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PREFACE

The study reported herein is part of a comprehensive study on the use of
superplasticizers in concrete construction in Texas. Specifically, this study reports on tests
conducted on the effects of the use of superplasticizers on the behavior and durability
characteristics of concrete cast under cold weather conditions. Guidelines are presented to
be used by the resident engineer on developing a plan for use of superplasticizers in
concrete while ensuring adequate performance of the concrete in service.

The work reported herein is part of Research Project 3-5-87-1117, entitled
"Guidelines for Proper Use of Superplasticizers and the Effect of Retempering Practices on
Performance and Durability of Concrete". The studies described were conducted jointly
between the Center for Transportation Research, Bureau of Engineering Research and the
Phil M. Ferguson Structural Engineering Laboratory at the University of Texas at Austin.
The work was co-sponsored by the Texas State Department of Highways and Public
Transportation and the Federal Highway Administration. The study was performed in
cooperation with the TSDHPT Materials and Test Division and Bridge Division through
contact with Mr. Gerald Lankes and Mr. Berry English, respectively.
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SUMMARY

The evaluation of high-range water reducers on the properties of fresh and hardened
concrete under hot and cold weather conditions is described. Four different types of
superplasticizers were evaluated: two first generation types and two second generation types.
In addition, the effect of superplasticizers on retarding and air-entraining admixtures was
investigated. A laboratory testing program consisting of fifteen laboratory mixes and one
field mix was used for evaluation of the superplasticizers. The results of the testing program
are presented along with recommendation to field engineers.



IMPLEMENTATION

The results of this study should be implemented as soon as possible. The differences in
performance between the various superplasticizers of the same generation was not
significant. Significant difference was however observed between first and second generation
superplasticizers. In fact, concrete incorporating Daracem 100 and Rheobuild 716 showed
extended workability and better fresh properties compared to first generation
superplasticizers Pozzolith 400N and Melment L10. Nevertheless, long term durability of
second generation superplasticizers remains questionable due to the short history of their
use. Finally, it is recommended that trial batches be performed prior to using
superplasticizers in the field to determine their effects on other admixtures, and on fresh
and hardened concrete properties for any given mixture.
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CHAPTER 1
INTRODUCTION

1.1 General

High-range water reducers (HRWR), commonly referred to as superplasticizers, are
chemical admixtures that can be added to ready-mix concrete to improve its plastic and
hardened properties. They are also known as superfluidizers, superfluidifiers and super water
reducers'®. The first superplasticizer was developed in 1964 by Kenichi Hattori in Japan.
It was based on formaldehyde condensates of beta-naphthalene sulfonates. Later that same
year, a superplasticizer based on sulfonated melamine formaldehyde condensate was
introduced in West Germany under the name Melment!'®,

High-range water reducers are capable of reducing the water requirement for a given
slump by about 30%, thus producing quality concrete having higher strength and lower
permeability. They present important advantages compared to conventional water reducers
which only allow a reduction of up to 15%. Further, water reduction using water reducers
would result in segregation of the fresh mix and a reduced degree of hydration at a later
age®’. Superplasticizers are compatible with almost all other admixtures including
air-entraining agents, water reducers, retarders and accelerators. Nevertheless, it is

recommended that mixes incorporating different admixtures be tested before usage in the
field™".

The cost of superplasticizer is quite significant at about $5.00 to $6.50 per gallon.
This results in an up to a $5.00 per cubic yard increase in the cost of a typical 5 sacks mix.
Despite its cost, tremendous savings in labor and production costs can be achieved by using
the admixture.

1.2 Justification of Research

As the use of superplasticizers gains widespread acceptance around the world and
especially across North America, the need for proper guidelines for its use becomes a
necessity. The difficulty in using this admixture results from the fact that its effects on
concrete depend on a number of factors including mix proportions, ambient temperature,
concrete temperature, time of addition, amount of admixture added and mixing time. In
order to produce quality durable concrete such guidelines have to be developed.

1.3 Research Objectives

This research represents a complete study of high-range water reducers, their mode
of action, and their effects on plastic and hardened concrete properties. It also provides

1



2

guidelines for engineers to follow in the field, including the time of addition and the dosage
required to achieve the desired properties under cold and hot weather conditions.

14 Research Plan

This research includes two parts: cold weather concreting and hot weather concreting.
The hot weather concreting part of the study is a continuation of the research conducted by
William C. Eckert!® which specifically addressed the effects of superplasticizers on ready-mix
concrete under hot weather conditions. In the course of this study, the following variables
were investigated:

meae o

Cement content

Aggregate type

Superplasticizer type
Extended-life superplasticizer type
Retarding admixture dosage
Air-entraining dosage

Plastic concrete properties evaluated included:

cCan o

Slump

Air content

Concrete temperature
Unit weight

Setting time

Hardened concrete properties evaluated included:

e ae op

Compressive strength

Flexural strength

Abrasion resistance
Deicer-scaling resistance
Freeze-thaw resistance
Chloride penetration resistance

All tests were performed according to the latest American Society for Testing and
Materials (ASTM) specifications and the Texas State Department of Highways and Public
Transportation (TSDHPT) specifications where applicable.



1.5 Report Format

A review of the literature addressing the topic of this research is presented in
Chapter 2. Chapter 3 includes a detailed description of the materials used as well as the
different tests performed. The results of the experimental program are presented in Chapter
4. A discussion of these results is presented in Chapter 5. Chapter 6 includes a summary,
conclusions, and guidelines for the use of superplasticizers.

The work described herein is part of research study 3-9-87-1117, titled: “Guidelines
for Proper Use of Superplasticizers and the Effects of Retempering Practices on
Performance and Durability of Concrete”. All tests were performed at the Phil M. Ferguson
Structural Engineering Laboratory at the Balcones Research Center of The University of
Texas at Austin, under the supervision of Dr. Ramon L. Carrasquillo. The entire research
program was sponsored by the Texas State Department of Highways and Public
Transportation and the Federal Highway Administration.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This chapter contains a review of the work conducted by other researchers relating to
the subject of this study. It includes a detailed description of the properties and mode of
action of superplasticizers, retarding water reducers, and air-entraining admixtures. It also
includes the effects these admixtures have on the properties of plastic and hardened
concrete under hot and cold weather conditions.

2.2  Definitions
2.2.1 Properties of Fresh Concrete

2.2.1.1 Workability. Workability is defined as “the ease with which concrete can be
deformed by an applied stress”l, The obtainable deformation depends “on the volume
fraction of the aggregate and the viscosity of the cement paste”. It is measured by means
of the "slump test." Even though many researchers®? have proposed different methods to
measure the workability of flowing concrete, including flow table, the slump test remains
widely in use. The slump test is a semi-static test that fails to measure the properties of
flowing concrete under dynamic conditions. Figure 2.1 illustrates the relationship of both
tests™, As shown in the figure, the slump test looses its sensitivity and practical use for
slumps above 184 mm (7.25 in.). In order to better describe flowing concrete, yield value
and viscosity measurements are needed. Yield value is a measure of the extent to which the
concrete will flow while viscosity reflects the ease and rate of flow!!"#],

Workability of concrete is affected by many factors including initial slump, type and
amount of cement, temperature, relative humidity, mixing criteria (total mixing time, type
of mixer, and mixer speed), as well as the presence of chemical and mineral admixtures.

2.2.1.2 Air Content. Air content is the amount of air in the concrete mixture. It is
composed of entrapped air and entrained air. Entrapped air is the air that is entrapped in
the fresh concrete during casting. While most of the entrapped air is eliminated during
consolidation of the concrete into the forms, 1 to 3 percent will remain depending on the
maximum aggregate size and shape, the water/cement ratio and other characteristics of the
mixture. Entrapped air bubbles are randomly distributed in the concrete. They are large
enough to be detected with the naked eye, and usually have a non-spherical shape.
Entrained air, on the other hand, is the air that is intentionally entrained in the fresh
mixture by means of an air entraining chemical admixture to improve the resistance of
concrete to freezing and thawing. Entrained air also improves workability while reducing
permeability, segregation, and bleeding!®.
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Figure 2.1  The relationship between slump and flow table spread of concrete containing
a superplasticizer!®],

Air-entraining agents lower the surface tension of the mixing water producing millions
of microscopic air bubbles that are locked into the paste during hardening. The size and
number of these bubbles and their spacing determine the characteristics of the air-void
system. The resistance of concrete to frost action is mainly dependant on the quality of its
air-void system. The volume of air required to achieve optimum frost resistance in concrete
is about 9 percent of the volume of mortar in the mixture!®?3?, This represents about 4 to
8 percent of the total volume of the concrete, depending on the maximum size of coarse
aggregate used and the resulting mixture proportions. In fact, the use of smaller size
aggregates results in a greater surface area of the aggregate. Hence, a larger volume of
mortar is required for lubrication of the mixture and a larger amount of air content is
required to provide adequate frost resistance.

2.2.1.3 Temperature.  The temperature of concrete increases during the hydration
of cement. Mixes with finer cement, higher cement content, and mixes incorporating
accelerating admixtures experience larger increases in temperature at early ages because of
higher rate of hydration. There are many problems associated with an extremely high
concrete temperature including: rapid slump loss, early setting time, decreased air content,
lower strength, decreased durability, and increased plastic and differential-thermal cracking.
High temperature results in a faster hydration of cement, which causes a significant increase
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in early strength and a reduction in ultimate strength®!. The amount of additional water

needed to achieve a certain slump increases with temperature. As shown in Figure 2.2, an
increase from 50 to 100°F (10 to 38°C) requires an additional 33 Ib (15 Kg) of water to
maintain the same 3-in (76 mm) slump. Such an increase in water content could reduce
strength by up to 15 percent?., Furthermore, additional water is usually added at the jobsite
to offset slump loss. This addition of water represents an increase in the water/cement ratio
and therefore a decrease in strength and durability.

