
ordinary Portland cement (OPQyhile Fly ash (FA) and blast furnace slag (BFS)
replacement were 50, &0 70%. All concrete specimens were prepared with same w/cm
ratio of 0.35 and moist cured up 120days. The results showed that at an early age of
curing, both UPV andompressive strengtht all levels of blended cement concretes
were verylow as compared to OPC concrekléowever, with increase in curing period,

both properties of concrete increased. It was also noted that concrete specimens with 50%
replacement of FA and BFS performed best and compressive and UPV values reduced
with increase in level of replacement. Mover, BFS concrete specimens attained more

strength and pulse velocity than FA concretes at all test ages. The authors also reported

41



that the relationship between UPV amminpressive strengtias exponential for both FA

and BFS concretes.

Elsayed [93] experimentally studied the influence of mineral admixture on water
permeability andcompressive strengtbf concreteThe variable parameters studied were
100% ordinary Portland ceme(®PC) and replacement of blended cement in QRE

50% ground granuletl blast furnace slag (GGBES) 100r 15% of silica fume (SF) and

fly ash (FA) while Superpozz (SPyas10, 200r 30%. The cube specimens were cast

with w/cm ratio of 0.4 and testeat the age of 28ay. The results indicated that with
increase in cement replacement level in FA and SP concrete, the concrete properties
decreases. The optimum replacement at which SF, FA and SP concrete performed best
was 10 20 and 186, respectivelywhich resulted inhigh compressive strengtnd low

water penetration. It was noted that highesinpressive strengtivas given by SF
concretes followed by GGBFS, SP, OPC and then FA. Howesader penetration depth

in SF, SP and FA concrete were significantly lower than GGBFS and OPC concrete.

Najimi et al. [94] investigated the effect of natural pozzolan on Portland cement.
Concrete mixtures wit25% replacement of cement with natural pozzolan were studied.
The blended and control mixes were tested for mechanical and durability properties.
Compressive strengthbf specimens after 180 days wamgislly decreased (i.dess than

5%). The specimens thi pozzolan had slightly enhanced the modulus of elasticity and
decreased chloride ion permeability, but did not perform well in freeze and thaw and
sulphate expansion tests when compared to control specimen. Due to the lower content of
amorphous silica imatural pozzolan, it was also found that the hydration rate was slow.

Therefore, the best properties were obtained after 90 and 180 days of curing.
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The review of literature, cited above, disclds$leat most of the studies conducted so far
concentrated omhe effect of hot weather on the mechanical properties, especially the
compressive strengtlFew studies have been conducted on the effect of hot weather on
plastic and drying shrinkage cracking. However, none of the studies have concentrated on
the effectof hot weather on the durability of concrete. Further, the performance of
blended cement concretes prepared with supplementary cementing materials, such as fly

ash, silica fume, blast furnace slag, etc., has not been very well addressed.

With the increasg® usage of blended cement concrete and different curing practices
throughout the world including the Arabian Gulf, the effect of hot weather conditions on
their strength, shrinkage, and durability characteristics needs to be studied in order to

minimize danage due to hot weather and update the prevailing codes of practices.
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CHAPTER 3

RESEARCH METHODOLOGY

This research focused on the evaluation of the effect of casting temperature and curing
regime on the mechanical propertidarability andshrinkagechaacteristics of plain and
blended cement concretes (such as fly ash, Superpozz, silieabast furnace slagnd

natural pozzolan)Plain and blended cement concrete specimens were cast at various
temperatures (25, 32, 3845 C) normally experienceih the Arabian Gulf and cured by

the application of a curing compound, covering with wet burlap and water ponding. To
achieve the objective of this proposed work, the following phases were followed. First
phase was to procure the concrete ingredients lenddcessary equipment from abroad
and/or from local suppliers in Saudi Arabia. In the second phase, preparation and curing
of specimens were carried out and in the third phase, testing of specimens was done to
ascertain the mechanical, shrinkage and dlisalproperties. In this chapter, all these
three phases were discussed thoroughly. The data develop&isitudly were utilized to
recommend optimuntastingtemperature and beneficial curing regime for plain and

blended cement concretes.

3.1 Materials

3.1.1 Cementitious Materials

Ordinary Portland cement (OPC) conforming to ASTM C 150 Type | with a specific
gravity of 3.15 was usealone as well am all the concrie mixtures. For blended cement

concretes 10% Superpozz® or very fine fly ash (VFFA),9%80ly ash (FA), 7% silica
44



fume (SF), 70% ground granulated blast furnace slag (GGBFS) and 20% natural
pozzolan (NP) were used as replacements of Portland cefarie 31 shows the

chemical composition of the Portland cement and blending materials.

Table 31: Chemical Composition of Type | and Blending Materials.

Constituent

Weight (%) OPC | VFFA FA SF GGBFS NP
CaO 64.35| 4.4 10.0 0.48 44.0 7.44
SiO, 22 53.5 52.3 925 27.7 40.23
Al,O3 5.64 34.3 25.2 0.72 12.8 14,51
FeOs 3.8 3.6 4.6 0.96 1.20 17.98
K20 0.36 - 0.10 0.84 0.10 0.89
MgO 2.11 1.0 2.20 1.78 8.80 8.3
NaO 0.19 - 0.10 0.5 0.40 3.6

Equivalentalkalis

(NaO +0.658K0) | 042 | - ] ] : ]
Loss on ignition 0.7 - - 1.55 - 1.6
CsS 55 - - - - -
C.S 19 - - - - -
CsA 10 - - - - -
CJAF 7 - - - - -

3.1.2 Aggregates

The coarse aggregates and sand used in this study were taken from local quarries. The
coarse aggregatesed were crushed limestone procured from Riyadh Road region. The
fine aggregate was dune sand. The specific gravity and absorption of the coarse and fine
aggregates are shown ifable 32. The grading of coarse aggregates was selected
conforming to ASTM C 33 (Size No. 57) is shownTiable 33. However, the coarse to

fine aggregate ratio of 1.8 by mass kept constant in all the mixtures. Fudkets|ep

water was used for casting and curing all the concrete specimens.
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Table 32: Absorption and Specific Gravity of the Coarse and Fine Aggregates.

. Bulk Specific
0,
Aggregate Absorption (%) Gravity
Coarse Aggregate 11 2.6
Fine Aggregate 0.6 2.56

Table 33: Grading of CoarseAggregates.

Size % Retained Cumulqtive Cumulat?ve ASTM C 33
(mm) % Retained % Passing | (No. 57 Size)
19 0 0 100 100
12.5 70 70 30 2571 60
4.75 25 95 5 0T 10
2.36 5 100 0 0i 5

Note: For the preparation ;laband prismspecimenghaving some narrow dimensions)
aggregate size of 4.75 and 2.36 mm were used 70 and 30%, respgesativetysatisfied
the recommendations of ACI Committee 318 and ASTM CGegardingmaximum size

of coarse aggregate and gradofgggregaterespectivel.

3.1.3 Superplasticizer

Varying dosage of superplasticizer (Sikament® NN, which complies with ASTM C 494,
Type F) was used to obtain a slump of 100 + 25 mm for all the mixiaftes conducting

trial mixes in the field conditions
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3.2 Concrete Mixture Variables

Two series of concrete specimens were prepared as detailed below:

Series I; Plain Cement Concrete

1 Cement: ASTM C 150 Type |
1 Water to cement (w/c) ratio: 0.3, 0.4 and 0.45 (by mass)

f Cement content: 350 kgfm

Series II: Blended @mentConcrete

1 Cementitious materiaASTM C 618 fly ash (30%), very fine fly ash (10%), silica
fume (79, blast furnace slag (70%) amdtural pazolan (20%,) by weight of

cement
1 Water to cementitious materials (w/cm) ratio: 0.40 (by mass)

f Cementitious materialsontent: 350 kg/rh

3.3 Casting Temperature

The concrete mixtures were cast at each of the following temperaased ortherange
of ambient temperaturegcordedin Saudi Arabiaand taken into account the limit of

fresh concrete temperatures specifigdh®e local and international codes
i. 25C
i. 32C
ii. 38C

iv. 45C.
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3.4 Preparation of Concrete Specimens

The concrete mixtures were prepared outside the laboratory in hot weather. Based on the
results of several trial mixes; to achieve the required mix temperaftl2® and 32C,

varying amount of crushed ice was used in mixing water and ensured that all ice had
melted at the time of mixing while to target the mix temperature of 38 ar(d, 4be
aggregates andand were prbeated in the sun before casting for different durations
and/or boiled watewas used. For fair comparisons of the properties of fresh and
hardened concrete, due to the variation in environmental conditions, all concrete mixes

were cast durig the summer between 9:00 am to 12:00 noon.

A total of 32 concrete mixtures were prepared. The volume of each mix was about 0.168
m>. The concrete constituents were weighed in required proportions and mixed in an
electrically rotating drum type concreteixer of 1.7 ni capacity in accordance with

ASTM C 192.

The ingredients were put in the mixer in the following sequence: First the aggregates and
sand were placed in the mixer then cement and/or supplementary cementing materials
were added. The superplaster was added to the mix water and thoroughly stirred to a
uniform colour. Some amount of mixing water was added and mixing continued for about

3 min. Thereafter, the remaining mixing water was added and mixing continued for
another 5 to 8 min until themix became uniform. After mixing, the temperature of the
concrete mixture was recorded by placing a digital thermonfateuracy of +0.3°C).

For all the mixes, the average ambient temperature was about 38°C at the time of casting

while the minimum and ma@mum temperature recorded were 35 and 42°C, respectively.
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Further, the slump was measured in accordance with the provisions of ASTM C 143 and
then the mix was poured in the molds in two layers and concrete was consolidated using a
table vibrator till a tn sheen formed a water layer that appeared on the surface of the
specimen, to eliminate the entrapped air. The concrete surface was levelled in one
direction by trowel. After finishing, concrete specimens were placed in the ambient
summer conditiongor 24 hours by covering with a plastic sheBtgure 31 shows

measurement of concrete mix temperature and conducting slump test prior to casting.

(c

Figure 3.1: Preparation of Specimens: (a), (b)Recording Concrete Casting
Temperature and (c) Slump Measurement
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3.5 Curing

N

After 24 hours of curing in the molds in

demolded and categorized into three groups under the following three curing conditions:

I.  Submerged in the saturated calcium hydroxide solution under the laboratory
environment (22t 3 C). This type of curingvasc onsi der ed as t he
curing regime in order to assess the impact of hot weather conditions on the
various parameters to be investigated in this study.

ii. Covered with wet burlap. This "Standard" type of curing represents the normal
practice by theconstruction industry whereby the concretas covered with
burlap wetted by water twice daily, in the open atmosphere.

iii.  Applying a selected curing compound. This "Special" type of curing is nowadays
practiced in several remote projects due to the sgastivvater. In this study, the
curing compound used was AntiseEL0 (a liquid, paraffin based) and applied to
newly laid concrete surfaces after %2 hour of casting and applied to all surfaces
after demoulding using hand spray gun with a coverage rateoaf aml6- 0.19
kg/m as per the manufacturerds requireme

were remained place in the open atmosphere till the time of testing.

The sibmerged and burlap covered specimeasetaken out after 14 days of curing and
then they wereremaired place in the laboratorgndfield conditiors, respectively. After

the specified curing period, the required number of concrete specinezagollected

from the above three curing regimes in order to prepare them for the testing program.

Figure 32 shows concrete specimens placed utigethree curing regnes.
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Figure 3.2: Exposure of Concrete Specimensinder Three Curing Regimes:(a) Water
Ponding in Lab, (b) Covering with Wet Burlap in Field and (c) Applying Curing
Compound in Field.
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3.6 Evaluation of Properties
The effect of casting temperatyiring regimeand/or w/c ratioon plain and blended

cement concrete weessesselly the following properties of concrete:

I.  Compressive strength
ii.  Split tensile strength
iii.  Pulse velocity;
iv.  Depth of watepenetration
v. Plastic shrinkagstrain and

vi.  Drying shrinkagestrain

The summary of the experimental program is shown by a flow chiigime 33.

52



Riyadh Road Aggregate &
Dune Sand

Cementiious Materiak Content
= 350kg/m®

w/c Ratio
=0.3,0.4 &0.45

w/cm Ratio
=04

Casting Temperature
=25, 32, 38 &45°C

OPC + 10% Very Fine Fly Ash

OPC + 30% Fly Ash

OPC + 7% Silica Fume

OPC +70% Ground Granulated Blast Furnace Slag
OPC +20% Natural Pozzolan

U 100% Type ICement

[ et en-EN et et et

i Water Compound Curing
U Wet Burlap Curing

U Moist Curing
G Air Curing

i Compressive Strength (on Compound, Burlap & Moist cured Cubes)
U Split TensileStrength (on Compound, Burlap & Moist cureglylinderg
U Pulse Velocity (on Compound, Burlap & Moist cured Cubes)
U Depth ofWater Penetration (on Compound, Burlap & Moist cured Cubes)
U Plastic Shrinkage Strain (on Compound Air cured Slabs)

U Drying ShrinkageStrain (on Compound & Bdap cured Prisig)

Figure 3.3: Flow Chart of the Experimental Program.
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Details of the test properties, testing procedures, specimen type and size and testing

durations arsummarized in the following table:

Table 34: Detail of the Experimental Program.

Property Procedure | SpecimenSize | Test Duration | No. of Specimens
Compressive| ASTM C 3,7,28,90 and
strength 39 100 mm Cube 180 days 9 x 5x 32 =1440
. . 75 mm diameter
spittensie | ASTMC | and150mm | 3728 90a0d g, 55 35 = 1440
J high Cylinder y
Tested on
Puls_e ASTM C 100 mm Cube 3,7,28,90 and Compressive
velocity 597 180 days
strengthsamples
Depth of
water DIN 1048 | 150 mm Cube 28 days 9x32=288
penetration
Plastic Non Immediately
shrinkage standard 500 x 500 x°25 after casting for 2x32=64
) mm Slab
strain procedure 24 hrs.
Drying 3, 10, 38, 73,
shrinkage | ASTMC | 25X25X275 | 441 "159'and | 6x32=192
. 157 mm Prism
strain 185days
Total = 3424

3.61 Compressive &ength

Compressive strengtbf a material is that value of the uniaxial compressive stress
reached when the material fails completely. Strength test results of cubes can be used for

controlling the quality of structural elemen@ompressive strengthias calculated from
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the failureload divided by the crossectional area resisting the load and specified in
mega Pascal@MPa). Compressive strengtwas determined othe same 100 mm cube
specimens after performing pulse velocity according to ASTM (©3Pusing a digital
compression testghmachine (MATEST, having 3000\kcapacity) at 3, 7, 28, 90 and
180 days of curing. In each mix, three samples fearrhcuring regimes were tested for
compressive strengtand averags of the three values are repedlt Figure 34 shows the

compression testing machine (MATEST) with cube specimen

(a) (b)

Figure 3.4: Compressive Strength Setup: (a) Compression Testing Machine and
(b) Close-up View of a Typical Cube.

3.62 Split Tensile Srength

As concrete is weak in tension, determination of tensile strength of concrete is essential
for determining the load at which concrete members may crack. Due to ease, accuracy
and greater fetor of safetyof indirect method, such aplit tensile strengttior measuring

tensile strength of concrete, is preferred on direct tests. This test consists of applying a

compressive line load along the horizontal axis of the cylinder at a rate within the
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prescribed range until failure occurs. From failure Isptlf tensile strengtls calculated

by following formula:

Y cOTaQ

Split tensilestrength was determined on 75 mm diameter and 150 mm high cylindrical
specimens in accordance with ASTM C 496 using a compresssting machine, having
700 KN capady, at 3, 7, 28, 90 and 180 days of curing. In each mix, three samples from
three curing regimes were tested dplit tensile strengtland averages of the three values
were reported.Figure 35 shows the compression testing machine with a cylindrical

specimen.

(a (b

Figure 3.5: Split Tensile Srength Setup: (a) Compression Testing Machine and
(b) Close-up View of a Typical Cylinder.

3.63 Pulse \klocity

A nondestructive ultrasonic pulse velocityechnique is often used to assess the general

quality and relative denseness ofsitu concrete structures. Research&f5,106] have
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suggested a general classification of the quality of concrete on the basis of the pulse

velocity values, for concretes having density of about 2400%kgsrfollows:

PulseVelocity (m/s) Quality
4500 and above Excellent
3500- 4500 Good
3000- 3500 Fair
20007 3000 Poor
2000 and below Very Poor

Pulse velocity of concrete samples was determined using the TICO pulse velocity
equipment, as shown fRigure 36. This equipment essentially consists of a transducer,
which propagates an ultrasonic pulse through the concrete to be received by a receiving
transducer. The instrument displays the time taken by the wave to travel the measured
path of concrete. The pathnigth divided by travel time gives the pulse velocity.
Transducers of 54«Hz frequencies were used in this test. The pulse veloiy
measured on 10hm cube concrete specimens thare later tested folcompressive
strengthat 3, 7, 28, 90 and 180 dayk auring. In each mix, three samples from three
curing regimes were tested for pulse velocity and averages of the three walges
reported. The moist cured and burlap cured specimens were allowed to dry in the
laboratory environment for few hours at 3dai days of testingthe instrument was
checked with calibration rod and contact between transducers and concrete specimens

were made using grease, prior to testing for pulse velocity according to ASTM C 597.
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Figure 3.6: Pulse Velocity Setup: (a) Pulse Velocity Equipment and(b) Typical Cube
Specimens

3.64 Depth of Water Penetration

The permeability of concrete is commonly determined by the water permeability test,
specified by DIN 1048. Generally, concrete quality can be assessed from its depth of

water penetration according to the Concrete Socief98is

pepmotwate | pemeaviy
<30 Low
30to 60 Moderate
> 60 High

In this test, 150 mm concrete cube specimens were taken out after 28 days of the field
and lab curing. The specimens were allowed to cool for 1 day in the latyaratalitions

before putting ito the test chambetlsing air compresspa constant water pressure of

five bars was applied on one face of the specimen for a period of 72 hrs. Thereafter

specimens were taken out and split open into two halves with the hbkpoaimpression
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testing machine. The profilef water penetrated in the concrete was then marked and the
maximum depth of water penetration was recorded. The average reading of three
specimens was considered as anaattir of the water permeabilityn each curing
regime Figure 37 shows the setip used to determine tltepth ofwater penetratiom

this study
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Figure 3.7: Water Permeability Setup: (a) Test Chamber and (b) Permeability Profile
on a Typical Cube Specimenafter Splitting.
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3.65 Plastic Shrinkage Strain

Shrinkage is an important property of fresh concrete that depends on the environmental
conditions. Plastishrinkage cracks appear mostly on the horizontal surface of fresh

concrete after placing and finishing due to rapid loss of water by evaporation and are
usually parallel to each other. These cracks are necessary to control to avoid reduction in

strength ad durability of concrete.

After casting and finishing, concrete slabs were placed in the ambient summer conditions.
During this time, plastic shrinkage measurements were conducted on thglassxslab
specimeng73] of size 500 x 500 x 25 mm. Two slab specimens peepared in each

mix and were cured by the application of curing compound and air cured. Plastic
shrinkage strains were recordeg embeddingaluminumstuds measuring 25 x 6 x 150

mm to a depth of 10 mm in the slab specimens. The strips were placed &5@moon

from the edge of the migection of each of the four sides of the specimen. The
movement of the studs were monitored through four linear varidiferential
transducers (LVDTSs) that were connected to a data acquisition system. Although plastic
shrinkage occurs within about the firshés. after casting, full range of values were taken

for a period of 24 hrs. Shrinkage displacement readings were continuously recorded at the
interval of every 10 min for first Grs.and every 30 min thereafter. Teehematic view

of the experimental setup is shown in Else{d&;76,79]. Figure 38 shows a typical slab

specimens with LVDTs and data logger for measuring the plastic shrinkage strain.
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(c.

Figure 3.8: Plastic Shrinkage Stup: (a) Typical Slab Specimen with LVDTs
(b) Close-up View of a LVDT and (c) Data Logger.

3.6.6 Drying Shrinkage Strain

After curing the prism specimens for 14 days in the fieldddyering with wet burlap or
applying a curing compoufdsamples from all the curing regimes were transferred to
high temperature laboratory for drying shrinkage testing and fuekposure The
shrinkage displacements were recorded by comparing it with the length of a reference
steel prism. The change innlgth of the concrete prisms was monitored through linear
variable differential transducer (LVDT) that was connected to a data acquisition system.
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After taking initial reading, drying shrinkage strains were measured at the ages of 3, 10,
38, 73, 101, 129 ah185 days. In each mix, three samples from two curing regimes were
tested for drying shrinkage and averages of the three values were reported in accordance

with ASTM C 157[99]. A set of shrinkage specimength measuring setup is showm

Figure 39.
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Figure 3.9: Drying Shrinkage Setup: (a) Frame with LVDT and Data Logger and
(b) Typical Prism Specimens
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CHAPTER 4

RESULTS AND DISCUSSION

In this Chapter, the results of the experimental work conducted to evaluate the effect of
casting temperature and curing conditions on the mechanical properties, durability and
shrinkage characteristics of plain and blended cement coneretesliscussed. éstated

in Chapter 3 the effect of following individual and cumulative parameters on the

properties of plain and blended cement concretes were evaluated:

M w/cratio: 0.3, 0.4 or 0.45

1 Castingtemperature: 25, 32, 38 or 45°C

1 Curing regime: Moist curing, vet burlap aring, gplication of curing compound

or ar curing.

1 Cementitious materials: Ordinary Portland cement (OPC) partial replacement
in OPChy pozzolanic materials, such as 10% very fine fly ash (VFFA), 30% fly
ash (FA), 7% silica fume (SF), 70%rogind gandated blast furnace slag

(GGBFS) or 20% aturalpozzolan (NP).

The test resudtare presented and discussed in the following sections.
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4.1 Compressive &ength

The averagecompressive strengtbf OPC and blended cement concrete specimens,
prepared with a w/cm ratio of 0.3, 0.4 or 0.4&st at 2532, 38or 45T andtested after

3, 7, 28, 90 and 180 days of curingder moist conditioncovering withwet burlapor
applying a curingcompound issummarizedin Tables 4.1 through 4.Further,the data
presented inTable 4.4 show the compressive strength development of all types of
concretes expressed as a fraction of thel@8strength. Moreoveguantitative analysis

of the compressive strength of all kindscoihcretes were carried out as show able

45, where the compressive strength of each cementitious mstisriakpressed as a

fraction ofthe corresponding strength of OPC concrete.
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Table 41: CompressiveStrength of OPC and Blended Cement Concretes Cured by Water ¢hding.

Mix Cementitious w/c C.:I_ae?::gg 3Compr7eSS|ve2§engtI;0(MPa:lL)Bo
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 28.2 | 33.5| 47.8 | 58.3 | 62.6
2 100% OPC 0.3 32 30.4 | 34.7| 54.4 | 65.8 | 69.8
3 100% OPC 0.3 38 33.2| 36.6| 52.1 | 63.5| 67.6
4 100% OPC 0.3 45 34.7 | 386 | 46.5| 56.9 | 59.3
5 100% OPC 0.4 25 235 | 27.2| 40.0 | 51.6 | 56.2
6 100% OPC 0.4 32 246 | 28.1| 47.1 | 59.3 | 63.5
7 100% OPC 0.4 38 26.8 | 30.2 | 43.4| 55.2 | 59.1
8 100% OPC 0.4 45 28.5| 33.3| 39.6 | 48.6 | 54.4
9 100% OPC 0.45 25 18.1 | 23.3| 36.5| 48.2 | 52.0
10 100% OPC 0.45 32 19.0 | 23.7 | 41.7 | 53.8 | 58.8
11 100% OPC 0.45 38 21.2 | 25.4 | 386 | 52.0 | 56.4
12 100% OPC 0.45 45 23.6 | 28.1| 35.9| 46.4 | 49.6
13 OPC +10% VFFA | 0.4 25 219 | 254 | 43.0| 54.1| 60.3
14 | OPC+10% VFFA | 0.4 32 26.6 | 29.2 | 47.4 | 61.2 | 66.6
15 OPC +10% VFFA | 0.4 38 27.1| 29.5| 48.2 | 629 | 69.7
16 OPC +10% VFFA | 0.4 45 279 | 316 | 453 | 57.6 | 63.4
17 OPC + 30% FA 0.4 25 20.4 | 24.7 | 38.2 | 52.0 | 58.5
18 OPC + 30% FA 0.4 32 20.7 | 25.0| 45.1 | 619 | 68.3
19 OPC + 30% FA 0.4 38 223 | 26.5| 47.4 | 63.6 | 70.3
20 OPC + 30% FA 0.4 45 248 | 276 | 37.8 | 50.2 | 57.6
21 OPC + 7% SF 0.4 25 26.4 | 299 | 44.2 | 56.1 | 62.0
22 OPC + 7% SF 0.4 32 28.0 | 31.5| 50.4 | 64.1| 70.3
23 OPC + 7% SF 0.4 38 29.3 | 34.1| 486 | 61.4 | 67.0
24 OPC + 7% SF 0.4 45 315 | 35.7| 43.4 | 54.2 | 60.6
25 | OPC +70% GGBFS 0.4 25 16.2 | 19.8 | 31.3| 45.6 | 50.4
26 | OPC +70% GGBFS 0.4 32 175| 21.1| 346 | 51.4 | 57.1
27 | OPC +70% GGBFS| 0.4 38 18.8 | 22.4 | 38.3| 56.0 | 61.3
28 | OPC +70% GGBFS 0.4 45 20.5| 24.2 | 30.4 | 43.8 | 50.0
29 OPC + 20% NP 0.4 25 18.8 | 229 | 35.2| 47.4 | 52.1
30 OPC + 20% NP 0.4 32 220 | 246 | 39.9 | 52.7 | 58.4
31 OPC + 20% NP 0.4 38 225 | 25.2| 40.6 | 56.4 | 62.2
32 OPC + 209NP 0.4 45 23.2 | 26.8| 37.6 | 51.4 | 59.0
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Table 42: CompressiveStrength of OPC and Blended Cement Concretes Cured by Covering with

Wet Burlap.

