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ABSTRACT

The development, construction, and evaluation of low-cracking high-
performance concrete (LC-HPC) bridge decks are described based on laboratory test
results and experiences gained during the construction of 13 LC-HPC bridge decks in
Kansas, along with another deck bid under the LC-HPC specifications but for which
the owner did not enforce the specification. This study is divided into four parts
covering (1) an evaluation of the free shrinkage properties of LC-HPC candidate
mixtures, (2) an investigation of the relationship between the evaporable water
content in the cement paste and the free shrinkage of concrete, (3) a study of the
restrained shrinkage performance of concrete using restrained ring tests, and (4) a
description of the construction and preliminary evaluation of LC-HPC and control
bridge decks constructed in Kansas.

The first portion of the study involves evaluating the effects of the duration of
curing, fly ash, and a shrinkage reducing admixture (SRA) on the free-shrinkage
characteristics of concrete mixtures. The results indicate that an increase of curing
period reduces free shrinkage. With 7 days of curing, concretes containing fly ash as
a partial replacement for cement exhibit higher free shrinkage than concretes with 100%
portland cement. When the curing period is increased to 14, 28, and 56 days, the
adverse effect of adding fly ash on free shrinkage is minimized and finally reversed.
The addition of an SRA significantly reduces free shrinkage for both the 100%
portland cement mixture and the mixture containing fly ash.

The second portion of the study investigates the relationship between the
evaporable water content in the cement paste and the free shrinkage of concrete. A
linear relationship between free shrinkage and evaporable water content in the cement

paste is observed. For a given mixture, specimens cured for a longer period contain
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less evaporable water and exhibit lower free shrinkage and less weight loss in the free
shrinkage specimens than those cured for a shorter period.

The third portion of the study evaluates the cracking tendency of concrete
mixtures using the restrained ring tests. Different concrete ring thicknesses and
drying conditions have been tested. The results indicate that specimens with thinner
concrete rings crack earlier than those with thicker concrete rings. Exposing
specimens to severe drying conditions results in the earlier formation of cracks,
although it does not result in increased crack width. Mixtures with a lower water-
cement (W/C) ratio crack earlier than mixtures with a higher w/c ratio. Concretes with
a higher paste content crack earlier than concretes with a lower paste content.

The final portion of the study details the development, construction, and
preliminary performance (with most bridges at three years of age) of LC-HPC and
control bridge decks in Kansas. The results indicate that the techniques embodied in
the LC-HPC bridge deck specifications are easy to learn. Contractor personnel can be
trained in a relatively short time. The techniques used for LC-HPC bridge decks are
effective in reducing bridge deck cracking. The crack surveys indicate that LC-HPC
bridge decks are performing much better than the control decks, with average crack
densities reduced by about seventy five percent at three years of age. The factors that
may affect bridge deck cracking are analyzed. The analyses indicate that an increase
in paste content, slump, compressive strength, maximum daily air temperature, and
daily air temperature range causes increased crack densities. Contractor techniques

influence cracking.

Keywords: bridge construction, bridge deck, contractor, concrete mix design,
compressive strength, cracking, curing, evaporable water, fly ash, free shrinkage,
high-performance concrete, non-evaporable water, paste content, restrained shrinkage,

restrained ring tests, shrinkage reducing admixture, slump
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CHAPTER 1 INTRODUCTION

1.1 GENERAL

In 2009, the American Society of Civil Engineers (ASCE) reported that 12.1
percent (72,868 out of 600,905) of U.S. bridges were structurally deficient. The
American Association of State Highway and Transportation Officials (AASHTO)
estimated that in 2008 it would cost about $48 billion to repair current structurally
deficient bridges (ASCE 2009).

The High Performance Concrete Technology Delivery Team (HPC TDT), led
by the Federal Highway Administration (FHWA), conducted a national survey among
transportation agencies in 2004, and the top three bridge deficiencies noted by the
states were cracking of concrete decks, corrosion of reinforcing steel, and cracking of
girders and substructures (Triandafilou 2005).

Cracks provide easy access of water and deicing chemicals to reinforcing steel
in concrete bridge decks, which consequently causes serious corrosion problems of
reinforcing steel, and shortens the useful life of the bridges. Lindquist, Darwin, and
Browning (2006) reported that at the level of the top reinforcing steel in bridge decks,
the chloride concentration at cracks exceeded the corrosion threshold of conventional
reinforcement within the first year. This level of chloride ingress was noted for all
bridge types included in the survey, including those placed monolithically and those
with silica fume and conventional high-density concrete overlays. The chloride
content in uncracked concrete, however, remained below the critical chloride
corrosion threshold through 12 years for most decks.

Over the past 40 years, researchers and transportation agencies have engaged
in many studies to help solve the bridge deck cracking problem. This chapter reviews
the significant aspects of previous work by describing the typical types of cracks
observed in bridge decks, the cracking mechanisms, and the material and construction

factors that affect bridge deck cracking. Restrained ring tests, as an experimental
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method to evaluate the cracking tendency of concrete materials, have been used by

many researchers. The restrained ring test procedures used by researchers are reviewed.

1.2 CRACK CLASSIFICATION

Cracks in bridge decks can be generally characterized by their orientation relative
to the longitudinal axis of the bridge. The Portland Cement Association (Durability 1970)
has classified cracks into six categories: transverse, longitudinal, diagonal, pattern (map),
D-cracking, and random cracking. Transverse cracking (Figure 1.1a) is the most
prevalent type and typically occurs perpendicular to the bridge centerline, directly above
the reinforcing steel. Transverse cracking can be caused by subsidence, thermal

contraction, drying shrinkage, and flexural cracking.

[11 " it
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Figure 1.1 Examples of crack patterns (Russell 2004): (a) transverse cracking, (b)
longitudinal cracking, (c) diagonal cracking, (d) map cracking.
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Longitudinal cracking (Figure 1.1b), which is parallel to the bridge centerline,
is primarily found in hollow and solid slab concrete bridges. Short longitudinal
cracks also appear over the abutment, especially for deck slabs that are cast integrally
with the abutment (Schmitt and Darwin 1995, Miller and Darwin 2000, Lindquist,
Darwin and Browning 2005). Subsidence cracking over the top of the longitudinal
reinforcing steel is believed to be the major cause for longitudinal cracking of the
type shown in Figure 1.1b, while restraint provided by the abutment appears to be the
major cause of longitudinal cracks over the abutment.

Diagonal cracking (Figure 1.1c) is primarily found at the ends of skewed
bridges, integral abutments, and over single column piers. This cracking normally
consists of parallel cracks having an angle other than 90 degrees with respect to the
centerline of the roadway. Drying shrinkage and flexural cracking are the probable
causes of diagonal cracking.

Pattern or map cracking (Figure 1.1d) includes the cracks that are
interconnected. Plastic and drying shrinkage are believed to be the primary causes.

D-cracking refers to cracks that are roughly parallel to joints, edges, and
structure members. Deterioration at the base of concrete slabs due to the destruction
of aggregates by frost could cause the formation of D-cracking. D-cracking is far
more prevalent for slabs on grade than on bridge decks.

Cracks that do not fit into any of the before mentioned types are called

random cracks.

1.3 CRACKING MECHANISMS

Cracking in reinforced concrete bridge decks is affected by concrete material
properties, construction practices, and, to a lesser extent, bridge design. This report will

primarily focus on the effects of concrete material properties and construction practices.



Concrete is a brittle material that is strong in compression but weak in tension,
typically with a tensile strength equal to about one-tenth of its compressive strength.
When the tensile stresses developed in concrete exceed its tensile strength, cracking
occurs.

Tensile stresses can be induced by many sources in bridge deck concrete.
Shrinkage is a property of concrete, which can occur in fresh concrete as plastic
shrinkage and in hardened concrete as drying shrinkage. Concrete shrinkage by itself
will not cause cracking, but when it is restrained, such as by the girders in bridge
decks, excessive tensile stress can develop. The magnitude of the resulting tensile
stress depends on how much shrinkage the concrete experiences and the degree of
restraint provided. Temperature differentials between the concrete and girders can
also induce tensile stress in concrete when the concrete thermal contraction is
restrained by the girders. Settlement of plastic concrete over reinforcing steel may
cause tensile stress in an early age. Externally applied load, including dead and live
load, can also induce tensile stress in concrete. The details of the causes of tensile

stress in concrete bridge decks are discussed in this section.
1.3.1 Concrete Shrinkage

1.3.1.1 Plastic Shrinkage

Plastic shrinkage occurs in fresh concrete. When the rate of evaporation
exceeds the rate of bleeding, the surface loses its sheen, and capillary tension
develops. The approximate maximum capillary tension can be calculated using the

following relationship (Powers 1960):

_ Ao pf/pc
=i (L.1)

where P, is the capillary tension, 4 is the surface tension of water in dynes/cm, o is

the specific surface area of cement in cm®/cm’, py and p. are the densities of water
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and cement in g/cm’, respectively, and w/c is the water-cement ratio. The calculated
maximum capillary tension based on this equation is from 0.5 atm (7.3 psi) upwards,
depending on the surface area of the cement.

Capillary tension can exert a downward force on the particles at the top
surface of plastic concrete. Compared with the downward force on those particles
due to gravity only, which is about 0.001 atm (0.015 psi), capillary tension induces a
greatly increased downward force. Therefore, when the evaporation rate exceeds the
bleeding rate (rate at which bleed water moves upward in plastic concrete), the
downward force that is applied to the surface particles is greatly increased. To offset
the greatly increased force, the water surfaces retreat to the interior, and lateral
consolidation begins. The lateral consolidation causes a reduction in the volume of
the plastic concrete, which is called “plastic shrinkage.”

Plastic shrinkage cracking can be a very serious problem, especially when the
evaporation rate is not controlled and the bleeding rate is low. The evaporation rate
can be controlled in multiple ways, including using evaporation retarders, windbreaks,
water fogging systems, curing compounds, cooling the concrete or its constituents,
early application of wet curing procedures, etc. (Lindquist, Darwin, and Browning
2008). The bleed water usually rises to the surface at a rate of about 0.2 1b/ft*/h (1
kg/mz/h) (Babaei and Fouladgar 1997), and the evaporation rate of conventional
concrete is usually limited to a maximum 0.2 1b/ft*/h (1 kg/m?®/h). The bleeding rate
is influenced by a number of factors. An increased hydration rate, the use of
entrained air, a reduced water content, and the presence of mineral admixtures will
decrease the bleeding rate. In these cases, a lower limit of evaporation rate should be
applied. Another aspect to consider is the fineness of cement, which has been
steadily increasing over the past several decades (Mindess, Young, and Darwin 2003).
As finer cement is used, plastic shrinkage can become more severe for several reasons:

the bleeding rate is decreased as the rate of hydration is accelerated, the water



adsorbed on the surface of the particles is increased due to the increase in surface area
provided by finer cement particles, and capillary tension is increased, also due to the

higher surface area of the finer cement.

1.3.1.2 Drying Shrinkage

Drying shrinkage occurs in hardened concrete in bridge decks. When
concrete is exposed to the air, it loses water to the environment and tends to shrink.
When concrete drying shrinkage is restrained by girders, tensile stresses develop in
the concrete and cause cracking. Drying shrinkage cracks usually form above the top
transverse bars, initiating from weakened planes or cracks that form due to settlement
cracking (discussed in Section 1.3.3), and can continue through the full depth of the
slab. Analytical work by Babaei and Purvis (1996) and Babaei and Fouladgar (1997)
indicate that about 400 microstrain of restrained shrinkage is needed to initiate
cracking in bridge decks. Considering the superposition of thermal contraction and
drying shrinkage, Babaei suggested limiting the 28-day free shrinkage (refer to
ASTM C 157) to a maximum of 400 microstrain or 4-month free shrinkage to a
maximum of 700 microstrain (Babaei and Purvis 1996, Babaei and Fouladgar 1997).