2.2.1.4 Segregation and Bleeding. Segregation refers to the separation of the mixture
components due to the difference in their specific gravity and size, resulting in a nonuniform
mixture. Bleeding is a particular form of segregation where some of the mixing water rises
to the surface of the fresh mix/®), Bleeding increases the water/cement ratio of the upper
layer of concrete causing weakness, increased porosity and durability problems. However,
limited bleeding is desirable because it allows the excess water to leave the fresh mix and
protects against plastic shrinkage cracking. Finally, less bleeding takes place in mixes with
low water/cement ratio.
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2.2.1.5 Finishing. =~ When adequately finished, good quality concrete produces
denser, stronger and maintenance- free surfaces. Proper finishing of concrete slabs includes:
removing the excess concrete from the surface, floating the surface with flat metal or wood
blades, steel-trowelling of the surface to ensure a smooth, dense and wear-resistant surface
as desired, texturing of the surface to make it skid resistant, and adding certain chemicals
to improve its durability and wear resistance!*!,

2.2.1.6 Setting Time. Setting time is determined in terms of initial set and final
set. These are arbitrary points between initial water-cement contact and the beginning of
strength gain. Initial set is the point in time when the cement paste starts to stiffen
considerably. Beyond this point, further mixing of the concrete is harmful. Final set on the
other hand, is the point in time when the concrete starts to gain strength. Initial set usually
occurs within 2 to 4 hours, while final set takes 5 to 8 hours after initial water-cement
contact. There are two main tests for measuring setting times, namely the Vicat needle and
the Gillmore needle tests. The primary purpose of determining setting time is for quality
control.

2.2.1.7 Unit Weight. The plastic unit weight, or density, of concrete is determined
by measuring the weight of concrete in a container of known volume. The unit weight test
helps detect any variation between batches of the same mix. It also gives an indication of
the air content in the mixture. A decrease in the amount of air in the fresh concrete results
in higher unit weight values.

2.2.2 Properties of Hardened Concrete.

2.2.2.1 Air-Void System.  Inorder to produce durable concrete capable of resisting
frost action, the concrete should have an adequate air-void system with the following
characteristics?%;

1. The spacing factor or maximum distance from the periphery of an air void to
any point of the cement paste should not exceed 0.008 in.(0.2 mm). The
smaller the spacing factor the more durable the concrete.

2. The specific surface area, which is indicative of the size of the air bubbles,
should typically be in the range of 400 to 625 square inches per cubic inch
(157 to 246 sq.cm/cu.cm)of air.

3. The number of air bubbles per linear inch should be one and a half to two
times the percentage of air content in the concrete.

The air-void system can be determined, according to ASTM C457, by viewing a
polished section of the hardened concrete under a microscope to count the air bubbles and
calculate the spacing factor.
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2.2.2.2 Compeessive Strength. The compressive strength of concrete is determined
by testing cylinders in uniaxial compression. Compressive strength is mainly affected by the
water/cement ratio of the concrete mixture. Strength decreases as the w/c ratio increases.
Other factors affecting compressive strength include: age of the concrete, cement type and
content, aggregate type, and mineral and chemical admixtures. The ultimate strength of
concrete depends on the rate and degree of hydration of the cement. Higher rate of
hydration results in higher early strength, but lower ultimate strength. A “more complete”
degree of hydration however, results in stronger and denser concrete at later ages?.

2.2.2.3 Flexural Strength. Concrete is a weak material in flexure. Its flexural
strength is usually about 10 percent of its compressive strength. Previous researchers found
that the ratio between the two depends on many factors such as the age and strength of the
concrete, the type of curing, the type of aggregate, the amount of air-entrainment, and the
degree of compaction. Tensile strength is an important indicator of the concrete’s tendency
to develop cracks, since cracking is primarily a tensile failure. In design however, the tensile
strength of the concrete is neglected and all tensile stresses are assumed to be resisted by
the reinforcing steel. There are three tests to measure tensile strength: direct tension,
splitting tension and flexure!®.

2.2.2.4 Abrasion Resistance.  Abrasion resistance is a measure of wear of the
concrete surface. It is generally affected by the hardness of the aggregate used. Mixes with
harder aggregates show better abrasion resistance. Nevertheless, the effect of aggregate type
is less pronounced in high strength concrete. The use of low water/cement ratio in high
strength concrete, results in a denser structure with good abrasion resistance®). The
abrasion resistance cf concrete is also affected by the surface finishing and curing procedure.
Power finishing and efficient curing result in better abrasion resistance. There are many tests
available for determining the abrasion resistance of concrete. The three main ones are: the
shotblast test, the dressing wheel test, and the rotating cutter method!®l.

2.2.2.5 Freeze-Thaw Resistance. The resistance of concrete to freezing and thawing
is one of the most important aspects of durability. Upon freezing, the water in the concrete
expands causing cracking of the concrete. Under repeated freezing and thawing cycles,
concrete deteriorates quickly both internally and externally. Internal damage is determined
by monitoring weight loss and changes in the dynamic modulus of elasticity of the concrete.
Changes in the dynamic modulus of elasticity are determined by the fundamental transverse
frequency. External damage on the other hand, is determined by visual inspection. It
includes large cracks and surface scaling. The concrete resistance to freeze-thaw is
tremendously improved by the introduction of entrained air. As mentioned earlier, the
air-entraining agents produce millions of small air voids in the cement paste. Upon freezing,
water in the concrete can freely expand and occupy these voids. Frost resistance depends
on the rate of freezing, the water/cement ratio, time of moist curing, and degree of
saturation®!. The cuncrete resistance to freeze- thaw can be determined using two different
procedures depending on the severity of exposure. The first one is freezing in air and
thawing in water, and the other is freezing and thawing in water. Concrete subjected to the
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second procedure undergoes a much faster deterioration since it is frozen while fully
saturated with water.

2.2.2.6 Deicer-Scaling Resistance. The resistance of concrete to the action of
deicer-scaling is particularly important for concrete in highways and bridges. During the
winter, large amounts of salts are dispensed annually on pavements to prevent them from
freezing, thus keeping them open to traffic. These salts will easily penetrate low strength
permeable concrete causing considerable damage both to the concrete and the reinforcing
steel. On the other hand, mixes with low water/cement ratio and low permeability show
good resistance to deicer-scaling.

2.3  Concreting

23.1 Hot Weather Concreting.  The rate of slump loss is greatly increased under
hot weather concreting resulting in a reduction in the time during which concrete can be
transported, handled and placed. Additional water is often added at the jobsite to
compensate for such a high slump loss. This results in a weaker and less durable concrete,
with a higher water/cement ratio. The maximum allowed concrete temperature is usually
set at 85 to 90 °F (29 to 32°C) depending on the type of application. Extremely high
temperatures have detrimental effects on the properties of fresh and hardened concrete!™.

2.3.1.1 Effects on Fresh Concrete.  The effects of hot weather concreting on the
properties of fresh concrete include:

L increased water demand

° early and rapid slump loss

L faster rate of setting time

° increased possibility of plastic shrinkage
. increased rate of air loss

° critical need for prompt and early curing

2.3.1.2 Effects on Hardened Concrete.  The increase in water/cement ratio due to
the addition of water at the jobsite results in the following effects on the properties of
hardened concrete:

° decrease in ultimate strength

L decrease in durability



2.3.2 Cold Weather Concreting.

higher permeability

nonuniform surface appearance

increased tendency for drying shrinkage and differential-thermal cracking.

protected against frost action is given in Table 2.2.

Cold weather concreting is defined as the period
during which the average temperature is below 40°F (5°C) for three consecutive days, and
the highest temperature does not exceed S0°F (10°C) for more than half a day during any
24- hour period. The main concern during cold weather concreting is to protect the concrete
from freezing at early ages. The concrete temperature should be as close as possible to the
minimum allowable values given in Table 2.1. This table gives the recommended minimum
concrete temperatures under various ambient temperatures and section properties. Placing
concrete at temperatures below these values or exceeding them by more than 10°F (5°C)
is not recommended since that would resultin an increased risk for differential-thermal
cracking of the concrete. The period of time during which the concrete needs to be

Table 2.1 Recommended Concrete Temperatures[zl
Air Section size, minimum dimension, In. (mm)
Line Temperature
<12in. 12 - 36 In. 36-72 In. >721In.
(300 mm) (300-900 mm) (900-1800 mm) (1800 mm)
Minimum concrete temperature as placed and maintained
1 - 55 F (13 C) 50 F (10 C) 45F(7C) 40F (5C)
Minimum concrete temperature as mixed for Indicated weather*
2 Above 30 F (-1 C) 60 F (16 C) 55 F (13C) 50 F (10 C) 45 F (7 C)
3 Oto30F 65 F (18 C) 60 F (16 C) 55 F (13 C) 50 F (10 C)
(-18 to -1 C)
4 Below 0 F 70 F (21 C) 65 F (18 C) 60 F (16 C) 55 F (13 C)
(-18 C)
Maximum allowable gradual temperature drop in first 24-hr. after end of protection
5 - 50 F (18 C) 40 F (22 C) 30 F (17 C) 20 F (11 C)

*  For colder weather a greater margin In temperature

Is provided between concrete as mixed and required
minimum temperature of fresh concrete In place.
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Table 2.2 Protection Recommended for Concrete Placed In Cold Weather*(?!
Protection recommended at temperature Indicated in Line 1
Table 2.1, dayst
From damage by freezing} For safe strength §
. Type | Type I, Type | or Il cement Type I,
Service Category or Il | accelerator or 100 accelerator or
cement | Ibiyd® (60 kg/m®) 100 Ib/yd® (60
extra cement kg/ma) extra
cement
1. No load, no 2 1 2 1
exposure (See
Section 6.1.1)
2. No load, exposed 3 2 3 2
(See Section
6.1.2)
3. Partial load, 3 2 6 4
exposed (See
Section 6.1.3)
4. Full Load 3 2 See Chapter 7
* Weather likely to have a mean daily temperature less than 40 F (5 C) See Sectios 1.3 and 1.4
1t Discontinue protection only as instructed in Section 1.10.4.
t Unless, in less time, it is assured that the cocnrete including corners and edges, has fully attained a strength of at least 500 psi. However,

for protection from thermal cracking, massive concrete will require longer protection, and where cement content is low, it will require longer
protection until the concrete reaches a strength of 500 psi (3.5 MPa).