Mix Cementitious w/c C.:I_ae?::gg 3Compr7esswe288trengég (M Plago

No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 26.0 | 31.1| 43.6 | 50.9 | 554
2 100% OPC 0.3 32 26.2 | 31.5| 49.5| 62.4 | 66.3
3 100% OPC 0.3 38 275 | 33.8| 47.2 | 59.3 | 62.7
4 100% OPC 0.3 45 29.6 | 35.1| 424 | 50.3 | 54.1
5 100% OPC 0.4 25 205 | 24.3 | 36.4 | 455 | 48.7
6 100% OPC 0.4 32 23.1| 26.1| 42.2 | 54.4 | 57.9
7 100% OPC 0.4 38 246 | 28.1| 38.8| 50.9 | 54.4
8 100% OPC 0.4 45 25.4| 30.7 | 35.3| 42.3| 47.5
9 100% OPC 0.45 25 17.0| 21.5| 329 | 41.4 | 45.1
10 100% OPC 0.45 32 18.2 | 225 | 38.5| 50.4 | 52.9
11 100% OPC 0.45 38 19.7 | 245 | 36.2 | 47.5| 50.8
12 100% OPC 0.45 45 219 | 26.4| 31.7 | 39.1 | 44.3
13 OPC +10% VFFA | 0.4 25 174 | 21.2 | 385 | 48.6 | 52.1
14 OPC +10% VFFA | 0.4 32 245 | 27.7 | 43.6 | 55.2 | 62.4
15 OPC +10% VFFA | 0.4 38 25.2 | 279 | 44.3 | 58.0 | 63.9
16 OPC +10% VFFA | 0.4 45 26.3 | 29.4 | 425 | 53.0 | 58.2
17 OPC + 30% FA 0.4 25 16.6 | 20.5 | 35.4 | 46.7 | 50.8
18 OPC + 30% FA 0.4 32 179 | 226 | 41.6 | 56.3 | 63.2
19 OPC + 30% FA 0.4 38 20.2 | 25.4 | 43.8| 58.2 | 65.1
20 OPC + 30% FA 0.4 45 225| 26.1| 34.4| 46.0 | 51.9
21 OPC + 7% SF 0.4 25 24.1| 276 | 40.3 | 50.8 | 57.3
22 OPC + 7% SF 0.4 32 258 | 29.2 | 47.0| 59.3 | 65.5
23 OPC + 7% SF 0.4 38 27.2 | 32.0| 448 | 57.1| 63.0
24 OPC + 7% SF 0.4 45 29.3 | 34.2 | 40.1 | 48.8 | 55.4
25 | OPC +70% GGBFS 0.4 25 14.0 | 17.7 | 29.2 | 41.8 | 46.3
26 | OPC +70% GGBFS 0.4 32 16.2 | 19.4 | 31.8 | 46.3 | 52.2
27 | OPC +70% GGBFS 0.4 38 17.1| 21.5| 36.4 | 52.6 | 56.5
28 | OPC +70% GGBFS 0.4 45 19.3 | 226 | 27.1 | 39.8 | 434
29 OPC + 20% NP 0.4 25 17.1| 20.4 | 33.6 | 45.3 | 49.7
30 OPC + 20% NP 0.4 32 19.4 | 228 | 36.5| 49.1 | 54.7
31 OPC + 20% NP 0.4 38 20.2 | 23.5| 40.0 | 53.6 | 59.2
32 OPC + 20% NP 0.4 45 21.5| 24.7 | 34.8 | 47.8 | 53.4
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Table 43: CompressiveStrength of OPC and Blended Cement Concretes @ed by Applying a
Curing Compound.

Mix Cementitious w/c C.:I_ae?::gg 3Compr7eSS|ve§;rengtgo(MPei)BO
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 239 | 27.3 | 40.3 | 49.7 | 53.2
2 100% OPC 0.3 32 248 | 29.2 | 46.7 | 60.2 | 63.4
3 100% OPC 0.3 38 26.4 | 31.7 | 44.4 | 56.9 | 59.5
4 100% OPC 0.3 45 28.6 | 33.4| 39.7 | 47.3 | 51.6
5 100% OPC 0.4 25 19.9 | 228 | 34.2| 41.8 | 453
6 100% OPC 0.4 32 215| 24.0| 40.7 | 52.7 | 55.2
7 100% OPC 0.4 38 229 | 26.4| 37.7 | 48.6 | 51.9
8 100% OPC 0.4 45 2421 280 | 325 | 415 | 431
9 100% OPC 0.45 25 13.7 | 18.6 | 29.8 | 39.7 | 42.2
10 100% OPC 0.45 32 155 | 20.2 | 36.9| 48.1 | 50.3
11 100%0PC 0.45 38 19.4 | 23.1| 348 | 45.3 | 48.8
12 100% OPC 0.45 45 19.8 | 243 | 294 | 37.9 | 415
13 OPC +10% VFFA | 0.4 25 15.6 | 20.3 | 36.8 | 45.9 | 49.5
14 | OPC+10% VFFA | 0.4 32 21.4 | 248 | 41.1 | 53.0 | 59.8
15 OPC +10% VFFA | 0.4 38 22.7 | 25.4| 425 | 55.3 | 62.0
16 OPC +10% VFFA | 0.4 45 23.6 | 27.1| 39.2 | 50.1 | 53.7
17 OPC + 30% FA 0.4 25 14,1 | 18.0| 32.3| 44.6 | 47.9
18 OPC + 30% FA 0.4 32 16.5| 20.8 | 389 | 54.5| 60.7
19 OPC + 30% FA 0.4 38 18.7 | 226 | 41.2 | 55.9 | 63.3
20 OPC + 30% FA 0.4 45 20.0| 243 | 31.6 | 43.4 | 47.2
21 OPC + 7% SF 0.4 25 22.7 | 25.5| 38.8 | 48.4 | 53.9
22 OPC + 7% SF 0.4 32 23.6 | 26.4 | 445 | 56.7 | 63.1
23 OPC + 7% SF 0.4 38 255 | 29.4 | 43.6 | 53.9 | 60.7
24 OPC + 7% SF 0.4 45 26.8 | 31.8| 36.2 | 455 | 51.7
25 | OPC +70% GGBFS 0.4 25 11.8| 146 | 25.9| 37.5| 41.9
26 | OPC +70% GGBFS 0.4 32 135 | 15.7 | 285 | 42.8 | 47.6
27 | OPC +70% GGBFS 0.4 38 152 | 179 | 33.7| 49.2 | 52.8
28 | OPC +70% GGBFS 0.4 45 17.1| 20.8 | 23.6 | 35,5 | 39.7
29 OPC + 20% NP 0.4 25 147 | 185 | 30.3| 41.6 | 445
30 OPC + 20% NP 0.4 32 17.2 | 19.2 | 343 | 46.5| 50.3
31 OPC + 20% NP 0.4 38 18.6 | 21.0 | 36.9 | 50.8 | 55.1
32 OPC + 20% NP 0.4 45 19.3| 226 | 324 | 45.0 | 50.3
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Table 44: Compressive Strengthof OPC and Blended Cement Concrete€ompared to 28day
Strength - Average of all Curing Regimes.

Mix Cementitious w/c C_iraésrzgg 3 ;C/fc (22 Day;)o 180
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 0.59| 0.70| 1.00 | 1.21 | 1.30
2 100% OPC 0.3 32 0.54 | 0.63| 1.00 | 1.25| 1.33
3 100% OPC 0.3 38 0.60 | 0.71| 1.00 | 1.25| 1.32
4 100% OPC 0.3 45 0.72 | 0.83| 1.00 | 1.20 | 1.28
5 100% OPC 0.4 25 0.58 | 0.67| 1.00 | 1.25 | 1.36
6 100% OPC 0.4 32 0.53| 0.60| 1.00 | 1.28 | 1.36
7 100% OPC 0.4 38 0.62| 0.71| 1.00 | 1.29 | 1.38
8 100% OPC 0.4 45 0.73] 0.86| 1.00 | 1.23 | 1.35
9 100% OPC 0.45 25 0.49 | 0.64| 1.00| 1.30 | 1.40
10 100% OPC 0.45 32 0.45| 0.57| 1.00 | 1.30 | 1.38
11 100% OPC 0.45 38 0.55| 0.67| 1.00 | 1.32 | 1.42
12 100% OPC 0.45 45 0.67| 0.81| 1.00 | 1.27 | 1.40
Average 059] 0.70| 1.00 | 1.26 | 1.36
13 | OPC +10% VFFA| 0.4 25 0.46 | 0.56 | 1.00 | 1.26 | 1.37
14 | OPC+10% VFFA| 0.4 32 0.55| 0.62| 1.00 | 1.28 | 1.43
15 | OPC+10% VFFA | 0.4 38 056 | 0.61| 1.00| 1.31 | 1.45
16 | OPC+10% VFFA| 0.4 45 0.61| 0.69| 1.00 | 1.27 | 1.38
Average 0.54| 0.62| 1.00| 1.28 | 1.41
17 OPC + 30% FA 0.4 25 0.48 | 059 | 1.00| 1.35| 1.48
18 OPC + 30% FA 0.4 32 0.44| 0.54| 1.00 | 1.38 | 1.53
19 OPC + 30% FA 0.4 38 0.46 | 0.56 | 1.00 | 1.34 | 1.50
20 OPC + 30% FA 0.4 45 0.65| 0.75] 1.00| 1.35| 1.51
Average 051] 0.61] 1.00| 1.35| 1.51
21 OPC + 7% SF 0.4 25 0.59 | 0.67| 1.00 | 1.26 | 1.40
22 OPC + 7% SF 0.4 32 0.54| 0.61| 1.00 | 1.27 | 1.40
23 OPC + 7% SF 0.4 38 0.60 | 0.70| 1.00 | 1.26 | 1.39
24 OPC +7% SF 0.4 45 0.73| 0.85| 1.00 | 1.24 | 1.40
Average 0.62 ] 0.71| 1.00 | 1.26 | 1.40
25 | OPC + 70% GGBFS 0.4 25 0.48 | 0.60| 1.00 | 1.45| 1.60
26 | OPC +70% GGBFY 0.4 32 0.50| 0.59| 1.00 | 1.48 | 1.65
27 | OPC +70% GGBFY 0.4 38 0.47| 0.57| 1.00 | 1.46 | 1.57
28 | OPC +70% GGBFY 0.4 45 0.70| 0.84| 1.00 | 1.47 | 1.64
Average 054 ] 065| 1.00| 1.46 | 1.62
29 OPC + 20% NP 0.4 25 051 ] 0.62| 1.00| 1.36 | 1.48
30 OPC + 20% NP 0.4 32 0.53| 0.60| 1.00 | 1.34 | 1.48
31 OPC + 20% NP 0.4 38 0.52| 0.59| 1.00 | 1.37 | 1.50
32 OPC + 20% NP 0.4 45 0.61| 0.71| 1.00 | 1.38 | 1.55
Average 0.54 | 0.63| 1.00| 1.36 | 1.50
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Table 45: Compressive Strengthof Blended Cement Concrete€ompared tothe Strength of OPC
Concrete (0.4 w/c} Average ofall Curing Regimes.

: 1
Mix Cementitious w/c C.:I_ae?::gg f;(BIendYed Ce;réen) / ;Co(opci)so
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
13 OPC +10% VFFA | 0.4 25 0.85| 0.90 | 1.07 | 1.07 | 1.08
14 | OPC+10% VFFA | 0.4 32 1.05| 1.04 | 1.02 | 1.02 | 1.07
15 OPC +10% VFFA | 0.4 38 1.01| 098 | 1.13 | 1.14 | 1.18
16 OPC + 10%VFFA 0.4 45 1.00| 096 | 1.18 | 1.22 | 1.21
Average 098 097 | 1.10| 1.11 | 1.14
17 OPC + 30% FA 0.4 25 0.80| 0.85| 0.96 | 1.03 | 1.05
18 OPC + 30% FA 0.4 32 0.79 | 0.87 | 0.97 | 1.04 | 1.09
19 OPC + 30% FA 0.4 38 0.82 | 0.88| 1.10 | 1.15| 1.20
20 OPC + 30% FA 0.4 45 0.86 | 0.85| 0.97 | 1.06 | 1.08
Average 0.82| 0.86| 1.00| 1.07 | 1.11
21 OPC + 7% SF 0.4 25 115|112} 1.12 | 1.12 | 1.16
22 OPC + 7% SF 0.4 32 112|111 | 1.09| 1.08 | 1.13
23 OPC + 7% SF 0.4 38 110 113 | 1.14 | 1.11 | 1.15
24 OPC + 7% SF 0.4 45 112|111 1.12 | 1.12 | 1.16
Average 112|112 | 112 | 1.11 | 1.15
25 | OPC + 70% GGBFS 0.4 25 0.66 | 0.70 | 0.78 | 0.90 | 0.92
26 | OPC + 70% GGBFS 0.4 32 0.68 | 0.72 | 0.73 | 0.84 | 0.89
27 | OPC + 70% GGBFS 0.4 38 069 | 0.73| 0.90| 1.02 | 1.03
28 | OPC + 70% GGBFS 0.4 45 0.73] 0.74| 0.75 | 0.90 | 0.92
Average 0.69| 0.72| 0.79 | 0.92 | 0.94
29 OPC + 20% NP 0.4 25 0.79 | 0.83| 0.90 | 0.97 | 0.98
30 OPC + 20% NP 0.4 32 0.84| 0.85| 0.85| 0.89 | 0.93
31 OPC + 20% NP 0.4 38 0.82 | 0.82| 098 | 1.04 | 1.07
32 OPC + 20% NP 0.4 45 0.82] 0.81| 098 | 1.09 | 1.13
Average 0.82 | 0.83| 0.93| 1.00| 1.02

! Ratio of compressive strength of blended cement concretes to plain cement concretes.
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4.1.1 OPC Concrete

The compressive strengtidevelopmentof OPC concrete (100% OPC) specimens
prepared with w/c ratio of 0.3, 0.4 6r45, cast at 25, 32, 38 or 45°C and cured under
moist condition, covering with wet burlap or applying a curing compasiratpicted in

Figures4.1 through 4.12.

Effect of Curing Periodon Compressive Strength of OPC Concrete

The compressive strengtimcreased withthe period of curingn all the OPC concrete
specimens. As expected, therease in theompressivestrengthwas very raf in the
early age. Thereafterthe increase in the compressiggrength was not that significant.
The data presented inTable 44 summarizesthe ratio of compressive strength
development of OPC and blended cement concfedes3 days to 18 days withrespect
to its 28day strengthFor all curing regimes, casting temperas and w/c ratiogtilized,

it is noted that the average ratiocaimpressive stretiy of OPC concretgat 3day D its
28-day was 0.59which was higher than althe othercementitious materialexceptSF
cement concrete while theratio of 180day to 28day was 1.36which was lowest as

compared to other cementitious materials.

Effect of Curing Regime on Compressive Strength of OPC Concrete

The compressivestrengthof the moist cured concrete specimens vmated to bemore
than thatof the concrete specimermsired by covering with wet burlap or applying a
curing compoundAs shown inTables 4.1 to 4.3 egardless of casting temperatusssl
w/c ratiosinvestigated the 28-day compressive strengtbf the moist curedconcrete
specimensvas on averagel0.1 and 169% more thanthat of the concrete specimens

cured by covering with wet bupaor applying a curing compound, respectively.
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Similarly, thecompressivestrengthof the concrete specimarctured by covering witlvet

burlap was more than thaif the concrete specimersured by applying a curing
compoundby about6.2% on average The increasein strength development due to
varying the curing techniquis attributedto the water retention that preserves internal
moisture for maintaining a favorable humid condition for hydration reactioike

moist cured specimens which were cured exjgbsed in laboratory conditions, the lower
strength in all the specimens cured under wet burlap or by the application of a curing
compound, at all test ages, may be the consequence of its exposure to amblet weat
conditions that acceleratdbde evapmtion process. Hasnain et §9] observed that

50% rate of evaporation decreases when concrete specimens (cast at 32°C) were shaded
as compared to those concrete samples which were kept in open air, cyitighe

under hot weather conditionShalon[100] reported that concrete exhigitabout 30 to

40% reduction in strength when cast and cured under hot weather but inadequately cured
later on.Shoukry et al.[90] also observed degradation of compressive strength, split
tensile strength and modulus of elasticity of concrete exposed at higher temperature
(varied from-20 to 50°C).The minimum s&ngth gain measured in compotrded
specimens is possibly due to its poor performance as compared to coitiey
compounds. Wang etl.a[75] investigated the efficiency of five different curing
membranes and found that the performance of weteed curing compound wése

least.

Effect of Casting Temperature on Compressive Strength of OPC Concrete

For all w/c ratios and curing regimeshe compressive strength increased wiitle

increase in casting temperature during early ages of up to 7adagsown in Tabte4.1
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to 4.3.0n averagethe 3- and Zday compressive strength of concrete specimens cast at
45°C was22.5, 16.0 and6.8% higher tharthat of thespecimengast at 2532 and 38C,
respectively However, at later ages of 28 to 180 days& maximumcompressive
strengthwasnotedin the mixes that were cast22°C followed by thoséhat were cast at
38°C, while the compressive strengtbf the concrete specimenast at 25 or 45°Qvas
almost similabutlower thanthose cast adthertemperaturesas depicted in Figures 4.13
through 4.8. On averagethe 28-day compressive strengtbf the concrete specimens
cast at32°C was 1@, 6.5and 195% more tharthatof the concrete specimensst at25,
38 or45°C, respectivelyAl-Gahtani et al[1] found that 35°C wasthe optimumcasting
temperature forthe 28day compressive strengtidevelopmentin OPC concrete
specimens out of a range of concrete placement temperafl2 35, 38, 41 and4°C.
They concluded that lower strength at lowsncretetemperature is due tils sudden
exposure to hot weather that results in-norform distribution of the hydration products
and/or microcracking.Conversely, Abbasi and Tayyi[83] observedthat with the
increase in concrete mix temperature at the time of placegmaeging from 24 to 47°C)
cured in water or wet burlappth the pulse velocity and modulus of elasticity of concrete
are lesseed under hot weather conditionThey found that concrete cast at 45°C and
cured in hot environment can lead to a reduction in modulus of elasticity aif Bb&%.
However, in another early studg2], Abbasi and Tayp repored that the optimum
concrete temperature at which maximum compressive str€ngihg Type | cement)
achieved was 32 to 34°C out of a range of temperature investigatisden24 to 46°C
and moist cured in oven under simulated hot weather conditiom @tmospheric

temperaturelt was also found that the splitting tensile strength and modulus of rupture of
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concrete could be reduced by 11 and 22%, respectively, at increasied t=amaperature.
Moreover,Abbasi et al[81] observed that the strength of the reinforced concrete beams
cast and cured under hot weather could be decreasatddwy25% when the concrete

mixture temperature appohes to about 45°C.

Since most of the studies carried out in past were related to curing temperature of
corcrete, which is well documentedhd results of this studwhich is related to casting

temperaturghas also shown somehdake same behavior omechanical properties.

Despitethe fact thata high temperature at the time of concrete placement and setting
tends toenhance the early strength gdimere is an adverse effeoh the later(7 days
onwards)strength gain. This is attributed to theceleatedearly hydration that forms
porous structuréeading to degradation of strengihlater periodg€ompared tdhe slow
cement hydration that increases the gel/space iratlze interstice§32]. The increase in

the rate of hydration at higher temperature is true for any oypeement[32]. The
postive effect of elevated curing temperature on the early strength of blended cement
mortar may be due to the combined reaction of heat of hydration and pozfdlana
However, he harmful effects of high initial temperature on later strengtudsessetby

many authorg101,102]. Theyconcluded thathe early concrete strengilmcreasesvith

the rise in the early curing temperatuhae totherapid rate of hydratiorConverselydue

to nonuniform diffusion of hydration productand the difference ithe coefficient of
thermal expansion of concrete constituents, the cement paste becomes porous and even
microcracks may form, which adversely affect théongtemm strength.Kefeng and
Nichols [89] suggested that the adverse effect of elevated curing temperature on later

strength reduction can be alleviated by incorporating SF @ndeffent into concrete.
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Further the effect of curing temperatune the range of about 12 to 50°@Gn the
compressive strength at &nd28-daywasevaluated by testing concrete specimens after
cooling to 23°C for 2 hourgl03]. It was noted that ith theincrease in temperature, the
compressive strength increadenim 3to 16 MPaafter 1day, whereasstrengthdecreased
from 41to 30 MPa after 28 daysPrice [85] also observed that a higher temperature
resutedin higher early strength but beyond the age of 1 to 4 syeekeversal in strength
occurred He further noted that there w@reater retrogression when concrete was cured
at high temperatures of 32 to 49%@hile thereappearecan optimum temperature that
resulted inthe maximum strength when cured at low temperatures of 4 to 2Z3hC et

al. [104] carried outan experimentalinvestigationon the effect curing temperature
ranging from 10 to 50°C on the compressive and split tensile strength using Type |, V
and V cement + fly ash concretasd tested after 1, 3, and 28 days. They reported that
early compressive and split tensile strength increased with a rise in temperatuhes but
later strengths became lower as compared to normal temperé&tliggsr [86] observed
about 15%reduction in the concrete strength OPC at 41C as compared to that
produced at 2 after 7 days of curing in the range -dfto 49C, unlike increase in

strength up to 7 days.

Effect of w/c Ratio on Compressive Strength of OPC Concrete

The compressive strengtth the OPC concretmixesdecreased witlthe increase in wi/c
ratio, as expectedirrespective of casting temperature and curing regithe 28-day
compressive strengibf the mixespreparedwith a w/c ratio of0.3 wason average85
and 313% more thanthat of the mixes prepared with thew/c ratio of 0.4 or 0.45,

respectively as shown in Tables 4.1 to 4.Burther, thecompressive strengtbf the
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concrete specimarprepared with w/c ratio of 0.4 was averagel0.86 mae than that

of the concretespecimens prepared with w/c ratio of 0.4Bhe decrease in the
compressive strengtlith anincreag in thew/c ratiomay bedue to the space occupied

by the excessive water in concrete mathgrebymaking it less densdit-Aider et al.

[68] showed that unlike normal conditiongoncreting under hot environmental
conditions with the limited addition of extra amount of water, i.e. the increase in the w/c
ratio, las no adverse effecobn strength of concrete and also advantageous in
compensating the mixing water lost by evaporation and in maintaining the desired
workability. On contrary, several researches mentioned the harmful effect of increased
w/c ratio on the mperties of concrete. Nevill[B82] addressedhat he rate of strength

gain of concrete is influenced by thgc ratio in that the mixes with low w/c attains
strength rapidlyhtan mixes having high w/c ratio because in concrete with low wi/g ratio
the cement particles are nearer to each other and forming a system of continuity of gel
very quickly. Al-Amoudi et al [11] reported thathe longterm conpressive strength of
OPC, FA,BFS cement mortar specimens prepared with a w/cm ratio of 0.3 is higher than
that of the specimens prepared at 0.4 w/cm ratio under elevated tempengosure.
Kefeng and Nichol$89] also mentioned that the effect of later strength reduction can be
minimized by reducing the wi/c ratio because at low w/c ratio, cement particles are well
packed and lesser hydration products is sufficient to fill the gaps betweenAtstody

[105] showed thathigher temperature and the lowerc ratio tends to speedputhe
setting time of concrete andraduction ofabout50% in the initial setting time was
observed when either concrete temperatuas changed from 28 to 4€ or w/cratio

wasvaried from 0.4 to 0.@dowever, high temperature leads to lower loagn strength.
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Figure 4.1: Compressive $rength Development ofOPC Concrete Prepared withw/c
Ratio of 0.3 andCast at 25°C.
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Figure 4.2: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.3 andCast at 32°C.
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Figure 4.3: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.3 andCast at 38°C.
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Figure 4.4: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.3 andCast at45°C.
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Figure 4.5: Compressive StrengthDevelopment ofOPC Concrete Prepared wih w/c
Ratio of 0.4 andCast at 25°C.
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Figure 4.6: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.4 andCast at 32°C.
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Figure 4.7: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.4 andCast at 38°C.