As water evaporates from concrete, three mechanisms are believed to
contribute to drying shrinkage: capillary stress, disjoining pressure, and changes in
surface free energy (Mindess et al. 2003).

Capillary stress: Hydrostatic tension develops inside capillary pores as
concrete dries out. This hydrostatic tension draws the pore walls together and causes
shrinkage. Mindess et al. (2003) state that the water in a small capillary pore can only
be removed by evaporation through an air-water interface (meniscus), and hydrostatic
tension develops when a meniscus forms in a capillary pore. The relationship
between the hydrostatic tension, capillary pore radius, and relative humidity (RH) can

be expressed as:



2y (1.2 a)
Pcap = T

_ In(RH) (1.2 b)
K

where Fq) is the hydrostatic tension, y is the surface free energy of the water, r is
the capillary pore radius, K is a constant, and RH is the relative humidity inside the
concrete. Larger capillary pores can be emptied at a relative humidity down to 95%
and very small capillary tension will develop. Thus, the shrinkage due to water loss
in large capillary pores at high relative humidities is small. As the RH drops, water in
smaller capillary pores can evaporate and the hydrostatic tension P, increases
[based on Eq. (1.2 a) and (1.2 b)]. Thus, the shrinkage at lower RH is greater due to
increased hydrostatic tension caused by water loss in smaller capillary pores.
Capillary stresses cannot exist at relative humidities lower than 45% because the
meniscus is no longer stable, and other mechanisms will provide the major force, as
explained later in this section.

Powers (1960) presented a theory to explain how capillary water is lost
from concrete during drying. In most cases, all the capillary spaces in cement
paste are in the form of cavities isolated by cement gel. None of the water in the
isolated cavities can evaporate before the water evaporates from the very small gel
pores of the surrounding gel. In Powers’ (1960) theory, when water evaporates
from the outside surface of a body of cement gel enclosing one or more water-
filled capillary spaces, hydrostatic tension develops and its magnitude is limited
by the relative humidity of its surroundings. The increase in hydrostatic tension
causes the water in the capillary pores, if initially saturated with air, to be
supersaturated. When the degree of super-saturation is high enough, bubbles can
develop in the capillary pores. At a given humidity and only when the size of

capillary cavities is above certain values, the bubbles can develop and capillary



cavities can be emptied. The computed diameters of the capillary cavities that are

capable of containing spherical bubbles at given humidities are given in Table 1.1.

Table 1.1 Computed diameters of capillary cavities able to contain spherical bubbles
at given humidities (Powers 1960)

Relative Required radius of
Hydrostatic Nucleation radius
humidity inside 0 spherical cavity, r*+5,
tension, atm r*, X107 " m 0
concrete, % x10"" " m

98 28 346 351

96 57 170 175

92 116 84 89

85 226 43 48

70 495 20 25

50 963 10 15

45 1100 (@)

40 1200 @

* Bubbles cannot exist at tensions above the fracture strength of water, which is between 1,100 and
1,200 atm.

From the calculated values in Table 1.1, as the relative humidity drops, the bubbles
can develop at smaller capillary cavities, and correspondingly, the hydrostatic tension
increases greatly. Hydrostatic tension is about 34 times higher at a relative humidity
of 50% than it is at a relative humidity of 98%. Thus, at lower relative humidities,
water can evaporate from smaller capillary pores, and the corresponding hydrostatic
tension, which causes concrete to shrink, will be larger.

Disjoining pressure: Because the colloidal particles that compose the cement
gel are exceedingly small, mutual attraction between particles, provided by van der
Waals’ force, is the major force holding adjacent particles together. When a dry paste
is saturated with water, the mutual attraction between the water molecules and the gel

particles causes water to spread over all of the surfaces of the gel particles that are



available to them. When the spread is obstructed by an adjacent particle, a disjoining
pressure will develop. Once the disjoining pressure exceeds the van der Waals’ force,
the particles are forced apart and dilation or swelling occurs. By contrast, as a
saturated material dries out, the van der Waals’ forces between particles draw them
closer together and shrinkage occurs. Because cement gel is formed in the dilated state
during hydration, the disjoining pressure decreases on first drying at a lowered relative
humidity (RH). The decreased disjoining pressure causes the particles to be drawn
closer by van der Waals’ forces, and shrinkage occurs. Disjoining pressure is RH
dependent and is only a significant factor down to about 45% RH (Mindess et al. 2003).

Surface free energy: When the relative humidity is below 45%, the capillary
stress and disjoining pressure are no longer the forces that cause shrinkage, and
shrinkage is believed to be caused by the increase in the surface free energy of the
solid. The increased surface free energy of the solid, caused by the removal of mostly
strongly adsorbed water, causes increased compression in the solid, and shrinkage
occurs (Mindess et al. 2003).

Autogenous shrinkage is a special case of drying shrinkage (Mindess et al.
2003). Autogenous shrinkage is the result of self desiccation. It is a phenomenon
that occurs when no additional water is provided during curing and the concrete
begins to dry internally due to water consumption during the hydration process. It
normally occurs in concrete with low water cement ratios (< 0.40) or in dense
concrete when external water cannot easily penetrate the dense concrete.

Carbonation is the process of hardened cement paste reacting with carbon
dioxide. Carbonation causes the decomposition of hydrated silicate and aluminate
phases, and the decalcification of C-S-H. Carbonation is usually accompanied with
irreversible shrinkage, called carbonation shrinkage. Concrete at intermediate

humidities is affected by exposure to carbon dioxide and the effect is maximized at a



relative humidity of 55%; concrete in a dry or saturated condition is not affected

significantly by exposure to carbon dioxide (Powers 1959).

1.3.1.3 Evaporable Water Content Versus Drying Shrinkage

Moisture loss to the surroundings is the primary cause for drying shrinkage.
The relationship between the moisture loss and drying shrinkage is of interest.
Defining the relationship requires an understanding of how water molecules are held
in cement paste.

Powers (1960) summarized the features of paste structure as follows: “cement
gel is a substance that occupies about 2.2 times as much space as the cement from
which it is derived.” Because the total volume of the paste scarcely changes, the
cement gel will occupy the spaces that are originally filled by water. The remaining
spaces of the originally water-filled spaces that have not been filled with gel are
called capillaries or capillary cavities. The cement gel itself also contains gel
pores and has a porosity of about 28%. The average width of the gel pores is
about 18 x 1071 m, which is about 5 times the diameter of a water molecule. The
width of capillary pores is considered to be much wider than gel pores, though the
capillary pores tend to be narrower as the water-filled space is used up due to
continued hydration (Taylor 1997). Capillary pores are isolated by cement gel and
interconnected only by gel pores.

A typical shrinkage-weight loss curve for a cement paste is shown in Figure
1.2 (Mindess et al. 2003). There are five domains in the curve. Domain 1 represents
the water lost from the large capillary pores at high relative humidities (down to about
95%). The corresponding shrinkage represents only a very little part of the total
shrinkage. In domain 2, water is lost from both the finer capillary pores and the gel
pores. In domains 3 and 4, water adsorbed on the particle surfaces and water at the
interlayer of C-S-H (only in the domain 4) is removed. The shrinkage that occurs in

domains 2, 3, and 4 represents the major part of the total shrinkage. All the water in
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the first four domains can be removed at room temperature, or more quickly at 221° F
(105° C). This part of water is also called evaporable water. In domain 5, further
shrinkage can occur due to decomposition of C-S-H, while normally happens only at

temperatures higher than 221° F (105° C).
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Figure 1.2 Schematic representation of shrinkage-water loss relationships for
cement pastes during drying (Mindess et al. 2003)

Powers (1959) stated that the shrinkage caused by the loss of water depends
on how much of the loss is capillary water and how much is adsorbed water.
Shrinkage and swelling are believed to be mostly affected by the water molecules in
direct contact with the solid surfaces of cement gel. When a dry paste takes up water
in high humidities, water will enter the force field of the solid phase first and cause
relatively large swelling per unit of water absorbed. As more water is absorbed by

the paste, a point will be reached at which some water will enter large spaces where
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mutual attraction between water and particles is weak. Capillary cavities are such
large spaces that the water that enters the capillary cavities has little effect on the
volume change. By contrast, when a saturated paste begins drying, water in the
capillary cavities will be lost first, followed by adsorbed water within the force field
of the solid phase. Due to the weak interaction between water and particles in the
capillary cavities, smaller shrinkage per unit weight loss of water during early stages
of drying would be expected than it is at later ages when the adsorbed water is
removed.

Shrinkage is less correlated with capillary water and more affected by
adsorbed water. To prove it, Powers (1959) presented the relationship between
shrinkage and water loss (first published by Menzel at 1935) in Figure 1.3. The series
of specimens represent mixtures that ranged from neat cement to a mixture composed
of 25 percent cement and 75 percent pulverized silica. All specimens were cured for
7 days at 70° F (21° C), and the pulverized silica was believed to remain virtually
inert under these conditions. The volume of the capillary cavities in the paste was
lowest for the neat cement mixture and increased as the proportion of silica increased.
As shown in the Figure 1.3, the shrinkage of the densest specimen (neat cement, 0%
silica) was directly proportional to the water loss. The curved shape for the mixtures
with silica illustrates the effect of an increase in capillary cavities. Because the water
loss from the capillary cavities is less strongly correlated with shrinkage, as the
volume of capillary cavities increases in the silica mixtures, the mixtures shrink less
for the same water loss. It was also noted that towards the end of the drying period,
the rate of shrinkage per unit weight of water loss was similar for all mixes because

the loss involved adsorbed water.
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Figure 1.3 Relationships between shrinkage and water loss (Menzel 1935)

0% —100% cement and 0% silica, 15%—85% cement and 15% silica, 30%—70%
cement and 30% silica, 45%—55% cement and 45% silica, 60%—40% cement and
60% silica, and 75%—25% cement and 75% silica

Cement particle size influences the size of capillary pores. The data shown in

Figure 1.3 were published in 1935 when cement particles were much coarser than
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they are today. The size of capillary pores would, thus, be larger than those obtained
with modern cements. As discussed earlier, water loss from the larger capillary pores
has relatively less effect on the volume change than water loss from smaller pores.

Lange et al. (2003) completed a series of tests to determine the relationship
between free shrinkage and water loss. All concrete mixtures had a water-
cementitious material ratio of 0.44 but contained different quantities of mineral
admixtures. The mix proportions are listed in Table 1.2. Concrete prisms with
dimensions of 3 X 3 x 11.25 in. (76 x 76 x 286 mm) were used to determine free
shrinkage and water loss. All prisms were demolded 24 hours after casting and then
moved to an environmental chamber maintained at 50% RH and 73° F (23° C). The
specimens were kept in the chamber for a period of about 30 days. The relation
between free shrinkage and water loss is shown in Figure 1.4. Since specimens IHPC1F
and IHPC2F (shown in Figure 1.4) were prepared with materials from different sources,
they are not compared in the following with the four mixes listed in Table 1.2.