§ These protection periods should be required unless the in-place strength of the concrete has attained a previously established safe strength.

In general, cold weather concrete has fewer problems and results in better quality
and more durable concrete as compared to concrete cast in hot weather. It has decreased
slump loss, decreased air loss, and extended setting time. This greatly facilitates
transportation, placement, and finishing operations. When properly cured, such concrete
has a hi%her ultimate strength, better durability and reduced tendency to develop thermal
cracking!?.

24  High-Range Water Reducing Admixtures

2.4.1 Properties and Characteristics. Superplasticizers are chemical admixtures
capable of improving the workability of concrete without affecting its water/cement ratio.
They are classified into four groups®!:

A: sulfonated melamine-formaldehyde condensate(SMF)

B: sulfonated naphthalene-formaldehyde condensate(SNF)
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C modified lignosulfonates(MLS)

D: other sulfonic-acid esters, and carbohydrate esters

The molecular structure of the first three types is illustrated in Figure 2.3. When
properly used, superplasticizers greatly improve workability of concrete without causing any
undesirable effects on its fresh and hardened properties. This high workability however, only
lasts for about 30 minutes. It is therefore recommended to add the admixture at the jobsite
immediately before placement. In order to maintain a high workability for a longer period,
redosing is possible, and was not found to be harmful to the concrete®”,

In order to improve workability, especially in hot weather, retarding types of
superplasticizers have been developed. They are referred to as extended-life
superplasticizers or second generation superplasticizers. They represent a great improvement
as compared to conventional superplasticizers. Their effects are extended up to two hours,
making it possible to add them to the concrete at the batching plant.

The recommended dosage to achieve the desired properties differs with the
superplasticizer’s type and manufacturer, the mix design, the temperature as well as the time
of addition. Typical dosage rates vary from 10 to 20 fluid ounces per 100 pounds of cement.

The dispersing action of superplasticizers is not limited to portland cement. They can
therefore be advantageously used with other mineral admixtures to produce fly ash concrete,
blast furnace slag cement concrete as well as lightweight concretel]. Moreover,
superplasticizers are compatible with other admixtures such as retarders, accelerators, and
air-entraining admixtures.

24.2 Chemistry.  Astudy of the rheology, adsorption, and hydration characteristics
of cement and cement components is necessary for the understanding of the mode of action
of superplasticizers.

Superplasticizers significantly affect the rheological behavior of the cement paste. In
general, the molecules of the superplasticizer align themselves around cement particles
forming a watery shell as shown in Figure 2.4. These molecules are attracted to cement
particles on one side and water molecules on the other. Thus they create a lubricating film
around the cement particles, which reduces both the yield value and the plastic viscosity of
the mix. These effects are more pronounced for higher concentrations of superplasticizer.
Microscopic examination of cement particles suspended in water shows that large irregular
agglomerates of cement particles are dispersed into small particles due to the effect of
superplasticizers. As shown in Figure 2.5 U, the admixture forms needle-like hydration
products instead of the large fibrous bundles found in normal concrete. At the age of six
months, the concrete incorporating the admixture shows a tighter and more complete
structure!®®,
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Figure 2.5 Microscopic view of superplasticized concrete!”.
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Adsorption is primarily influenced by the type of cement used. It was also found that
Type III cement has the highest degree of adsorption followed by Type I and Type II. Figure
2.6 shows the adsorption characteristics of a melamine based superplasticizer (SMF) on
cement, C,A and C,S in an aqueous solution®!. The adsorption of superplasticizer on C;A
occurs within seconds. Hexagonal aluminate adsorbs large amounts of superplasticizer, and
are not immediately converted to the cubic form in the system C;A-H,O-SMF due to the
formation of complexes between the SMF and the hydrating C;A. The mechanism is similar
to the hydration of C;A in the presence of calcium lignosulfonate. For the C,S on the other
hand, limited adsorption occurs on the surface during the first hour. The adsorption is
almost nil up to about 4 to 5 hours and then increases continuously. In cement, SMF is
adsorbed by the C;A +gypsum. This adsorption occurs within a few minutes. In order to
lower the rate and amount of adsorption, it is recommended to add the admixture 5 to 30
minutes after the beginning of hydration. Delaying the addition of the admixture will
therefore leave enough of the admixture in the solution to produce dispersion of the silicate
phase and thus, improve workability. Adsorption beyond 5 hours is mainly due to C,S
hydrates in the cement. Adsorption increases as the concentration of superplasticizer added
is increased. Due to the adsorption of ions, particles develop charges. The repulsion between
particles having identical charges prevents any agglomeration or precipitation, and decreases
the viscosity of the system®®), The large negative potentials resulting from the addition of
superplasticizer were found to decrease with time but remain high even after 1200
minutes®,

Soon after the initial contact between cement and water, cement particles increase in
size and reaggregate, causing a reduction in fluidity almost immediately. Continuous mixing
of the concrete shears off the hydration products formed on the surface of the cement
particles. The combination of elevated temperature and the peeling action increases
significantly both the hydration rate and the amount of hydration product formed thus
causing a substantial reduction in fluidity®). In order to reinstate the fluidity, the
superplasticizer should act both on the cement particles and hydration products. Therefore,
a higher dosage of superplasticizer is required when the time of addition is delayed®. Both
melamine and naphthalene based superplasticizers are known to delay the hydration of C,S
and C;A. As to the effects of these admixtures on the rate of hydration of C;A+gypsum
mixtures, opinions are divided.

2.4.3 Effects on Fresh Concrete

2.4.3.1 Workability. The workability of concrete depends on the following factors:
initial slump, type and amount of cement, type and dosage of superplasticizer, time of
addition of superplasticizer, temperature, relative humidity, mixing conditions (total mixing
time, type of mixer, and mixer speed), and presence of other admixtures. Mixes with lower
initial slump require a higher dosage of superplasticizer®]. The opinions on the effect of
initial slump on the rate of slump loss after the addition of superplasticizers are divided.
Generally, mixes with higher initial slump were found to have a more gradual rate of slump
loss!™). The opposite was reported by Ramakrishnan®~"),
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Figure 2.6  The absorptionof superplaticizer on cement, C;A, and C,S in an aqueous
solution!®],

Workability is also affected by the cement type and cement content of the mix. It was
found that to obtain the same workability, a higher dosage of superplasticizer is required
for Type I than for Type V cement. Mixes with higher cement content require smaller
dosages of superplasticizer to achieve a certain slump®!. This is expected since mixes with
higher cement content are known to be more fluid, even when no admixture is present.
Moreover, mixes with higher cement content show a slower rate of slump loss?®!.

Superplasticizers differ depending on their type and manufacturer. It was reported that
melamine based suFeI;)lasticizers show a hi]gher rate of slump loss compared to other types
of superplasticizers''*], Ramakrishnan®>" on the other hand reported that both Melment
and Lomar D, two superplasticizers based on melamine and naphthalene respectively,
behave identically. Mixes prepared with both admixtures became non workable after 3 hours
and went to zero slump after 4 hours. As the dosage of superplasticizer increases,
workability increases and the rate of slump loss decreases??. The effect of superplasticizer
dosage on slump is illustrated in Figure 2.7 . Overdosing the mixture will prolong
workability even further, yielding an extremely high slump, but is likely to cause excessive
segregation and bleeding. Moreover, workability is improved with the use of a retarding type
of water reducer in combination with a superplasticizer!”). When using a retarder, the dosage
of superplasticizer required to achieve a desired slump decreases®. Workability is extended
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even further when using a second generation superplasticizer!'”. The amount of workability
retention increasing with the use of a higher dosage of superplasticizer*]

Another factor affecting workability is the time of addition of superplasticizers. As
shown in Figure 2.8 ], the capacity of superplasticizers to improve workability decreases
with time. It is, however, recommended to delay the addition for a few minutes until some

of the C;A is removed from the mixture by hydration, as mentioned earlier!”?. This reduces
slump loss considerably.