80 —@® - Moist Cured
- —f— Burlap Cured
a 70 = =&~ - Compound Curefi
=
£ 60
g — — _.
L 50 ==
N P
q) -— --------------------i
= 40
7}
0
o
o 30
e
o
O 20
10 . v . : : ' ' ' '
0 20 40 60 80 100 120 140 160 180

Curing Period, Days

Figure 4.8: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.4 andCast at 45°C.
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Figure 4.9: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.45 andCast at 25°C.
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Figure 4.10: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.45 andCast at 32°C.
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Figure 4.11: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.45 andCast at 38°C.
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Figure 4.12: Compressive StrengthDevelopment ofOPC Concrete Prepared withw/c
Ratio of 0.45 and Cast at45°C.
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Figure 4.13: CompressiveStrength of OPC Concretes Prepared withw/c Ratio of 0.3
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Figure 4.17: CompressiveStrength of OPC Concretes Prepared withw/c Ratio of 0.3
0.45 and Cast at 2545°C after 180 Days of Curing by Covering with Wet Burlap.
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Figure 4.18: CompressiveStrength of OPC Concretes Prepared withw/c Ratio of 0.3-
0.45 and Cast at 2545°C after 180 Days of Applying a Curing Compound.
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4.1.2 VFFA Cement Concrete

The compressive strengtievelopmenbf VFFA cementconcrete(OPC + 10% VFFA)
specimens prepared widhw/cm ratio of 0.4 cast at 25, 32, 38 or 45°C and cured under
moist condition, covering with wet burlap or applying a curing compounépscted in

Figures 419through 422.

Effect of Curing Periodon Compressive Strength of VFFA Cement Concrete

The compressive strenlgtincreased with ag@.e. curing antbr exposure period)n all
the concrete specimens. As expectld,increase in the compressive strength stesp

in the early ages as well aslatier ages due tothe high reactivity angozzolanic reaction
of VFFA cement particleslrrespective ofany curing regime and casting temperature
investigatedit is noted that the average ratio of compressive strengit-BA cement
concrete at 3day to its 28lay was 0.8, which was marginally equal to the
correponding ratios of GGBFS and NP cement concrétesvever,the ratio of 180to
28-day was 1.41which was cmparable to SF cement concretex indicates that the
pozzolanic reaction is highly beneficial and requires longer period of curidgvielop

morecompressive strengts compared tOPC.

Effect of Curing Regime on Compressive Strength of VFFA Cement Concrete

For all casting temperaturethe 28-day compressive strengtlof the moist cured
specimens wasn averag®.0 and 153% more tharthatof the concretspecimens cured
by covering with wet burlap or applying a curing compound, respectigslyhown in
Tables 4.1 to 4.3-urthermore thecompressive strengtbf the concrete specimearcured
by covering withwet burlap was more than that the concretespecimens cured by

applying a curing compounidy about5.8% on averageThis difference irthe rate of
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strength developmemtue tovarying the curing techniquaay beascribedto the water
retention that preserves internal moisture for maintaining a favorable humid condition for

thehydrationof cementand pozzolaniceactiors.

Effect of Casting Temperature on Compressive Strength of VFFA Cement Concrete

Regardlessof any curing regime usedthe compressive strength increased vitib
increase in casting temperature during early ages of up to 7adagsown in Tabte4.1

to 4.3.0n averagethe 3- and #day compressive strength of concrete specimens cast at
45°C was36.7, 7.6 and5.1% morethanthat of thespecimens cast at 25, 32 and 38°C,
respectively.On the contraryat later ages of 28 to 180 day8°C was the optimum
temperature at whiclthe maximum compressive strengtivas noted in theconcrete
specimens followedy those that were cast at 32 or 45WDile the lowestcompressive
strengthwas observed ithe concretespecimens cast at 25°@s shown in Tabte4.1
through 4.3 and depicted in Figes 4.23-4.24 On averaggethe 28-day compressive
strength ofthe concretespecimens cast 88°C wasl4.2 2.3 and6.4% greaterthanthat

of theconcretespecimengast a5, 32 or 45°C, respectively.
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Figure 4.19: CompressiveStrength Development of VFFA Cement Concrete Prepared
with w/cm Ratio of 0.4 andCast at25°C.
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Figure 4.20: Compressive StrengthDevelopment of VFFA Cement Concrete Prepared
with w/cm Ratio of 0.4 andCast at32°C.
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Figure 4.21: Compressive StrengthDevelgpment of VFFA Cement Concrete Prepared
with w/cm Ratio of 0.4 andCast at38°C.
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Figure 4.22: Compressive StrengthDevelopment of VFFA Cement Concrete Prepared
with w/cm Ratio of 0.4 andCast at45°C.
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Figure 4.23: CompressiveStrength of VFFA Cement Concretesat 28 Days.
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4.1.3 FA Cement Concrete

Theinfluenceof partial replacement of OPC by 308A on the compressive strength
discussed in this section. For each curing regime, the compressive sirergyth age
(i.e. curing antbr exposure period) curves were plotted forth# concretespecimens
preparedvith a w/cm ratio of 0.4ndcast at 25, 32, 38 or 45;7@s shownn Figures 4.3

through 4.3.

Effect of Curing Periodon Compressive Strength of FA Cement Concrete

The compressive strength increased vitlle age in all the concrete specimens. As
expected, thearlycompressive strengtieveloped slowlyvhile at later agethe strength
increased sharplglue to the pozzolanic reactiofhe average ratio of compressive
strength of FA cement concrete atl@y to ts 28day was 0.51which wasthe lowest as
compared to other cementitious materialsereasthe rato of 18Gday to 28day was
1.51, which was highest after GGBE&ment concrete3 he results of several researches
alsorevealed thiincorporation of FAcement imo plain cement decelerates the rate of
hardening and early stretiigdevelopment of concretend since the heat of hydration is
reduced, the FA cement concrete requires a long curing ptriansume all the
pozzolanic materials in the pozzolameaction[92,106]. Thomas et al[107] also noted
that initial strength gain of FA cement concrete was lower than that of OPC concrete.
However,rate of strength developmenédomes higher in FA cement concreadter 28

days ofcuring

Effect of Curing Regime on Compressive Strength of FA Cement Concrete

The highest compressive strength was noted ithalconcrete specimens cured under

moist condition followed by those specimens that were cured by covering with wet
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burlap or applying a curing compound, in decreasing or@er.averagethe 28day
compressivestrength othe moist cured specimens wé$ and10.8% more than thadf

the concrete specimens cured by covering with wet burlap or applying a curing
compound, respectivelyas shown in Tables 4.1 to 4Rurther, the compressigtrength

of the concrete specimens cured by covering with wet burlaf2dé&smore than thaof

the concrete specimens cureddpplication ofa curing compoundlhe effect of curing

on strength of FAcementconcrete is of paramount importance because the reactivity of

FA cements slow and hence prolonged weiring is necessgi32].

Effect of Casting Temperature on Compressive Strength of FA Cement Concrete

During the early ages of up to 7 daythe highestcompressive strengtiias obtained in
concrete specimens cast at 45%hile the strengthwas reducedwith the decreasen
casting temperate, as shown in Tabt4.1 to 4.3.0n averagethe 3- and 7day
compressive strength of concrete specimens cast at 45°CA%ad48.1and 73% more
thanthat of thespecimens cast at 25, 32 and 38°C, respectiggethelessatthe later
ages of 28, 9@nd 180 days, he maximumcompressive strengttvas achievedin the
concretespecimens cast at 38°C followed by thdkat were cast at 327Qvhile the
compressivestrength ofthe concrete specimens cast&tand 45°Gvasalmostsimilar
and relatively low as shown in Tab$4.1 through4.3and depictedn Figures 4.29-4.30.
The 28-day compressivestrength ofthe concrete specimens casB&8tC wason average
24.9, 5.3 and 275% greaterthanthat of the concrete specimens cas&t 32 or 45°C,
respectively.The higher strength dle casting temperature of 38 may be attributed to
its slow and steady reactivity. However, the drop in strengthigher temperature is

possibly due to thesensitivity of FA cement to temperatur@specially under mass
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concreting when there @rise in concrete temperature occurs which leads to the low

strength hydration producf32].
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Figure 4.25: Compressive $rength Development ofFA Cement Concrete Prepared
with w/cm Ratio of 0.4 andCast at25°C.

(0]
o

—@® - Moist Cured
—f— Burlap Cured
| = 4=-=Compound Curef

~
o

[o2]
o

a
o

N
o

w
o

Compressive Strength, MPa

N
o

=Y
o

0 20 40 60 80 100 120 140 160 180
Curing Period, Days

Figure 4.26: Compressive StrengthDevelopment of FA Cement Concrete Prepared

with w/cm Ratio of 0.4 andCast at32°C.
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Figure 4.27: Compressive StrengthDevelopment ofFA Cement Concrete Prepared
with w/cm Ratio of 0.4 andCast at38°C.
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Figure 4.28:. Compressive StrengthDevelopment of FA Cement Concrete Prepared
with w/cm Ratio of 0.4 andCast at45°C.
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Figure 4.29: CompressiveStrength of FA Cement Concretesat 28 Days.
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4.1.4 SF Cement Mncrete

The effect of partial replacement of OPC by 7% SF on the compressive strength is
discussed in this section. For each curing regime, the compressive sirergyth age
(i.e. curing anfbr exposure period) curves were plotted for all the concrete specimens
prepared at a constant w/cm ratio of 0.4 and cast at varying tempet@&e45°C, as

shown inFigures 431 through 434.

Effect of Curing Periodon Compressive Strength of SF Cement Concrete

The compressive strength increased with age ithaltonaete specimens. As expected,
the early compressive strengttaised distinctly andontinuedto increase graduallgt

later ages due to the pozzolanic reactkeor. all curing regimes and casting temperatures
studied, itcould be notedhat the average ratio of compressive strength of SF cement
concrete at @lay to its 28day was 0.62which was significantly more thaall the other
cementitious material§his is ascribed to the high reactivity of silica fuasecompared

to other pozzlanic materials used in this investigation. Furthiee, ratio of 18aday to
28-day was 1.40Bentz et al[108] reported that the early strength development (up to 7
days) of SF cement concrete is possiiye to its filler action thaihcrease thgacking
efficiency together withmproving the interface zone with aggregatgaber[109] also
noticed that the strength gain in SF cement concrete was higher than OPC concrete. He
found that the ratio of compressiveestgth at 7day to 28day for OPC concrete was in

the range of 0®0.86, while this ratio for SFeenent concrete was between 0.76 to 0.97.

Effect of Curing Regime on Compressive Strength of SF Cement Concrete

From Tables 4.1 to 4.3h& 28-day compressivetrength ofthe moist cured specimens

was on averageB4 and 145% higher than thatof the concrete specimens cured by
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covering with wet burlagndappication ofa curing compound, respectiveMoreover

the compressivstrength ofthe concrete specimens cured by covering with wet burlap
was 5.6% more than thatof the concrete specimens cured by applying a curing
compound.It is suggested thaprolonged moist curing is requireidr the strength
development of SF cement concrétetween the ages of 3 to 28 daysyichis essential

because of its pozzolanic reactidiO].

Effect of Casting Temperature on Compressive Strength of SF Cement Concrete

For all the curing regimes, the compressive strength increased thtlhise in casting
temperature during early ages of up to 7 dagsshown in Tabt4.1 to 4.3.0n average,
the 3- and #day compressive strength of concrete specimens cast at 45°Z14ak5.0
and 6.7% greaterthan that of thespecimens cast at 25, 32 and G8tespectively.
Conversely at later ages of 28 to 180 daylse 32°C was the optimum temperature at
which maximum compressive strength was observed in the concrete spe(aiilens
100% OPC concrete specimeris)lowed by those that were cast @88°C, while the
difference betweewsompressivestrength ofthe concrete specimens cast at 25 and 45°C
was marginaland relatively low, as shown in Tabldsl through4.3 and depictedn
Figures 4.354.36 On average the 28day compressivestrength of the concrete
specimens cast 82°C wasl5.1, 3.5and186% more thanhatof theconcrete specimens
cast at25, 38 or 45°C.Unlike otherblending materials the lower optimum casting
temperatureof the silica fume concrete ipossibly dued its high reativity, which is
ascribed to the glassy (amorphodsim of silica that is highly reactive and having
extremely fine particles that speed up the reaction Wi#{OH) produced by the

hydration ofOPC[32].

96



0]
o

—@® - Moist Cured
—f— Burlap Cured
| = 4=-Compound Curefl

~
o

2}
o

al
o

N
o

w
o

Compressive Strength, MPa

N
o

(=Y
o

0 20 40 60 80 100 120 140 160 180
Curing Period, Days

Figure 4.31: Compressive $rength Development of SF CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at 25°C.
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Figure 4.32: Compressive StrengthDevelopment of SF CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at 32°C.
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Figure 4.33: Compressive StrengthDevelopment of SF CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at 38°C.
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Figure 4.34: Compressive StrengthDevelopment of SF CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at45°C.
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Figure 4.35: CompressiveStrength of SF CementConcretesat 28 Days.
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Figure 4.36: CompressiveStrength of SF CementConcretesat 180 Days.

4.1.5 GGBFS Cement ncrete

The compressive strengtlevelopmentof GGBFS cement concret€OPC + 70%

GGBFS)specimens prepared with a w/cm ratio of 0.4, cast at 25, 32, 38 or 45°C and
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subjected tomoist aring, curing by covering with wet burlap or applying a curing

compounds depicted in Figures &7 through 440.

Effect of Curing Periodon Compressive Strength of GGBFS Cement Concrete

The compressive strength increased wexiposure perioth all the concrete specimens.
As expected, the increase in compressive strengthslow at early ages duette high
percentageof replacement buthe strength develomgkswiftly at later ages due to the
pozzolanic reactiorRegardless of any curing regime and casting temperassessedt

is noted that the average ratio of conggiee strength o6GBFScement concrete at 3
day to its 28day was 0.54 while the ratiof 180day to 28day was 1.62, which was
significantly higher thanall the other cementitious material®revious tudy [111]
indicaked that GGBFS cement concretes tend to minimizédla¢ of hydrationthan OPC
concretes andherefore, its early strength gain is also slowwever,at later ages, it
may gain more strength than OPC concrefdge highest longerm strength gainn
GGBFS concretes due theprogressive alkali emission by the GGBFS ceinaiong
with the calcium hydroxide formation of OPC, resulting in continuous reaction of
GGBFS[112]. Austin and Robin$113] reportedthat there was a significant increase in
pulse velocity in GGBFS oeent concrete than OPC concretken cured under moist

condition.

Effect of Curing Regime on Compressive Strength of GGBFS Cement Concrete

The 28day compressivstrength ofthe moist cued specimens wasn average3.4 and
208% more than thabf the concrete specimens cured by covering with wet burlap or
applying a curing compound, respectiveds shown in Tables 4.1 to 4 Burther, the

compressivestrength ofthe concrete specimens edrby covering with wet burlap was
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higher than thatof the concrete specimens cured by applying a curing compbund
about11.3% on averagelt wasreported that the disadvantage of GGBFS concretes is
that they proved to be more sensitive to poor curing than OPC concrete. In this case, both
their strength and permeability and, hence, their durability, were seriously impaired if not

cured for longer eriod[58,59].

Effect of Casting Temperature on Compressive Strength of GGBFS Cement Concrete

The compressive strength increased wlhihincrease in casting temperature during early
ages of up to 7 daysas shown in Tabke4.1 to 4.3.0n averagethe 3- and 7#day
conpressive strength of concrete specimens cast at 45°C3%&8s20.4 and 104%
higher than those specimens cast at 25, 32 and 38°C, respediisedrihelessat later
ages of 28 to 180 daydhe maximum compressive strength was noted in the concrete
specmens cast at 38°C followed by those that were caf&2aand 25°C while the
compressivestrength ofthe concrete specimens castatC wasthelowest as shown in
Tables 4.1 through4.3 and depictedin Figures 441-4.42 On average the 28-day
compressivestrength ofthe concrete specimens casB38tC was25.4, 14.3 and 33.7%
more thanthat of the concrete specimens cast2&t 32 or 45°C, respectivelylhe
superior performance @GBFSas compared to OPC con@edt elevated temperature is
reported by many authoréustin et al.[58] found that neat OPConcrete specimens
performed better in temperate climatic conditigii$-20°C) whereas50% GGBFS
cement concretes were effective in hot weather condfti@nhr. cycles of temperature
about 10 and 45°C)n terms ofcompressivestrength pulse velocityand permeabiliy
usingdifferent curing methods. Roy and ldddi4] also reported the beneficial effect of

increased temperature on GGBFS cement concrete.
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Figure 4.37: Compressive $rength Development of GGBFS CementConcrete
Prepared with w/cm Ratio of 0.4 and Cast at 25°C.
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Figure 4.38: Compressive StrengthDevelopment of GGBFS CementConcrete
Prepared with w/cm Ratio of 0.4 andCast at 32°C.
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Figure 4.39: Compressive StrengthDevelopment of GGBFS CementConcrete
Prepared with w/cm Ratio of 0.4 andCast at 38°C.
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Figure 4.40: Compressive StrengthDevelopment of GGBFS CementConcrete
Prepared with w/cm Ratio of 0.4 andCast at45°C.
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Figure 4.41: CompressiveStrength of GGBFS CementConcretesat 28 Days.
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Figure 4.42: CompressiveStrength of GGBFS CementConcretesat 180 Days.
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4.1.6 NP Cement @ncrete

The effect of partial replacement of OPC by 20% NP cement on the compressive strength
is discussed in this section. For each curing regime, the compressive strength versus age
(i.e. curingandor exposure period) curves were plotted for all the concrete specimens
prepared at a constant w/cm ratio of 0.4 and castnge oftemperatures of 285°C, as

shown inFigures 443through 446.

Effect of Curing Periodon Compressive Strength of Neement Concrete

The compressive strength increased whih curing periodn all the concrete specimens.

As expected, the compressive strengibreased gradually during early ages while
strength gain wasnoderateat later ages due to the pozzolanic reactFor all curing
regimes and casting temperatures examined, it is noted that the average ratio of
compressive strength of NP cement concrete-@ay3to its 28day was 0.54which is
equivalent tovFFA and GGBFS cement concretekweverthe rato of 180-day to 28

day was 1.50, which was comparable to FA cement concretes and shows significantly
higher improvement in strength after GGBFS cement concrete speciNggimsi et al.

[94] reported that due to the lower content of amorphous silica in natural pozzolan, its
hydration rate was slowHence the best mechanical and durability propertéshese

concretewere obtained after 90 and 180 days of curing.

Effect of Curing Regime on @mpressive Strength of NP Cement Concrete

From Tables 4.1 to 4.3h& 28-day compressivetrength ofthe moist cured specimens
was on averageb.8 and 14.3% greaterthan thatof the concrete specimens cured by
covering with wet burlap or applying a curimgpmpound, respectivelysimilarly, the

compressivestrength ofthe concrete specimens cured by covering with wet burlap was
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8.1% more than thatof the concrete specimens cured apgplication ofa curing
compound.Although longer periods of initial curing are essential for concretes in hot
weather,especially forconcretescontainng natural pozzolana period of more than

seven daysvas foundnecessarj60].

Effect of Casting Temperature on Compressive Strength of NP Cement Concrete

At the ages of 3 and 7 dayke compressive strength increased witliementn casting
temperatureas shown in Tabt4.1 to 4.3.0n averagethe 3- and #day compressive
strength of concrete specimens cast at 45°C28a3 10.3 and5.4% morethanthat of
thespecimens cast at 25, 32 and 38°C, respecti@lythe other handt later ages of 28
to 180 days,iHe maximum compressive strength wiasasuredin the concrete specimens
cast at 38°C followed by those that were casB8ator 45°C while the compressive
strength ofthe concrete specimens casR&fC wasthe lowest as shown in Tabsed.1
through 4.3 and depictedn Figures 4.47-4.48 On average the 28-day compressive
strength ofthe concrete specimens casB88tC wasl88, 6.2 and12.36 more tharthat

of the concrete specimens caskat 32 or 45°C, respectively.
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Figure 4.43: Compressive $rength Development ofNP CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at25°C.
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Figure 4.44. Compressive StrengthDevelopment ofNP CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at 32°C.
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Figure 4.45: Compressive StrengthDevelopment ofNP CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at38°C.
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Figure 4.46: Compressive StrengthDevelopment ofNP CementConcrete Prepared
with w/cm Ratio of 0.4 andCast at45°C.

108



N
ol

—® - Moist Cured
CCE 60 4 —#— Burlap Cured
S 55 = -4~-Compound Cured
<
5, 90
c
L 45
o
40 P
‘n 35 1 — — s
8 _—"_‘— ‘~‘
2_30 ¥
8 25
20
15 T T T T T
20 25 30 35 40 45

Casting Temperature,°C

50
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Figure 4.48: CompressiveStrength of NP CementConcretesat 180 Days.
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4.1.7 Comparison of Compressive Strengthof Cementitious Materials

Figures 449 through 454 depictthe 28 and 186day compressivestrength ofplain and
blended cement concrete specimens prepared with a constant w/caf €atipcast a5

to 45°C and cured undemoist ondition, covering with wet burlap oapplying a curing
compound As discussed earlierrrespective of the curing technique utilizethe
compressive strengtimcreased up to 32°C. However, a further increasthercasting
temperature decreased ttmmpressive strengtiAn exception to this trend was noted in
FA, VFFA, NP and GGBFSbhlended cement concretes. In these concretdee
compressive strengttontinued to increase up to a temperature of 38°C; thereafter, there

was a decrease in thempressie strength

Among all cementitious material¢,was also notettom those figureshat regardless of
any curing condition and casting temperature utiliaze@8 daysthe naximumvalue of
compressive strengttvas observedin the SF cement @ncrete speciens cast at 25 or
32°C, while themaximumvalue ofcompressive strengilias noted irboth SF and VFFA
cement concrete specimens cas88&C. However, VFFA cement concrete specimens
attained the maximum strength at casting temperature of 45TMe minimum
compressive strength waseasuredn GGBFS cement concrete specimansll casting
temperaturesat 28day, which may be due to high percentage of replacenbentthe
strength development wésgher that OP@oncretesat 38°C The initial increasén the
compressive strengibf all cementitious materialpay be attributed ttheincrease in the
hydration reation while the decrease ithe compressivestrength, with increasing
temperature, may be the resulttlo¢ formation of micro cracks the concrete due to the

evaporation of water and insufficient hydratiéurther, the better concrete performance
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at the casting temperature of 32 or 38°C may be attributed to the close ambient air
temperature of about 38°C at the time of castingalcoete mixes. Ortiz et dI70] also

reportedthat the best mechanical performance of concrete, under hot weather conditions,
took place when there was a minimum difference between concrete temperature and

ambient temperature

From the data irffable 45, irrespective of casting temperature and curing regime,
could be notedhat the ratio of 28-day compressivstrength of SF and VFFA cement
concrets was comparabléo each otherwhich wason averageabout 11% highethan

OPC concrete. Furthahe compressive strength of GGBFS and NP cement concrete was
respectively,about 21 and 7% lowethan OPC concreteHowever, the ratio of the
strength of FA to OPC concrete was equaiimilarly, at he age of 180 days, the
compressive strength of SF, VFFA, FA and NP cement concrete was 15, 14, 11 and 2%
more than OPC concreteespectively whereashe ratio of the strength of GGBFS to
OPC concrete was 0.9Zhis difference inthe rate of strength development may be
attributed to the changes in the microstructuréhefconcrete prepared using different
cementitious materials with tim&l-Amoudi et at[91] also observedlmostsame ratio

of thecompressive strengtif SF to OPC and FA to OPC i.e. 1.08 and 0.92, respectively
after 28day water curingFurther, AkGahtani[7] found that such average ratio of VFFA,

SF and FA cement oncrete to OPCconcretewas on averagd.03, 1.15 and 1.12,
respectively after 28day applicationof waterbased curing compmd or covering with

wet burlap, which are comparable to the results reported in this study.

The greater compressive strength tfe supplementary cementitious materials

particularly SF, VFFA and FA cement conceetelative to OPC concrete, indicated its
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remarkable efficiency when usedthe sameworkability. Suchsuperior performance of

these blended cementing materials isoalgported by AlAmoudi et al [49]. The
improvement in strength of FAement concrete isot only due to its pozzolanicity but

also the corequence of its fine particle seéhat fill the pores between cement grains
[115]. With the passage of time, the unreacted particles of FA form hydration products
and precipitate within the capillary pores resulting inucsdl capillary porosity and a
dense pore structuf83]. High strength andbw permeability in SF cement concretes is

the consequence of high fineness of SF cement that reduces bleeding so that no bleed
water is trapped nder aggregate particles and thus porosity in the interface zone is
minimized [32]. As compared to OPC concretine lower pulse velocity in GGBFS
containing specimens at different percentage level and at all ages of up to 180 days after

28-day water curingvas also measurdyy Shariq et al[59].
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Figure 4.49: CompressiveStrength of OPC and Blended CementConcretes Prepared
with w/cm Ratio of 0.4 and Cast at 2545°C after 28 Days of Moist Curing
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Figure 4.50: CompressiveStrength of OPC and Blended CementConcretes Prepared
with w/cm Ratio of 0.4 and Cast at 2545°C after 28 Days ofCuring by Covering with

Wet Burlap.
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Figure 4.51: CompressiveStrength of OPC and Blended CementConcretes Prepared
with w/cm Ratio of 0.4 and Cast at 2545°C after 28 Days of Applying a Curing
Compound.
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Figure 4.52: CompressiveStrength of OPC and Blended CementConcretes Prepared
with w/cm Ratio of 0.4 and Cast at 2545°C after 180 Days of Moist Curing.
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Figure 4.53: CompressiveStrength of OPC and Blended CementConcretes Prepared
with w/cm Ratio of 0.4 and Cast at 2545°C after 180 Days of Curing by Covering with
Wet Burlap.