Table 1.2 Concrete mixtures summary, based on yd® design (Lange et al. 2003)

Mix code ISTD | IHPC1 |IHPC2 |IHPC4
Cement (type I), Ib/yd’ 605 465 465 565
Fly ash, Ib/yd’ 0 120 120 0
Silica fume, Ib/yd’ 0 0 25 25
Metakaolin, Ib/yd’ 0 27 0 0
Coarse Aggregate, lb/yd3 1820 | 1820 1820 1820
Fine Aggregate, Ib/yd’ 1130 | 1092 1095 1150
Water, 1b/yd’ 266 269 268 260
Cementitious content, Ib/yd’ 605 612 610 590
Paste content by volume, % 27.2% | 28.1% 28.0% 26.8
Paste content by weight, % 22.8% | 23.2% 23.1% 22.3
w/cm ratio 044 (044 0.44 0.44
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Figure 1.4 Free shrinkage vs. weight loss, w/cm=0.44 (Lange et al. 2003)

Although not summarized by Lange et al. (2003), the results in Figure 1.4
show similar trends as those observed in Figure 1.3 by Powers (1959). Because the
concrete mixtures were only cured for 24 hours, the mineral admixtures would be
virtually inert, and an increased mineral admixture content would be expected to
increase the percentage of capillary pores. As shown in Figure 1.4, mix ISTD,
without any mineral admixtures thus with the least capillary pores, has the highest
shrinkage per unit weight loss. As the mineral admixture content increases, moving
from mixture IHPC4 to mixtures IHPC1 and IHPC2, the shrinkage per unit weight
loss decreases.

The shrinkage behavior of concrete mixtures can be related to the amount of
evaporable water. Different categories of evaporable water, including capillary water
and gel water, exist, and their effects on shrinkage will be different. No method
involving drying has been devised to separate water into these categories, because

capillary water and gel water evaporate simultaneously. It is of interest, however, to
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investigate the relationship between shrinkage and the quantity of evaporable water.
The way to determine the quantity of evaporable water is discussed in the following,
and the relationship between shrinkage and the quantity of evaporable water is
investigated in Chapter 4 of this report.

The amount of water that saturated cement paste is capable of holding in
addition to the non-evaporable water is called evaporable water (Powers and
Brownyard 1946), which can be expressed as

We _We_ Wn (1.3)

c c Cc

w
where Te = evaporable water, g per g of cement,

w .
Tt = total water at time of test, g per g of cement, and

Wn
~ = non-evaporable water, g per g of cement.

Powers and Brownyard (1946) defined non-evaporable water as “the water
that is retained by a sample of cement paste after it has been dried at 73° F (23° C) to
a constant weight in an evacuated desiccator over a system with Mg (Cl04),-2H,0 +
Mg (ClO4),-4H,0 as a desiccant.” The procedures of preparation of specimens (neat
cement cylinders or mortar specimens) and drying of samples were given in detail by
Powers and Brownyard (1946). After drying, the water left in the sample is the non-
evaporable water and is determined by igniting one-gram portions of the dried
samples at 1832° F (1000° C) for about 15 minutes. The amount of weight loss
minus the weight loss of the original cement is called the non-evaporable water.
Taylor (1997) described non-evaporable water as water retained in pastes that have
been subjected to D-drying or equivalent procedures, where D-drying refers to a
procedure in which a sample is “equilibrated with ice at —110° F (-79° C) by
continuous evacuation with a rotary pump through a trap cooled in a mixture of solid

2

CO, and ethanol, and the partial pressure of the water vapor is 5x10™ torr.
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Taylor (1997) stated that heating the sample to a constant mass at 221° F (105° C) in
an atmosphere of uncontrolled humidity but free of CO, would yield approximately
the same result as D-drying.

The total water-cement ratio of cement pastes will increase from the original
value when maintained in a saturated condition. The moisture added is the water
obtained from outside sources. The relationship between the original water-cement
ratio and the total water-cement ratio is shown in Figure 1.5 and can be expressed as
follows (Powers 1960):

w, W, w?
—L =240.254m = (1.4)
c c c

where

w .
Tt = total water-cement ratio, g per g of cement
To = original water-cement ratio, g per g of cement
o
The term 0.254m % is the amount of water that the cement paste obtains from an

external source when maintained in a saturated condition. This value correlates with

the quantity of water that is chemically combined (Powers 1960).

w,, = non-evaporable water content of completely hydrated cement, g

m = % , where w,, =non-evaporable water content at the age of testing, g

n

and m equals 1 for fully mature specimens and is less than 1 for
incompletely hydrated specimens.
After the total and non-evaporable waters content are determined, the

evaporable water content will be the difference of these two values.
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water-cement ratios for saturated pastes of a portland cement [m is defined follow in
Eq. (1.4)] (Powers 1960)

1.3.2 Thermal Contraction

When thermally induced contraction is restrained by the girders, tensile
stresses will develop in a concrete bridge deck. In the first few hours after casting,
concrete temperature rises quickly due to the heat of hydration. The tendency to
expand due to the initial temperature rise does not induce any measurable stresses in
concrete due to its very low modulus of elasticity at this age. As hydration continues,
concrete reaches its peak temperature and then begins to cool down to the ambient
temperature. By the time the peak temperature is attained, the concrete has hardened
and gained some strength. When the cooling-induced contraction is restrained by the
girders, tensile stresses develop and cracks may form (Babaei and Fouladgar 1997).

To investigate thermally induced stresses in decks, an understanding of the
temperature and stain changes of the deck and girders is needed. Krauss and Rogalla
(1996) stated that the temperature changes in bridges can be represented by one of
three temperature distributions or by combinations of these three. In the first

temperature distribution, a large but nearly uniform temperature change in the
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concrete deck occurs while the temperature change in girders remains small; this
distribution will occur when there is sustained solar radiation on a bridge deck or
shortly after casting when cement hydration continues generating heat. This can
cause a large strain difference between the concrete deck and the girders. In the
second temperature distribution, a linear temperature change occurs in the deck. It
usually occurs in the morning when solar radiation raises the temperature of the upper
portions of the deck more rapidly than the lower potions, and in the early evening or
during rain when the upper portions of the deck cool much faster than the lower
portions. As a result, a large strain difference occurs between the upper and lower
portions of the deck, and the strain difference between the upper portions of the deck
and the girders is even larger. In the third temperature distribution, applicable to steel
girder bridges, both the concrete deck and the girders undergo similar temperature
increases. Because they expand similarly [concrete has a coefficient of thermal
expansion of 5.5 microstrain/° F (10 microstrain/° C) and steel has a coefficient of
thermal expansion of 6.5 microstrain/® F (12 microstrain/® C)], the strain difference
between the concrete deck and steel girders is small. The third distribution may occur
in nearly uniform summer and winter temperature conditions.

Krauss and Rogalla (1996) monitored concrete temperatures in the Portland-
Columbia Bridge between Pennsylvania and New Jersey for the first month after
casting. They observed that the largest temperature changes occurred during the first
48 hours after placement. The initial concrete temperature was measured as 80° F
(27° C). During the first 12 hours, the temperature in the new deck reached as high as
131° F (55° C) due to hydration-generated heat. By 48 hours, the temperature
differential between the concrete and the steel girders had greatly reduced. Krauss
and Rogalla (1996) also reported that the temperatures in the deck varied substantially

along the length and across the width of the bridge.
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Because a bridge deck is normally composite with its girders, strain
differences between the bridge deck and the girders induce stresses at the interface
between the deck and the girders. Therefore, for the three temperature distributions
discussed by Krauss and Rogalla (1996), the first temperature distribution has a
uniform temperature drop in the deck which Okcan cause large and nearly uniform
tensile stress in the concrete; for the second temperature distribution, a linear
temperature decrease in the deck can induce large tensile stresses at the upper face of
the deck; for the third temperature distribution, a uniform temperature change in both
the deck and the steel girders causes small deck stresses because of the small strain
incompatibility between the concrete deck and the steel girders. Because girders
restrain the deck at the soffit instead of the centroid, the eccentric restraint makes the
stress distribution in a deck more complicated and stress reversals within a deck can
occur.

Subramaniam and Agrawal (2009) measured temperature changes in the
concrete decks and steel girders in two newly constructed bridges. Two
thermocouples were placed in the concrete, one each near the top and bottom layers
of the reinforcing steel. Two additional thermocouples were used to monitor the
temperature changes in the top and bottom flanges of the steel girders. Figure 1.6
shows the temperature changes for one of the bridges, located in New York. The
reinforcing steel was placed on August 3, 2005, and the concrete deck slab was cast
on August 4, 2005. Time zero in the figure represents the casting start time of 7:45
a.m. The concrete slab had a thickness of 9.4 in. (240 mm) and rested on single-span,
simply supported steel girders.

The authors did not identify the thermocouples from which the concrete
temperatures, shown in Figure 1.6, were taken. It would seem obvious, however, that
the light colored curve that reached peak temperature first was taken from the top

thermocouple because solar radiation will heat the top surface first. Overall, the air
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Temp (deg C)

temperature-change curve and the concrete and steel girder temperature-change
curves (48 hours after casting) have similar shapes with a peak and a valley in every
24 hours. During the first 48 hours, the concrete and steel girder temperatures appear
to be influenced more by the hydration-generated heat of the concrete, and to a lesser
extent, by the ambient air temperature. The concrete temperature reaches a peak
about 12 hours after casting began. After 48 hours, the concrete and steel girder

temperatures follow the air temperature with a lag of about 2 hours.
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Figure 1.6 Temperature recorded from bridge deck and steel girders (Subramaniam and
Agrawal 2009)

The three temperature distributions defined by Krauss and Rogalla (1996) can
be identified in Figure 1.6. The concrete reaches its peak temperature about 12 hours
after casting began. The peak temperature in the top flange of the steel girder is
smaller than in the concrete, and the peak temperature in the bottom flange is even
lower. After reaching the peak temperature, both the concrete and the steel girder

begin cooling to the ambient air temperature. Because the temperature changes in the
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deck are higher than those of the girder, thermal contraction in the concrete is
restrained by the girders, inducing tensile stresses in the deck early in the life of the
bridge. The temperature changes during the first 48 hours, identified as region 1 in
Figure 1.6, result in temperature distribution 1, as defined by Krauss and
Rogalla (1996). After 48 hours, when the temperature of the deck and the girder
closely followed the ambient air temperature, faster temperature rises and decreases
are noted in the top concrete than in the bottom concrete, as shown in region 2 in
Figure 1.6. The difference in concrete temperature is most apparent in the morning,
when the air temperature begins rising due to solar radiation, and at night, when the
air temperature drops. The temperature changes in region 2 match those described as
temperature distribution 2 by Krauss and Rogalla (1996).

Analytical work by Babaei and Fouladgar (1996) found that a restrained
thermal contraction of 228 microstrain would initiate thermal cracking at an

early age.

1.3.3 Settlement Cracking

Settlement cracking occurs as fresh concrete continues to settle after
placement and initial consolidation. The concrete above fixed objects, which are steel
reinforcing bars in most cases, is restrained from settling, while the rest of the fresh
concrete subsides on either side of the object. The restraint of settlement causes local
tensile stress around the reinforcing steel, and cracks or weakened planes directly
above the reinforcing steel may form. Later, the effect of other factors, such as drying
shrinkage and thermal contraction, may be superimposed on cracks or weakened planes
caused by settlement, resulting in continuing crack propagation or initiation of new
cracks where cracks were not originally visible. Settlement cracking increases with
increasing slump, increasing bar size, or reduced concrete cover (Dakhil, Cady, and
Carrier 1975). Because settlement cracks form directly above reinforcing bars, they

provide a direct path for water and deicing chemicals to the bars.
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1.3.4 External Load

Externally applied load, including self weight, dead load, and external live
load, can induce tensile stresses in concrete bridge decks that may cause flexural
cracking. The tensile stresses caused by traffic, however, are only a small percentage
of the stresses caused by concrete shrinkage and thermal contraction (Krauss and

Rogalla 1996).