At lower temperature, the loss in workability is reduced™?), and the dosage required
to achieve a desired slump is significantly increased, especially for temperatures below 68°F
(20°C)™L. This is shown in Figure 2.9. Other researchers found no change in the effect of
superplasticizers in the temperature range of about 40 to 86°F (5 to 30°C). In order to

overcome the problem of rapid slump loss, especially under hot weather, the addition of
repeated dosages of superplasticizer was found to be effective!?,

Workability can be reinstated by repeated dosing with superplasticizers. Generallgl,
repeated dosage does not deteriorate the concrete, but may result in loss of entrained air'®],
and thus an increase in the plastic unit weight. Repeated dosage improves workability for
an extra 25 to 45 minutes regardless of the slump achieved after the first dosage. The
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effectiveness of superplasticizers in improving workability decreases with the number of
repeated dosages, and the rate of slump loss increases after each repeated dosage!). Other
researchers found that the amount of the second and third dosages are equal to the initial
onel®!, Mailvaganam!™ even reported that the slump obtained after repeated dosing with
superplasticizer exceeded the slump obtained after the first dosage, and showed a more
gradual rate of slump loss.

2.4.3.2 Air Content. The incorporation of superplasticizer lowers the viscosity of the
fresh concrete mixture, thus facilitating the escape of air from it. Typically, 1 to 3 percent
of the air is lost due to the addition of the admixture. Gebler estimated the loss as being
about 35 to 40 percent of the initial air content. This loss is accentuated even further with
redosage”), high temperature, delay in casting, %)rolonged mixing time!®), higher initial air
content™), use of higher water/cement ratio™ and use of higher dosage of retarding
admixtures. Some superplasticizers have air-entraining admixtures as their components. In
fact, in some instances, the air content of fresh concrete was found to increase immediately
after the addition of superplasticizers®™®!. Foam stability is generally improved when
napht{lsllalene or melamine based superplasticizers are used with Vinsol Resin air-entraining
agent',

When using second generation superplasticizers, the air content was found to remain
unchanged or to decrease slightly, unless the superplasticizer is added at the same time as
the air-entraining agent. When both admixtures were added at the same time, the air
content increased because of the increase in fluidity of the mixturel®.

2.4.3.3 Temperature. The use of superplasticizers reduces the rate of
temperature rise in the concrete, thus reducing slump and air loss while delaying setting
. [30] . C
time™™. The degree of reduction depends on the type of superplasticizer used. Use of
Lomar D, a superplasticizer based on naphthalene formaldehyde, was reported to result in
a lower temperature rise when compared to the use of Melment, a melamine based
superplasticizer!®!,

2.4.3.4 Segregation and Bleeding. Superplasticized concretes show increased bleeding
compared to regular concretes with the same water /cement ratio. This is due to the delayed
setting time™), Compared to flowing concrete prepared without the admixture, however,
superplasticized concrete shows much lower bleeding?.. In order to avoid segregation and
excessive bleeding in flowing concrete, the mixture should contain sufficient fines. The use
of 4 to 5 percent more sand in the mixture is recommended. According to the Canadian
Standards Association guidelines (A266.5.M 1981), the minimum recommended fine
aggregate content passing the sieve 300 x10-6 m is 674, 758, and 843 Ib/cu.yd (400, 450, and
500 kg/m’) for mixes with a maximum aggregate size of 1.5, 0.75, and 0.5 in. (40, 20, and
14 mm) respectively®!. In order to avoid segregation and bleeding problems in flowing
concrete, adequate inspection should be provided during placing, consolidating and finishing
operations, especially when using conveyor belt systems!?., Finally, due to the delay in
setting time in cold weather, bleeding has more time to occur®,
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2.4.3.5 Finishing.  The finishing of superplasticized flowing concrete is not as
simple as it may seem. The reason being that such concrete tends to have a relatively high
volume of mortar on the surface. Thus, the surface becomes sticky and tends to shear or
tear under the action of the trowel. This problem can be solved by using a mix with coarser
fine aggregates and/or a larger amount of coarse aggregates. Another way to solve this
problem is to delay the finishing operation until the concrete looses its stickiness and
becomes easier to finish!®l.

2.4.3.6 Setting Time. Generally, superplasticizers delay both the initial and final
setting time of concretel. This is expected since superplasticizers were found to delay the
hydration of cement as discussed earlier. The extent of the retardation depends on the type
and dosage of superplasticizer used. Finally, when used in combination with other
admixtures, superplasticizers may have opposing effects on setting time. It is therefore
necessary to study the effect of these admixtures before using them in the field. At the
recommended dosage, melamine was found to have the least effect on setting time
compared to other superplasticizers!'"?2,

2.4.3.7 Unit Weight. The plastic unit weight of concrete increases after the
addition of superplasticizers. This is mainly due to the loss of air that usually occurs during
the addition of the admixture!®. The increase in unit weight is also due to better
consolidation of the concrete after the addition of superplasticizer.

2.4.4  Effects on Hardened Concrete.

2.4.4.1 Air-Void Systern.  The incorporation of superplasticizers results in a lower
. . . . . [38] . . [28] . .

quality air-void system in the concrete!™]. As shown in Figure 2.10®, the spacing factor is
affected by the dosage of superplasticizer used. It increases as the dosage of superplasticizer
increases reaching a maximum value near the dosage rate of 0.40 to 0.50 percent by weight
of cement, and then decreases. It is therefore essential to determine the effects of a given
admixture dosage on the spacing factor, before using it in the field, especially when frost
resistance is desired. The bubble size is also affected by the addition of superplasticizer.
In fact, microscopic examination of superplasticized concrete showed that the air bubbles
were two to three times larger than the size of air bubbles in concrete not incorporating a
superplasticizer. The increase in both spacing factor and bubble size due to the addition of
superplasticizer results in fewer air bubbles per linear inch than required by ASTM C-457.

2.4.4.2 Compressive Strength. The strength of concrete with superplasticizer was
found to be greater or at least equal to the strength of the same concrete made without the
admixture. Strength is increased even further with sequential dosages. This strength gain was
found to be around 10 percent at the age of 28 days. At an earlier age, the difference is
even greater. When used with superplasticizers, Type I cement behaves like a high early
strength cement, even exceeding a Type III cement. The increase in the rate of strength gain
is explained by some researchers as a result of using a greatly reduced water/cement ratio
in concrete incorporating superplasticizers, and not to an improvement in the rate of
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Figure 2.10 The effect of superplasticizer dosage on the spacing factor of concrete!®l.

hydration™l. In fact, Malhotra and Malanka'™ reported that the cylinders cast right before
adding superplasticizer had the same compressive strength as the ones cast immediately
after the addition. Other researchers reported that the high rate of strength gain was due
to a loss of air in the concrete™ . Nevertheless, most researchers agree that the addition
of superplasticizers increases the rate and degree of hydration of cement because of a better
dispersion of the hydrating products, thus causing an increase in strength both at earlier and
later ages, while maintaining the same water/cement ratio!”), The increase in the rate and
degree of hydration of cement at early ages results in higher early strength. On the other
hand, the increase in the final degree of hydration achievable due to a good dispersion of
hydrating products is responsible for the increase in strength at later ages.

Concrete incorporating a melamine based superplasticizer was reported to show higher
compressive strength when compared to the control at all ages. Naphthalene based
superplasticizers, however, showed lower strength at early ages and a similar strength at
ninety days. In general, second generation superplasticizers were found to slightly increase
compressive strength. Nevertheless, some researchers reported that, when sampled just after
the addition of superplasticizer, flowing concrete showed a compressive strength at less than
90 percent of the control®!, Yamamoto and Takeuchi*” also reported lower compressive
strength due to the addition of second generation superplasticizers.
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2.4.4.3 Flexural Strength. Unlike their effects on compressive strength,
superplasticizers were found to cause only a sli%ht increase in the flexural strength of
concrete!®. According to Johnson and Gamble!’ , this is due to the fact that failure in
flexure is governed mainly by the strength of the paste-aggregate bond, while compression
failure is primarily controlled by the strength of the cement paste itself.

2.4.4.4 Abrasion Resistance. The abrasion resistance of concrete was found to
increase due to the incorporation of superplasticizers. In fact, the use of superplasticizers
allows a production of high strength concrete with a good consolidation and surface finish.
Therefore, when properly finished, superplasticized concretes show better abrasion
resistances compared to regular concrete.

2.4.4.5 Freeze-Thaw Resistance. Inorder to have agood freeze-thaw resistance, the
concrete paste should have enough entrained air, and an adequate air-void system as
mentioned in section 2.2.2.1. Both the spacing factor and the size of air bubbles in
superplasticized concrete however, exceed the required values. This is particularly true for
melamine and naphthalene based superplasticizers. Nevertheless, superplasticized concretes
show acceptable resistance to freeze and thaw action® ' ?), It was also reported that
entraining 0.5 percent more air than in normal concrete, will even better improve
freeze-thaw resistance, Other researchers found that superplasticized concrete had a lower
frost resistance than regular concrete®!,  Regarding the long term durability,
superplasticized concrete, this remains questionable due to the relatively short history of its
use.

2.4.4.6 Deicer-Scaling Resistance. Superplasticized concrete was found to have
acceptable resistance to deicer-scaling®. This is due to its greater strength, lower
permeability and better surface finishing. As mentioned earlier, the delay in setting time due
to the use of superplasticizers allows more time for placing and finishing the concrete

properly.

2.4.4.7 Resistance to Chloride Penetration. Previous researchers reported that
for the same slump, superplasticized concrete is less permeable than regular concrete.
However, superplasticized concrete is more permeable than regular concrete, both having
the same water/cement ratiol..