114



[0}
o

—fi— 100% OPC =-=-10% VFFA —A =30% FA
ceX+e 7% SF —¥—70% GGBFS ==@= 20% NP

~
a1

~
o

»
ol

2]
o

55

Compressive Strength, MPa

20 25 30 35 40 45 50
Casting Temperature, AC

Figure 4.54: CompressiveStrength of OPC and Blended CementConcretes Prepared
with w/cm Ratio of 0.4 and Cast at 2545°C after 180 Days of Applying a Curing
Compound.

4.2 Split Tensile Strength

The averagesplit tensile strength of OPC and blended cement concrete specimens,
prepared with a w/cm ratio of 0.3, 0.4 or 0.4&st at 2532, 38 or 45C andtested after

3, 7, 28, 90 and IBdaysof curing under moist condition, covering with wet burlap or
applying a curing compound presented in Tables64to 4.8. Moreover,thedata listed in
Table 49 summarizethe split tensile strength development of all kinds of concretes
compared to its 28ay strength. Further, quantitative analysis ofdpli tensilestrength

of all types of concrieswasconducted iriTable 410, where the split tensile strength of
each cementitious matersak expressed as a fraction thie correspondingstrength of
OPC concrete. As expected, the same trend was noticed in both the compressive and split
tensile strength s#s and therefore, the effect o@iring period,curing regime, casting

temperaturer w/c ratioon split tensile strengtivassimilar tothose on the compressive
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strength of all the cementitious materialdditionally, a correlation between the

compressive and split tensile strength is developed under Section 4.7.

Table 46: Split Tensile Strength of OPC and Blended Cement Concretes Cured by Waterdhding.

Mix Cementitious w/c C_ZraeS;:]igg 3Sp”t Tsnsile ZSérengtsl;éMPal)Bo
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 259 | 297 | 3.58 | 4.06 | 4.41
2 100% OPC 0.3 32 272 | 3.09| 3.81 | 428 | 4.65
3 100% OPC 0.3 38 2.77| 312 | 3.73 | 422 | 4.58
4 100% OPC 0.3 45 3.08| 3.26 | 3.66 | 4.13 | 4.41
5 100% OPC 0.4 25 236 | 260 | 3.08 | 3.72 | 3.99
6 100% OPC 0.4 32 243 | 2.65| 3.50 | 3.96 | 4.28
7 100% OPC 0.4 38 261 | 283 | 3.39| 3.73 | 4.04
8 100% OPC 0.4 45 2.74| 3.09 | 3.22 | 3.64 | 3.86
9 100% OPC 0.45 25 2.07| 232 | 288 | 3.48 | 3.70
10 100% OPC 0.45 32 223 | 240| 3.29 | 3.73 | 4.02
11 100% OPC 0.45 38 2.31| 2.66 | 3.23 | 3.68 | 3.89
12 100% OPC 0.45 45 255 | 273 | 3.04 | 3.42 | 3.67
13 | OPC+10% VFFA | 0.4 25 237 | 260 | 3.18| 3.85| 4.14
14 | OPC+10% VFFA | 04 32 252 | 264 | 356 | 3.96 | 4.34
15 | OPC+10% VFFA | 0.4 38 257 | 2.75| 3.62 | 4.07 | 4.42
16 | OPC+10% VFFA | 04 45 2.65| 298| 350 | 3.89 | 4.24
17 OPC + 30% FA 0.4 25 2.09| 232 | 293 | 3.75| 4.03
18 OPC + 30% FA 0.4 32 2.15| 234 | 3.21 | 4.05| 4.42
19 OPC + 30% FA 0.4 38 234 | 258 | 3.33| 413 | 450
20 OPC + 30% FA 0.4 45 239 | 261 | 2.77 | 3.69 | 3.92
21 OPC + 7% SF 0.4 25 256 | 2.79 | 3.39 | 3.99 | 4.15
22 OPC + 7% SF 0.4 32 256 | 2.84 | 3.62 | 413 | 4.62
23 OPC + 7% SF 0.4 38 2.64| 294 | 350 | 4.08 | 4.54
24 OPC+ 7% SF 0.4 45 2.81| 3.15| 3.37 | 3.74 | 4.02
25 | OPC + 70% GGBFS 0.4 25 1.64| 2.04 | 253 | 3.30 | 3.62
26 | OPC + 70% GGBFS 0.4 32 1.69| 210 | 2.76 | 3.50 | 3.85
27 | OPC + 70% GGBFS 0.4 38 203 | 2.25| 298| 3.82 | 4.24
28 | OPC + 70% GGBFS 0.4 45 2.15| 2.24 | 242 | 3.14 | 3.47
29 OPC+ 20% NP 0.4 25 1.80| 2.11| 286 | 3.36 | 3.75
30 OPC + 20% NP 0.4 32 194 | 2.18 | 298| 3.57 | 3.86
31 OPC + 20% NP 0.4 38 2.03| 2.25| 3.18 | 3.90 | 4.35
32 OPC + 20% NP 0.4 45 2.10| 253 | 2.87 | 3.72 | 4.03
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Table 4.7: Split Tensile Strength of OPC and Blended Cement Concretes Cured by Covering with

Wet Burlap.

Mix Cementitious w/c C_ZraeS;:]igg 3Sp”t Tsnsile ZSérengtsl;éMPal)Bo

No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 250 | 2.86 | 3.35| 3.66 | 4.19
2 100% OPC 0.3 32 256 | 291 | 3.72 | 4.06 | 4.31
3 100% OPC 0.3 38 2.65| 3.03 | 3.45| 4.04 | 4.27
4 100% OPC 0.3 45 295| 3.28 | 3.38 | 3.92 | 4.17
5 100% OPC 0.4 25 228 | 245 | 298 | 3.57 | 3.84
6 100% OPC 0.4 32 2.37| 255| 3.25| 3.70 | 3.93
7 100% OPC 0.4 38 257 | 268 | 3.22 | 3.61 | 3.87
8 100% OPC 0.4 45 2.66 | 2.83| 3.08 | 3.40 | 3.63
9 100% OPC 0.45 25 2.06 | 2.24 | 2.73 | 3.43 | 3.60
10 100% OPC 0.45 32 211 | 2.27| 3.02 | 3.48 | 3.73
11 100% OPC 0.45 38 225|244 | 295 | 3.38 | 3.65
12 100% OPC 0.45 45 241 270 | 291 | 3.34 | 3.56
13 OPC +10% VFFA | 0.4 25 203 | 232 | 3.16 | 3.64 | 3.92
14 | OPC+10% VFFA | 04 32 240 | 256 | 3.39 | 3.78 | 4.08
15 OPC +10% VFFA | 0.4 38 243 | 260 | 3.48 | 3.81 | 4.23
16 OPC +10% VFFA | 0.4 45 250 | 2.83 | 3.31| 3.65| 4.00
17 OPC + 30% FA 0.4 25 191| 2.18 | 2.83 | 3.62 | 3.90
18 OPC + 30% FA 0.4 32 197 | 221 | 291 | 3.78 | 4.17
19 OPC + 30% FA 0.4 38 2.14 | 247 | 3.10 | 3.99 | 4.36
20 OPC + 30% FA 0.4 45 230 | 250 | 2.62 | 3.53 | 3.77
21 OPC + 7% SF 0.4 25 235| 261 | 3.17 | 3.67 | 4.08
22 OPC + 7% SF 0.4 32 244 | 2.68 | 3.51 | 3.85| 4.40
23 OPC + 7% SF 0.4 38 248 | 281 | 331 | 3.74 | 4.31
24 OPC + 7% SF 0.4 45 2.68| 3.01| 3.15| 3.60 | 3.86
25 | OPC + 70% GGBFS 0.4 25 149| 195| 245 | 2.96 | 3.37
26 | OPC +70% GGBFS 0.4 32 159 | 197 | 2.66 | 3.17 | 3.74
27 | OPC + 70% GGBFS 0.4 38 197 | 212 | 2.75| 3.67 | 4.03
28 | OPC +70% GGBFS 0.4 45 202 | 212 | 230 | 2.88 | 3.24
29 OPC + 20% NP 0.4 25 157 | 2.05| 256 | 3.07 | 3.45
30 OPC + 20% NP 0.4 32 1.68| 2.09| 286 | 3.26 | 3.73
31 OPC + 20% NP 0.4 38 1.72| 210| 292 | 3.78 | 4.19
32 OPC + 20% NP 0.4 45 1.78 | 2.15| 2.68 | 3.64 | 3.84
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Table 48: Split Tensile Strength of OPC and Blended Cement Concretes Cured bjpplying a
Curing Compound.

Mix Cementitious w/c C_ZraeS;:]igg 3Sp”t Tsnsile ZSérengtsl;éMPal)Bo
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 2.38 | 2.74 | 3.28 | 3.62 | 4.10
2 100% OPC 0.3 32 253 | 296 | 3.66 | 4.01| 4.30
3 100% OPC 0.3 38 258|290 | 3.36 | 3.89 | 4.23
4 100% OPC 0.3 45 2.73| 3.15| 3.30 | 3.85| 4.05
5 100% OPC 0.4 25 225 238 | 295 | 3.45 | 3.77
6 100% OPC 0.4 32 230 | 2.48 | 3.16 | 3.55| 3.82
7 100% OPC 0.4 38 230 | 259 | 3.19| 3.50| 3.79
8 100% OPC 0.4 45 241 | 2.75| 2.86 | 3.29 | 3.52
9 100% OPC 0.45 25 1.80| 2.12 | 2.65 | 3.23 | 3.45
10 100% OPC 0.45 32 1.95| 2.07 | 290 | 3.39 | 3.55
11 100% OPC 0.45 38 2.10| 2.32 | 287 | 3.32 | 3.47
12 100% OPC 0.45 45 232 | 255|273 | 3.19| 3.31
13 | OPC + 10%VFFA 0.4 25 191 | 2.25| 3.07| 3.46 | 3.92
14 | OPC+10% VFFA | 04 32 2.25| 248 | 3.23 | 3.70 | 4.03
15 | OPC+10% VFFA | 0.4 38 228 | 254 | 3.37 | 3.71 | 4.20
16 | OPC+10% VFFA | 04 45 235| 2.71| 3.16 | 3.57 | 3.89
17 OPC + 30% FA 0.4 25 1.73| 204 | 268 | 3.46 | 3.84
18 OPC + 30% FA 0.4 32 1.82| 201 | 284 | 3.67 | 3.91
19 OPC + 30% FA 0.4 38 204 | 224 | 291 | 3.86 | 4.14
20 OPC + 30% FA 0.4 45 2.05| 227 | 249 | 3.17 | 3.54
21 OPC + 7% SF 0.4 25 230 | 254 | 3.11 | 3.50 | 3.96
22 OPC + 7% SF 0.4 32 2.32| 2.63 | 3.43 | 3.76 | 4.26
23 OPC + 7% SF 0.4 38 233 | 269 | 3.25| 3.58 | 4.08
24 OPC + 7% SF 0.4 45 247 | 2.76 | 2.86 | 3.28 | 3.63
25 | OPC + 70% GGBFS 0.4 25 142 | 1.78 | 2.36 | 2.70 | 3.26
26 | OPC + 70% GGBFS 0.4 32 152 | 181 | 255| 3.08 | 3.60
27 | OPC + 70% GGBFS 0.4 38 171|192 | 261 | 3.54 | 3.86
28 | OPC + 70% GGBFS 0.4 45 1.76 | 1.97 | 217 | 2.62 | 3.05
29 OPC + 20% NP 0.4 25 1.44 | 1.73 | 253 | 2.90 | 3.37
30 OPC + 20% NP 0.4 32 150| 1.79 | 2.65 | 3.20 | 3.40
31 OPC + 20% NP 0.4 38 156 | 1.90| 2.81 | 3.63 | 3.97
32 OPC + 20% NP 0.4 45 1.69| 2.05| 253 | 3.40 | 3.62
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Table 49: Split Tensile Strength of OPC and Blended Cement Concretes @gpared to 28day
Strength - Average of all Curing Regimes.

Mix Cementitious wic C.:I_ae?::gg 3 th Al (2288 Daysg)o 180
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 0.73]1 084 | 1.00| 1.11 | 1.24
2 100% OPC 0.3 32 0.70| 0.80| 1.00| 1.10| 1.18
3 100% OPC 0.3 38 0.76 | 0.86 | 1.00| 1.15| 1.24
4 100% OPC 0.3 45 085|094 | 1.00| 1.15| 1.22
5 100% OPC 0.4 25 0.76 | 0.82 | 1.00| 1.19 | 1.29
6 100% OPC 0.4 32 0.72| 0.78| 1.00| 1.13| 1.21
7 100% OPC 0.4 38 0.76 | 0.83| 1.00| 1.11 | 1.19
8 100% OPC 0.4 45 0.85| 095| 1.00| 1.13| 1.20
9 100% OPC 0.45 25 0.72| 0.81| 1.00| 1.23| 1.30
10 100% OPC 0.45 32 0.68| 0.73| 1.00| 1.15| 1.23
11 100% OPC 0.45 38 0.74| 0.82| 1.00| 1.15| 1.22
12 100% OPC 0.45 45 0.84| 092| 1.00| 1.15| 1.21
Average 0.76 | 0.84| 1.00| 1.15| 1.23
13 OPC + 10% VFFA 0.4 25 0.67| 0.76 | 1.00 | 1.16 | 1.27
14 OPC + 10% VFFA 0.4 32 0.70| 0.75| 1.00| 1.12 | 1.22
15 OPC + 10% VFFA 0.4 38 0.70| 0.75| 1.00| 1.11 | 1.23
16 OPC + 10% VFFA 0.4 45 0.75| 085 1.00| 1.11 | 1.22
Average 0.71| 0.78 | 1.00| 1.13| 1.24
17 OPC + 30% FA 0.4 25 0.68| 0.77| 1.00| 1.28 | 1.40
18 OPC + 30% FA 0.4 32 0.66 | 0.73| 1.00| 1.28 | 1.39
19 OPC + 30% FA 0.4 38 0.70 | 0.78 | 1.00 | 1.28 | 1.39
20 OPC + 30% FA 0.4 45 0.85| 094 | 1.00| 1.32 | 1.43
Average 0.72] 0.81| 1.00| 1.29| 1.40
21 OPC + 7% SF 0.4 25 0.74| 0.82 | 1.00| 1.15| 1.26
22 OPC + 7% SF 0.4 32 0.69| 0.77] 1.00| 1.11 | 1.26
23 OPC + 7% SF 0.4 38 0.74| 0.84| 1.00| 1.13 | 1.28
24 OPC + 7% SF 0.4 45 0.85| 095| 1.00| 1.13 | 1.23
Average 0.76 | 0.85| 1.00| 1.13| 1.26
25 | OPC +70% GGBFS 0.4 25 062 | 0.79 | 1.00| 1.22 | 1.40
26 | OPC + 70% GGBFS 0.4 32 0.60| 0.74| 1.00 | 1.22 | 1.40
27 | OPC + 70% GGBFS 0.4 38 0.68| 0.75| 1.00 | 1.32 | 1.46
28 | OPC + 70% GGBFS 0.4 45 0.86| 092 | 1.00| 1.25| 1.42
Average 0.69| 0.80| 1.00| 1.25| 1.42
29 OPC + 20% NP 0.4 25 060| 0.74| 1.00| 1.17 | 1.33
30 OPC + 20% NP 0.4 32 0.60| 0.71| 1.00| 1.18 | 1.29
31 OPC + 20% NP 0.4 38 059| 0.70| 1.00| 1.27 | 1.41
32 OPC + 20% NP 0.4 45 0.69| 0.83| 1.00| 1.33| 1.42
Average 062 | 0.75| 1.00| 1.24 | 1.36
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Table 410: Split Tensile Strength of Blended Cement Concretes Compared to thEensile Strength of
OPC Concrete (0.4 wic} Average of all Curing Regimes.

: 2
Mix Cementitious wic C.:I_ae?::gg ftB(BIend7ed Ce;éent) /S;féopcl)BO
No. Materials Ratio o~
(°C) | Days | Days| Days | Days | Days
13 OPC +10% VFFA | 0.4 25 091 096 | 1.04| 1.02 | 1.03
14 | OPC+10% VFFA | 0.4 32 1.01| 1.00| 1.03| 1.02 | 1.04
15 OPC +10% VFFA | 0.4 38 097 | 097 | 1.07 | 1.07 | 1.10
16 OPC +10% VFFA | 0.4 45 096 | 098 | 1.09| 1.08 | 1.10
Average 096 | 0.98| 1.06 | 1.05| 1.07
17 OPC + 30% FA 0.4 25 0.83] 088|094 | 1.01| 1.01
18 OPC + 30% FA 0.4 32 0.84| 0.85| 0.90| 1.03 | 1.04
19 OPC + 30% FA 0.4 38 087 090| 095 | 1.11| 1.11
20 OPC + 30% FA 0.4 45 086 | 0.85| 0.86| 1.01 | 1.02
Average 0.85| 087 | 091 | 1.04| 1.05
21 OPC + 7% SF 0.4 25 1.05| 1.07 | 1.07 | 1.04 | 1.05
22 OPC + 7% SF 0.4 32 1.03| 1.06 | 1.07 | 1.05| 1.10
23 OPC + 7% SF 0.4 38 1.00| 1.04 | 1.03| 1.05| 1.10
24 OPC + 7% SF 0.4 45 1.02 | 1.03| 1.02| 1.03| 1.05
Average 1.02| 1.05| 1.05| 1.04 | 1.08
25 | OPC +70% GGBFS 0.4 25 0.66 | 0.78 | 0.81 | 0.83 | 0.88
26 | OPC + 70% GGBFS 0.4 32 0.68 | 0.76 | 0.80 | 0.87 | 0.93
27 | OPC +70% GGBFS 0.4 38 0.76 | 0.77 | 0.85| 1.02 | 1.04
28 | OPC + 70% GGBFS 0.4 45 0.76 | 0.73 | 0.75| 0.84 | 0.89
Average 0.71 ] 0.76 | 0.81| 0.89 | 0.93
29 OPC + 20% NP 0.4 25 0.70 | 0.79| 0.88 | 0.87 | 0.91
30 OPC + 20% NP 0.4 32 0.72 | 0.79| 0.86 | 0.89 | 0.91
31 OPC + 20% NP 0.4 38 0.71| 0.77| 0.91 | 1.04 | 1.07
32 OPC + 20% NP 0.4 45 0.71| 0.77 | 0.88 | 1.04 | 1.04
Average 0.71 ] 0.78 | 0.88 | 0.96 | 0.98

2 Ratio of split tensile strength of blended cement concretes to plain cement concretes.
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4.3 Pulse Velocity

The averageulse velocityin OPC and blended cement concrete specimens, prepared
with a w/cm ratio of 0.3, 0.4 or 0.4Bast at 2532, 38 or 45C andtested after 3, 7, 28,

90 and 180 daysf curing under moist condition, covering with wet burlap or applying a
curing compounds presented in Tablesl4 to 4.13. As expected, the same trend was
observedn thecompressive and split tensile strengtid pulse velocity measuremeint
terms of curing period, curing regime, casting temperature or w/c. rdtith an
exception thathe pulse velocity slightly dropped at the age of 180 ddgs all the
parameters investigatelh addition a relationship between the compressive strength and
pulse velocity is formulated under Section 4lnavestigations have shown that
microcrackingoccurs not only in normal strength concrete but also in moist cured
concrete having water to cement ratio of as low as 0.25, prior to thieajgpl of the

load on concretd32]. In contrast to compressive strength a retrogression in pulse
velocity wasalsoreportedby Al-Amoudi et al.[49] in all the OPC, VFFA, FA and SF
cement concretspecimensured with water, wet burlapr applying curing compound,
when expased to thermal variatien(2570°C). The authors concluded that the pulse
velocity declinationwas due to the detrimental effect of exposure teanperature

variation that may form microracking without influencing the compressive strength.
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Table 411: Pulse \elocity in OPC and Blended Cement Concretes Cured by Waterdhding.

Mix Cementitious w/c C.:I_ae?::gg 3 Pulje \bl;(;lty (mézec) 180
No. Materials Ratio o~

(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 4310| 4350 4470 | 4530 | 4510
2 100% OPC 0.3 32 4360 | 4420 | 4520 | 4570 | 4540
3 100% OPC 0.3 38 4330 | 4380 | 4480 | 4520 | 4500
4 100% OPC 0.3 45 4320 | 4360 | 4470 | 4510 4490
5 100% OPC 0.4 25 4220 | 4250 | 4350 | 4420 | 4400
6 100% OPC 0.4 32 4280 | 4330 | 4420 | 4480 | 4450
7 100% OPC 0.4 38 4260 | 4300 | 4370 | 4430 | 4400
8 100% OPC 0.4 45 4230 | 4270 | 4350 | 4400 | 4380
9 100% OPC 0.45 25 4170| 4210 4310| 4360 | 4340
10 100% OPC 0.45 32 4210| 4260 | 4370 | 4430 | 4400
11 100% OPC 0.45 38 4190 | 4220 | 4320| 4370 | 4350
12 100% OPC 0.45 45 4180 | 4210 4310 4340| 4320
13 OPC +10% VFFA | 0.4 25 4190 | 4230 | 4360 | 4440 4400
14 | OPC+10% VFFA | 0.4 32 4240 | 4270 | 4380 | 4470 | 4420
15 OPC +10% VFFA | 0.4 38 4290 | 4340 | 4460 | 4580 | 4540
16 OPC +10% VFFA | 0.4 45 4270| 4330 | 4450 | 4550 | 4510
17 OPC + 30% FA 0.4 25 4170| 4200 | 4320 | 4430 | 4390
18 OPC + 30% FA 0.4 32 4260 | 4300 | 4370 | 4480 | 4430
19 OPC + 30% FA 0.4 38 4320 | 4360 | 4450 | 4600 | 4550
20 OPC + 30% FA 0.4 45 4190 | 4220 | 4320 | 4410 4380
21 OPC + 7% SF 0.4 25 4280 | 4330 | 4460 | 4550 | 4500
22 OPC + 7% SF 0.4 32 4350 | 4410 | 4530 | 4630 | 4590
23 OPC + 7% SF 0.4 38 4310| 4360 | 4480 | 4570 | 4520
24 OPC + 7% SF 0.4 45 4290 | 4350 | 4460 | 4530 | 4490
25 | OPC +70% GGBFS 0.4 25 3820 | 3850 | 3930 | 4060 | 4030
26 | OPC +70% GGBFS 0.4 32 3910| 3950 | 4040 | 4160 | 4120
27 | OPC +70% GGBFS 0.4 38 3980 | 4030 | 4120 | 4250 4210
28 | OPC +70% GGBFS 0.4 45 3860 | 3890 | 3950 | 4070 | 4040
29 OPC + 20% NP 0.4 25 4110| 4160 | 4240| 4350 | 4320
30 OPC + 20% NP 0.4 32 4190 | 4230 | 4330 | 4420 | 4380
31 OPC + 20% NP 0.4 38 4250 | 4280 | 4380 | 4460 | 4430
32 OPC + 20% NP 0.4 45 4220 | 4250 | 4340 | 4420 | 4390
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Table 412: Pulse Velocityin OPC and Blended Cement Concretes Cured by Covering with Wet

Burlap.
Mix Cementitious w/c C.:I_ae?::gg 3 Pulje \bl;(;lty (mézec) 180
No. Materials Ratio o~

(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 4270| 4300 | 4400 | 4450 | 4420
2 100% OPC 0.3 32 4320 | 4360 | 4440 | 4500 | 4470
3 100% OPC 0.3 38 4300 | 4350 | 4440 | 4490 | 4460
4 100% OPC 0.3 45 4280 | 4330 | 4390 | 4430 | 4400
5 100% OPC 0.4 25 4190 | 4210 4290 | 4340 | 4310
6 100% OPC 0.4 32 4240 | 4280 | 4380 | 4420 | 4390
7 100% OPC 0.4 38 4220 | 4250 | 4340 | 4380 | 4350
8 100% OPC 0.4 45 4210| 4230 4300 | 4340 | 4320
9 100% OPC 0.45 25 4130| 4170 | 4260 | 4300 | 4270
10 100% OPC 0.45 32 4170| 4200 | 4280 | 4340 | 4310
11 100% OPC 0.45 38 4160 | 4190 | 4270 | 4310 | 4280
12 100% OPC 0.45 45 4150 | 4180 | 4250 | 4290 | 4270
13 OPC +10% VFFA | 0.4 25 4170| 4200 | 4320 | 4380 | 4330
14 OPC +10% VFFA | 0.4 32 4210| 4250 | 4360 | 4430 | 4380
15 OPC +10% VFFA | 0.4 38 4250| 4300 | 4410| 4510 4440
16 OPC +10% VFFA | 0.4 45 4250 | 4290 | 4400 | 4480 | 4430
17 OPC + 30% FA 0.4 25 4160 | 4180 | 4280 | 4360 | 4320
18 OPC + 30% FA 0.4 32 4220 | 4270 | 4340 | 4440 4380
19 OPC + 30% FA 0.4 38 4270| 4310 | 4390 | 4530 | 4470
20 OPC + 30% FA 0.4 45 4170| 4190 | 4280 | 4360 | 4320
21 OPC + 7% SF 0.4 25 4250 | 4300 | 4410 | 4490 | 4440
22 OPC + 7% SF 0.4 32 4300 | 4360 | 4460 | 4560 | 4500
23 OPC + 7% SF 0.4 38 4270 | 4310 | 4420 | 4500 | 4440
24 OPC + 7% SF 0.4 45 4260 | 4300 | 4390 | 4460 | 4420
25 | OPC +70% GGBFS 0.4 25 3790 | 3810 | 3880 | 3990 | 3940
26 | OPC +70% GGBFS 0.4 32 3900 | 3940 | 4030 | 4130 4080
27 | OPC +70% GGBFS 0.4 38 3960 | 4000 | 4100 | 4220| 4170
28 | OPC +70% GGBFS 0.4 45 3830 | 3860 | 3910 4010| 3970
29 OPC + 20% NP 0.4 25 4100 | 4130 4210 4310 4270
30 OPC + 20% NP 0.4 32 4160 | 4190 | 4270 | 4350 | 4300
31 OPC + 20% NP 0.4 38 4230 | 4250 | 4350 | 4420 | 4380
32 OPC + 20% NP 0.4 45 4200 | 4220 | 4300 | 4370 | 4340
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Table 413: Pulse Velocityin OPC and Blended Cement Concretes Cured b&pplying a Curing

Compound.