1.4 MATERIAL FACTORS AFFECTING BRIDGE DECK CRACKING

1.4.1 General

Concrete properties affect bridge deck cracking more than any other factors in
most bridges (Krauss and Rogalla 1996). Some concretes are more likely to crack
than others. Concrete material factors, including cement content, water content, paste
volume, cement type, aggregate type, mineral admixtures, chemical admixtures,
plastic concrete slump, air content, and compressive strength of hardened concrete
have been evaluated by many researchers, either in bridge construction or in

laboratory tests. Some of the results are reviewed in this section.

1.4.2 Literature Review

Portland Cement Association (1970): The Portland Cement Association,
Bureau of Public Roads, and 10 state highway departments studied concrete bridge
deck durability starting in 1961 and produced a series of six reports. In the study,
surveys of 1000 randomly selected bridges in eight states and detailed surveys of 70
bridges in four states were conducted. The types and extent of concrete bridge deck
deterioration were determined. The types of deterioration included scaling, cracking,
surface spalling, and other defects, such as joint spalling and popouts. The causes of

scaling, cracking, and surface spalling were discussed in detail based on field and lab
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observations. The study concluded that transverse cracking was the predominate type
of cracking.

Recommendations were made with regard to concrete mix design: the largest
practical maximum size aggregate (MSA) was recommended, in most cases I-in.
(25.4-mm) MSA was recommended to minimize the quantity of required mixing
water. A maximum water-cement ratio of 0.44 and minimum cement contents
ranging from 583 Ib/yd® (346 kg/m’) to 714 Ib/yd® (424 kg/m’) for different
maximum coarse aggregate sizes, ranging from 1.5 in. to 0.5 in. (38.1 mm to 12.7
mm), were suggested to provide balance between sufficient workability and minimum
paste content. By contrast, mixes with lower cement and water contents [cement
content close to 540 Ib/yd’ (320 kg/m’) and a water-cement ratio near 0.45] have been
placed successfully in the construction of low-cracking high-performance concrete
bridges in Kansas (Lindquist et al. 2008, McLeod et al. 2009). Excessive slump was
believed to promote segregation and increase bleeding, drying shrinkage, and
cracking tendency. A maximum slump within the range of 2 to 3 in. (50 to 76 mm)
was suggested.

Krauss and Rogalla (1996): Krauss and Rogalla (1996) stated that concrete
properties affect cracking more than any other factors. Restrained ring tests were
used to measure the cracking tendency of different concrete mixtures. In the ring test,
concrete is cast against an inner steel ring, which simulates the restraint provided by
steel girders. When the concrete shrinkage is restrained, tensile stresses develop in
the concrete and cracks are induced. The strain in the steel ring is measured using
strain gages and the time-to-cracking of the concrete is determined as the time when
an abrupt strain drop is noted. A detailed description of the ring tests procedure is
provided in Section 1.6. Krauss and Rogalla concluded that cement content and type,
concrete modulus of elasticity, creep, heat of hydration, and aggregate type affected

concrete cracking the most.
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The restrained ring tests used to determine the effect of water-cement ratio
and cement content on cracking indicated that mixes with low cement content [470
Ib/yd® (280 kg/m?)], and low water-cement ratio (0.30 and 0.35) had the lowest crack
potential; however, these two mixes were cast with no slump while others were cast
with measurable slump; in contrast, mixes with high cement content [846 1b/yd® (500
kg/m®)], low water-cement ratio (0.30 and 0.35), and a measurable slump cracked
earliest. The study also pointed out that mixes with moderately-high cement content
[658 Ib/yd® (390 kg/m®) cement] were not dramatically affected by water content or
water-cement ratio for water-cement ratios ranging from 0.35 to 0.50. Excluding the
two no-slump mixes, Krauss and Rogalla (1996) concluded that concrete with low
water-cement ratios and high cement contents are more susceptible to cracking than
concrete with high water-cement ratios and low cement contents.

The modulus of elasticity of the concrete greatly affected both thermal and
free shrinkage stresses in the test specimens. Because the stresses are equal to
product of the modulus of elasticity and the strain, at the same strain, a higher
modulus of elasticity translates into higher tensile stresses and increased cracking
potential. Four aggregate types were investigated, including lightweight expanded
shale, crushed limestone, trap rock, and river gravel. Mixes with these four
aggregates were cast with a cement content of 658 Ib/yd® (390 kg/m’) and a water-
cement ratio of 0.44. The concrete containing the lightweight expanded shale had a
modulus of elasticity of 2.1 x 10° psi (14.7 GPa), which is lower than that of the
normalweight aggregate mixtures which ranged from 4.0 to 5.0 x 10° psi (27.6 to
34.5 GPa). The concrete containing the expanded shale cracked later (average of 60
days) than the concrete containing trap rock (32 days) or river gravel (20.5 days).
The concrete containing limestone had a moderately-high modulus of elasticity, 4.9 x
10° psi (34.0 GPa); no through-thickness cracks were observed through 280 days, but

surface cracks, about 1 in. (25 mm) deep, were noted. The behavior of the limestone
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concrete indicated that, in addition to concrete modulus of elasticity, aggregate type
or shape also plays a role in crack formation.

Krauss and Rogalla (1996) believed that cement properties have a large effect
on bridge deck cracking, especially as cement has been ground with greater fineness
starting in the 1970s. A survey of portland cement marketed in North America was
conducted in 1994. The rates of strength gain of cement in the 1950s and 1990s are
compared in Figure 1.7 (Concrete Technology Today 1996). The survey revealed that

modern cements gain strength more rapidly than older cements during the first 7 days.
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Figure 1.7 Average strength gain curves for portland cement manufactured in
(a) the 1990s and (b) the 1950s (Concrete Technology Today 1996)

For Type I and Type II cement, which are usually used for bridge construction, the
I-day strength was about 35 percent of the 28-day strength for 1990s cement,
compared to 16 percent for 1950s cement. The rapid strength gain is a direct function
of the greater fineness of the newer cements. The early gain in strength, higher
modulus of elasticity, and finer pore structure obtained with the finer cements

increase the risk of cracking.
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Creep has a positive effect on reducing bridge deck cracking as it reduces
tensile stresses from restrained drying shrinkage and thermal contraction. Krauss and
Rogalla (1996) suggested that concrete with high creep, particularly during the first
month after casting, is desirable.

No relationship between cracking tendency and fresh concrete air content or
slump was noted in the restrained ring tests.

The use of high compressive strength concrete was believed to result in
increased cracking because increased cement content, high paste volume, higher early
modulus of elasticity, higher hydration temperature, and much lower creep are
normally associated with high strength concrete.

The effect of mineral admixtures, which have been used by many
transportation agencies, was investigated. Concrete with a 28% replacement of
cement by weight with Class F fly ash did not significantly affect the cracking time
(about 4.3 days later than control specimens). For concrete containing 7.5%
additional silica fume, the ring specimens cracked 5 to 6 days earlier than the control
concrete without silica fume. Chemical admixtures including set accelerators and
retarders caused the concrete to crack, on average, two days earlier than control
specimens, although individual cracking times varied considerably.

Five different curing conditions were evaluated — no curing (forms were
stripped immediately after the concrete reached final set), 6-hour delayed curing (no
curing for the first 6 hours after the concrete was cast), 1-day curing (control
specimens), 60-day wet curing, and thermally-insulated curing. No difference was
observed between 6-hour delayed curing and 1-day curing, and a large scatter in the
results was noted for thermally insulated curing. Specimens that were not cured
cracked about two days earlier than control specimens. For high cracking tendency
mixes [with 846 Ib/yd® (501 kg/m’) cement and a water-cement ratio of 0.35], 60-day

wet curing delayed the cracking time about nine days compared with 1-day curing.
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For mixes with a low cracking tendency [470 1b/yd® (278 kg/m?) cement and a water-
cement ratio of 0.50], however, mixed results were noted.

Babaei and Purvis (1996): In a three phase study for the Pennsylvania
Department of Transportation, the causes and methods to minimize transverse
cracking were investigated. In the first phase, 111 bridge decks in Pennsylvania that
were less than 5 years old were visually surveyed for cracking. The surveys indicated
that transverse cracking was the most prevalent type. Twelve bridges were surveyed
in detail, which included mapping of cracks, measurement of crack width,
determination of bar cover and depth, coring of concrete, petrographic examination,
and gathering design and construction information. Concrete cores taken at crack
locations showed that transverse cracks often intersected coarse aggregate, and it was
concluded that cracks occurred in the hardened concrete as opposed to the plastic
concrete. The causes of transverse cracking were thought to be shrinkage of hardened
concrete instead of plastic shrinkage or settlement cracking.

The study also examined the effects of drying shrinkage and temperature
change on cracking. As for parameters affecting drying shrinkage, the water content
was not thought to be a primary factor for the 12 surveyed bridges, which had water
contents varying from 267 to 292 Ib/yd® (158 to 173 kg/m’).  Aggregate
softness/hardness, as indicated by absorption values ranging from 0.34 percent to 1.17
percent for coarse aggregates and 0.43 percent to 1.97 percent for fine aggregates,
was believed to affect shrinkage. Water content and aggregate hardness were
analyzed based on the ACI 224R-80, which estimates that drying shrinkage will
increase about 3 microstrain per 1-1b/yd® (0.59-kg/m’) increase in water content, and
increase from 320 microstrain to 1,160 microstrain (at one year) when the aggregate
absorption is increased from 0.3 percent to 5.0 percent. It was determined that the
threshold long-term shrinkage (drying shrinkage plus thermal contraction) to initiate

cracks was about 400 microstrain, while a thermal contraction of 228 microstrain
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would initiate cracking at an early age when enough concrete creep had not been
developed to mitigate cracking. Babaei and Purvis also concluded that thermal
contraction is primarily affected by the coefficient of thermal expansion of the
aggregates. Typically, quartz, sandstone, and gravel have relatively high coefficients
of thermal expansion, while limestone has a lower value.

In the Phase 2 of the study, eight newly constructed concrete bridges were
evaluated. = Thermal contraction was calculated based on recorded concrete
temperatures during curing, and drying shrinkage was estimated based on laboratory
tests of concrete samples taken from the site. The average spacing between
transverse cracks was predicted using an analytical procedure; and the analysis was
supported by field surveys of the eight bridges. Babei and Purvis (1996)
recommended that to maintain a crack spacing greater than 30 ft (9 m), the 4-month
drying shrinkage of unrestrained prism specimens [3 % 3 x 10 in. (76 x 76 %X 254 mm)]
should be less than 700 microstrain (equivalent to 400 microstrain shrinkage at 28
days), and the thermal contraction should be limited to 150 microstrain by controlling
the maximum concrete/girder temperature difference to within 22° F (12° C).

The influence of the aggregate type, cement type, and cement source on
drying shrinkage was investigated in the laboratory in the Phase 3 study. Soft
aggregates (usually high in absorption and low in specific gravity) yielded high
drying shrinkage, and different sources of cement performed quite differently with
respect to drying shrinkage, though the study was too limited to suggest specific
brands of cement in the report. Type II cement produced less drying shrinkage and
less heat generation than Type I cement.

Schmitt and Darwin (1995), Miller and Darwin (2000), and Lindquist,
Darwin, and Browning (2005): Three studies involving crack surveys of bridge
decks in Kansas were completed and a total of 76 steel girder bridges were surveyed.

Most of the bridges were located in northeast Kansas, and the surveys covered three
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bridge deck types, those with monolithic, conventional overlay, and silica fume
overlays. A standardized crack survey procedure was used in the three studies, which
minimized deviations due to the use of different survey crews. Plans, information
from construction diaries, mix designs, material test reports, and weather conditions
were correlated with the survey results to investigate the factors that contribute to
bridge deck cracking.