2.4.5 Applications. Despite the cost associated with the use of superplasticizers,
overall cost savings in terms of manpower and accelerated construction time are possible.
Moreover, the admixture allows the production of a high strength and durable concrete
having a reduced permeability and shrinkage, and an improved surface finish. There are
three main applications for superplasticizers?®!

1. Superplasticizers are used to produce a flowing concrete while maintaining the
same cement content and water/cement ratio. Flowing concrete, also referred
to as self- levelling or self-compacting concrete, is concrete having a slump of
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8 inches (203 mm) or more, and bearing no signs of segregation and excessive
bleeding. The advantages of such a concrete are numerous. It is ideal for
placing in areas of congested reinforcement without incurring segregation or
honeycombing. Besides, the ease of placing it and the need for only a minor
vibration makes it suitable for casting floors, foundation slabs, bridges,
pavements, roof decks, etc. The only practical limitation on the use of flowing
concrete is that it may not be used to cast slopes exceeding 3 degrees to the
horizontal.

2. The second practical use of superplasticizers in concrete is in the reducing of
the amount of water required by up to 30 percent while keeping the same
workability. This allows a significant decrease in the water/cement ratio and
therefore an increase in strength. Concrete having a water/cement ratio as
low as 0.28 and a strength of up to 14.5 ksi (100 MPa) were achieved. Ultra
high strength of the order of 21.75 ksi (150 MPa) at 100 days for mixes
incorporating silica fume has also been achieved™®!.

3. The third use of the admixture is to produce concrete with reduced cement
content while maintaining the same water/cement ratio. This use of the
admixture is particularly popular in North America because of the important
reduction in cost associated with it.

Superplasticizer’s high rate of strength gain makes it ideal for use in precast industry
applications. Strengths in the order of 5.8 Ksi (40 MPa) are achieved in 8§ to 18 hours at
lower curing temperature and/or curing time, and therefore at lower cost. Superplasticizers
have also been advantageously used to produce concrete having excellent pumping
characteristics. The use of the admixture reduces pumping pressure and line pressure loss
by about 30 percent. Because of its lower water/cement ratio and higher early compressive
strength, superplasticized concrete has been used to produce shrinkage compensating
concretes containing lower amounts of expansive agents. Finally, superplasticizers have been
used for spray applications and where special shapes are desired as in architectural work.
The first major project involving the use of precast superplasticized concrete was the
Montreal Olympic Stadium. It is composed of segmental precast units with a design
compressive strength of 6 ksi (42 MPa) at 28 days and a required minimum slump of 6 in.
(150 mm) for the heavily reinforced precast units®!, By using superplasticized concrete, it
was possible to successfully meet both strength and workability requirements.

2.5  Retarding Admixtures

2.5.1 Properties and Characteristics. The first retarding admixture, or retarder,
was developed in the 1930’s. It was based on naphthalene sulfonic acids. Since then,
retarding admixtures have been extensively used. Retarding admixtures are water reducing
admixtures that extend workability and setting time, by decreasing the degree of hydration
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at early ages. They extend the plasticity of fresh concrete, allowing more time for
transportation, handling and placing of the concrete. They also delay both the initial and
final setting time. Retarding admixtures are useful for hot weather concreting because of the
tremendous decrease in the working window at higher temperatures. While a small
retardation is possible using a retarding type superplasticizer, proper retarding admixtures
are required when a longer retardation is desired™. Retarders can be divided into four
categories based on their chemical composition™® #!:

1. Lignosulfonic acids and their salts

2. Hydroxy-carboxylic acids and their salts
3. Carbohydrates

4. Other compounds

All retarding admixtures have water reducing properties'®l. Thus, they can be classified
as both retarding and water reducing admixtures. They are capable of reducing the required
mixing water by up to 15 percent without affecting the workability of the mix. This results
in a higher strength concrete with lower shrinkage. The water reduction depends on the type
and manufacturer of the retarder, dosage used, procedure followed in adding it,
water/cement ratio, cement type and content, type of aggregate, air content, and other
mineral admixtures. The water reducing effect of the admixture is lower in mixes with low
slump values, and higher cement content. The effect of retarding admixtures is greater,
however, for air-entrained mixes, and mixes with low alkali and C;A cement. When normal
or accelerated setting time is desired, the retarding effect of retarding admixtures is offset
by the addition of an accelerator, such as triethanolamine that shortens the setting time, and
calcium chloride, formate or other salts that shorten setting time and accelerate early
hardening®®.

Lignosulfonates were developed in the 1930’s. They are the most widely used retarding
admixtures. Hydroxy-carboxylic acids were developed in the 1950’s. Their use has increased
tremendously, but remains much less than lignosulfonates. Gluconic acid is the most widely
used type of lignosulfonates. Carbohydrates on the other hand include natural compounds
such as glucose and sucrose, or hydroxylated polymers. Other compounds include other
organic compounds such as glycerol, polyvinyl alcohol, and sulfanilic acid. Finally, sodium
gluconate was found to be more effective in improving workability and reducing water than
glucose and lignosulfonates!?®l,

The degree of retardation is proportional to the amount of retarder used. Overdosing,
however, is detrimental to the concrete. In fact, if the dosage used exceeds a certain critical
point, the hydration of C,S is stoPped at stage 2 (see Figure 2.11)"®! indefinitely and the
cement paste will never harden!®!,
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Figurs 2.11  The calorimetric curve of portland cement®,

Retarding admixtures perform best when added at the end of the mixing time. This is
difficult, however, since it usually results in the admixture being non-uniformly dispersed in
the mix, especially in large mixes. In order to assure good performance, it is recommended
to mix the cement, aggregate and half of the mixing water for 15 to 30 seconds before the

addition of the retarder. The retarder should then be added to the mix dissolved in 25
percent of the mixing water!?],

The admixture is usually in aqueous solution form. It has an extremely long shelf-life.
In one study, a retarding admixture stored for 10 years showed no signs of deterioration with
the exception of a minor separation of the solid products in the solution. Nevertheless,
retarding admixtures should be stored at moderate temperatures. In fact, extremely hot
temperatures may cause separation and solidification of the admixture. The recommended
dosage is in the range of 3 to 6 fluid ounces per 100 pounds of cement. It is, however,
recommended that trial mixes be made to determine the exact dosage of retarder needed
to obtain the desired properties. Overdosing the mix with the admixture results in extremely
long retardation and a significant decrease in compressive strength at early ages, especially
in cold weather. It may even cause the mix to remain in the plastic state for several days!®!,

Retarding admixtures may be used with other chemical and mineral admixtures. When
used with a superplasticizer, retarders allow a reduction in the dosage of superplasticizer
needed to achieve a given workability™], When retarders are used with an air-entraining
agent, the two admixtures should not be mixed and need to be added separately. In fact,
when added together, the air-entraining admixture looses its effectiveness in entraining air
into the mixture. The retarding admixture, on the other hand, is not affected. In some
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instances however, air-entraining agents are combined with retarders forming one admixture
having both a retarding and air-entraining effect.

2.5.2 Chemistry.  The effect of retarders is greatly influenced by the C,A, and
alkali and sulfate content of the cement used. Retarders were found to extend the length
of the dormant period in the cement hydration process (see Figure 2.11), thus slowing the
rate of early hydration of C,S. However, the rate of subsequent hydration in stages 3 and
4 may be accelerated due to the use of retarding admixtures.

The effect of retarders on the hydration of C;A on the other hand, is very complex. It
was found that while the overall hydration of C,A is retarded due to the admixture, the
initial reaction between C;A and water may be accelerated. It was also found that retarders
may interact with the hydrating products during formation producing C,A-Admixture
compounds. Therefore, mixes incorporating a cement with higher C;A content require
higher dosage of retarder® 2!,

The retarding properties of the admixture are also affected by the SO3 content of the
cement. Depending on the amount of SO3 present in the cement, it was found that retarders
may cause abnormal retardation or early stiffening. In fact, cement with low sulfate
(gypsum) content experience an extremely great retardation due to retarding admixtures, If
noticed during trial batches, this problem can be easily solved either by increasing the
amount of gypsum in the cement or reducing the dosage of retarder used®. Another
problem that could arise from the use of retarding admixtures is a delay in setting time, but
not the time during which the concrete is workable. It was reported that the effectiveness
of retarders is influenced by the content of alkali oxides in the cement. The reason for this
observation is not exactly known"”., Finally, as the second hydration of C,A begins around
24 hours after the initial water-cement contact, the concentration of retarder in the solution
drops sharply. The formation of more ettringite adsorbs large amounts of the admixture,
allowing the hydration of C,S to proceed!®,

2.5.3 Effects on Fresh Concrete.

2.5.3.1 Workability. Retarding admixtures allow a reduction in water content of the
concrete without affecting its workability. The extent of reduction is even higher for mixes
with higher slump values. In fact the incorporation of a given dosage of a retarding
admixture increased the slump by 1.18 in.(30 mm) in a mix with a slump of 0.78 in.(20 mm).
When added to a mix with 2.75 in.(70 mm) slump, the same dosage of admixture increased
the slump by 3.15 in.(80 mm)?7,