Mix Cementitious w/c C.:I_ae?::gg 3 Pulje \bl;(;lty (mézec) 180
No. Materials Ratio o~

(°C) | Days | Days| Days | Days | Days
1 100% OPC 0.3 25 4250 | 4280 | 4370 | 4400 | 4360
2 100% OPC 0.3 32 4290 | 4340 | 4420 | 4470 4430
3 100% OPC 0.3 38 4270| 4310 4390 | 4430 | 4400
4 100% OPC 0.3 45 4260 | 4300 | 4380 | 4410 4380
5 100% OPC 0.4 25 4180 | 4200 | 4270 | 4310 4280
6 100% OPC 0.4 32 4210| 4240 | 4310| 4360 | 4320
7 100% OPC 0.4 38 4200 | 4230 | 4310 4340 4300
8 100% OPC 0.4 45 4190 | 4220| 4270 | 4300 | 4280
9 100% OPC 0.45 25 4100| 4120 4190 | 4220 | 4180
10 100% OPC 0.45 32 4130| 4160 | 4230 | 4270 | 4230
11 100% OPC 0.45 38 4110| 4140 4220 | 4250 | 4210
12 100% OPC 0.45 45 4110| 4130 4210| 4220 | 4180
13 OPC +10% VFFA | 0.4 25 4160 | 4190 | 4290 | 4350 | 4300
14 OPC +10% VFFA | 0.4 32 4190 | 4230 | 4320| 4380 | 4320
15 OPC +10% VFFA | 0.4 38 4230 | 4270 | 4370 | 4450 4370
16 OPC +10% VFFA | 0.4 45 4220 | 4260 | 4360 | 4430 | 4370
17 OPC + 30% FA 0.4 25 4130 | 4150 4250 | 4320 | 4270
18 OPC + 30% FA 0.4 32 4190 | 4230| 4290 | 4380 4310
19 OPC + 30% FA 0.4 38 4240 | 4270 | 4360 | 4460 | 4380
20 OPC + 30% FA 0.4 45 4150| 4170| 4250 | 4310 4260
21 OPC + 7% SF 0.4 25 4230 | 4270 | 4370 | 4450 | 4380
22 OPC + 7% SF 0.4 32 4290 | 4330 | 4420 | 4510 | 4440
23 OPC + 7% SF 0.4 38 4250 | 4280 | 4360 | 4430 | 4370
24 OPC + 7% SF 0.4 45 4240 | 4270 | 4350 | 4420 | 4360
25 | OPC +70% GGBFS 0.4 25 3780 | 3800 | 3870 | 3970| 3910
26 | OPC +70% GGBFS 0.4 32 3880 | 3910 | 3990 | 4090 | 4020
27 | OPC +70% GGBFS 0.4 38 3950 | 3980 | 4080 | 4180| 4120
28 | OPC +70% GGBFS 0.4 45 3810| 3830 | 3890 | 3980 | 3930
29 OPC + 20% NP 0.4 25 4080 | 4120| 4190 | 4260 | 4200
30 OPC + 20% NP 0.4 32 4120 | 4150 4230| 4290 | 4240
31 OPC + 20% NP 0.4 38 4180 | 4200 | 4290 | 4360 | 4310
32 OPC + 20% NP 0.4 45 4170| 4200 | 4260 | 4330 | 4280
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4.4 Depth of Water Penetration

The averagelepth of water penetratian OPC and blended cement concrete specimens,
prepared with a w/cm ratio of 0.3, 0.4 or 0.4&st at 2532, 38 or 45C andtested after

28 days ofcuring undemoist condition covering withwet burlap orapplying a curing
compound is presented Table 414 along with theclassificationbased on the criteria
presented in &ction 36.4. Moreover quantitative analysis of the depth of water
penetration of all types of concretess carried out ashown inTable 415, where the
depth of water penetratian each cementitious matersas expressed as a fractiontbe
correspondingdepthin OPC concreteAs expected, the same trend was obseined
mechantal tests and durability of all cementitious materials in terms of curing regime,
casting temperature or w/c ratio. Additionally, a correlation between the compressive

strengthanddepth of water penetratios developed under Section 4.7.
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Table 414: Depth of Water Penetrationand its Classificationin OPC and Blended Cement
Concretesat 28 Days.

. . Casting | Water Penetration Depth® (mm)
Mix Cement_ltlous W/(_: Temp. Moist Burla c r
No. Materials Ratio 9 P ompoun

(°C) Cured Cured Cured

1 100% OPC 0.3 25 35 (M) 45 (M) 58 (M)

2 100% OPC 0.3 32 23 (L) 34 (M) 42 (M)

3 100% OPC 0.3 38 27 (L) 42 (M) 51 (M)

4 100% OPC 0.3 45 35 (M) 46 (M) 55 (M)

5 100% OPC 0.4 25 41 (M) 51 (M) 62 (H)

6 100% OPC 0.4 32 27 (L) 40 (M) 49 (M)

7 100% OPC 0.4 38 35 (M) 47 (M) 56 (M)

8 100% OPC 0.4 45 40 (M) 53 (M) 64 (H)

9 100% OPC 0.45 25 49 (M) 61 (H) 64 (H)
10 100% OPC 0.45 32 32 (M) 48 (M) 57 (M)
11 100% OPC 0.45 38 42 (M) 54 (M) 62 (H)
12 100% OPC 0.45 45 49 (M) 64 (H) 70 (H)
13 OPC +10% VFFA 0.4 25 36 (M) 47 (M) 60 (H)
14 OPC +10% VFFA | 0.4 32 29 (L) 37 (M) 49 (M)
15 OPC +10% VFFA | 0.4 38 24 (L) 34 (M) 44 (M)
16 OPC +10% VFFA | 0.4 45 33 (M) 40 (M) 53 (M)
17 OPC + 30% FA 0.4 25 43 (M) 53 (M) 65 (H)
18 OPC + 30% FA 0.4 32 32 (M) 42 (M) 53 (M)
19 OPC + 30% FA 0.4 38 28 (L) 40 (M) 50 (M)
20 OPC + 30% FA 0.4 45 44 (M) 58 (M) 69 (H)
21 OPC + 7% SF 0.4 25 34 (M) 45 (M) 57 (M)
22 OPC + 7% SF 0.4 32 23 (L) 32 (M) 45 (M)
23 OPC + 7% SF 0.4 38 26 (L) 36 (M) 47 (M)
24 OPC + 7% SF 0.4 45 35 (M) 45 (M) 55 (M)
25 | OPC +70% GGBFS 0.4 25 49 (M) 61 (H) 70 (H)
26 | OPC +70% GGBFS 0.4 32 46 (M) 57 (M) 65 (H)
27 | OPC +70% GGBFS 0.4 38 37 (M) 50 (M) 58 (M)
28 | OPC +70% GGBFS 0.4 45 43 (M) 56 (M) 67 (H)
29 OPC + 20% NP 0.4 25 46 (M) 56 (M) 68 (H)
30 OPC + 20% NP 0.4 32 35 (M) 48 (M) 58 (M)
31 OPC + 20% NP 0.4 38 33 (M) 45 (M) 53 (M)
32 OPC + 20% NP 0.4 45 39 (M) 53 (M) 66 (H)

®H, M and L represents High, Medium abhdw permeability of waterespectively.
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Table 415: Depth of Water Penetrationin Blended Cement Concretes Compared to the Depth
OPC Concrete (0.4 wic} Average of all Curing Regimes.

. DP (Blended Cement) DP (OPC)*
. - Casting
Mix Cement_ltlous w/(_: Temp. | Moist | Burla Comp-
No. Materials Ratio C) Cured | C g ound Average
ure ure Cured
13 | OPC +10% VFFA| 0.4 25 0.88 0.92 0.97 0.92
14 | OPC+10% VFFA| 0.4 32 1.07 0.93 1.00 1.00
15 | OPC+10% VFFA| 0.4 38 0.69 0.72 0.79 0.73
16 | OPC+10% VFFA| 0.4 45 0.83 0.75 0.83 0.80
Range 0.731.00
17 OPC + 30% FA 0.4 25 1.05 1.04 1.05 1.05
18 OPC +30% FA 0.4 32 1.19 1.05 1.08 1.11
19 OPC + 30% FA 0.4 38 0.80 0.85 0.89 0.85
20 OPC + 30% FA 0.4 45 1.10 1.09 1.08 1.09
Range 0.851.11
21 OPC + 7% SF 0.4 25 0.83 0.88 0.92 0.88
22 OPC + 7% SF 0.4 32 0.85 0.80 0.92 0.86
23 OPC + 7% SF 0.4 38 0.74 0.77 0.84 0.78
24 OPC + 7% SF 0.4 45 0.88 0.85 0.86 0.86
Range 0.780.88
25 | OPC + 70% GGBFY 0.4 25 1.20 1.20 1.13 1.17
26 | OPC + 70% GGBFY 0.4 32 1.70 1.43 1.33 1.49
27 | OPC + 70% GGBFY 0.4 38 1.06 1.06 1.04 1.05
28 | OPC + 70% GGBFY 0.4 45 1.08 1.06 1.05 1.06
Range 1.051.49
29 OPC + 20% NP 0.4 25 1.12 1.10 1.10 1.11
30 OPC + 20% NP 0.4 32 1.30 1.20 1.18 1.23
31 OPC + 20% NP 0.4 38 0.94 0.96 0.95 0.95
32 OPC + 20% NP 0.4 45 0.98 1.00 1.03 1.00
Range 0.951.23

* Ratio of depth of water penetration in blended cement concretes to plain cement concretes.
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4.4.1 OPC Concrete

The depth ofwater penetratiomn OPC concrete(100% OPC)specimens prepared with
w/c ratio of 0.3, 0.4 00.45, cast at 25, 32, 38 or 45°C and cubgdwater ponding
covering with wet burlap or applying a curing compousdlepicted in Figures 85

through 457, respectively.

Effect of Curing Regime on Depth of Water PenetrationOPC Concrete

The depth of water penetratian the moist cured concretepecimens was less than that
in the concretespecimens cured by covering with wet burlap or applying a curing
compound.As shown inTable 414, irrespective of any casting temperature and w/c ratio
studied,thedepth of water penetratiafter 28 days of moist curingas on average 26.0
and 37.%% less than that in the concresfgecmens cured by covering with wet burlap or
applying a curing compound, respectively. Further,déygth of water penetratian the
concrete specimen cured by covering witet burlap was less than that in the concrete
specimens cured bgpplication ofa cuing compound by about 128on averageThe
difference inthe depth of water penetratidmy different curing technique sscribedto

the water retention that preserves internal moisture for maintaining a favorable humid
condition for hydration reactiotihherebyprodudng a dense concret&aricimen et al[87]
measured volume of voidsnd absorption test on plain and pozzolanic concretes and
concludedthat to produce the least permeahiencrete continuous water curing (at

laboratory) is better than outdoor curing.

Effect of Casting Temperatte on Depth of Water Penetratiom OPC Concrete

Regardless of w/c ratoand curing regime utilized, the minimumdepth of water

penetratiorwas noted irthe concrete specimens cast at 32°C followed by those that were
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cast at 38°CQwhile the difference betweemepth of water penetration in the concrete
specimens cast at 25 or 45°C waarginal but significantly higher than those cast at
other temperatures, as shownTable 414 and depictedn Figures 455 through 457. On
average the 28day depth of water penetration the concrete specimens cast3#°C
was 245, 154 and 261% less tharhatin the concretspecimengast at25, 38 or 45°C,

respectively.

Effect of w/c Ratio on Depth of Water Penetratiom OPC Concrete

As expectedthe depth of water penetrationtime OPCconcrete mixescreased witlihe
increase inthe w/c ratio. For all casting temperatures and curiegimes,the 28day
depth of water penetratian the concretespecimens preparegith w/c ratio of 0.3 was

on averagel28 and 241% less tharthatin the concretespecimens prepared with w/c
ratio of 0.4 or 0.45, respectively. Further, thepth of watepenetrationn the concrete
specimen prepared with w/c ratio of 0.4 was averagel3.(% less than thain the
concrete specimens prepared with w/c ratio of 0.45. The higtepth of water
penetratiorwith anincrease irthew/c ratio isprobablydue to theporous pore structure
caused by increase in the w/c ratidl-Amoudi [19] observed that the concrete
permeability is significantly reduced forwa/c ratio below 0.45. He suggested that to
obtain good durability, w/c ratio should be less than 0.45, and preferably around 0.40.
The coefficient of permeability increases considerably widincrease in the w/c ratios:

it increases by 4 times over th@nge of w/c ratio of 0.26 to 0.75 and by 2 orders of
magnitude over the range of 0.45 to O[I%6]. The permeability of concrete increases
significantly at w/c ratio more than 0a& the capillaries become segmented at this limit

of w/c ratio anghence, incre&stheingress of aggressive species into condi@2ég
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Figure 4.55: Depth of Water Penetration in OPC Concretes Prepared withw/c Ratio
of 0.3-0.45 andCast at25-45°C after 28 Days of Moist Qiring.
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Figure 4.56: Depth of Water Penetration in OPC Concretes Prepared withw/c Ratio
of 0.3-0.45 andCast at 25-45°C after 28 Days of Curing by Covering with Wet Birlap.
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Figure 4.57: Depth of Water Penetration in OPC Concretes Prepared withw/c Ratio
of 0.3-0.45 andCast at 25-45°C after 28 Days ofApplying a Curing Compound.

4.4.2 VFFA CementConcrete

The effect of partial replacement of OPC by 10% VFFA cement on the depth of water
penetration is discussed in this section. For each curing regimalegita of water
penetratiorversus casting temperature curves were plotted for all the concrete specimens
prepared at a constant w/cm ratio of 0.4 and aasarying temperatures of 25486°C,

as shown irFigure 458,

Effect of Curing Regime on Depth of Water Penetratiin VFFA CementConcrete

The depth of water penetratian the moist cured concrete specimens was less than that
in the concretespecimens cured by covering with wet burlap or applying a curing
compound.On averagdrom Table 414, the 28day depth of water penetration the
moist curedconcretespecimens was 22.8 and 40.8% less ttiaat in the concrete

specimens aed by covering with wet burlap or applying a curing compound,
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respectively. Further, théepth of water penetratian the concrete specimearcured by
covering withwet burlap wa23.3%]less than that in the concretpecimens cured by
applying a curing ampound.This difference in the depth of water penetration due to
varying the curing regimeis ascribed to the water retention that preserves internal
moisture for maintaining a favorable humid condition for hydration and pozzolanic

reactions.

Effect of Casting Temperature on Depth of Water Penetration VFFA Cement
Concrete

Irrespectiveof the curing regimenvestigatedthe minimum depth of water penetration
wasmeasuredn the concrete specimens cast at 38°C followed by those that werat cast
32°Cwhile thedepth of water penetratidn the concrete specimens casfaiand 45C
wastrelatively high, as shown imable 414 and depictedn Figure 458. On averaggthe
28-daydepth of water penetratian the concretespecimens cast 88°C was 2§, 11.3

and 191% less tharhatin the concretepecimengast a5, 32 or 45°C, respectively.
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Figure 4.58: Depth of Water Penetration in VFFA Cement Concretesat 28 Days.
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4.4.3 FA Cement Concrete

The depth of water penetration in FA cement conc(@eC + 30% FA)specimens
prepared with a w/cm ratio of 0.4, cast at 25, 32, 38 or 45°C and cured under moist
condition, covering with wet burlap or applying a curing compound is depittéidure

459,

Effect of Curing Regime on Depth of Water PenetrationFA Cement Concrete

The 28day depth of water penetration in the moist cured concrete speciwason
average23.8 and 38% less than that in the concrete specimens cured by covering with
wet burlap or applying a curing compound, respectivasyshown iTable 414. Further,

the depth of water penetration in the concrete specimens cured by covering with wet
burlap was less than that in the concrete specimens cured by applying a curing

compound. This dierence wasbout18.6% on average

Effect of Casting Temperature on Depth of Water PenetratiarFA Cement Concrete

For all curing regims, 38°C wasthe optimum temperature at whi¢che minimum depth

of water penetration was measured in¢becrete spgmensfollowed by those that were

cast at 32°Cwhile the difference between the depth of water penetration in the concrete
specimens cast at 25 or 45°C was marginal but higher than those cast at other
temperatures, as shownTable 414 and depictedh Figure 459. On averagethe 28day

depth of water penetration in tlo®ncrete specimens cast at 38°C was 26X aid

31.0% less than that in the concrete specimens cast at 25, 32 or 45°C, respectively.
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Figure 4.59: Depth of Water Penetration in FA Cement Concretesat 28 Days.

4.4.4 SF CementConcrete

The influence of partial replacement of OPC T SF cement on the depth of water
penetration is discussed in this section. For each curing regimalegita of water
penetratiorversus casting temperature curves were plotted for all the concrete specimens
prepared at a constant w/cm ratio of 0.4 and cast at range of temperaturetbo€ 28s

shown inFigure 460.

Effect of Curing Regime on Depth of Water PenetrationSF Cement Concrete

The minimum depth of water penetration was measured in all concrete specimens cured
under moist condition followed by those specimens that were cured by covering with wet
burlap or applying a curing compound, in increasing or@araveragethe 28day deph

of water penetration in the moist cured concrete specimens was 25.3 2#dlelss than

that in the concrete specimens cured by covering with wet burlap or applying a curing

compound, respectivelyas shown imable 414. Further, the depth of water penetration
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in the concrete specimens cured by covering with wet burla?26% less than that in

the concrete specimens cured by applying a curing canth

Effect of Casting Temperature on Depth of Water PenetratiarSF Cement Concrete

The minimum depth of water penetration was measured in the concrete specimens cast at
32°C (alike 100% OPC concrete specimefa)owed by those that were cast at 38°C

while the depth of water penetration in the concrete specimens cast at 25 or 45°C was
approximatelythe same but higher than those cast at other temperatures, as shown in
Table 414 and depictedin Figure 460. On average the 28day depth of water
penetration in the concrete specimens casRdl 8vas26.5, 8.3 and 25.96 less than that

in the concrete specimens cast at Z01345°C, respectively.
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Figure 4.60: Depth of Water Penetration in SF CementConcretesat 28 Days.
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4.4.5 GGBFS Cement Concrete

The depth of water penetration in GGBFS cement cond@RC + 70% GGBFS)
specimens prepared with a w/cm ratio of 0.4, cast at 25, 32, 38 or 45°C and cured under
moist condition, covering with wet burlap or applying a curing compound is depicted in

Figure 461.

Effect of Curing Regime on Depth of Water Penetration in GGBFS Cement Concrete

From Table 414, the 28-day depth of water penetration in the moist cured concrete
specimens wasn averag19 and 32.7% less than that in the concrete specimens cured
by covering with wet burlap or applying a curing compound, respectively. Further, the
depth of water penetration in the concrete specimens cured by covering with wet burlap
was 13.8% less than thatin the concrete specimens cured by applying a curing

compound.

Effect of Casting Temperature on Depth of Water Penetration in GGBFS Cement
Concrete

Regardless of the curing regimd8°C was the optimum temperature at whitie
minimum depth of water pemation wasrecordedn theconcrete specimerisllowed by

those that were cast at 32 or 45%ile the depth of water penetration in the concrete
specimens cast at 25°C wie highest as shown ifTable 414 and depictedn Figure

4.61. On averagethe 28day depth of water penetration in tt@ncrete specimens cast at
38°C was 1%, 13.7 and 1Z% less than that in the concrete specimens cast at 25, 32 or
45°C, respectivelyGowripalan et al[117] examined the effect of curing temperature on
the durability of 70% GGBFS cement concrete and reported that porosity is lower when

cured at 35°C than at 21°C.
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Figure 4.61: Depth of Water Penetration in GGBFS CementConcretesat 28 Days.

4.4.6 NP Cement Concrete

The depth of water penetratian NP cement concrete specimepsepared with a
constantw/cm ratio of 0.4, cast atarying temperatures @b, 32, 38 or 45°C and cured
by water pondingcovering with wet burlap oapplication ofa curing compound is

depicted inFigure 462.

Effect of Curing Regime on Dgth of Water Penetration in NP Cement Concrete

On averaggethe 28day depth of water penetration in the moist cured concrete specimens

was 243 and 376% less than that in the concrete specimens cured by covering with wet

burlap or applying a curing compad, respectivelyas shown imable 414. Further, the

depth of water penetration in the concrete specimens cured by covering with wet burlap
was 176% less than that in the concrete specimens cured by applying a curing

compound.

137



Effect of Casting Temperature on Depth of Water Penetration in NP Cement Concrete

For all the curing technique utilizedhe minimum depth of water penetration was
observedn the concrete specimens cast at 38°C followed by those that were cast,at 32°C
while the depth of water penetration in the concrete specimens cast at 25 or 45°C was
relatively high, as shown ifable 414 and depictedn Figure 462. On averagethe 28

day depth of water penetration in the concrete specimens cast at 38°C wasl2d, 7.

171% less than that in the corete specimens cast at 25, 32 or 45°C, respectively.
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Figure 4.62: Depth of Water Penetration in NP CementConcretesat 28 Days.

4.4.7 Comparison of Depth of Water Penetration in Cementitious Materials

Figures 463 through4.65 depictthe 28day depth of water penetratian the plain and
blended cement concrete specimprepared with a constant w/cm ratio of 0.4, cast at 25
to 45°C and cured under moist condition, covering with wet burlap or applying a curing
compound respetively. As explained earlierriespective of the curingegimestudied

the depth of water penetration decreased up to 32°C. However, a fuster the
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casting temperature increased the depth of water penetration. An exception to this trend
was notedn FA, VFFA, NP and GGBFS cement concretes. In these concrete specimens,
the depth of water penetration continued to decrease up to a temperature of 38°C;

thereafter, there was an increase in the depth of water penetration

It was also noted that regardéeof any curing condition and casting temperature utilized,
at 25 and 32°Cthe mnimum depth of water penetratiomas attainedin the SF cement
concrete specimens while the maxima®pth of water penetratiowas noted in the
GGBFS cement concrete specimens. However, at 38 and @& @Gninimumdepth of
water penetratiowasrecordedn VFFA cement concretes. The maximdepth of water
penetratiorat these temperatures wagasuredn GGBFS and in bt GGBFS ad FA
cement concretes, respectivele initial decrease in thaepth of water penetratianay

be attributed taheincrease in the hydration reaction while the increaskepth of water
penetrationwith increasing temperature, may be tomsequencef formation of micro

cracks.