The investigations showed that a large percentage of cracks occur during the
first three years in the life of bridges, but that cracking continues to increase over time.
Crack density increases with increases in water content, cement content, and total
paste volume. A paste content of less than 27 percent was recommended to limit
bridge deck cracking. It was also noted that the least amount of cracking was
observed for concrete with air contents greater than 6% in monolithic bridge decks
and overlay subdecks, although no correlation between the crack density and the air
content in the overlay concrete was observed. Increased compressive strength
correlated with increases in bridge deck cracking. For monolithic bridge decks,
average crack densities increased from 0.16 to 0.49 m/m” as the nominal compressive
strength increased from 4500 to 7500 psi (31 to 52 MPa) (Lindquist, Darwin, and
Browning 2005). Crack densities also increased as concrete slump increased in
monolithic bridge decks, presumably due to the increase in settlement cracking
associated with higher slump concrete.

When different bridge deck types were compared, the overall trend in crack
performance was that monolithic bridge decks had the best performance, followed by
conventional overlay and then silica fume overlay bridge decks. Because of the
higher crack densities, Lindquist, Darwin, and Browning (2005) concluded that the
application of high-density concrete overlays should be limited. The study by

Lindquist et al. (2005) also showed that the chloride content in uncracked concrete
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remained below the critical chloride corrosion threshold in most bridges for at least
12 years, regardless of deck type, versus 12 to 24 months at crack locations.

Subramaniam (2009): Five existing NYSDOT bridges built with high
performance concrete were used to investigate the influence of in-place concrete
properties on bridge cracking. The bridges were single span steel girder bridges (two
of which had integral abutments, and the other three were simply supported on
elastomeric bearings). All had similar traffic loads. Field surveys identified the
approximate locations and patterns of cracks. Core samples from uncracked concrete,
cracked concrete, and concrete immediately adjoining the cracks were taken. Image
analysis was performed on cracked concrete cores to determine the nature of the
cracking — crack width, crack depth from the surface, and crack path through or
around the aggregates. Ultrasonic pulse velocity, split cylinder, and compression
tests were performed on uncracked concrete cores. The main findings were that the
concrete in all surveyed bridge decks had a relatively high tensile strength [greater
than 660 psi (4.6 MPa)]; almost all cracks passed around the aggregate particles in the
cracked concrete cores, while all load-induced cracks during the splitting tension test
in mature concrete passed through the aggregate. It was concluded that the cracks
likely formed at an early age. The ages of the bridges at the time of the surveys were
not reported.

An analysis of crack paths indicated that for cores taken at longitudinal cracks
in three of the five surveyed bridges, 94.7%, 100%, and 100% of the total crack
length was around aggregate particles; for cores taken at transverse cracks in two of
the five bridges, 61.6% and 74.0% of the total crack length was around aggregate
particles. Cracks that pass around aggregate particles normally develop at an early
age when the strength of paste is lower than the strength of the aggregates, and cracks
that pass through aggregates usually form at a later age when the strength of the paste

is higher than the strength of the aggregates. Although not noted by Subramaniam,
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the analysis seems to indicate that most of the longitudinal cracks formed at an early
age and did not develop much at a later age because almost all the crack lengths
(94.7%, 100%, and 100%) were around aggregate particles, while transverse cracks
formed at an early age and continued to grow as only part of the crack lengths (61.6%
and 74%) were around aggregate particles and the rest were passed through the
particles. Similar tests were completed in the study conducted by the Portland
Cement Association (Durability 1970). In 46 of the 63 cores taken at transverse
cracks, the cracks passed through aggregate particles. In 22 cores taken at
longitudinal cracks, the cracks generally passed around aggregate particles in cores
taken over longitudinal reinforcing bars and passed through aggregate particles or
both around and through aggregate particles in cores taken over void tubes in hollow-
slab bridges.

Kovler and Bentur (2009): Kovler and Bentur (2009) investigated the
cracking performance of normal strength concrete (NSC) and high strength concrete
(HSC). In NSC mixes, water-cement ratios (w/c) of 0.45 and 0.70 were used. For the
mixes with a w/c of 0.70, concrete with cement contents of 490 Ib/yd® (291 kg/m’) and
386 Ib/yd’® (229 kg/m’) were evaluated; for the mixes with a w/c of 0.45, concrete with
cement contents of 757 1b/yd’ (449 kg/m’) and 625 Ib/yd® (371 kg/m®) were evaluated.
In the HSC mixes, a w/c of 0.33 and a cement content of 853 lb/yd3 (506 kg/m3) were
used. The effect of a shrinkage reducing admixture (SRA) and sealed curing were
investigated for the HSC mixes. All specimens were demolded one day after casting
and then dried in a controlled environment of 50 + 4% relative humidity and 68.4 + 3.6°
F (20 + 2° C). The HSC mixes (with and without SRA) were also cured in a sealed
condition. Strength, free shrinkage, and restrained ring tests were performed.

Kovler and Bentur (2009) found that all NSC mixes had similar free shrinkage
performance. If the mixes were ranked based on free shrinkage, the mix with a w/c of

0.45 and a cement content of 757 1b/yd® (449 kg/m’) had the most free shrinkage,
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followed by the mixes having 0.45 w/c ratio and 625 1b/yd® (371 kg/m?) cement, 0.70
w/c ratio and 490 Ib/yd® (291 kg/m’) cement, and 0.70 w/c ratio and 386 1b/yd® (229
kg/m®) cement in a 56-day testing period. Although not reported by Kovler and
Bentur (2009), the paste contents can be calculated as 34.5%, 28.5%, 29.6%, and 23.3%
(assuming the specific gravity of cement was 3.15) for the mixes in the order from
highest to lowest free shrinkage. The time to cracking was reported to be between 14
and 21 days for all the NSC mixes, and the mixes with a w/c of 0.70 cracked earlier
than the mixes with a w/c of 0.45. Data for time to cracking was not provided for
each mix.

The HSC mixes contained both a lower W/c ratio and a higher cement content
than the NSC mixes. The time to cracking was approximately 10, 20, 50 days, and no
cracking was observed at 90 days for the HSC specimens without an SRA, the HSC
specimens with an SRA, the sealed HSC specimens without an SRA, and the sealed
HSC specimens with an SRA, respectively. The mixes with the highest to the lowest
free shrinkage were, in order, HSC without an SRA, sealed HSC without an SRA,
HSC with an SRA, and sealed HSC with an SRA.

1.4.3 Summary of Material Factors Affecting Bridge Deck Cracking

» In most cases, concrete material factors affect bridge deck cracking more
than other factors;

Transverse cracking is the most prevalent type of cracking in bridge decks;
A large percent of cracks occur relatively early in the life of a bridge;

Transverse cracks forming at an early age continue to grow at later ages;

YV V V V

Crack path analysis in concrete cores indicates that longitudinal cracks
appear to form at an early age and do not grow much at later ages;

» Cement types and sources affect bridge deck cracking;

An increase in the concrete modulus of elasticity results in larger thermal

and free shrinkage stresses in bridge decks;
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>
>

Increased compressive strength results in increased cracking in bridge
decks;

Crack density increases with an increase in water content, cement content,
and total paste volume in concrete;

The largest practical maximum size of coarse aggregate is recommended to
provide a balance between sufficient workability and minimum paste content;
Aggregate type influences both drying shrinkage and cracking potential;

Increased slump results in increased cracking;

Limited work using the restrained ring tests indicates:

>

Creep has positive effects on bridge deck cracking by reducing tensile
stresses caused by restraining drying shrinkage and thermal contraction
and, thus, reducing cracking potential;

Concrete with low water-cement ratios and high cement contents are more
susceptible to cracking than concrete with high water-cement ratios and
low cement contents; concrete mixtures containing silica fume, set
accelerators, or set retarders crack -earlier, and concrete mixtures
containing fly ash crack slightly later than the control mix with cement
only;

High strength concrete (HSC) cracks earlier than normal strength concrete
(NSC). When a shrinkage reducing admixture (SRA) is used in HSC, the

time to cracking increases as compared with a control HSC mix.

1.5 CONSTRUCTION-RELATED FACTORS THAT AFFECT BRIDGE
DECK CRACKING

1.5.1 General

Construction practices affect bridge deck cracking. Based on the field surveys

conducted in Kansas (Lindquist et al. 2005), it was noted that some contractors
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consistently cast bridge decks with higher crack densities than other contractors, and
the date of construction associated with different construction techniques and
materials was found to have a measurable impact on bridge deck cracking. Bridge
decks constructed in 1980s cracked less than those constructed in 1990s — the
explanation is discussed later in the chapter. Cady et al. (1971) found that bridges
built by two contractors had a much higher incidence of cracking than bridges built
by nine other contractors in Pennsylvania. A list of construction factors that can
affect bridge deck cracking were listed and ranked by Krauss and Rogalla (1996);
ordered from major effect to minor, they were weather and time of casting, curing
period and method, finishing procedures, vibration of fresh concrete, pour length and
sequence, construction loads, traffic-induced vibration, and revolutions of the
concrete truck. In this section, the influence of factors dealing with construction,
including weather and time of casting, curing, placing, consolidation, and finishing on

bridge deck cracking, are reviewed.

1.5.2 Weather and Time of Casting

Weather and time of casting were considered as the most critical construction
factors affecting bridge deck cracking (Krauss and Rogalla 1996). High wind speed,
high air temperature, and low humidity conditions increase the probability of plastic
shrinkage cracking, as all these conditions increase the evaporation rate. Extreme
high and low air temperatures can induce thermal stresses that make concrete more
susceptible to cracking. The influence of weather conditions on crack performance
was investigated by Lindquist et al. (2005), and it was found that crack density
increased as the maximum air temperature and daily air temperature range on the day
of placement increased. Subramaniam and Agrawal (2009) conducted research to
evaluate the development of early-age tensile stresses in concrete decks by
monitoring the temperature of concrete and steel girders and strain development in

newly constructed bridges. Obvious thermal effects in the first 48 hours after casting
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were noted due to a rapid concrete temperature rise (from heat of hydration) followed
by a period of cooling when the concrete cools to ambient temperature. Concrete
contraction during the cooling period after the initial temperature rise was restrained,
and tensile stresses were induced in the concrete. After 48 hours, the measured
temperatures in the steel girders and the concrete corresponded well with the ambient
temperature, and the temperature variations between steel girders and concrete were
small. Based on field surveys of 10 prestressed and 8 steel girder bridges, French et
al. (1999) stated that bridges exhibited less cracking when the air temperature was
between a high of 65° F to 70° F (18° C to 21° C) and a low of 45° F to 50° F (7° C to
10° C), and cracking increased when the range in air temperature on the day of
construction was wide. A restrained thermal contraction of 228 microstrain can
initiate early age thermal cracking, as reported by Babaei and Purvis (1996).