At a given slump value, the use of retarding admixtures increases flow and decreases
the rate of slump loss ot regular and superplasticized concrete especially at high
temperatures!™. As mentioned earlier however, the type of cement used and the time of
addition have a tremendous effect on the behavior of retarding admixtures. In fact, when
used with certain tyves of cements, retarders are capable of increasing the rate of slump
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loss, while delaying the setting time. Even when the rate of slump loss is increased however,
the slump of the concrete made with the retarder remains higher than the slump of the
control™). Finally, the effect of retarders on workability is improved, when the addition is
delayed for a few minutes after the initial contact between cement and water. In fact, a
delay of about 10 minutes was found to produce optimal retardation. Further delay,
decreases the effectiveness of the admixture, and its capability to delay setting time is
completely lost 2 to 4 hours after initial water-cement contact’®?. Concrete incorporating the
admixture shows a greater flow and lower slump loss than plain concrete with the same
slump. In some instances however, the retarding admixtures are capable of increasing slump
loss. Despite this, the slump of the concrete made with the retarder remained higher than
the slump of the control even after two hours®,

2.5.3.2 Air Content. Some retarding admixtures like lignosulfonates have
air-entraining properties. When added at the manufacturer’s recommended dosage, they are
capable of entraining 2 to 3 percent air®!, The use of higher dosages can entrain up to 7
percent air, especially in mixes with high slump values. It is important to note however, that
retarding admixtures reduce the surface tension in the mix, allowing some of this entrained
air to escape. This air loss is further increased with the use of higher retarder dosages!™.
Therefore, it is more efficient to use a proper air-entraining agent to entrain the desired
amount of air. Finally, it was found that the dosage of air-entraining agent required to
obtain the desired air content is decreased due to the presence of retarders!®!,

2.5.3.3 Temperature. The rise in concrete temperature is lower in concrete
incorporating a retarding admixture. Previous researchers reported that retarding admixtures
result in lower concrete temperature at one day. At 3 days, it was reported that the
temperature of concrete incorporating the admixture was the same as the control. After 3
days, the mixes with the admixture had a higher temperature. Mixes containing accelerating
admixtures showed opposite results. Finally, due to their relatively low cost, retarding
admixtures are more efficient than ice in controlling the temperature of concrete!®,

2.5.3.4 Segregation and Bleeding. Concretes containing retarding admixtures are
more cohesive and therefore, less likely to experience segregation. The degree of bleeding

however was found to depend on the type of retarder used. For a given slump value,
retarding admixtures containing hydroxy-carboxylic acids were found to increase the rate of
bleeding. The rate is however reduced with lignosulfonate and especially glucose use. The
rate of bleeding of a particular retarder should be investigated before using it in the field
in order to prevent plastic cracks due to high rate of evaporation especially under hot and
windy weather conditions®!,

2.5.3.5 Finishing. The extended plasticity in concrete due to the use of retarding
admixtures facilitates the placing operation. The concrete can be adequately vibrated, thus
reducing the risk of air pockets and cold joints from occurring. Due to an extended setting
time, a reduction in the number of finishers is possible, and largerslabs can be finished at
one time. This is particularly important in hot weather conditions where setting time is very



30

short®!. Howard(*l however, reported that concrete incorporating a retarding admixture was
stickier and harder to finish than plain concrete.

2.5.3.6 Setting Time. Generally, retarding admixtures delay both initial and
final setting time®!. The amount of retardation depends on the dosage of admixture used,
the type of cement used, the amount of mixing water, and the temperature of the concrete.
A higher dosage of retarding admixture increases the delay in setting time®). The effect on
cement of the amount of retardation can only be determined by trial batches. These tests
should be performed on concrete mixes identical to the ones to be used in the field. In
general, it was found that the retarding effects of the admixture are more pronounced in
mixes with pozzolanic and slag cements compared to portland cement. Finally, when
specific retardation under extremely high concreting temperature is desired, overdosing is
possible. In some instances however, this results in acceleration of the initial setting time.
This may be avoided by delaying the addition of the admixture for a few minutes as
mentioned earlier'®),

2.5.3.7 Unit Weight. For the same air content, retarding admixtures were
found to increase the unit weight of concrete!®!, This is due to lower water content. In fact,
water being the lightest material in the mixture, any reduction in water results in increased
unit weight. The increased unit weight is also due to increased fluidity which allows better
consolidation of the concrete.

2.5.4 Effects on Hardened Concrete

2.54.1 Air-Void System.  The air-void system of concrete incorporating retarding
admixtures is adequate. However, the literature addressing this topic is limited.

2.5.4.2 Compressive Strength. The use of water reducers allows a reduction in
the amount of water in the mixture, and therefore a decrease in the water/cement ratio and
an increase in compressive strength. However, this increase in strength is not only due to
a reduction in water content, but also to a greater degree of hydration at later ages. This
was concluded by other researchers since even at identical water/cement ratios, mixtures
incorporating retarding admixtures showed a higher ultimate stren%th. Ultimate strength is
however decreased when a large overdose of retarder is added?”. Finally, the rate of
strength gain after one day is also increased due to the use of retarding admixtures. Thus,
even though the retarder causes a slight decrease in strength at one day, both the concrete
incorporating the admixture and the control show a similar strength at seven days®l,

2.54.3 Flexural Strength. Flexural strength is slightly increased due to the use of
retarders™, The increase in flexural strength was found to be about 10 percent after 7
days'®l. Previous researchers reported that the relationship between compressive and
flexural strength is not affected by retarding admixtures composed of lignosulfonates and
hydroxy-carboxylic acids®. It was found, however, that other types of retarding admixtures
cause a slight change in this relationship.
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2.5.4.4 Abrasion Resistance. The abrasion resistance of concrete is generally
improved due to reduced water content when using a retarder. The resistance to abrasion
is further improved due to the retarding effects of the admixture. In fact, better finishing is
possible due to delayed setting time, especially under hot weather conditions!?®),

2.5.4.5 Freeze-Thaw Resistance. The use of retarding admixtures improves the
resistance of concrete to freezing and thawing. The reason for this being that the admixture
reduces air loss as mentioned earlier. Wallace and Orel3”] reported that the resistance of
air-entrained concrete to frost action was improved by 39 percent due to the addition of

retarding admixtures.

2.5.4.6 Deicer-Scaling Resistance. The concrete’s resistance to deicer-scaling is
improved due to the use of retarding admixtures. This is due to a better permeability, and
use of a lower water/cement ratio.

2.5.5 Applications. Retarding admixtures are used to prolong the plasticity of fresh
concrete in hot weather, and when an unavoidable delay between mixing and placing is
expected. The admixture is also used in pouring of mass concrete, since its use eliminates
the need for cold joints between successive lifts. The concrete remains plastic long enough
to allow these lifts to be blended together by vibration. Retarders also help prevent a
cracking of the concrete due to form deflection, when pouring large slabs®. The admixture
is also beneficial in improving the pumping characteristics of concrete mixes. A reduction
in pumping pressure of up to 30 percent was achieved with a retarder based on
lignosulfonate™. Finally, it is recommended that trial batches incorporating retarding
admixtures be prepared to investigate the behavior of these admixtures in the presence of
various cements prior to their use in the field.

2.6  Air-Entraining Admixtures

2.6.1 Properties and Characteristics. Air- entraining agents are chemical
admixtures added to the fresh concrete mixture to improve the durability of the concrete
at later ages. The addition of the admixture produces millions of small air bubbles which
are dispersed throughout the cement paste. The effect of the admixture is similar to that of
household detergents with the exception that the bubbles produced using the air-entraining
agent are smaller in size, and much more stable®!, The admixture is added to the concrete
with the mixing water. When the concrete is subjected to frost action at later ages, these air
voids allow for the expansion of the frozen water, thus protecting the concrete from
cracking. The air content recommended by the American Concrete Institute (ACI) for
adequate durability is shown in Table 2.3.
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Table 2.3 Approximate Mixing Water and Air Content Requirements for
Different Slumps and Maximum Sizes of Aggregates*
Percent Water for Indicated Maximum Size of Aggregates
Slump, in.
3/8 in. 1/2 in. 3/4 in. 1in. 1-% in. 2in.* 3in.* 6in.*
Non-Air-Entrained Concrete
1to2 21 20 19 18 16 15 14 12
3to 4 23 22 20 19 18 17 16 14
6to7 24 23 21 20 19 18 17 ---
Approx. amount of entrapped air in non-air-entrained concrete, percent
L 3 I 2.5 2 1.5 1 0.5 0.3 0.2
Air-Entrained Concrete
110 2 18 18 17 16 15 14 13 12
3to 4 20 19 18 17 16 16 15 13
6to7 22 20 19 18 17 17 16 ---
Recommended Average Total Air Content, percent
8 7 6 5 4.5 4 3.5 3
# l’g:zﬁig;?g;:i.es of mixing water are maxima for reasonable well-shaped angular coarse aggregates graded within limits of accepted

The slump values for concrete containing aggregates larger than 1-% in. are based on slump tests made after removal of particles larger
than 1-% in. by wet screening.
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This table gives the amount of air required as a percentage of the total volume of concrete,
depending on the maximum size of coarse aggregate and severity of exposure. At the
recommended dosage, all commercial air- entraining admixtures were found to produce an
adequate air-void system. As the dosage is decreased, the air content decreases, and both
the bubble size and spacing factor increase. The dosage of air-entraining admixtures is not
affected by the presence of superplasticizers'®. Nevertheless, it is affected by the
temperature as seen in Figure 2.12. The required dosage of air- entraining admixture
increases linearly as the temperature increases®.. It also increases when a finely divided
mineral admixture such as fly ash is added to the mixture. In order to be effective, the
admixture should be thoroughly mixed. Inadequate mixing results in air void clusters in the
hardened concrete (Figure 2.13). Some cement manufacturers grind the air-entraining agent
with the cement, thus producing air-entrained concrete without the need for any admixture.
Such cements are designated IA, IIA, etc.