The data inTable 415 shows theratio of 28day depth of water penetration in blended
cement concretes to OPC concretes for a range of casting temesattiseerage of
curing regimes. The ratio of VFF#o OPC oncretes wasn the range of 0.73.00
(indicating that the depth of water penetratior’/FFA cement concreteas about 27%
lower than OPC concrete #te casting temperature of 38°C while it wegiivalent to

OPC concreteat 32°C). The range of ratio ofFA, SF GGBFS and NP to OPC concrete
was 0.851.11, 0.780.88, 1.051.49, and 0.98..23, respectively. The loweahd highest

ratio of depth of penetration was noticed in VFFA and GGBFS cement concretes,

respectivelyAl-Amoudi et at[91] also reported almost theame ratio of depth of water
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penetration of SF to OPC and FA to OPC i.e. 0.74 and 0.93, respeclivelgs
concluded from the test results in stud#4,45] that ircorporating SF, FA and GGBFS
into plain cement concrete can grgathprove the durability of concrete. Additionally, it
was revealed that from the industriatpoducts examined, silica fume performed better
than others. In a stud$18] it was observed thathentheblending materials utilized ar

finer than ordinary Portland cemergarticle packing is improved ancegmeability is
reducedprovided that adequate curing is doii@e increased penetrability of chlorides
was observed when neat OPC concrete is cured at[3Q%[; which was ascribed to the
development of micro crack¥he higher initial permeability of FA cement is due to its
slow reaction in the concrete. However, the permeability of FA concrete is very low at
later age$33]. The influence of reduced permeability of SF cement concrete compared to
the hydrated cementoncreteis even more thathat of compressive strength. A 5% SF
contentconcreteis reportedio have alower coefficient of permability by 3 times of
magnitude azompared to OPC concrete beca@ereduces both the permeability of
transition zone in the vicinity of aggregates and permeability of the overakntpaste
[120]. Rasheeduzafafl21] found that due to pore refinement resulting from the
pozzolanic reactions, the coefficient of periméty in 20% SF and 30% FA cement
concretes is reduced to about 16 and 5 times, respectively at 180haalpwer water
penetration depth in GGBFS and OPC concrete compared to SF, VFFA and FA concrete

were also reported ylsayed93].
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Figure 4.63: Depth of Water Penetrationin OPC and Blended CementConcretes
Prepared with w/cm Ratio of 0.4 and Cast at 2545°C after 28 Days of Moist Curing.
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4.5 Plastic Shrinkage Strain

The average plastic shrinkage str&anOPC and blended cement concrete specimens,
prepared with a w/cm ratio of 0.3, 0.4 or 0.48st at 2532, 38 or 45C andcuredby
applying a curingcompound orcoveringwith a plastic sheetvas recorded andhese
valuesfor typical OPC concretes prepanedh a w/c ratio of 0.4s summarized iTable
4.16. However, he maximum plastic shrinkage strain recordedeach specimen is
summarized iMable 417. Further quantitative analysis of the plastic shrinkage strain of
all types of concretesascarried out as shown ifiable 418, where theplastic shrinkage
strain in each cementitious matergais expressed as a fraction thfe corresponding

shrinkage strain in OPC concrete.
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Table 416: Typical Plastic Shrinkage Strain in OPC Concretes Prepared withw/c Ratio of 0.4.

Plastic ShrinkageStrain (microns)

Time 25°C 32°C 38°C 45°C
(min) | CUING | pogiic | CUING | plastic | SUTN9 | pjastic | SUIN9 | pjagtic
Comp- | “gpaet | COMP | gheet | COMP | gheet | COMP | gheet
ound ound ound ound
0 0 0 0 0 0 0 0 0
10 25 1 60 19 196 65 51 73
20 51 39 67 64 224 103 81 110
30 75 78 80 121 229 101 119 147
40 97 112 85 183 240 142 161 173
50 121 141 95 232 244 210 154 208
60 143 163 111 278 251 248 210 239
70 167 184 126 313 268 282 251 271
80 177 229 134 339 288 305 289 303
90 202 273 147 379 296 326 302 340
100 215 341 156 422 314 352 327 356
110 243 421 170 446 326 384 349 391
120 296 507 196 478 365 408 371 421
130 407 581 240 506 394 442 386 442
140 567 627 269 545 405 464 398 456
150 698 662 297 606 418 491 414 477
160 756 682 310 652 436 520 404 509
170 806 697 310 673 455 551 415 532
180 856 710 327 688 470 584 411 572
190 861 720 338 708 483 606 401 617
200 861 755 361 726 494 639 398 658
210 887 780 353 738 504 663 393 682
220 888 808 400 750 516 684 397 706
230 891 819 409 772 525 710 416 714
240 889 840 418 796 541 731 443 740
250 903 865 427 808 549 755 466 769
260 901 883 440 811 560 807 486 785
270 897 900 447 829 577 828 507 799
280 909 914 457 826 592 844 509 797
290 912 931 478 825 602 859 542 819
300 935 947 488 829 654 872 584 854
310 942 959 499 832 660 892 598 889
320 956 968 511 839 663 905 612 952
330 974 987 521 848 670 923 625 972
340 977 1010 531 856 679 934 640 982
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350 996 1028 539 863 688 949 672 989

360 998 1048 544 873 695 961 686 994

390 988 1073 554 879 698 960 689 994

420 1009 1102 561 886 703 970 727 1009
450 1009 1133 569 897 714 975 761 1024
480 1055 1162 577 903 715 986 778 1032
510 1064 1192 587 911 716 988 808 1048
540 1062 1216 596 921 714 985 823 1066
570 1073 1243 595 929 712 989 845 1094
600 1074 1265 594 932 713 990 874 1109
630 1068 1287 591 931 720 992 906 1125
660 1058 1302 585 933 715 996 921 1139
690 1049 1353 580 936 714 1000 947 1156
720 1044 1368 575 940 715 997 952 1176
750 1038 1373 564 936 720 996 955 1187
780 1031 1372 558 928 722 996 957 1198
810 1029 1372 554 927 718 998 957 1198
840 1028 1373 558 929 715 1001 956 1199
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Table 417: Maximum Plastic Shrinkage Strainin OPC and Blended Cement @ncretes

Maximum Plastic Shrinkage Strain

Mix Cementitious wi/c Casting (microns)
No. Materials Ratio Temp. Curing .
(°C) Plastic Sheet
Compound
1 100% OPC 0.3 25 719 1137
2 100% OPC 0.3 32 315 663
3 100% OPC 0.3 38 605 916
4 100% OPC 0.3 45 837 1135
5 100% OPC 0.4 25 1074 1373
6 100% OPC 0.4 32 596 940
7 100% OPC 0.4 38 722 1001
8 100% OPC 0.4 45 957 1199
9 100% OPC 0.45 25 1268 1593
10 100% OPC 0.45 32 775 1066
11 100% OPC 0.45 38 1079 1396
12 100% OPC 0.45 45 1205 1438
13 | OPC +10% VFFA| 0.4 25 1441 1611
14 | OPC + 10%VFFA 0.4 32 907 1024
15 | OPC +10% VFFA| 0.4 38 666 807
16 | OPC +10% VFFA| 0.4 45 1078 1244
17 OPC + 30% FA 0.4 25 1263 1520
18 OPC + 30% FA 0.4 32 1082 1392
19 OPC + 30% FA 0.4 38 538 949
20 OPC + 30% FA 0.4 45 721 1091
21 OPC + 7% SF 0.4 25 1198 1370
22 OPC + 7% SF 0.4 32 1083 1362
23 OPC + 7% SF 0.4 38 718 937
24 OPC + 7% SF 0.4 45 902 1084
25 | OPC + 70% GGBFY 0.4 25 1320 1560
26 | OPC +70% GGBFY 0.4 32 963 1257
27 | OPC + 70% GGBFY 0.4 38 784 1041
28 | OPC +70% GGBFS 0.4 45 778 959
29 OPC + 209%NP 0.4 25 1084 1253
30 OPC + 20% NP 0.4 32 902 1064
31 OPC + 20% NP 0.4 38 607 778
32 OPC + 20% NP 0.4 45 896 1019
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Table 418: Plastic Shrinkage Strainin Blended Cement Concretes Compared to th8train in OPC
Concrete (0.4 w/c) Average of all Curing Regimes.

. 5
Mix Cement_itious W/_c C.:I_ae?::gg P;ferirl]znded (;T;?:zt) PS(OPC)
No. Materials Ratio °C) Compound Sheet Average
13 | OPC +10% VFFA| 0.4 25 1.34 1.17 1.26
14 | OPC+10% VFFA| 0.4 32 1.52 1.09 1.31
15 | OPC +10% VFFA| 0.4 38 0.92 0.81 0.86
16 | OPC +10% VFFA| 0.4 45 1.13 1.04 1.08
Range 0.86-1.31
17 OPC + 30% FA 0.4 25 1.18 1.11 1.14
18 OPC + 30% FA 0.4 32 1.82 1.48 1.65
19 OPC + 30% FA 0.4 38 0.75 0.95 0.85
20 OPC + 30% FA 0.4 45 0.75 0.91 0.83
Range 0.83-1.65
21 OPC + 7% SF 0.4 25 1.12 1.00 1.06
22 OPC + 7% SF 0.4 32 1.82 1.45 1.63
23 OPC + 7% SF 0.4 38 0.99 0.94 0.97
24 OPC + 7% SF 0.4 45 0.94 0.90 0.92
Range 0.92-1.63
25 | OPC + 70% GGBFY 0.4 25 1.23 1.14 1.18
26 | OPC + 70% GGBFS 0.4 32 1.62 1.34 1.48
27 | OPC + 70% GGBFY 0.4 38 1.09 1.04 1.06
28 | OPC + 70% GGBFY 0.4 45 0.81 0.80 0.81
Range 0.81-1.48
29 OPC + 20% NP 0.4 25 1.01 0.91 0.96
30 OPC + 20% NP 0.4 32 1.51 1.13 1.32
31 OPC + 20% NP 0.4 38 0.84 0.78 0.81
32 OPC + 20% NP 0.4 45 0.94 0.85 0.89
Range 0.81-1.32

® Ratio of plastic shrinkage strain in blended cement concretes to plain cement concretes.
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45.1 OPC Concrete

The variation of plastic shrinkage stramith time in OPC concrete (100% OPC)
specimens prepared with w/c ratio of 0.3, 0.0.d5, cast at 25, 32, 38 or 45°C and cured
by application ofa curing compound or covering with plastic sheeis depicted in

Figures 466 through 477.

Effect of Curing Regime on Plastic Shrinkage Strain in OPC Concrete

The plastic shrinkage strain itihe concrete specimens cured lkypplying a curing
compound was less thahat in the concretepecimens cured in ary covering with a
plastic sheetlrrespective of casting temperatures and w/c ratioes maximum plastic
shrinkage strain ithe concrete specimens cured &gplying a curinggcompound wasn
average26.7% less than tht in the concretespecimens cured in aias shown inrable
4.17. The lowerplastic shrinkagestrainin the concrete specimens cured by applying a
curing compound is attributed to thewer loss of water due to a formation of an
impermeable layer over the concrete surfaC¢her studies also reported superior
performancelue to theappication of the curing compounds as compared to curing in air
or covering with plastic sheat decreasing thplasticshrinkage strain both OPC and
blended cement concretes (7% SF, 10% VFFA and 30% B&Ader hot weather
conditions[7,79]. Al-Gahtani[7] found out that the difference between plastic shrinkage
strain in OPC concrete specimens cured in air or applying a -based curing

membranevas about 240%.

Effect of Casting Temperature on Plastic Shrinkage Strain in OPC Concrete

It was also noted that regardlesstioé w/c ratio and curing regimatilized, the least

value of maximum plastic shrinkage strauasrecorded in th mixes that were cast at
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32°C followed by those that were cast at 38#Dile the highest shrinkagstrain was
observedn mixes cast at 25°Gs shown imable 417 and depictedn Figures 478 and

4.79. On averaggethe maximum plastic shringa strainn theconcrete specimertast at
32°C was 3%, 23.9 and 35.7% less th#matin the concretspecimengast a25, 38 or
45°C, respectivelyThe highest plastic shrinkagsrain at the castingtemperature of
25°C may be attributed to the greattemperature differencbetweenthe concrete
temperature andhe ambient summer temperaturdlhozaimy and Negémish [122]
determined plastic shrinkage in hot weather whieesoutdoor ambient temperature was
38 to 42°C andhe concrete was cast at 25, 32 and 38°C. Tetmycludedtha plastic
shrinkage cracking tends to decrease with increasing concrete tempevaturine
minimum cracking at higher casting temperatureelated to the decreased setting time
Senbetta and Burjl 23] measuredhe plastic shrinkage cracking in cold weathdnere

the ambient temperature was about 0°C and mortar specimens were cast at 4. or 18°C
The authorseported thathe greater the difference beten the ambient temperature and
concrete temperatureas the higherwould be therate of evaporation and shrinkage
cracking FitzGibbon[124] suggested that when there is temperature difference of about
20°C between the interior and external part of ceteccracking in the interior may
occur. Further, according to ACI Code 3(%0], plastic shrinkage cracking is liketg
occur when the rate of evaporation of mix water exceeds the rate of fdeadd the
critical limit for the rate of evaporation is 1.0 kgfh. On contrary, Almusallam et al.
[73] indicated that plastic shrinkage cracking appeared when the evaporation rate was in

the range of 0.2 to 0.7 kgfrh, under hot environmental conditions.
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Effect of w/c Ratio on Plastic Shrinkage Strain in OPC Concrete

As expectedthe plastic shrinkage strain in OPC concrete specimatissimilar casting
temperaturend curing method, increased witteincrease irthew/c ratio.On average

the maximum plastic simkage strainn the concrete specimens prepamsdh w/c ratio

of 0.3 was 1% and 35.6% less thanahin the concretespecimens prepared with/c

ratio of 0.4 or 0.45, respectivelgs shown ifTable 417. Further, the plastic shrinkage
strainin the concretspecimes prepared with w/c ratio of 0.4 wags average®0.0% less

than that in the concrepecimens prepared with w/c ratio of 0.45. The increased plastic
shrinkage strain witlanincrease irthew/c ratiomay be attributetb the excessive water

available forevaporation.
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Figure 4.66: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.3
and Cast at 25°C.
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Figure 4.67: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.3
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Figure 4.68: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.3
and Cast at38°C.
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Figure 4.69: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.3
and Cast at45°C.
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Figure 4.70: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.4
and Cast at 25°C.
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Figure 4.71: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.4
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Figure 4.72: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.4
and Cast at38°C.
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Figure 4.73: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of 0.4
and Cast at45°C.
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Figure 4.74: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 andCast at 25°C.
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Figure 4.75: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 andCast at32°C.
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Figure 4.76: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 andCast at 38°C.
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Figure 4.77: Plastic Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 andCast at45°C.
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Figure 4.78: Maximum Plastic Shrinkage Strain in OPC Concretes Prepared withw/c
Ratio of 0.3-0.45 andCast at 25-45°C after Applying a Curing Compound.
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Figure 4.79: Maximum Plastic Shrinkage Strain in OPC Concretes Prepared with w/c
Ratio of 0.3-0.45 andCast at 25-45°C after Air Curing.

45.2 VFFA CementConcrete

The variation of plastic shrinkage stramVFFA cement concret€OPC + 10% VFFA)
specimens prepared with a wiadatio of 0.4, cast at 25, 32, 38 or 45°C and cured by
applying a curing compound or covering wétblastic sheebn fresh concretis depicted

in Figures 480 through 483.

Effect of Curing Regime orPlastic Shrinkage Strain in VFFA Cement Concrete

The plastic shrinkage strain ithe concrete specimens cured kbyplying a curing
compound was less thahat in the concretspecimens cured in aiFor all casting
temperaturesthe maximum plastic shringe strain inthe concrete specimens cured by
applying a curingcompound wason averagel2.7% less tharthat in the air cured

concretespecimensas shown inrable 417. Al-Gahtani[7] reported that VFFA cement
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concrete exhibitedbout 220% less plastic shrinkage strain when cured with wiasesed

curing membrane thacured by covering with a plastic sheet.

Effect of Casting Temperature on Plastic Shrinkage Strain in VFFA Cement Concrete

Despitethe usage o&ny curingtechnique 38°C was the optimum temperature at which
the least value of maximum plastic shrinkaggeain was observedin the concrete
specimengollowed by those that were cast at 32 and 45%%hkile the highest shrinkage
stain wasrecordedin the concrete specimens cast at 254€ shown inrable 417 and
depictedn Figure 484. On averagethe maximum plastic shrinkage strairthe concrete
specimens cast &8°C was 51.7, 23.7 and 36.5% less thaniththe concretespecimens

cast at 2532 or 45°C, respectively
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Figure 4.80: Plastic Shrinkage Strain in VFFA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 25°C.
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Figure 4.81: Plastic Shrinkage Strain in VFFA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 32°C.
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Figure 4.82: Plastic Shrinkage Strain in VFFA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.83: Plastic Shrinkage Strain in VFFA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 45°C.
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Figure 4.84: Maximum Plastic Shrinkage Strain in VFFA Cement Concretes.
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4.5.3 FA Cement Concrete

The effect of partial replacement of OPC by 30% FA cemenherplastic shrinkage
strain is discussed in this section. For each curing regihee,data ofthe plastic
shrinkage strairand exposure time were plotted for all the concrete specimens prepared
at a constant w/cm ratio of 0.4 andtcasvarying temperatures of 25486°C, as shown

in Figures 4.85 through 488.

Effect of Curing Regime on Plastic Shrinkage Strain in FA Cement Concrete

From Table 417, the maximumplastic shrinkage strain in the concrete specimens cured
by applying a curing compound was average 27.2%ess than that in the concrete
specimens cured in air by covering with a plastic sldeGahtani[7] alsoreportedthat

FA cement concrete specimens attained abo@@2twer plastic shrinkage strain when
cured with watetbased curing compountbmpared with thatured bycovering with a
plastic sheetThe use of fly ash involves greater plastic shrinkage thereby inugehs
vulnerability of the concrete to plastic shrinkage crackingd,hence extra care should

be taken in order to prevent such cracking by protecting the fresh concrete from drying as

soon as possible after being placed and fini$é&d

Effect of Casting Temperature on Plastic Shrinkage Strain in FA Cement Concrete

For all thecuring regims, thesmallest amournbf maximum plastic shrinkage strain was
recorded in the concregpecimens cast &°C followed by those that were cast at 45°C
while the highest shrinkage stain was observed in the concrete specimens cast at 25°C, as
shown inTable 417 and depictedn Figure 489. On averagethe maximum plastic
shrinkage strain in theoncrete specimens cast3®°C was46.5, 399 and 179% less

than that in the concrete specimens cast a326r 45°C, respectively.
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Figure 4.85: Plastic Shrinkage Strain in FA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 25°C.
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Figure 4.86: Plastic Shrinkage Strain in FA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 32°C.
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Figure 4.87: Plastic Shrinkage Strain in FA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.88: Plastic Shrinkage Strain in FA CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at45°C.
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Figure 4.89: Maximum Plastic Shrinkage Strain in FA Cement Concretes.

4.5.4 SF Cement Concrete

The plastic shrinkage strain in SF cement condi@®C + 7% SF¥ypecimens prepared
with aconstantw/cm ratio of 0.4, cast atnge of temperature @b6to 45°C and cured by
applying acuring compound or covering with a plastic sheet is depicted in Figuges 4.

through 493.

Effect of Curing Regime on Plastic Shrinkage Strain in SF Cement Concrete

On averagethe maximum plastic shrinkage strain in the concrete specimens cured by
application of a curing compound was 17.9% less than that in the air cured concrete
specimensas shown inTable 417. Maslehuddin et al[79] showed that SF cement
concrete exhibited about 22% lesser plastic shrinkage strain when cured witihasser
curing compound as compared to curing by covering with a plastic Eheetothe high
pozzolanic reactivity of silica fume, the chances of plastic and drying shrinkage of such

concrete is also increased if it is inadequately c[(58&1].
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Effect of Casting Temperature on Plastic Shrinkage Strain in SF Cement Concrete

Regardless of the curing regime, the least value of maximum plastic shrinkage strain was
recorded in the concrete specimens cast at 38°C followed by those that were cast at 45°C
while the highest shrinkage stain wastedin the concrete specimens casatC and it

was comparable to those cast 32°C, as showrabte 417 and depictedn Figure 494.

On averagethe maximum plastic shrinkage strain in the concrete specimens cast at 38°C
was35.5 323 and 16.6% less than that in the concrete specimens cast at 25, 32 or 45°C,

respectively.
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Figure 4.90: Plastic Shrinkage Strain in SF Cement Concrete Prepared withw/cm
Ratio of 0.4 andCast at 25°C.
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Figure 4.91: Plastic Shrinkage Strain in SF Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at32°C.
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Figure 4.92: Plastic Shrinkage Strain in SF Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.93: Plastic Shrinkage Strain in SF Cement Concrete Prepared withw/cm
Ratio of 0.4 andCast at 45°C.
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Figure 4.94: Maximum Plastic Shrinkage Strain in SF Cement Concretes.
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45,5 GGBFS Cement Concrete

The plastic shrinkage strain in GGBFS cement con¢@RC + 70% GGBFS3pecimens
prepared with a w/cm ratio of 0.4, castvatying temperatures &5 to 45°C and cured
by application ofa curing compound or covering with a plastic sheet is depicted in

Figures 495through 498.

Effect of Curing Regime on Ristic Shrinkage Strain in GGBFS Cement Concrete

The maximum plastic shrinkage strain in the concrete specimens cured by applying a
curing compound wagn average 20% lessthan that in the concrespecimens cured in

air, as shown iTable 417.

Effect of Casting Temperature on Plastic Shrinkage Strain in GGBFS Cement
Concrete

For all the curingtechniquesitilized, the least value of maximum plastic shrinkage strain
was recorded in the concrete specimens cast at &&@parable tcstrain at 38°(,

while the shrinkage strain increased with a reduction in casting temperature such that the
highest shrinkage stain wabserved in the concrete specimens cast at 25°C, as shown in
Table 417 and depictedn Figure 499. On averagethe maximum plastic shrinkage
strain in the concrete specimens cagts8€C was39.7, 21.7 and 4% less than that in the
concrete specimens cast at &2 or 38°C, respectively.The reason for the lowest
shrinkage of GGBFS cement concrete at the highest casting temperature of 45°C could be
ascribed to the fact that the higher temperature was highly beneficial in increasing the
strength (both compressive and tensile) of GGBFS rebecthereby resisting the

development of plastic shrinkage.
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Figure 4.97: Plastic Shrinkage Strain in GGBFS Cement Concrete Prepared with
w/cm Ratio of 0.4 andCast at 38°C.
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Figure 4.98: Plastic Shrinkage Strain in GGBFS Cement Concrete Prepared with
w/cm Ratio of 0.4 andCast at45°C.
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Figure 4.99: Maximum Plastic Shrinkage Strain in GGBFS Cement Concretes.

4.5.6 NP Cement Concrete

The influence of partial replacement of OPC by 20% NP cement on the plastic shrinkage
strain is discussed in this section. For each curing technigieed, the data ofthe
plastic shrinkage strainvere plotted against thexposure time for all the corete
specimens prepared at a constant w/cm ratio of 0.4 anditcemige of temperatures of

25 to45°C, as shown in Figus&.100through 4103

Effect of Curing Regime on Plastic Shrinkage Strain in NP Cement Concrete

From Table 417, the maximum plastic shrinkage strain in the concrete specimens cured
by applying a curing compound was averagel52% less than that in the air cured

concrete specimens.

Effect of CastingTemperature on Plastic Shrinkage Strain in NP Cement Concrete

Irrespectiveof the curing regimaised the leasamountof maximum plastic shrinkage

strain was recorded in the concrete specimens cast at 38°C followed by those that were
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cast at 32 or 45°Cwhile the highest shrinkage stain was observed in the concrete
specimens cast at 25°C, as shownTable 417 and depictedn Figure 4104 On
average the maximum plastic shrinkage strain in the concrete specimens cast at 38°C
was 408, 29.6 and 27% less than that in thencrete specimens cast at 25, 32 or 45°C,

respectively.
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Figure 4.100: Plastic Shrinkage Strain in NP Cement Concrete Prepared withw/cm
Ratio of 0.4 andCast at 25°C.
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Figure 4.101: Plastic Shrinkage Strain in NP CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 32°C.
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Figure 4.102: Plastic Shrinkage Strain in NP CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.103: Plastic Shrinkage Strain in NP CementConcrete Prepared withw/cm
Ratio of 0.4 andCast at 45°C.
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Figure 4.104: Maximum Plastic Shrinkage Strain in NP Cement Concretes.
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4.5.7 Comparison of Plastic ShrinkageStrain in Cementitious Materials

Figures 4105 and 4.106 depict the maximum plastic shrinkage straim plain and
blended cement concrete specimens prepared with a constant w/cm ratica$0ad,25
to 45°C and subjected to air curilng appication of a curingcompound.The highest
plastic shrinkage straiwas notedn all concrete specimens cast at 25°C. However, a

further increase ithetemperature decreased the plastic shrinkage strain.