In hot weather, a concrete temperature above 80° F (27° C) may cause
difficulties in placing and finishing, and extra mix water may be added by contractors
to maintain the concrete slump. A high evaporation rate is expected during the
placement of hot concrete. Crushed ice or other means to cool the concrete should be
used in hot weather. Casting at night has also been recommended during hot weather.
In cold weather (generally temperatures below 40° F or 4° C), in cases where the
concrete is insulated by burlap or plastic during curing, the concrete temperature
increases regardless of the low ambient air temperature. The net result is a higher
temperature differential between the concrete and the girders, which consequently
promotes thermal contraction cracking. To reduce the temperature differential, a
method of heating the air underneath the deck to raise the steel girder temperature
and/or controlling surface insulation should be used (Durability 1970, Babaei and

Fouladgar 1997).
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1.5.3 Curing

Proper curing is vital for quality concrete and especially important for bridge
deck construction due to the large surface area of a bridge deck. Immediate initiation
of curing after finishing is ideal. Early age curing and protection will minimize or
prevent plastic shrinkage cracking. The Transportation Research Board (2006)
recommended placing wet burlap or cotton mats as soon as possible but no more than
10 to 15 minutes after finishing. When Low-Cracking High-Performance Concrete
(LC-HPC) bridge decks are constructed in Kansas, the first layer of presoaked burlap
must be placed within 10 minutes after strike off, followed by a second layer within
five minutes (Lindquist et al. 2008, McLeod et al. 2009). Wet curing during hot
weather can also help cool the concrete and reduce the peak temperature (Krauss and
Rogalla 1996).

Extended curing is another essential factor that helps minimize bridge deck
cracking. Laboratory tests completed by West, Darwin, and Browning (2010),
Deshpande, Darwin, and Browning (2007), and Lindquist, Darwin, and Browning
(2008) showed that increased curing time can reduce free shrinkage. West et al.
(2010) and Deshpande et al. (2007) found that for concrete (air entrained) cast with
limestone coarse aggregate (with an absorption between 2.5 to 3.0%), the difference
between shrinkage of concrete cured for 7 days, 14 days, and 28 days is significant,
but the difference between 3-day and 7-day cured concrete is small in many cases.
Lindquist et al. (2008) found that for concrete mixtures cast with limestone coarse
aggregate (with an absorption between 2.5 to 3.0%) and Type I/II cement, increasing
the curing period from 7 to 14 days or from 14 to 21 days was approximately
equivalent to reducing the paste content by 2%. A reduction in free shrinkage for
mixtures containing granite or quartzite coarse aggregate (with absorption less than
0.7%) was also noted when increasing the curing period from 7 to 14 days, although

the reduction was not statistically significant. For the mixtures containing mineral
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admixtures, such as silica fume, slag, and fly ash, and cast either with low-absorption
aggregates (granite and quartzite) or high-absorption aggregate (limestone), longer
curing resulted in a decrease in free shrinkage. When concrete containing silica fume
(with a volume replacement of cement of 3 or 6%) or slag (with a volume
replacement of cement of 30 or 60%) was cast with the low-absorption aggregates,
the specimens cured for seven days exhibited more shrinkage than a control mixture
with 100% Portland cement; however, specimens cured for 14 days shrank less than a
control mixture with 100% Portland cement. A minimum 14-day curing period for all
bridge deck placements was recommended.

An extended curing period has also been recommended for cold weather
construction. An extra two days of curing was suggested when the average concrete
temperature during curing dropped from 70° F to 50° F (Durability 1970).

Some curing methods were suggested in the Portland Cement Association
Report (Durability 1970). The methods included covering the entire bridge surface
with waterproof curing paper, plastic, damp burlap or other moisture-retaining fabric,
and membrane curing with two perpendicular layers of a white-pigmented curing

compound. Some of the methods are shown in Figure 1.8.

1.5.4 Placing, Consolidating, and Finishing

Concrete is usually placed with a crane and bucket, conveyor belt, or concrete
pump. Considering efficiency, pumping is now the dominant method used to place
concrete. To be successful, pumping usually requires concrete with a higher slump
and higher paste content than concrete placed by other means. Unfortunately, higher

slump increases the potential of settlement cracking and higher paste content leads to
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(a) Burlap kept saturated with water is an (b) Polyethyler}e sheets are effectiye,
effective medium for moist-curing economical moisture barriers for moist-

curing concrete

(c) Liquid membrane-forming compounds sprayed
onto the surface are effective, economical (d) Straw or hay is still used to insulate
moisture barriers for moist-curing concrete fresh concrete in freezing weather

Figure 1.8 Curing methods (from http://www.cement.org/basics/concretebasics_curing.asp)
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increased drying shrinkage and, subsequently, increased drying shrinkage cracking.
In the construction of Low-Cracking High-Performance Concrete (LC-HPC) bridge
decks led by the University of Kansas (Lindquist et al. 2008, McLeod et al. 2009), the
placement method is not restricted as long as the contractor can demonstrate the
ability to efficiently place the concrete prior to deck construction. A mix design with
an optimized aggregate gradation plays an important role in producing pumpable
concrete with a low slump and paste content. Concretes with a slump of less than 4 in.
(100 mm) and cement contents between 540 and 535 Ib/yd® (320 and 317 kg/m’) have
been pumped successfully on LC-HPC decks.

Adequate consolidation is necessary to minimize settlement cracking. After
placement, consolidation helps remove the entrapped air and compact the fresh
concrete into the corners of the forms and around the reinforcing steel. When
concrete is consolidated by vibration, concrete flows as the coarse aggregate particles
move away from the vibrator and the mortar begins to flow between the coarse
aggregate particles. For proper vibration, cement paste begins to appear around the
vibrator and then the vibrator is withdrawn slowly enough to allow the concrete to
close the holes left by the vibrator. Undervibration leaves non-uniform concrete with
excessive entrapped air, while overvibration brings excess paste to the surface and
causes a loss of entrained air (Mindess et al. 2003). Excess paste on the surface
makes the concrete susceptible to having cracking and scaling problems. To ensure
adequate consolidation, the Kansas DOT requires the use of multiple vibrators spaced
at 1-ft (0.3-m) intervals held in a mechanical system that is capable of uniformly
consolidating concrete across the entire bridge deck.

Concrete finishing methods also affect bridge deck cracking. If finishing
proceeds slowly, such as by hand, the concrete will be exposed to the environment
longer and have more of a chance to develop plastic shrinkage cracking. Excessive

finishing will bring more paste to the surface, which leads not only to increased
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cracking, but also scaling problems. Lindquist et al. (2005) reported that roller

screeds, which are used for virtually all current decks, bring more paste to the surface

than vibrating screeds, which were primarily used in the early 1980s.

1.5.5 Summary of Construction-Related Factors that Affect Bridge Deck

Cracking

>
>

Construction techniques affect bridge deck cracking;

Some contractors consistently construct bridges showing more cracks than
others;

As the maximum air temperature or daily air temperature range on the day
of placement increases, crack density increases;

Early application of wet curing and extended curing period are
recommended;

Crushed ice or other means to cool concrete should be used for hot
weather concreting;

Casting at night during hot weather placement is recommended;

The girders should be heated, and/or the concrete temperature increase due
to hydration should be controlled to minimize the temperature differential
between deck and girders for cold weather concreting;

An extended curing period is suggested during cold weather;

Excessive finishing brings more paste to the surface and causes cracking
and scaling problems;

Optimized aggregate gradations play an important role in producing

pumpable concrete with low slump and paste content.
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1.6 REVIEW OF RESTRAINED RING TESTS METHODS

Various test methods have been developed to investigate concrete shrinkage
and cracking properties, including free shrinkage tests, uniaxial restrained shrinkage
tests, and restrained ring tests. Restrained ring tests have the advantages of simplicity
and economy and have been used by many researchers. In the restrained ring test, a
concrete ring is cast around a steel ring. When the concrete shrinks in a drying
environment, the shrinkage is restrained by the inner steel ring and the strain
accumulation in the steel ring and the time for cracking are used as indices of the
cracking tendency of the concrete. Different geometries and boundary conditions of
ring specimens have been used by researchers and are reviewed in this section.

ASTM C1581-04: This test method is designed to “determine the age at
cracking and the induced tensile stress characteristics of mortar and concrete under
restrained shrinkage.” A steel ring with a wall thickness of 0.5 = 0.05 in. (13 £ 0.12
mm), an outside diameter of 13 + 0.12 in. (330 = 3.3 mm), and a height of 6.0 £ 0.25
in. (152 = 6 mm) is selected as the restraint component. A concrete ring with a wall
thickness of 1.5 = 0.12 in. (38 = 3 mm) is cast around the steel ring. A minimum of
two electrical resistance strain gages oriented in the circumferential direction are used
to monitor the strain development in the steel ring.

The shrinkage mechanisms that this test investigates are drying shrinkage,
autogenous shrinkage, and thermal stress due to the heat of hydration. The top and
bottom surfaces of the concrete ring are sealed to prevent moisture loss while the
outside circumferential surface is exposed in a dry environment [temperatures of 73.5
+3.5° F (23.0 = 2.0° C) and relative humidities of 50 + 4%]. The test results are used
to provide a relative comparison of materials and for evaluating the effects of material
variations on cracking potential and induced tensile stress, but cannot be used to
determine the cracking age of materials in any specific structure, configuration, or

exposure condition. A minimum of three test specimens is required for each material
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and test condition. The nominal maximum size of coarse aggregate is limited to
0.5 in. (12.5 mm).

Strain in the steel ring is measured and the concrete is visually inspected for
cracks during the test. Strain data are gathered at intervals not to exceed 30 minutes,
and the specimen is visually inspected for cracks at intervals not greater than 3 days.
The age at cracking is determined when a sudden decrease of the compressive strain
in the steel ring is noted. The age at cracking can be used to compare the cracking
potential of different mixes. If no crack is observed during the test period, the age
when the test is terminated is reported.

AASHTO PP 34-99 (1998): This test method is useful “for determining the
relative likelihood of early concrete cracking and for aiding in the selection of
concrete mixtures that are less likely to crack.” The steel ring used in this standard
has a wall thickness of 1/2 = 1/64 in. (12.7 £ 0.4 mm), an outside diameter of 12 in.
(305 mm), and a height of 6 in. (152 mm). The steel ring is instrumented with strain
gages that are connected to a data acquisition unit that records each strain gage
independently. A 3-in. (76-mm) thick concrete ring is cast around the steel ring. A
minimum of two specimens for each batch is required. Specimens are kept in a
drying condition at a temperature of 73.4 + 3° F (21.0 + 1.7° C) and relative humidity
of 50 + 4%. The top and bottom surfaces of the concrete rings are sealed, and the
exterior radial surface is exposed.

As in ASTM C1581, the strain in the steel ring is recorded every 30 minutes
and the time-to-cracking is determined based on an abrupt decrease in the strain
measured by one or more strain gages on the steel rings. Review of the strain
measurements and a visual inspection of the concrete ring for cracks are performed
every 2 to 3 days. The average results from the specimens cast for the same batch are

reported. If the compressive strain in the steel ring decreases gradually after initial
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increase and the concrete ring does not crack, the results are reported as “no cracking,”
and the age when the test is terminated is reported.