The most common air-entraining agent used is neutralized vinsol resin, which has been
selected as a reference for all other air-entraining admixtures'®, It is a registered trademark
of Hercules Inc., that is commercially available in a transparent dark yellow-brown solution.
The pH of the solution is usually between 11.5 and 12. “Settling out of a very viscous
gummy- like mass” may occur if the pH drops below 102, Some air-entraining admixtures
have water reducing properties. They are referred to as air-entraining water reducing agents.
The main advantage of these admixtures is that they entrain air into the concrete without
affecting its compressive strength. They are capable of entraining up to 3 percent air in the
concrete mix without causing any reduction in compressive strength, or requiring any
modification of the mix design/®. Air-entraining admixtures should be stored in closed
containers separately from other chemical admixtures in order to avoid contamination. In
fact, air-entraining admixtures are easily contaminated with calcium chloride or calcium
lignosulfonate.

The recommended dosage of air-entraining admixture is very small. It is usually one
fluid ounce per hundred pounds of cement. Therefore, it is very important to dispense the
admixture uniformly. The addition of other chemical admixtures, such as retarding
admixtures, makes the air-entraining agent more efficient’®. Nevertheless, the two
admixtures should be added separately. As mentioned earlier, the air-entraining agent looses
its effectiveness when added together with a retarding admixture.

2.6.2 Chemistry.  Air-entraining admixtures contain surface-active agents which
concentrate at the interface of air and water. They lower the surface tension of water
helping air bubbles to form and stabilize. Surface- active agents are molecules having one
end that tends to dissolve in water, or hydrophilic (water-loving), and another end that is
repelled by water or hydrophobic (water-hating). As seen in Figure 2.14/%], these chemical
molecules will tend to align themselves at the interface with one end in the water, and the
other in the air. The hydrophilic end is composed of carboxylic acid or sulfuric acid, while
the hydrophobic end is made of aliphatic or aromatic hydrocarbons.
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Figure 2.13

The effect of superplasticizers on the air-void system in concrete

[32)
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2.6.3 Effects on Fresh Concrete

2.6.3.1 Workability. The addition of entrained air improves the workability and
cohesiveness of the fresh mix. In fact, the addition of 5 percent entrained air increases the -
slump by about 0.5 to 2 in.(12.7 to 50.8 mm). Even at the same slump, air-entrained
concrete is more workable, and easier to place and consolidate. The main reason being that
air bubbles act as low friction, elastic, fine aggregates, reducing the interaction between the
coarse aggregates in the mixture. The escape of entrained air from the mix during
transportation, especially in hot weather, is one of the reasons for slump loss. When slump
loss is not excessive, the air lost may be recovered along with the slump upon retempering.
When retempering fails to recover the lost air, it is possible to add a second dosage of
air-entraining agent at the jobsite. This is not recommended however, since it may result in
a non-uniform concrete having large amounts of air-void clusters?®.

2.6.3.2 Air Content. In order to have adequate durability, the concrete should possess
the right amount of air. It was found that while low air content decreases durability,
excessive air content reduces both strength and durability. The air content of concrete
increases with an increasing air-entraining dosage. The air content in concrete is also
affected by the fineness of sand, gradation and shape of the coarse aggregate, cement

: Hydrophilic Hydrophobic
group(s) component

(b)

Figure 2.14 The mdoe of action of air-entraining admixtures.
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addition of mineral admixtures such as fly ash. The air content decreases as the sand in the
mixture gets finer. It also decreases with finer cement and higher cement content. The
opposite is true for mixes with higher water/cement ratio. As the mixing time of concrete
increases, the air content increases to a maximum value and then gradually decreases during
extended mixing. The effect of temperature on air content is significant. As mentioned in
section 2.6.3.3, higher air loss is observed at higher temperatures'>?. The air content can be
reduced below the recommended values given in Table 2.3, when the mixture has a high
cement content and a low water/cement ratio. This is because higher strength concrete has
lower permeability, and improved resistance to cracking caused by internal stresses®. When
naphthalene or melamine based superplasticizers are used with vinsol resin air-entraining
agent, foam stability is generally improved!®!.

2.6.3.3 Temperature. Athigher temperatures, air-entraining admixtures are less
effective in entraining air in the concrete. That is due to higher air loss at the higher
temperaturel®, It was reported that an increase in temperature from 10 to 38°C (50 to
100°F), results in decreasing the air content by half!®®l. This is even more pronounced at
higher slump values. In fact, a temperature increase of 59°F (39°C) was found to reduce the
air content by 1 percent in a 7 in.(177.8 mm) slump mix, while showing no effects on a 1
in.(25.4 mm) slump mix/*®l,

2.6.3.4 Segregation and Bleeding. Entrained air reduces segregation and bleeding
considerably, both at low and high slump® %2, Due to their large number and small size,
air bubbles increase the cohesiveness and homogeneity of the concrete. In fact, by attaching
themselves to the surface of the solids in the mix, the air bubbles help the aggregate
“remain in suspension” thus reducing the possibility of segregation especially in flowing
concrete. Bleeding, on the other hand, is also reduced since the incorporation of air bubbles
decreases the permeability of the concrete. Thus, water molecules are attracted to the air
bubbles and cannot find their way to the surface. In order to avoid shrinkage cracks due to
reduced bleeding, the surface of the concrete should be moist cured until the concrete starts
to gain strength.

2.6.3.5 Finishing.  Finishing of air-entrained concrete seems difficult to
inexperienced finishers. It feels sticky and does not bleed enough. Experienced finishers
however, find air-entrained concrete easier to finish compared to non air- entrained
concrete. In order to ensure a good durable finish, magnesium or aluminum floats should
be used, and the finishing operation should be delayed until the concrete looses some of its
stickiness!*®!,

2.6.3.6 Setting Time. Setting time of concrete was not found to be affected by
the incorporation of air-entraining admixtures!®.

2.6.3.7 Unit Weight. The addition of air- entraining admixtures in the concrete
causes an increase in the volume of voids. This results in a decrease of the unit weight of
concrete.
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2.6.3.7 Unit Weight. The addition of air- entraining admixtures in the concrete
causes an increase in the volume of voids. This results in a decrease of the unit weight of
concrete.

2.6.4 Effects on Hardened Concrete

2.6.4.1 Air-Void System.  Generally, all commercially available air entraining agents
produce adequate air-void systems satisfying the parameters stated in section 2.2.2.1. At a
given air content, an increase in the water/cement ratio results in increased bubble size,
increased spacing factor and therefore a lower quality air-void system™®, Ray®®? considers
that only the air content and the limitation on the spacing factor are significant in
determining the durability characteristics of concrete. The other parameters are not as
important, and are too complicated to determine.

2.6.4.2 Compressive Strength. The addition of entrained air has a tremendous
effect on strength. Usually, every 1 percent increase in air content results in a 3 to S percent

loss in compressive strength. A part of this strength loss can be offset however, by using a
lower water/cement ratio. In fact, the water/cement ratio needed to achieve a certain
workability is lower for air-entrained concrete compared to non air-entrained concrete!®,

2.6.4.3 Flexural Strength. Previous researchers found that entrained air decreases
flexural strength. The amount of strength reduction being approximately the same as for
compressive strength.

2.6.4.4 Abrasion Resistance. The abrasion resistance of air-entrained concrete
was found to be lower than non air-entrained concrete. When adequate resistance to
abrasion is desired, Ray" recommends that the air content in the concrete be less than 4
percent.

2.6.4.5 Freeze-Thaw Resistance. In order for concrete to have adequate freeze-thaw
resistance, the air content should be about 9 percent of the volume of mortar in the
concretel®?. Damage due to freeze-thaw generally starts with the finished surface flaking off.
Then, larger parts o the concrete flake off and finally, large cracks develop across the full
thickness of the member®,

2.6.4.6 Deicer-Scaling Resistance. The resistance of concrete to deicer-scaling is
———————improved-due-to-entrained-air.-The-mainreason-being that-air-entrained-concrete-is-less————
permeable and therefore more resistant to deicing salts.

2.6.5 Applications. Air-entrained concrete is required when the concrete is expected
to resist frost action and chemical attacks. It has been used where there is a need for
watertight impermeable concrete. Water-retaining structures and construction below grade,
are common examples of such applications. Air-entrained concrete is also advantageously
used for pumping application because of its reduced tendency to segregate. The use of
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aluminum pipes is not recommended however, since the mix will react with the aluminates
in the pipes entraining large amounts of air.




CHAPTER 3
MATERIALS AND EXPERIMENTAL PROGRAM

3.1 Introduction

This chapter contains a detailed description of all the materials used in the
experimental program, as well as the procedures followed in conducting the various tests.
The experimental program was divided into two parts: cold and hot weather concreting.
The first part included eight mixes, which were batched from January to March 1988. The
second part consisted of eight mixes, seven of them were batched in June and one in August
of that same year.

3.2 Materials

3.2.1 Portland Cement. The portland cement used was a commercially available
ASTM Type I cement, meeting ASTM C150-86, Standard Specification for Portland Cement.
The physical and chemical properties of the cement used are listed in Appendix Al.

3.2.2 Coarse Aggregate. Two types of coarse aggregates were used during the course
of this research program: natural gravel and crushed limestone. The natural gravel was
from the Colorado River, while the crushed limestone was from Georgetown, Texas. Both
were normal weight, and had a 3/4 inch nominal maximum size conforming to ASTM
C33-86, Standard Specification for Concrete Aggregates. The limestone aggregate had a
bulk specific gravity at SSD of 2.54 and the river gravel aggregate had a bulk specific gravity
at SSD of 2.62.