Among all cementitious materiald, was noted that irresp@a¢ of the curing regime
utilized, the largest value of maximum plastic shrinkage strain occurred in the VFFA
cement concrete specimens cast at 25 or Avh@e the largest value of shrinkage strain
was observeat 32C in boththe SF and FA cement conteespecimensSimilarly, the
highest amount of maximum plastic shrinkage strain was noted in GGBFS cement
concretes cast at 38°Che minimum value of maximum plastic shrinkage strain was
recorded aR5°C in both OPC andr NP cement concretes whitee minimum value of
shrinkage strain was observed32tC in OPC concretesHowever, wherthe specimens
were cured byapplying a curingcompound (Fig. 4105, the minimum value of
maximum plastic shnkage strain was recordé&d FA cement concretes at both 88d
45°C. Conversely, theninimum shrinkagetrainat 38 and45°Cwas notedn the NP and

GGBFScementconcretesrespectively, when the specimens were cured in air.

The data inTable 418 shows the ratio of maximum value of plastic shrinkage strain in
blended cement concreteesmparedo OPC concretes for a range aferage otasting
temperatures and curing regimes. The rafi’¢ FFA to OPC concretes was in the range
of 0.86-1.31 (indicating that themaximum value of plastic shrinkage stram VFFA

cement concrete was abdit% lesserthan OPC concrete at the casting temperature of
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38°C, while it was31% higher tharOPC conceteat 32°C). The range dhis ratio for

FA, SF GGBFS and NP to OPC concrete W&3-1.65, 0.921.63, 0.81148 and 0.81
1.32 respectively. The lowesatio of maximum plastic shrinkage stramas noticed in
both GGBFS and NP cement concretes which wamparable to théA and VFFA
cement concretesdowever, the highest ratio of maximum plastic shrinkage strain was
observed in FA cement concretes which was nearly equal to the SF cement coflcretes.
Gahtani[7] notedthat the ratio othe maximumplasticshrinkage strain in VFFA, SF and
FA cement concresgo OPC concrete specimens cut®dcovering with a plastic sheet
or application ofa watefrbased aring compound wasn average 04 045 and 077,
respectivelyMaslehuddin et al[79] reported thasuch ratio of SF to OPC concrete was
1.43. Although AFAmoudi et al.[46] observed a threshold value of plastic shrinkage
strain of 1100 um that could cause plastic shrinkageking in SF cement concretbet
results of this studyexhibited plastic shrinkage strain of up to 1600 pm in some
cementitious materials at certain temperatuirgEsvever, cracks were not obsenadall
concrete slabgrepared with plain or blended cement concretésch may be the
consequence othe use of agood superplasticizer. The advantageous effect of
superplasticizer on reducing the plastic shrinkage cracks was also reportediopédi

et al [77] in another sidy, where plastic shrinkage strain of about 1250 pum was
recorded in SF cement concrete without crackifige addition of SF into OPC cement
makes the concrete mix very cohesive thus there is meager bleeding which lead to plastic
shrinkage cracking underydng conditions[32]. Increased plastic and drying shrinkage
of SF cement concreteespecially under hot weathenas been reported by several

authorq46,47].
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Figure 4.105: Maximum Plastic Shrinkage Strain in OPC and Blended Cement
Concretes Prepared withw/cm Ratio of 0.4 and Cast at 2545°C after Applying a
Curing Compound.
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Figure 4.106: Maximum Plastic Shrinkage Strain in OPC and Blended Cement
Concretes Prepared withw/cm Ratio of 0.4 and Cast at 2545°C after Air Curing.
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4.6 Drying Shrinkage Strain

The average drying shrinkage stramOPC and blended cement concrete specimens,
prepared with a w/cm ratio of 0.3, 0.4 or 0.4&st at 2532, 38 or 45°C antested after
curing by covering with wet burlap oapplying a curingcompound issummarized in
Tables 419 and4.20. Moreover quantitative analysis of the drying shrinkage strain of all
types of concretewas carried out as shown ihable 421, where the drying shrinkage
strain in each cementitious matesiak expressed as a fraction of corresponding

shrinkage strain in OPC concrete.
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Table 419: Drying Shrinkage Strain in OPC and Blended Cement Concretes Cured by Covering
with Wet Burlap.

Casting Drying Shrinkage Strain (microns)
Temp. [ 3 10 | 38 | 73 | 101 | 129 | 185
(°C) Days | Days | Days | Days | Days | Days | Days

Mix | Cementitious | wi/c
Materials ratio

100% OPC 0.3 25 103 | 221 | 273 | 361 | 419 | 450 | 471

100% OPC 0.3 32 12 | 163 | 202 | 260 | 309 | 342 | 351

100% OPC 0.3 38 40 | 179 | 212 | 322 | 382 | 410 | 420

100% OPC 0.3 45 51 | 171 ] 231 | 311 | 390 | 432 | 451

100% OPC 04 25 231 | 380 | 422 | 523 | 593 | 630 | 661

100% OPC 04 32 2 1184|231 | 292 | 331 | 361 | 380

100% OPC 0.4 38 181 | 309 | 342 | 402 | 493 | 530 | 563

100% OPC 0.4 45 231 340 | 392 | 501 | 592 | 641 | 671

olo|~|o|u|nwlnv|k]| &

100% OPC | 0.45 25 212 | 402 | 463 | 554 | 630 | 672 | 700

10 100% OPC | 0.45 32 12 | 170 | 200 | 279 | 342 | 391 | 412

11 100% OPC | 0.45 38 200 319 | 359 | 501 | 568 | 617 | 638

12 100% OPC | 0.45 45 250 | 360 | 399 | 509 | 610 | 670 | 701

OPC + 10%

13 i, 04 | 25 |240| 337|382 539|591 657 709
0

14 | OPC*10% | o, | 35 | 70 | 210 250 | 336 | 410 | 450 | 478
VFFA
0

15 OPV?:;A“)/‘) 04 | 38 |141| 253|280/ 359 | 380 | 480 | 519
0

16 OP\?FJF’A”/‘) 04 | 45 | 147|266 308 | 428 | 519 | 582 | 619

17 | OPC +30% FA 0.4 25 221 | 312 | 361 | 497 | 592 | 641 | 679

18 | OPC +30% FA| 0.4 32 -49 | 110 | 140 | 240 | 301 | 338 | 359

19 | OPC +30% FA| 0.4 38 98 | 217 | 252 | 336 | 420 | 476 | 511

20 | OPC + 30% FA] 0.4 45 68 | 179 | 228 | 289 | 401 | 473 | 520

21 | OPC+7% SF| 0.4 25 128 | 251 | 281 | 398 | 463 | 502 | 530

22 | OPC+7% SF| 0.4 32 70 | 220 | 250 | 348 | 418 | 460 | 479

23 | OPC+7% SF| 04 38 91 | 250 | 290 | 369 | 420 | 453 | 467

24 | OPC+ 7% SF| 0.4 45 129 | 290 | 350 | 441 | 490 | 532 | 581

OPC + 70%

25 | ORcifO® | 04| 25 | 266| 361|389 | 508 | 620 | 681 732
26 | ORcifO® | 04| 32 |120| 231|261 | 343 | 480 | 532 557
27 | ORcadd® | 04| 38 |180| 271|310 | 469 | 518 | 591 | 630
28 | ORcifO® | 04| a5 | 169 287|332 | 439 | 532 | 600 | 640

29 | OPC+20% NAR 0.4 25 112 | 217 | 250 | 352 | 373 | 459 | 490

30 | OPC +20% NAR 0.4 32 40 | 210 | 250 | 331 | 376 | 411 | 429

31 |OPC+20% NR 0.4 38 58 | 208 | 238 | 308 | 367 | 378 | 437

32 | OPC +20% NP 0.4 45 108 | 237 | 290 | 419 | 450 | 502 | 541
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Table 420: Drying Shrinkage Strain in OPC and Blended Cement Concretes Cured bjpplying a
Curing Compound.

Casting Drying Shrinkage Strain (microns)

Mix | Cementitious | w/c

Materials ratio | TEMP- | 3 10 | 38 | 73 | 101 | 129 | 185

(°C) Days | Days | Days | Days | Days | Days | Days

100% OPC 0.3 25 -10 | 31 | 90 | 118 | 170 | 201 | 212

100% OPC 0.3 32 -49 | 21 | 42 | 89 | 112 | 119 | 121

100% OPC 0.3 38 -28 | 33 | 63 | 114 | 142 | 163 | 163

100% OPC 0.3 45 -28 | 12 | 51 | 133 | 170 | 201 | 201

100% OPC 0.4 25 21 | 84 | 121 | 211 | 272 | 311 | 332

100% OPC 0.4 32 51| O 21 | 60 | 102 | 132 | 132

100% OPC 0.4 38 0 40 | 72 | 142 | 203 | 219 | 219

100% OPC 0.4 45 -10 | 63 | 112 | 241 | 283 | 304 | 311

olo|~|o|u|slwlv|k]| &

100% OPC | 0.45 25 82 | 133 | 161 | 292 | 334 | 359 | 392

10 100% OPC | 0.45 32 -:30 ] 12 | 33 | 91 | 140 161 | 170

11 100% OPC | 0.45 38 37 | 61 | 110 | 142 | 208 | 238 | 252

12 100% OPC | 0.45 45 19 | 132 ] 170 | 263 | 318 | 360 | 372

OPC + 10%

13 i, 0.4 | 25 | 98 | 168|231 266 | 326 | 385 | 409
14 | ORCLI% 04| 32 | 30| 19 | 49 | 119 150 | 179 | 179
15 | ON-T0% 04| 38 | 0| 49 | 82| 131164 180 192
16 | 0N IY% 104 | a5 | 0| o1 | 119 101|238 271 280

17 | OPC +30% FA| 0.4 25 91 | 168 | 217 | 308 | 329 | 367 | 388

18 | OPC +30% FA| 0.4 32 51| 9 40 | 79 | 110] 119| 121

19 | OPC +30% FA| 0.4 38 0 80 | 119| 140 | 171 | 189 | 199

20 | OPC +30% FA 0.4 45 -2 | 70 | 100 | 159 | 189 | 210 | 231

21 | OPC+7% SF| 0.4 25 -21 | 28 | 63 | 129 | 182 | 210 | 227

22 | OPC+ 7% SF| 0.4 32 -33 | 40 | 61 | 110 | 149 | 170 | 172

23 | OPC+7%SF| 04 | 38 | -2 | 68 | 89 | 119 | 149 | 177 191
24 | OPC+7%SF| 0.4 | 45 | -10 | 32 | 70 | 129 | 203 | 238 | 262
25 | ORCi% | 04| 25 | 140|182 199|301 | 381 | 430 | 460
26 | ORcif% | 04| 32 | 9| 42| 61| 128|149 210| 231
27 | ORCii% | 04| 38 | 10| 58 | 100 149| 207 | 240 | 249
28 | Opcif% | 04| 45 | 2| 67 | 100|179| 230 | 260 | 277

29 | OPC+20% NP 0.4 25 -19 | 28 | 51 | 122 | 166 | 199 | 208

30 | OPC +20% NP 0.4 32 -33 | 30 | 61 | 110 | 130 | 140 | 142

31 | OPC+20% NP 0.4 38 -28 | 52 | 77 | 108 | 143 | 167 | 174

32 | OPC +20% NP 0.4 45 -21 | 38 | 77 | 140 | 178 | 209 | 220
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Table 421: Drying Shrinkage Strain in Blended Cement Concretes Compared to the Strain in OPC

Concrete (0.4 w/c) Average of all Curing Regimes.

Mix Cementitious wic (_Zraes;;igg DS (Blended Cement) / DS (OPC)
No. Materials Ratio (°C) ' 185 Days
13 | OPC+10% VFFA | 0.4 25 1.15
14 | OPC+10% VFFA | 0.4 32 1.31
15 | OPC +10% VFFA | 0.4 38 0.90
16 | OPC +10% VFFA | 0.4 45 0.91
Range 0.90- 1.31
17 OPC + 30% FA 0.4 25 1.10
18 OPC + 30% FA 0.4 32 0.93
19 OPC + 30% FA 0.4 38 0.91
20 OPC + 30% FA 0.4 45 0.76
Range 0.76- 1.10
21 OPC + 7% SF 0.4 25 0.74
22 OPC + 7% SF 0.4 32 1.28
23 OPC + 7% SF 0.4 38 0.85
24 OPC +7% SF 0.4 45 0.85
Range 0.85-1.28
25 | OPC + 70% GGBFY 0.4 25 1.25
26 | OPC + 70% GGBFY 0.4 32 1.61
27 | OPC + 70% GGBFY 0.4 38 1.13
28 | OPC + 70% GGBFY 0.4 45 0.92
Range 0.92-1.61
29 OPC + 20% NP 0.4 25 0.68
30 OPC + 20% NP 0.4 32 1.10
31 OPC + 20%\P 0.4 38 0.79
32 OPC + 20% NP 0.4 45 0.76
Range 0.68- 1.10

® Ratio of drying shrinkage st in blended cement concretes to plain cement concretes.
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4.6.1 OPC Concrete

The drying shrinkage strain OPCconcrete(100% OPC)pecimens prepared with wi/c
ratio of 0.3, 0.4 00.45, cast at 25, 32, 38 or 45°C and cured by covering witlbuvtp
or application ofa curing compounds depicted in Figures 407 through 4118 The
drying shrinkage strain increased with age irtlaiconcrete specimenés expected,he
increase was more rapid initially, stabilizing with time and remainingpst unchanged

thereatfter.

Effect of Curing Regime on Drying Shrinkage Strain in OPC Concrete

The dying shrinkage strain irthe concrete specimens cured lpplying a curing
compound was less thahat in the concretespecimens cured by covering with wet
burlap. Regardless of any casting temperature and w/c r#t®, maximum drying
shrinkage strain ithe concrete specimens cured &gplying a curinggcompound wasn
averageb5.1% less thanhat in the concretspecim@s cured by covering with wet
burlap as shown inTables 419 and 4.D. The lowerdrying shrinkagestrain in the
concrete specimens cured by applying a curing compound is attributed to the greater
resistance to water evaporatioampared tdhat in the spgmens cured by covering with

wet burlapdue to the protective film formed on the surface of concrete by the curing
compound.The duration of curing is not a significant factor influencing the shrinkage

and thereforedrying shrinkage is higher in wetlured concret§l25].

Effect of Casting Temperature on Drying Shrinkage Strain in OPC Concrete

It could benoted thatirrespectiveof w/c ratio and curing regime, the least value of
maximum drying shrikage strairat the age of 185 daysasrecorded inthe concrete

specimengast at 32°Cfollowed by those that were cast at 38/Gile specimens cast at
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25 or 45°C resulted in almostmilar and highest shrinkage values, as showiables
4.19and 4.® and depictedn Figures 4119and4.120 On averagethe maxmumdrying
shrinkage strain in theoncrete specimens cast3#°C was 431, 306 and 421% less

than that in the concretespecimenscast at25, 38 or 45°C, respectivelyA higher
shrinkage and cracking tendency at lower concrete temperature is possibly due to the
potential of concrete to contract and the difference between coefficient of thermal
expansion and contraction of the mix constituents, when concrete is pldusduaather

[32].

Effect of w/c Ratio on Drying Shrinkage Strain in OPC Concrete

As expectedthe drying shrinkage strain in the OPC concrete specimahssimilar
castirg temperature and curing methoatreased withan increase inthe w/c ratio. On
average the maximum drying shrinkage stramthe concrete specimens prepavéth

w/c ratio of 0.3 was 26.and 343% less tharthatin the concretespecimengrepared
with w/c ratio of 0.4 or 0.45, respectivelgs shown iTables 419 and 4.®. Furtherthe
drying shrinkage strain in theoncrete specimamrepared with w/c ratio of 0.4 was
averagel0.1% less than that in the concredgecimens prepared with w/c ratio of 0.45.
The increasen thedrying shrinkage strain withnincrease irthew/c ratio isdue to the
excess water available fewaporationBrooks[126] reported that shrinkage of hydrated
cement pastbas a direct relation with water to cement ratiodhiwita range of 0.2 t6.6
while at w/c ratiohigher than 0.6the extra water is evaporated upon drying without
causing shrinkageBao-guo et al.[76] also observed that drying shrinkage in OPC, SF
and FA cement mortars decreases with lowering the water to binderaiagimg from

0.3 to 0.6 after 28ays of moist curing.
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Figure 4.107: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.3 andCast at 25°C.
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Figure 4.108: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.3 and Cast at 32°C.
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Figure 4.109: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.3 and Cast at 38°C.
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Figure 4.110: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.3 and Cast at 45°C.
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Figure 4.111: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.4 and Cast at 25°C.
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Figure 4.112: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.4 and Cast at 32°C.
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Figure 4.113: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.4 and Cast at 38°C.
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Figure 4.114: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.4 and Castat 45°C.
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Figure 4.115: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 and Cast at 25°C.
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Figure 4.116: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 and Cast at 32°C.
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Figure 4.117: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 and Cast at 38°C.
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Figure 4.118: Drying Shrinkage Strain in OPC Concrete Prepared withw/c Ratio of
0.45 and Cast at 45°C.
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Figure 4.119: Maximum Drying Shrinkage Strain in OPC Concretes Prepared with
w/c Ratio of 0.3-0.45and Cast at25-45°C after Applying a Curing Compound.
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Figure 4.120: Maximum Drying Shrinkage Strain in OPC Concretes Prepared with
w/c Ratio of 0.30.45 and Cast at 2545°C after Curing by Covering with Wet Burlap.

189



4.6.2 VFFA CementConcrete

The effect of partial replacement of OPC by 10% VFFA cement on the drying shrinkage
strain is discussed in this section. For each curing redgheeielationshipbetween the
drying shrinkage straiand exposure periogere plotted for all the concrete sjpmens
prepared at a constant w/cm ratio of 0.4 and aasarying temperatures of 25486°C,

as shown in Figus#4.121through 4124

Effect of Curing Regime on Drying Shrinkage Strain in VFFA Cement Concrete

The drying shrinkage strain ithe concrete specimens cured lkypplying a curing
compound was less thahat in the concretespecimens cured by covering with wet
burlap. Despite any casting temperature investigated, tfaximum drying shrinkage
strain inthe concretespecimens cured bgpgdication of a curingcompound wason
average544% less tharthat in the concretespecimens cured by covering with wet

burlap as shown imables 419 and 4.D.

Effect of Casting Temperature on Drying Shrinkage Strain in VFFA Cement Concrete

Irrespectiveof the curing regimeutilized, the least value othe maximum drying
shrinkage strain was recordedtire concrete specimens cast at 32°C followed by those
that were cast at 38 and 45°@hile the highest shrinkagetrain was observedin the
concrete spamens cast at 25°@s shown iTables 419 and 4.® and depictedh Figure
4.125 On averagethe maximum drying shrinkage stramthe concrete specimens cast
at32°C was 411, 76 and 289% less tharthatin the concretespecimengast a5, 38 or

45°C, respectively
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Figure 4.121: Drying Shrinkage Strain in VFFA Cement Concrete Prepared withw/cm
Ratio of 0.4 andCast at 25°C.
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Figure 4.122: Drying Shrinkage Strain in VFFA Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 32°C.
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Figure 4.123: Drying Shrinkage Strain in VFFA Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.124: Drying Shrinkage Strain in VFFA Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 45°C.
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Figure 4.125: Maximum Drying Shrinkage Strain in VFFA Cement Concretes.

4.6.3 FA CementConcrete

The drying shrinkage strain in FA cement conc(@BC + 30% FAkpecimens prepared
with a w/cm ratio of 0.4, cast at 25, 32, 38 or 45°C and cured by covering with wet burlap

or applying a curing compound is depicted in Figurégeithrough 4129,

Effect of Curing Regime on Drying Shrinkage Strain in FA Cement Con@et

From Tables 419 and 4.D, the drying shrinkage strain in the concrete specimens cured
by applying a curingcompound was on average B. less than that in the concrete

specimens cured by covering with wet burlap.

Effect of Casting Temperature on Dryin§hrinkage Strain in FA Cement Concrete

Regardless adinycuringregime the least value ahaximumdrying shrinkage strain was
recorded in the concrete specimens cast at 32°C followed by those that were cast at 38
and 45°Cwhile the highest shrinkage aiin was measured in the concrete specimens cast

at 25°C, as shown ihables 419 and 4.2 and depictedn Figure 4130 On averagethe
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maximum drying shrinkage strain in the concrete specimens cad2tGtwas55.0, 324

and 362% less than that in the concrete specimens cast at 25, 38 or 45°C, respectively.
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Figure 4.126: Drying Shrinkage Strain in FA Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 25°C.
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Figure 4.127: Drying Shrinkage Strain in FA Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 32°C.
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Figure 4.128: Drying Shrinkage Strain in FA Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.129: Drying Shrinkage Strain in FA Cement Concrete Prepared withw/cm
Ratio of 0.4 and Cast at 45°C.
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Figure 4.130: Maximum Drying Shrinkage Strain in FA Cement Concretes.

4.6.4 SFCementConcrete

The drying shrinkage strain in SF cement concf@eC + 7% SF¥ypecimens prepared
with a constant/cm ratio of 0.4, cast aange of temperatures 856, 32, 38 or 45°C and
cured by covering with wet burlap application ofa curing compound is depicted in

Figures 4131through 4134

Effect of Curing Regime on Dryig Shrinkage Strain in SF Cement Concrete

On averagethe maximum drying shrinkage strain in the concrete specimens cured by
applying a curing compound was 6% less than that in the concrete specimens cured by
covering wih wet burlap as shown inrables4.19 and 4.®. Whitting et al.[80] noted

that the cracking tendency and drying shrinkage in SF cement comaglegher than

OPC concrete, and, therefore,ddys of moist curingo exposedconcretes without

interruption is essential.
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Effect of Casting Temperature on Drying Shrinkage Strain in SF Cement Concrete

For all the curing regimg the least value of maximum drying shrinkage strain was
recorded in the concrete specimens cast atresh®r 38°C while the highest shrinkage
strain was measured in the concrete specimens caghat 25 or 45°C, as shown in
Tables 419 and 4.D and depictedn Figure 4135 On averagethe maximum drying
shrinkage strain in the concrete specimens c&2°&t wasl14.0 1.0 and 22.% less than

that in the concrete specimens cast aB3®r 45°C, respectively.
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Figure 4.131: Drying Shrinkage Strain in SF CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 25°C.
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Figure 4.132 Drying Shrinkage Strain in SF CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 32°C.
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Figure 4.133: Drying Shrinkage Strain in SF CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.134: Drying Shrinkage Strain in SF CementConcrete Prepared with w/cm
Ratio of 0.4 and Cast at 45°C.
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Figure 4.135: Maximum Drying Shrinkage Strain in SF Cement Concretes.
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4.6.5 GGBFS CementConcrete

The effect of partial replacement of OPC by 70% GGBFS on the drying shrinkage strain
is discussed in this section. For each curing regiheerelationship®etween the drying
shrinkage strain and exposure time were plotted for all the concrete specnega®e@d
at a w/cm ratio of 0.4 and cast at varying temperatures tuf 25°C, as shown in Figuse

4.136through 4139,

Effect of Curing Regime on Drying Shrinkage Strain in GGBFS Cement Concrete

On averagethe maximum drying shrinkage strain in tb@ncrete specimens cured by
applying a curing compound was 52.5% less than that in the concrete specimens cured by

covering with wet burlapas shown ifTables 419 and 4.D.

Effect of Casting Temperature on Drying Shrinkage Strain in GGBFS Cement
Concrete

Despiteof any curing regimeused the least value of maximum drying shrinkage strain

was recorded in the concrete specimens cast at 32°C followed by those that were cast at
either 38 or 45°Cwhile the highest shrinkage strain weabservedin the concrete
specimens cast at 25°C, as show ables 419 and 4.® and depictedn Figure 4140,

On averagethe maximum drying shrinkage strain in ttencrete specimens cast at 32°C

was 339, 105 and 142% less than that in the concrete specimens cast at 25, 38 or 45°C,

respectively.
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Figure 4.136: Drying Shrinkage Strain in GGBFS CementConcrete Prepared with
w/cm Ratio of 0.4 and Cast at 25°C.
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Figure 4.137: Drying Shrinkage Strain in GGBFS CementConcrete Prepared with
w/cm Ratio of 0.4 and Cast at 32°C.
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Figure 4.138: Drying Shrinkage Strain in GGBFS CementConcrete Prepared with
w/cm Ratio of 0.4 and Cast at 38°C.
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Figure 4.139: Drying Shrinkage Strain in GGBFS CementConcrete Prepared with
w/cm Ratio of 0.4 and Cast at 45°C.
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Figure 4.140: Maximum Drying Shrinkage Strain in GGBFS Cement Concretes.

4.6.6 NP CementConcrete

The drying shrinkage strain in NP cement concfeteC + 20% NP¥pecimens prepared
with a w/cm ratio of 0.4, cast at 25, 32, 38 or 45°C and cured by covering with wet burlap

or applying a curing compound is depicted in FigurdglZithrough 4144

Effect of Curing Regime on Drying Shrinkage Strain in NP Cement Concrete

As shown inTables 419 and 4.®, the drying shrinkage strain in the concrete specimens
cured byapplication ofa curing compound wasn average 68% less than that in the

concrete specimens &g by covering with wet burlap.