Krauss and Rogalla (1996): Krauss and Rogalla (1996) used restrained ring
tests to evaluate the cracking tendency of different concrete mixes. The strain in the
steel ring and the time-to-cracking were used to evaluate cracking tendency.
Concrete mixes that created less strain on the steel ring and took longer to crack were
believed to have a lower cracking tendency. A concrete ring with a 3-in. (76-mm)
radial thickness was cast around a steel ring with a 12-in. (305-mm) outside diameter,
3/4-in. (19-mm) radial thickness, and 6-in. (152-mm) height. Krauss and Rogalla
(1996) pointed out that the diameter of the steel ring affected the shrinkage restraint
provided by the ring and the larger the diameter, the more restraint would be provided.
The 12-in. (305-mm) outside diameter of the steel ring was used to provide the
approximate shrinkage restraint on a deck (such as those typically provided by large
steel girders). For each mixture, two concrete rings, five 4 x 8 in. (100 x 200 mm)
cylinders, and two 3 x 3 x 11 in. (75 x 75 x 280 mm) free-shrinkage specimens were
cast. After the ring specimens were cast, they were moved to their final testing
location (environmental chamber at 72° F (22° C) and 50% relative humidity) and
connected to strain gage monitoring equipment. The specimens were removed from
forms approximately 24 hrs after casting. The bottom form remained in place while
the top surface of the concrete ring was covered with a double layer of polyethylene
or rubber to prevent moisture loss. The strain accumulation in the steel rings was
recorded automatically every 30 minutes. The concrete rings were carefully
examined when a significant change of strain occurred. After a ring cracked, the
crack width was measured with a visual crack comparator. The time-to-cracking was
reported as the average value for the two specimens. If the compressive stain in the
steel ring decreased gradually after the initial increase, the results were reported as

“no cracking,” and the age when the test was terminated was reported.
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The concrete mixes in the study had the cement contents ranging from 470 to
846 Ib/yd® (278 to 501 kg/m®) and water-cement ratios ranging from 0.30 to 0.50.
The effects of aggregate type, mineral admixture (Class F fly ash and silica fume),
chemical admixture (air entraining agent, set accelerator, and retarders), shrinkage
compensating cement, and curing time on cracking tendency were investigated. Most
specimens cracked with typical crack widths of 0.002 in. (0.05 mm) or wider.

The average time-to-cracking age was used to compare batches of concrete.
For some batches, the cracking age of both specimens was reported. The difference
in the time-to-cracking for the two specimens for one mixture ranged from 2 to 15
days, with the average time-to-cracking age ranging from 10 to 20 days.

Some batches had unusual crack paths and compressive strain development in
the steel rings. One batch used to investigate the effect of aggregate type was cast
with the crushed limestone coarse aggregate, a cement content of 658 Ib/yd® (390
kg/m’), and a water-cement ratio of 0.44. The ring specimens showed surface cracks
of 1 in. (25 mm) deep that progressed into the central steel ring. No abrupt decrease
in compressive strain was observed, but, instead, a gradual loss of strain was recorded.
The test was continued for 280 days when the compressive strain became nearly
constant. Another batch, containing lightweight expanded shale coarse aggregate,
was also cast with a cement content of 658 Ib/yd® (390 kg/m®) cement and a water-
cement ratio of 0.44. The ring specimens exhibited large external cracks but without
a loss of compressive strain in the steel ring. A gradual change in the slope of the
compressive strain-time curve was, however, noted. This behavior was explained
based on the low modulus of elasticity of the lightweight aggregate, which resulted in
low induced compressive stress in the steel rings. When the cracks developed, the
low quantity of stored energy was only partially dissipated as the result of cracking

and was absorbed through the interlocking aggregates across the crack.
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Lange et al. (2003): Steel rings with a height of 6 in. (152 mm) and
thicknesses of 3/8, 1/2, and 1 in. (9.5, 12.7, and 25.4 mm) were used in this study.
An estimate of the stresses in concrete rings was used to estimate the performance of
the concrete due to drying shrinkage.

A model was used to estimate the stresses in the concrete rings. Two stress
distributions were superimposed in the model. The first represents the stresses caused by
different drying and, therefore, shrinkage rates through the depth of the concrete. A
drying gradient results, because the outer concrete (top and bottom surfaces on a bridge
deck and circumferential surface on a concrete ring) dries faster than the inner concrete,
causing, in turn, a shrinkage gradient through the depth of the concrete, with greater
shrinkage in the outer concrete and less shrinkage in the inner concrete. The relatively
larger shrinkage in the outer concrete is restrained by the inner concrete. As a result, the
outer concrete is placed in tension while the inner concrete is placed in compression. The
stress distribution is illustrated in Figure 1.9a for a deck slab drying from the top and
bottom surfaces and Figure 1.9b for a ring specimen drying from the

circumferential surface.

Approximate location of
top transverse reinforcing bar
Drving face
_\ Compressive,  Tensile
f
®

Siress TEs
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L . 4
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Figure 1.9 Stresses due to drying gradient: (a) stresses through the depth of a deck
slab (Durability 1970); (b) stress distributions in a concrete ring (Lange et al. 2003)
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The second stress distribution is the stress induced by the girder or the steel
ring as they restrain the volume changes of the concrete. When concrete shrinkage is
restrained by the girder or steel ring, tensile stresses develop in the concrete. This is
illustrated in Figure 1.10a for a deck slab drying from the top and bottom surfaces and
in Figure 1.10b for a ring specimen drying from the circumferential surface. For
bridge decks, the tensile stresses are greatest at the bottom where concrete is in direct
contact with the girders; for the restrained ring tests, the tensile stresses are the most
at the inner face where concrete is contact with the steel ring, decreasing outwards, as
shown in Figure 1.10b.

The superimposed effects of the two stress distributions represent the actual
stresses in the concrete. In the restrained ring tests, Lange et al. (2003) stated that at

the onset of drying, high tensile stresses develop at the outer surface of concrete, and
,(,- Deck shrinkage (exaggerated)

I" e ! -I - ..: "]- 1.. o s -1‘.? _“ _-I--p_ '-:*I'."l..‘"-l
ﬂ-
Girder restraint

Deck slab

t‘— Girder ‘H'H'QIEI

(a) (b)

Figure 1.10 Stresses due to restraint to volume change: (a) Girder restraint to volume
change (Durability 1970); (b) Steel ring restraint to volume change (Lange et al. 2003)
the tensile stresses at the inner surface are relatively low. With time, the average total
tensile stresses and the tensile stresses at the inner surface increase. Microcracking
initiates at regions of highest tensile stress.

Lange et al. (2003) investigated the effects of pozzolanic admixtures on
cracking tendency using restrained ring tests. Different combinations of cementitious

materials were tested, including 515 1b/yd® (305 kg/m®) of cement with 140 Ib/yd® (83
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kg/m®) of fly ash, 465 Ib/yd® (276 kg/m®) of cement with 145 Ib/yd® (86 kg/m?) of fly
ash and 25 Ib/yd® (15 kg/m®) of silica fume, 545 Ib/yd® (323 kg/m®) of cement with
25 Ib/yd® (15 kg/m?®) of silica fume, and 445 Ib/yd® (264 kg/m®) of cement with 90
Ib/yd® (53 kg/m?) of fly ash and 25 Ib/yd® (15 kg/m’) of silica fume. Lange et al.
(2003) could not determine the effect of pozzolans on cracking tendency and
suggested that a broader range of the pozzolans content be used in future studies.

Tritsch, Darwin, and Browning (2005): Tritsch et al. (2005) evaluated
concrete mixes using free shrinkage and restrained ring tests. The steel ring used in
this study had a wall thickness of 0.5 in. (12.7 mm), an outside diameter of 12 % in.
(324 mm), and a height of 3 in. (76 mm). In a preliminary test, a concrete ring
thickness of 3 in. (76 mm) was used, and the specimens were dried from the top and
bottom surfaces; no cracks were observed. Specimens with 2Y:-in. (57-mm) concrete
ring thickness, dried from the circumferential surface, were used for the balance of
the study. A total of 39 rings were cast, and the mixes evaluated included mortar and
concrete with low and high paste content. Only one ring cracked — 101 days after
casting. The cracked specimen was cast with a concrete mix containing a high
cement content, 729 Ib/yd® (423 kg/m®), and a low water-cement ratio, 0.37. The free
shrinkage and the strain in the gages attached to the steel ring were compared. The
analysis indicated that the free shrinkage was a weak predictor of the actual restrained
shrinkage. A steel ring thicker than 0.5 in. (12.7 mm) was recommended for future
tests to increase the restraint and promote cracking.

Gong et al. (2006): Gong et al. (2006) investigated the cracking performance
of high-performance concrete (HPC) mixtures using restrained ring tests. The tests
were performed following the AASHTO PP 34-99 (1998) restrained ring test
procedure. Two specimens were cast for each batch of concrete, and four strain gages
were used to record the strain in the steel ring. All specimens were moved to an

environmentally controlled chamber with an air temperature of 73° F (23° C) and a

48



relative humidity of 50% after they were demolded 24 hours after casting. Three
different combinations of cementitious materials were evaluated, including cement
with slag and silica fume, cement with fly ash and silica fume, and cement with
metakaolin. The effects of water-cementitious material ratio (w/cm) and type of
coarse aggregate were evaluated for each combination of cementitious material.
Water-cementitious material ratios of 0.4, 0.35, and 0.3 were investigated, and paste
contents of approximate 28%, 31%, and 33% were used for each w/cm ratio.
Limestone from two sources and gravel from two sources were evaluated. Concrete
slump was maintained in a range of 6.0 to 8.5 in. (152 to 216 mm) and the air content
was kept between 6% and 8% for all mixes using water reducers and air entraining
agents. Compressive strengths were consistently high, ranging from 6,630 to 12,470
psi (45.7 to 86.3 MPa). It was also reported that the concrete containing gravel coarse
aggregate had a lower strength than the concrete containing limestone.

Thirty five of 36 specimens cracked. The time-to-cracking indicated that the
mixtures with gravel generally cracked 2 to 8 days later than mixtures with limestone.
This was believed to be due to the lower modulus of elasticity and higher creep of the
mixtures containing gravel. It was also observed that mixes with lower w/cm ratios
cracked earlier than those with higher w/cm ratios. The higher values of the paste
content and modulus of elasticity of the low w/cm ratio mixes contributed to the
higher cracking potential. ~The differences among the three combinations of
cementitious materials were slight.

Hossain and Weiss (2006): Hossain and Weiss (2006) conducted
experimental studies to evaluate the effects of specimen geometry and boundary
conditions on the stress development and age at cracking in restrained ring tests.
Mortars made with Type I cement, water-cement ratios of 0.30 and 0.50, and a fine
aggregate volume of 50% were used. All mortar rings had an inner diameter of 12 in.

(300 mm) and a height of 3 in. (75 mm). Three series of restrained ring test specimens
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were prepared. The first series used steel wall thicknesses of 1/8, 3/8, and 3/4 in. (3.1,
9.5 mm, and 19 mm), and mortar with a constant wall thickness of 3 in. (75 mm) was
cast outside the steel rings. The second series used a steel wall thickness of 3/8 in.
(9.5 mm) and mortar thicknesses of 1.5, 3, 4.5, and 6 in. (37.5, 75, 112.5, and 150
mm). The third series was used to evaluate different boundary conditions by drying
specimens from the circumference and from the top and bottom surfaces. The
specimens were dried at 73° F (23° C) and 50% RH after demolding.

It was found that a thicker steel wall provided higher degrees of restraint and
higher interfacial pressure (interfacial pressure is the idealized pressure that develops
between mortar and steel ring, which pressurizes the inner surface of mortar ring and
outer surface of steel ring). Cracking occurred at earlier ages for specimens with
thicker steel walls. Restrained ring specimens with a thicker mortar wall cracked
later than specimens with a thinner concrete wall. The surface subjected to drying
was found to have a significant influence on the results of the restrained ring tests.
Specimens that were dried from the top and bottom exhibited higher interfacial
pressure than the specimens drying from the circumference due to the relatively
higher concrete surface/volume ratio of specimens drying from the top and bottom.
However, specimens allowed to dry from the circumferential surface cracked earlier,
perhaps due to the added restraint due to shrinkage provided by the mortar itself.