3.2.3 Fine Aggregate. The fine aggregate used in all the mixes was a natural sand
from the Colorado River. It meets the specification of ASTM C33-86, Standard
Specification for Concrete Aggregates. Its bulk specific gravity at SSD was 2.62, and its
fineness modulus ranged from 2.88 to 3.21.

3.2.4 Water. The water used in all mixes was tap water conforming to ASTM
C94-86b, Standard Specification for Ready- Mixed Concrete.

3.2.5 High-Range Water Reducers. Four types of commercially available
superplasticizers were investigated.

MB 400N is a superplasticizer based on naphthalene sulfonate formaldehyde,
produced by Master Builder Inc. The manufacturer’s recommended dosage is 10 to 20 fl.oz
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per 100 1b (650 to 1300 ml/100 Kg) of cement. It conforms to ASTM C494-86, Standard
Specification for Chemical Admixtures for Concrete, Types A and F admixtures, Type A
being water-reducing admixtures, and Type F high range water-reducing admixtures.

Melment L-10 is a superplasticizer based on melamine sulfonate formaldehyde
produced by Gifford-Hill Chemicals, Inc. The manufacturer’s recommended dosage is 16
to 18 fl.oz per 100 1b (1040 to 1170 ml/Kg) of cement. It also meets the requirements of
ASTM (C494-86, Standard Specification for Chemical Admixtures for Concrete, Types A and
F admixtures.

Rheobuild 716 is a second generation superplasticizer produced by Master Builders
Inc. The manufacturer’s recommended dosage is 12 to 18 fl.oz per 100 1b (780 to 1170
ml/100 Kg) of cement. It conforms to ASTM C494-86, Standard Specification for Chemical
Admixtures for Concrete, Types A, F and G admixtures. Types A and F are described
above. Type G are high range water- reducing and retarding admixtures.

Daracem 100 is a second generation superplasticizer produced by W. R. Grace Co.,
Inc. The manufacturer’s recommended dosage is 10 to 15 fl.oz per 100 Ib (650 to 975
ml/kg) of cement. It meets the requirements of ASTM C494-86, Standard Specification for
Chemical Admixtures for Concrete, Types A, F and G admixtures.

3.2.6 Retarding Admixtures. MB 300R was used in this research program. It isa
retarding water reducing admixture produced by Master Builders, Inc., which conforms to
ASTM C494-86, Standard Specification for Chemical Admixtures for Concrete, Type B and
D admixtures. Type B being retarding admixtures, and type D water-reducing and retarding
admixtures. It is based on a calcium salt of lignosulfonic acid, which is approved for use by
the Texas SDHPT. The manufacturer’s recommended dosage is 3 to S fl.oz per 100 1b (195
to 325 ml/100 kg) of cement.

3.2.7 Air-Entraining Admixtures. One type of air- entraining admixture was used
throughout this program. It is a neutralized vinsol resin produced by Master Builders Inc.
It conforms to ASTM C260-86, Standard Specification for Air- Entraining Admixtures for
Concrete. The use of this admixture is approved by the Texas SDHPT. In this study, the
needed dosage of air-entraining admixture to achieve a 4 to 6 percent air content was
added. It varied from 0.64 to 1.38 fl.oz per 100 Ib of cement, depending on the ambient
temperature and mix characteristics.

3.3 Mix Proportions

The mix proportions of all mixes are listed in Appendix A2.
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34 Mix Variations

3.4.1 Temperature. During the first part of this program, the effects of
superplasticizer on cold weather concreting were investigated. The concrete temperature
was held in the range of 54 to 68°F. For the second part of this program, the effects of
superplasticizers on hot weather concreting were investigated for concrete temperatures
between 85 and 88°F. Thus, in this report, cold weather concreting and hot weather
concreting refer to concrete temperatures in the range of 54 to 68°F and 85 to 88°F,
respectively.

3.4.2 Cement content. The effect of superplasticizers in improving the properties
of fresh and hardened concrete was studied using two different cement contents. A cement
content of 5 sacks (470 pounds) per cubic yard, and a higher cement factor of 7 sacks (658
pounds) per cubic yard were used. The 5-sack mixes meet the specification for Texas
SDHPT Class A regular concrete, while the 7 sacks mixes meet the requirements of the
Texas SDHPT Class C-C special concrete. Class A concrete is specified for general
application, while class C-C concrete is specified when designing bridge slabs, and high
strength concrete incorporating superplasticizers.

3.4.3 Coarse Aggregate. The effects of coarse aggregates on fresh and hardened
properties of concrete were investigated using crushed limestone and natural river gravel
type aggregates. River gravel has a smooth surface texture, and rounded regular shape.
They improve workability, finishing and abrasion resistance. However, the angular shape
of crushed limestone causes an increase in the bond between the aggregate and the mortar,
thus they are preferred in the production of high strength concrete. The two aggregates
were supplied by different batching plants. The crushed limestone coming from a plant
located further away from the laboratory than the plant supplying the river gravel. This
generally resulted in an increased transportation time and delay in time of addition of the
admixture for the mixes containing crushed limestone.

3.4.4 High-Range Water Reducer.

3.4.4.1 Type and Manufacturer. The effects of four types of superplasticizers on fresh
and hardened concrete were investigated in this study. The four superplasticizers studied
included two convertional types and two second generation superplasticizers.

The conventional types included a naphthalene-based and a melamine-based
superplasticizer. The advantages and problems associated with their use were evaluated.
These effects included workability, slump loss, air loss, finishability, setting time, strength
and durability. It also included the effect on concrete cost in order to achieve the desired
properties.

Two second generation superplasticizers were investigated primarily because they
allow extended workability and can be added at the batching plant. This represents
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tremendous advantages since it possibly reduces the air loss that is likely to occur in low
slump mixes in hot weather during transportation. Moreover, the long lasting effects of this
type of superplasticizers eliminate the need for a second and third dosage. In fact, by the
time the slump of concrete incorporating a second generation of superplasticizer returns to
its initial value, the concrete is too old to be used. Most specifications, including the one
used by the Texas SDHPT prohibits the use of concrete that is more than two hours old.

3.4.4.2 Time of Dosage.

34421 FIRST GENEraTION. The time of addition of the conventional types of
superplasticizers was about 60 minutes after the initial water- cement contact. Due to
fluctuation in transportation time depending on traffic and plant location, the addition was
sometimes delayed for another 15 minutes. A repeat dosage, however, was always made
when the slump of the concrete dropped to its initial value prior to the addition of the first
dosage. However, for the last mix of the series conducted in hot weather, the
superplasticizer was added at the batching plant 15 minutes after the initial water-cement
contact. This was done to reduce the amount of air lost during transportation and to study
the effect of early addition of the admixture on the properties of concrete.

; 3.4.42.2 SECOND GENERATION. The second generation superplasticizers were added at
the batching plant 15 minutes after the initial water-cement contact. A repeat dosage was
not required.

3.4.5 Retarder Dosage. The effect of a retarder dosage on superplasticized concrete
was investigated using dosages of 0, 3, and 5 fl.oz per 100 Ib (0,195,325 ml/kg) of cement.
Retarding admixtures have some water reducing properties and therefore reduce the dosage
of superplasticizer required to achieve a certain slump. Furthermore, they improve the
properties of fresh concrete by reducing slump loss and delaying setting time, especially in
hot weather.

3.5  Mixing Procedure

All mixes were inspected and tested at the batching plant, to make sure that the
desired types and amount of ingredients were put in the mixing truck in the proper
sequence. Before the concrete truck was loaded, its drum was inspected to make sure it had
been thoroughly washed and dried. The truck was then loaded in the following sequence;
the aggregates were added first, followed by the cement, and then the water. The chemical
admixtures, including air-entraining agents and retarders, were added last to prevent them
from being absorbed by the aggregates. During the addition of the aggregates, samples of
fine and coarse aggregates were taken. Immediately after batching, air and slump tests were
conducted at the plant. Concrete with lower than desired slump values was retempered with
water and sampled again. The amount of added water was about 1 gallon per yard of
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concrete for every one-inch increase in slump. Concrete with higher slump values and/or
an air content other than desired was not accepted and was immediately rejected.

The procedure for mixes 1 through 13 was as follows: The concrete with the desired slump
and air content was then sent to the laboratory, where the rest of the tests were conducted.
During days of warm temperatures, the driver was asked to add a total of two gallons of
water per truck load before leaving the plant to balance water evaporation during
transportation, and ¢hus minimize slump loss.

At the laboratory, a second team was ready to receive the truck and start the various
tests at once, avoiding any delays. Just after the truck arrival, the time, ambient
temperature and relative humidity were recorded. Then, two wheelbarrow loads of concrete
were discarded and a third one was used to conduct slump, air content, and unit weight
tests. Each wheelbarrow has a capacity of 2.5 cubic feet (0.07 m3). The reason for the
foregoing discarding of concrete is to ensure that the concrete tested is representative of the
mixture. As soon as the slump and air content tests were finished and the desired values
obtained, that is 1 to 3 inches of slump and 4 to 6 percent air, the first set of specimens was
cast, and a wheelbarrow load of concrete was sieved in preparation for the setting time test.

Meanwhile, the superplasticizer was added to the concrete mixture, which was about
one hour old. The dosage needed to produce an 8 to 10 inches slump, was estimated for
each mix, depending on its cement content, initial slump and coarse aggregate type. Before
the addition of superplasticizer, the truck driver was asked to rot