Effect of Casting Temperature on Drying Shrinkage Strain in NP Cement Concrete

Regardless of the curing regime, the least value of maximymgdshrinkage strain was
measuredn the concrete specimens cast at either 32 or 38°e the highest shrinkage
strain wasrecordedin the concrete specimens cast at either 25 or 45°C, as shown in

Tables 419 and 4.® and depictedn Figure 4145 On averagethe maximum drying
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shrinkage strain in the concrete specimens cast at 32°C wa$58&nd 249% less than

that in the coarete specimens cast at 25, 38 or 45°C, respectively.
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Figure 4.141: Drying Shrinkage Strain in NP CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 25°C.

800 —& — Burlap Cured

700 4 =<&=<=Compound Cure

N

600

500

400

300 —

200 | ¢— —

100

Drying Shrinkage Strain, Microns

-100
0 20 40 60 80 100 120 140 160 180 200

Exposure Period, Days

Figure 4.142: Drying Shrinkage Strain in NP CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 32°C.
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Figure 4.143: Drying Shrinkage Strain in NP CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 38°C.
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Figure 4.144: Drying Shrinkage Strain in NP CementConcrete Prepared withw/cm
Ratio of 0.4 and Cast at 45°C.
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Figure 4.145: Maximum Drying Shrinkage Strain in NP Cement Concretes.

4.6.7 Comparison of Drying Shrinkage Strain in Cementitious Materials

Figures 4146 and 4.147 depict the maximum drying shrinkage strain plain and
blended cement concrete specimens prepared with a constant w/cm ratica$ad,25

to 45°C and cured bgpplying a curingcompaind and covering with wet burlafhe

highest drying shrinkage strain was recorded in all concrete specimens cast ar25°C.
exception to this trend was noted in SF and NP cement concretes in which the greatest
shrinkage strain was observed at 45°C butas comparable to strain at 25°C. Further,

the shrinkage strain in OPC concretes was more or less similar at 25 andOtb°C.
Contrary the lowest drying shrinkage strain was noted in all concrete specimens cast at
32°C except SF and NP concrete specimanghich the lowest shrinkage strain was

recordedatboth 32 and 38°C with a marginal difference.

Irrespective of curingegimeutilized, thelargest value of thenaximum drying shrinkage
strainwas measured irthe GGBFScementconcrete specimens cast &, 32 or 38°C
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while the maximum shrinkage strain at 45%@&s noted in the OPC concretéBwever,
minimum strain was recorded in NP and Eé&mentconcretesast at 2%r 38°C and 32

or 45°C, respectively.

The data inTable 421 shows the ratio of the 18%ay drying shrinkage strain in blended
cement concretes to that in OPC concretes for a rangesohge otasting temperatures
andcuring regimes. The ratio of VFFA to OPC concretes was in the range 61380
(indicating that the maximum value of drying shrinkage strain in VFFA cement concrete
was about 10% lesser than OPC concrete at the casting temperature,afl3& @ was

31% higher than OPC concrete at 32°C). The range of ratio of FA;GBFS and NP to
OPC concrete was 0.7610, 0.741.28, 0.921.61, and 0.68.10, respectively. The
lowest value of the ratio of maximum drying shrinkage strain nadiged in NP cement
corcretes, wherea$e highest value of the ratio of maximum drying shrinkage strain was
observed inGGBFS cement concreted\l-Gahtani[7] reportedthat the ratio of dryig
shrinkage strain in VFFA, SF and FA cement concreteR€ concrete specimens cured

by covering with wet burlap for 7 days applying a watebased curing compound was

on average 1.02, 0.96 and 0.88, respectj\adter about 120 daydaslehuddin et al

[79] noted thathe drying shrinkage strain in SF cement concrete was about on average
40% higherthan OPC concretat about 200 days$ncorporating fly ash and blasirhace

slag in blended cemesincreases shrinkage by 20% with former material and about 60%
at very high content of slgd27]. Bao-guoet al.[76] reported that after 28 days of moist
curing at 20°C; under higher humidity, the drying shrinkage is reduced due to more
refined pore structure of mortar with silica fume while under different envieoral

conditions, the drying shrinkage is increased due to increase in porosity of mortar with
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fly ash. Silica fume significantly increases the letegm shrinkage of concref{@28].
Hooton [129] reported thatshrinkage is large irf8F cementconcrete,typically 15%

higher shrinkagés measureas compared to neat OPC concrete.
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Figure 4.146: Maximum Drying Shrinkage Strain in OPC and Blended Cement
Concretes Prepared withw/cm Ratio of 0.4 and Cast at 2545°C after Applying a
Curing Compound.
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Figure 4.147: Maximum Drying Shrinkage Strain in OPC and Blended Cemert
Concretes Prepared withw/cm Ratio of 0.4 andCast at 2545°C after Curing by
Covering with Wet Burlap.

4.7 Statistical Analysis

4.7.1 Mathematical Relationship betweenTest Propertiesand Concrete Mix
Parameters

Thedata developed in this study foompressive and split tensile strength, pulse velocity
and depth of water penetratiovere statistically analyzed using Statistica[130] and
Minitab 16 [131] softwares to generate numerical expressiobetween these test
properties anatoncrete mix parameters suabcasting temperature, duration of curing
and/or water ta@ementratio. The2" degreemathematical equatiorfsrmed (due to the
nonlinear effect ofcastingtemperature on mechanical properties and durability and also

for greater accuracyre generalized as follows:
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MM O - O-— QY QY Qo Qo for OPC concrete (4.1)

M O OY Y Qo Qb for blended ement concrete (4.2)
M O O- O— QY QY Q6 Qo for OPC concrete (4.3)
MO DY OY Qo Qo for blended ement concrete (4.4)
0 & w— G- QY QY Qo Qo for OPC concrete (4.5)
0O G OY OY Qo6 Qo for blended ement concrete (4.6)
00 ® O—-— w- QY Q7Y for OPC concrete (4.7)
00 & QY Y for blended ement concrete (4.8)

where a, b, c, d, e, f and g are the constants. The constants for each cementitious material
and curing regime along with their corresponding coefficient of correld&5h are

summarized in Tab&4.22 to 4.25.

The values of regression coefficienf Rr all the cementitious materialnvestigated

were more than 0.80, indicating a good correlation between the experimental and
predicted dat§l32]. These numerical equations could be utilized to assess compressive

and split tensile strength, pulse velocity and depth of water penetration of plain and
blended cement concretes knowing the vatio, casting temperature and curiperiod

under moist conditioncuring by covering with wet burlap or applying a curing

compound.
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4.7.2 Mathematical Relationship between Compresive Strength and Gher
Test Properties

The correlation between compressive and split tensile strength, compressive strength and
pulse velodly and compressive strength and depth of water penetration were established
as shown in Figuse4.148to 4.150. A good correlation between these properties were
noted; R being more than or approximately equal to 0.80 for most of the cases. To arrive
at ahigher value of R the datapoints exhibiting higher coefficient of variation in
GGBFS cementconcrete from pulse velocity and depth of water penetratiere
excluded while pulse velocity data at 180 days of cuwegealso not considered itthe
development of relationshiph@ reasons of th behavior is discussed undexcBon4.3).

The simple linear regression analysis conducted to investigate the relationships yields the

bestfit modek for both plain and blended cement concretes and aressearas follows:
M p@WPQ p&p R®=0.93 for plain andblended ement concrete(4.9)

N Mnoebozt cde R*=0.84 for plain and blendedetnent concretét.10)

N mMnd vy R*=0.78 for plain and blendedetnent concretét.11)

4.7.3 Combined Mathematical Models

The change in properties of concrete usually affects the experimental results and
therefore, the use of one method alone would not be suitable to evaluate the required
property. For example, the values of pulse velocityaases with age but the change is
very small because the density of concrete remaEimgstconstant withthe increase in
ageand, hencepulse velocitycannot be used alone to predict the compressive strength

[133]. The assessment of compressive strength of concretes with greater accuracy and
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reliability can be possible by combining more than one test propengn alltheresults
pooled togetherMultiple regression analysis was carried out to correlate the measured
compressive strength with split tensile strength, pulse velocity and depth of water
penetration. An excellent correlations between the fitted peteas were observeloly
having R of about 0.90. The following expressions are obtained for estimating the

compressive strength from the developed databi@seng all parameters investigated

§o) PE p@'Q T8 T T R®>=0.93 (4.12)
N p@ p@Q TYXTOD R®=0.92 (4.13)
§o) T@® TCCPo T @Ud R®=0.90 (4.14)
§o) PA YBIT'Q TWInw E T X OO R®=0.90 (4.15)
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Table 422: Constants and Regression Coefficients for OPC arBllended Cement Concretefor
Evaluating Compressive Strength.

@ Constant

Ss| gt :
é % 5:)’ § a b c d e f g R
8 =

% Moist -9.915 29.683 | -138.333| 2.732 | -0.038 | 0.491 | -0.002 | 0.942
S Burlap -16.8630| -13.9667| -71.3333| 3.4105| -0.0482| 0.4377| -0.0016| 0.927
§ Compound| -27.3039| 3.4500 | -93.0000| 3.6928| -0.0520| 0.4370| -0.0016] 0.930
C’g < Moist -29.8555| 3.1266 | -0.0416 | 0.5685| -0.0020 - - 0.961
:‘)é Burlap -45.2487| 3.8061 | -0.0500 | 0.5204| -0.0018 - - 0.957
% Compound| -46.7167| 3.8102 | -0.0508 | 0.5178| -0.0018 - - 0.950
:’c‘% Moist -55.9196| 4.6251 | -0.0652 | 0.5867| -0.0020 - - 0.946
:‘)E Burlap -65.8540| 5.0075 | -0.0697 | 0.5455| -0.0019 - - 0.937
% Compound| -75.7188| 5.4780 | -0.0766 | 0.5450| -0.0019 - - 0.937
,§ Moist -24.5058| 3.1824 | -0.0447 | 0.5026| -0.0017 - - 0.947
S 6 Burlap | -29.8291| 3.3709 | -0.0473 | 0.4485| -0.0015| - - 0.937
% Compound| -34.4631| 3.5676 | -0.0507 | 0.4369| -0.0015 - - 0.928
;39 & Moist -44.5268| 3.6545 | -0.0509 | 0.5120| -0.0017 - - 0.962
:‘)g Burlap -48.6950| 3.8333 | -0.0536 | 0.4728| -0.0016 - - 0.948
% © Compound| -51.6810| 3.8336 | -0.0533 | 0.4504| -0.0015 - - 0.937
Og Moist -24.6797| 2.5391 | -0.0331 | 0.5082| -0.0017 - - 0.974
5% Burlap -26.0721| 2.5478 | -0.0337 | 0.4956| -0.0017 - - 0.967
% Compound| -29.7510| 2.5860 | -0.0337 | 0.4892| -0.0017 - - 0.967
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Table 423: Constants and Regression Coefficients for OPC and Blended Cement Concreter
Evaluating Split Tensile Strength.

a Constant

S5 gt 2
% é S’ § a b c d e f g R

O

5 Moist | 1.77124 | -0.67667| -4.33333| 0.09736| -0.00128 | 0.02088 | -0.00007| 0.929
03 Burlap | 2.03372 | 0.41335| -5.43355| 0.06041| -0.00075 | 0.01897 | -0.00006| 0.933
§ Compd | 1.32096 | 2.66435 | -9.03403| 0.07912| -0.00105 | 0.01942 | -0.00007| 0.927
°8< Moist | 0.84827 | 0.09225 | -0.00115| 0.02343 | -0.000079 - - 0.94
5 é Burlap | 0.22375 | 0.11945 | -0.00153| 0.0228 | -0.000078 - - 0.917
& Compd | 0.03359 | 0.12518 | -0.00163| 0.02263 | -0.000075 - - 0.921
??, Moist | -1.17751 | 0.20049 | -0.00280| 0.02714 | -0.00009 - - 0.962
5 S| Burlap | -0.58330 | 0.15494 | -0.002% | 0.02642 | -0.000087 - - 0.959
& Compd | -0.86963 | 0.16702 | -0.0023 | 0.0263 | -0.000088 - - 0.953
S Moist | 0.73788 | 0.11764 | -0.00165| 0.0211L | -0.000069 - - 0.918
5% Burlap | 0.75433 | 0.10706 | -0.00148| 0.01848 | -0.000055 - - 0.912
5 Compd | 0.1894 | 0.14290 | -0.00211| 0.01753| -0.000052 - - 0.9
,&L;& Moist | -1.73027 | 0.21161 | -0.00293| 0.02464 | -0.00008 - - 0.936
5 & | Burlap | -2.12702 | 0.22952 | -0.00318| 0.02154 | -0.00007 - - 0.918
%O Compd | -2.42617 | 0.24229 | -0.00341| 0.02129 | -0.00006 - - 0.912
08 Moist | 0.0714 | 0.10123 | -0.00122| 0.027@ | -0.000091 - - 0.949
5 2 | Burlap | -0.70176 | 0.13384 | -0.001® | 0.02764 | -0.000093 - - 0.938
3 Compd | -0.40403 | 0.10534 | -0.00128| 0.02861 | -0.000100 - - 0.938
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Table 424: Constants and Regression Coefficients for OPC and Blended Cement Concreter
Evaluating Pulse Velocity.

4 Constant
S5 2E :
é % 5:)’ § a b c d e f g R
8 =

% Moist 4305.090| -448.333| -766.667| 14.698| -0.205 | 3.521 | -0.015 | 0.899

X Burlap 3981.03 | 368.33 | -1833.33| 22.39 | -0.31 3.04 -0.01 | 0.92

§ Compound| 3619.83 | 2823.33| -5333.33| 17.43 | -0.24 2.68 -0.01 | 0.935
C’g < Moist 3794.336| 21.256 | -0.220 | 4.859 | -0.021 - - 0.931
:‘) ",_>,_'- Burlap 3708.454| 25.733 | -0.297 | 4.384 | -0.019 - - 0.939
% Compound| 3862.095/ 16.335 | -0.176 | 3.922 | -0.018 - - 0.935
:c;) Moist 3304.328| 51.671 | -0.703 | 5.008 | -0.021 - - 0.859
:’) X Burlap 3332.682| 48.822 | -0.670 | 4.545 | -0.019 - - 0.863
% Compound| 3394.777| 44.023 | -0.604 | 4.048 | -0.018 - - 0.858
S Moist | 3952.165| 21.457 | -0.297 | 4.825 | -0.021 | - - | 0.866
56 Burlap | 4025.442| 15.366 | -0.220 | 4.335 | -0.019 | - - 0.87
% Compound| 4105.865/ 9.167 -0.132 | 3.866 | -0.018 - - 0.839
fc\; 0 Moist 2647.336| 69.812 | -0.967 | 5.191 | -0.021 - - 0.899
:‘) g Burlap 2381.086| 82.980 | -1.154 | 5.326 | -0.023 - - 0.854
SO | compound| 2532.077| 73.438 | -1.022 | 5.076 | -0.022 | - - |o0.834
Og Moist 3466.951| 38.187 | -0.473 | 4.022 | -0.017 - - 0.955
:’) % Burlap 3569.387| 30.522 | -0.363 | 3.597 | -0.015 - - 0.937
% Compound| 3650.395| 24.495 | -0.286 | 3.313 | -0.015 - - 0.938
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Table 425 Constants and Regression Coefficients for OPC and Blended Cement Concreter
Evaluating Depth of Water Penetraion.

@ Constant
sz| gt :
g é é g? a b c d e R
(@)

% Moist 214.811 | -350.833( 583.333| -7.991| 0.115 | 0.883

X Burlap 231.075 | -500.000( 800.000| -6.863| 0.101 | 0.916

§ Compound| 184.754 | -159.167| 316.667 | -7.007| 0.103 | 0.864
C’g < Moist 140.6259| -6.3603 | 0.0879 - - 0.904
:‘) g Burlap 155.0846| -6.5162 | 0.0879 - - 0.996
% Compound| 193.7732| -8.0822 | 0.1099 - - 0.971
:’c‘% Moist 210.7167| -10.3938| 0.1484 - - 0.955
:‘)E Burlap 227.6940| -10.9520| 0.1593 - - 0.974
% Compound| 253.6438| -11.7809( 0.1703 - - 0.967
,§ Moist 155.0759| -7.6052 | 0.1099 - - 0.968
5% Burlap | 179.0624| -8.4065 | 0.1209 - - 0.943
% Compound| 181.8741| -7.7565 | 0.1099 - - 0.970
;’Q & Moist 115.5998| -3.8606 | 0.0495 - - 0.698
:‘) g Burlap 131.7123| -4.1718 | 0.0549 - - 0.776
% © Compound| 163.2265| -5.6186 [ 0.0769 - - 0.781
Og Moist 159.7843| -6.8871 | 0.0934 - - 0.999
:‘) % Burlap 159.6626| -6.3327 | 0.0879 - - 0.972
% Compound| 214.7896| -9.0067 | 0.1264 - - 0.939
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This research was carried out to assess the effect of gdstimperature and curing
regimeon the mechanical properties, durability and shrinkage characteristics of concretes
wherebysix types of cementitious materials iype | (OPC) very fine fly ashVFFA),

fly ash (FA), silica fume(SF), ground granulated blast furnace s{(&>BFS)or naural
pozzolan(NP), three water to cement ratios (0.3, 0.4 or 0.45 for 1@PE concrets

while 0.4 for blended cement concretdsur casting temperaturg®5, 32, 38 or 45°C),

four curing regimes (water ponding, wet burlap, curing compound or plastit)svere
used.The following conclusions could be drawn based on the data developedsin th

comprehensivstudy

5.11 Compressive &ength, Split Tensile Strength and Pulse Velocity

i.  The compressiveandsplit tensile strength and pulse velodigreased with age
in all the concrete specimen&n exception to this trend was notedtire pulse
velocity which slightlydecreasedfter 180 days in all concrete specimeiife
increase in strengtfcompressive and split tensilahd pulse velocityvas very
rapid in the early age of up to 2&y$ and 90 days in OP&hd blended cement
concretes, respectilye Thereafter the increasein strength was not that

significant.
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ii.  Thestrengthand pulse velocityn OPC and blended cement concrete specimens
cured under moist conditiorwere more thanthosein the specimens cured by
covering with wet burlap or applying a curing compound. Furtherstiength
and pulse velocityn the concrete specimarcured by covering wit wet burlap
was more than that in tlspeamens cured by applying a curing compound.

iii.  As expectedthe strengthand pulse velocityn the concretespecimengprepared
with 100% OPC decreased wdhincrease irthew/c ratio.

iv.  lrrespective othew/c ratio andor curing regimethe strengthand pulse velocity
increasedvith temperatureip to 32°C. However, a further increase in the casting
temperature decreased thteengthand pulse velocityn the OPC and SF cement
concretes An exception to this trend was noted in FA, VFFA, NP and GGBFS
cement concretes. In these concretes, the strength and pulse velocity continued to
increase up to a temperature of 38°C; thereafter, there was a decrélassein

properties

5.12 Depth of Water Penetration

I. ~ Theminimum depth of water penetratiovas notedin OPC and blended cement
concretes curedinder moist conditiorfollowed by thosethat werecured by
covering with wet burlapwhile the depth of water penetratioin the concrete
specimen cured bgpplying a curing compound wéee highest

ii.  As expectedthe depth of water penetratian concrete specimens prepared with
100% OPdncreasedvith an increase in the wic ratio.

iii. Irrespective ofw/c ratio andor curing regime, thelepth of water penetration

decreaseavith temperatureip to 32°C. However, a furthencrease in the casting
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temperaturancreasedhe depth of water penetratiodn exception to this trend
was noted in FA, VFFA, NP and GGBFS cement concretes. In these concretes,
thedepth of water penetratiarontinued tadecreaseip to a temperature 83°C;

thereafter, there was an increas¢éhedepth of water penetration

5.1.3 Plastic Shrinkage Strain

I.  The plastic shrinkage strain increased with time in all the OPC and blended
cementconcrete specimens and most of the plastic shrinkage ocowrtieid
aboutthe initial 8 hoursof curing. Thereaftethe increase ithe plastic shrinkage
strain was not that significant. Howeveahe plastic shrinkage strain in all
concrete specimens stabilizeearlyto a constant value after abouttaurs

ii.  The pastic shrinkage strainn OPC and blended cement concrete specimens
cured bythe application of curig compound wakwer than that in thespecimens
cured in air.

iii.  As expected,te plastic shrinkage strain the concrete specimens prepared with
100% OPCncreased with an increase in the wic ratio.

iv.  lrrespective of w/c ratio and/or curing regintee maximum plastic shrinkage
strainwas recorded in all the OPC and blended cement concrete specimens cast at
25°C followed by those cast @2 or45°C, while the minimum plastic shrinkage
strain was measured at either 32 or 38°C. An exception to this trend was noticed
in GGBFS cement concrete specimeims which, plastic shrinkage strain
decreased witln increase in the temperatimat there was a marginal deffence

between shrinkage strain at 38 and 45°C
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5.1.4 Drying Shrinkage Strain

The drying shrinkage strain increased very rapiditheearly ages in all the OPC

and blended cement concrete specimens and most of the drying shrinkage
occurredwithin about BO days ofexposure aftecuring. Thereafterthe increase

in strain was not that significant. Howevére drying shrinkage strain in alhe
concrete specimengasstabilized nearly to a constant value after ad®% days.

The drying shrinkage strain ifOPC and blended cement concrete specimens
cured bythe application ofa curing compound was less than that in ¢beacrete
specimens curely covering with wet burlap

As expected, thdrying shrinkage strain ithe concrete specimens prepared with
100% @PC increased with an increase in the wi/c ratio.

Irrespective of w/c ratio rafor curing regime, the maximumrying shrinkage

strain was recorded in all the OPC and blended cement concrete specimens cast at
25°C. An exception to this trend was notedd®C,SF and NP cement concretes

in which the maximum drying shrinkage strain was measured at botbr 25°C

with marginal differenceHowever, he minimum drying shrinkage strain was
notedin all the OPC and blended cement concrete specimens ca®tCatAh
exception to this trend was noted & and NP cement concretes in whidghe
minimum drying shrinkage strain wascordedat both 32 or 38°C with a slight

difference.

In summary, the mechanical properteesd durability and shrinkage characteristigsre
noted to be influenced by all the parameters investigated. Uthliikespecifications of

ACI Committee 305 and Saudi Building Co8@e4-C regarding35°C as thelimit for the
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maximum allowable fresh concrete temperature at the time of placetherneslis of

this studyindicatedthatthe optimum temperature for ORDd SF cement concreias

32°C. However,for VFFA, FA, GGBFS and NP cement concegtiae optimum casting
temperaturavas 38°C. Furthermoist curing wasoundto bebeneficial in strength and
pulse velocity development as wellfas enhanig the durability followed by curing by
covering with wet burlap and applying a curing compound, in decreasing order.
However, the application of a curing compound on fresh coterexhibited higher
efficiency inredudng the plastic and drying shrinkage strain as compared to curing by
covering with wet burlap or plastic she@&loreover, the highest plastic and drying
shrinkage strain was noted amostall concrete specimens caat 25°C. However, a

further increase in the temperature decreased the shrinkage strain.

5.2 Recommendations

From the above conclusignshe following recommendationsould be drawn for
improving the mechanicgbropertiesand durabilitycharacteristic®f concrete structures

when concretings commencednder hot weather

i.  Curing with wet burlap should be preferred over the application of curing
compoundvhenever anavherever possible.
ii.  Low w/c ratio for OPC concretes can be usatéiworkability is maintained.
iii.  The limit for maximum allowable fresh concrete temperature of plain and blended

cement concretes at the time of placement should be as follows:
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Cementitious | Optimum Temperature
Materials (°C)
OPC 32
SF 32
VFFA 38
FA 38
GGBFS 38
NP 38

iv.  The correlations developed in this study could be used to evaluate the
compressive and split tensile strength, pulse velocity and depth of water
penetratiorby knowing thew/c ratios, casting temperature acuting periodfor
particular cementitious matats and curing regimedoreover, by evaluating

one property the otherconcrete properties can be determined from the

relationships obtained.

Further, forenhancingthe shrinkage resistant efficiency of plain and blended cement
concrete structureshe application ofa curing compound should be prefercaimpared
with curing by covering with wet burlap or plastic sheghenever possibléoreover
precautionary measuresich as thoserecommended byACI Committee 305may be

taken to minimize the differee betweerthe concrete casting temperature and ambient

temperatureparticularly under hot weather.
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5.3 Future Studies

Following are the recommendations for future research

1 Performance of other water retaining techniques like: aebgsed curing
compound, bitumetbased curing compound, coal tar epoxec. under hot
weather need to be assessed.

1 Combination of curing methods likeuring the specimens with wet burlap for few
days and then applying a curing compound under hot weather need to bd.studi

1 Effect of hot weather othe microstructure and reinforcement corrosion rsded
be investigated.

1 Longterm data for mechanical and durability properties of concrete with
supplementary cementitious materiate examine the optimum dasg
temperature need to betermined

1 The optimum casting temperature using ternary and quaternary cement soncrete

utilizing the waste materials needs to be evaluated.
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