Acoustic emission (AE) tests were used to follow the development and
propagation of cracks in the specimens. In AE tests, crack formation is indicated by
an increase in the acoustic energy release rate. Interfacial pressure and acoustic
energy release rate were compared, and several relationships were observed: initially,
as the interfacial pressure between concrete and steel ring increased, the acoustic
energy release rate remained constant because no cracks developed; as the interfacial
pressure kept increasing, the interfacial pressure began to level off, and an increase of

acoustic energy release rate was observed, the latter believed to be the effect of
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microcrack formation; when microcracks localized to form a critical length of a single
crack, the interfacial pressure showed a sudden downward jump, while the acoustic
energy release rate had a sudden increase, and visible cracks formed. Acoustic
emission tests indicated that cracks initiated at the outer edge of the rings and
propagated toward the inner face when drying from the circumference, and cracks
developed in the opposite direction, which developed at inner face first and
propagated outward, for drying from top and bottom surfaces.

Subramaniam and Agrawal (2009): Subramaniam and Agrawal (2009) used
restrained ring tests to evaluate three high-performance concrete mixes for bridge
decks. The concrete ring specimens had an outside radius of 9 in. (228.9 mm), inside
radius of 6 in. (152.4 mm) and a height of 3 in. (76.2 mm). Steel rings with two
different thicknesses, 1/2 in. (12.7 mm) and 3/4 in. (19.1 mm), were used in this study.
Two specimens were cast for each test condition. Casting and finishing of the ring
specimens were completed in an environmental chamber at 86° F (30° C) and 40%
relative humidity. All specimens were demolded one day after casting and dried from
the top and bottom surfaces in the chamber.

Three concrete mixes were evaluated. The first had a w/cm ratio of 0.40 and
the cementitious materials consisted of 506 Ib/yd’ (300 kg/m’) of cement, 137 Ib/yd’
(81 kg/mS) of GGBFS (ground granulated blast-furnace slag), and 40 lb/yd3 (24 kg/m3)
of silica fume. For the specimens with the 1/2-in. (12.7-mm) thickness steel ring, one
specimen cracked at 15.9 days and the other did not crack during the 35 days of
testing. The specimens with the 3/4-in. (19.1-mm) thick steel ring cracked at 25.8
and 17.9 days. The second mix was similar to the first, except that 42 lb/yd® (25
kg/m’) of fly ash was used in place of the GGBFS and different aggregates were used.
No cracks were observed up to 60 days using either the 1/2 or 3/4-in. (12.7 or 19.1-mm)
thick steel ring. The third mix, containing 548 Ib/yd® (325 kg/m’) of blended cement
(cement and silica fume), 135 Ib/yd’ (80 kg/m®) of fly ash, and a w/cm ratio of 0.40,
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was also tested. The specimens with the 1/2-in. (12.7-mm) thick steel ring cracked at
30.6 and 21.6 days, while the two specimens with the 3/4-in. (19.1-mm) thick steel
ring cracked at 26.2 and 12.3 days.

1.7 OBJECTIVE AND SCOPE

Research during the past 40 years has addressed the causes of bridge deck
cracking, but only a small number of these findings have been applied in practice.
Starting in 2002, a pooled fund study on the construction of crack-free concrete
bridge deck was initiated at the University of Kansas to implement this knowledge in
bridge deck design and construction. Nineteen states, the Federal Highway
Administration (FHWA), the University of Kansas Transportation Research Institute,
BASF Construction Chemicals, and the Silica Fume Association have been involved
in this research. Fourteen Low-Cracking High-Performance Concrete (LC-HPC)
bridges (19 placements) have been built in Kansas. This report is part of that study
and includes the following subjects:

1. Laboratory investigation of concrete material properties

e Free shrinkage tests to evaluate the effects of curing period, water-
cement ratio, mineral admixtures, and shrinkage reducing admixtures
on free shrinkage properties;

e Evaporable water tests to correlate the quantity of evaporable and non-
evaporable water in hardened concrete with the free shrinkage
performance of the concrete (concrete mixtures with 100% Portland
cement, fly ash, slag, and a shrinkage reducing admixture are
evaluated);

e Restrained ring test to evaluate restrained ring test methods as a
function of concrete ring thickness, and investigate the cracking
potential of the concrete mixes as a function of water-cement ratio and

mineral admixtures.
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. Low-Cracking High-Performance Concrete (LC-HPC) bridge deck

construction experience

e Fourteen LC-HPC bridges have been constructed in Kansas. The
specifications and construction experience for the LC-HPC bridges are
summarized.

Crack Surveys

e Standardized crack survey procedures developed at the University of
Kansas are described. Crack survey results, including crack maps and
crack densities for all LC-HPC bridges and corresponding control

bridges, are reported through 2010.

. Evaluating bridge performances

e The crack survey results are correlated with environmental and site

conditions, construction techniques, and material properties.
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CHAPTER 2 RESEARCH PROGRAM

2.1 GENERAL

Laboratory tests were performed to investigate the cracking potential of low-
cracking high-performance concrete (LC-HPC) mixtures. The amount of evaporable
and non-evaporable water in hardened concrete was determined and correlated to the
free shrinkage performance of concrete mixtures. The procedures for free shrinkage
tests, restrained ring tests, and evaporable and non-evaporable water content tests are
described in this chapter. The materials information, including cement, mineral
admixtures, coarse and fine aggregates, chemical admixtures, mixture proportions,
fresh concrete properties, and compressive strength, are reported for each test.

Low-cracking high-performance (LC-HPC) concrete bridge decks were
constructed in Kansas. The implementation of LC-HPC techniques during the bridge
construction was recorded. The type of data that was collected during bridge
construction is summarized in this chapter, and the results are reported in Chapter 6.

Field surveys were performed for both the LC-HPC bridge decks and
corresponding control bridges. The crack survey procedures and the method to

determine the crack density of a bridge deck are introduced.

2.2 MATERIALS

This section describes the materials used to develop the LC-HPC mixtures

studied in the laboratory.

2.2.1 Cement

Type I/II portland cement meeting the requirements of the ASTM C150 for
both Type I normal portland cement and Type Il modified portland cement was used

in this study. The Type I/Il cement was obtained in eight samples over a period of
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3’ years. The cement was analyzed by the Ash Grove Cement Company Technical
Center in Overland Park, Kansas. The manufacturer, specific gravity, Blaine fineness,
X-Ray Fluorescence (XRF) elemental analysis, and Bogue composition for each

cement sample are listed in Table A.1 of Appendix A.

2.2.2 Mineral Admixtures

The manufacture, specific gravity, and chemical composition of the mineral
admixtures used in this study are listed in Table A.2 of Appendix A.

Fly ash (Class F and Class C) and Grade 120 ground granulated blast-furnace
slag (GGBFS) were used as partial replacements of portland cement. The fly ash was
obtained in five samples (No. 1 — No. 5). Class F fly ash, samples No. 1 and No. 2,
were obtained from Lafarge North America, Chicago, IL, and had a specific gravity
of 2.40. Fly ash No. 3, trade name Durapoz® F, was provided by the Ash Grove,
Louisville, NE. Durapoz”® contains added gypsum (CaSO,42H,0) and had a specific
gravity of 2.87. One batch (batch 680) was cast with fly ash No.4 (also a Durapoz”® F),
which was contaminated with about 30% cement. The batch was still used to provide
information on evaluating the restrained ring test procedure in Chapter 5. The Class C
fly ash in sample No. 5 had a specific gravity of 2.83 and was obtained from Ash Grove
Resources, LLC, Topeka, KS.

Grade 120 ground granulated blast-furnace slag (GGBFS) was obtained from
Lafarge in Chicago and had a specific gravity of 2.90.

2.2.3 Coarse Aggregates

Granite and limestone were used as coarse aggregates. Their properties are
listed in Table A.3 of Appendix A. Both aggregates are Kansas Department of
Transportation (KDOT) approved materials that were obtained from local concrete
providers. A total of ten granite samples and two limestone samples were used in this

study.

55



The sample numbers in Table A.3 are designated consecutively starting with
samples used in two previous reports (Lindquist et al. 2008 and McLeod et al. 2009), but

only the samples that are used in the current study are reported in Table A.3.

2.2.4 Fine Aggregates

Sand and pea gravel were used as fine aggregates in the mixes. KDOT
approved Kansas River sand from the Victory Sand Gravel Company in Topeka, KS,
was used. The pea gravel used in this study had the same maximum size as the
Kansas River sand [4.75 mm (No.4)] but contained more coarse particles. The pea
gravel was obtained from Midwest Concrete Materials in Manhattan, KS and is
classified as UD-1 by KDOT.

The specific gravity and gradation for the sand and pea gravel are reported in
Table A.4 of Appendix A. As for the coarse aggregates, sample numbers are
designated consecutively starting with samples included in work reported by

Lindquist et al. (2008) and McLeod et al. (2009).

2.2.5 Chemical Admixtures

Glenium®™ 3000NS, produced by BASF Construction Chemicals, was used to
produce concrete with the desired slump. Glenium® 3000 NS is a high-range water-
reducing admixture that meets the requirements of ASTM C-494 for Type A (water
reducing) and Type F (high-range water-reducing) admixtures. The solids content
ranges from 27 to 33%, and the specific gravity is 1.08.

Micro Air® from BASF Construction Chemicals was used to control the air
content of fresh concrete. Micro Air® meets the requirements of ASTM C260,
AASHTO M154, and CRS-C 13. It contains 13% solids and has a specific gravity of
1.01.

Tetraguard® AS20, a shrinkage reducing admixture, was selected for the study.

Compatible with the air entraining admixture, Micro Air”™, Tetraguard® AS20 reduces
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drying shrinkage by reducing the capillary tension of the pore water, which is a

primary cause of drying shrinkage.

2.3 MIX PROPORTIONING

Optimized aggregate gradations were used for all LC-HPC mixtures to
provide improved workability at the low cement and paste contents used for these
mixtures. The aggregate gradation was optimized by using a mix design program,
KU Mix, which was developed at the University of Kansas. A complete discussion of
aggregate optimization using the KU Mix method is discussed by Lindquist et al.
(2008).

The KU Mix program can be downloaded from the website

http://www.iri.ku.edu/projects/concrete/phase2.html.

2.4 CONCRETE MIXING PROCEDURES

Mixing procedures described in the Silica Fume User’s Manual (Holland
2005), which were developed primarily for silica fume concrete, were adapted in the
current study. The following steps were used:

1) Soak the coarse aggregates for at least 24 hours before mixing.

2) Prepare coarse aggregates in the saturated-surface-dry (SSD) condition in
accordance with ASTM C127.

3) Determine the excess free surface moisture of fine aggregates in accordance
with ASTM C70, and make corrections in the batch weights, based on the free
surface moisture contents of the fine aggregates.

4) Dampen the interior surface of the mixer and add all of the coarse aggregates
(SSD condition) and 80% of the mixing water.

5) Add silica fume, if any, to the revolving mixer, and mix for 1’2 minutes.

6) Add cement and other mineral admixtures, if used, into the revolving mixer,

and mix for 1'% minutes.
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7) Add fine aggregates and mix for 2 minutes.

8) Continue mixing the concrete for another 5 minutes, and within the 5 minutes,
add the water reducer with 10% of the mixing water in the first 1 minute,
followed by the shrinkage reducing admixture, if used, in the next minute. Add
the air-entraining admixture with the final 10% of the mixing water during the
next minute. Use liquid nitrogen, if necessary, to cool the concrete to
approximate 70° F (21° C).

9) Allow the concrete to rest for 5 minutes, and check the concrete temperature.

10) Mix for another 3 minutes, and add extra liquid nitrogen to control the
concrete temperature if needed.

11) If a shrinkage reducing admixture is used, allow the mix to rest for 30 minutes
followed by one minute of mixing to stabilize the air content.

12) Test and record the slump, air content, and temperature of the fresh concrete.
2.5 FREE SHRINKAGE TESTS

2.5.1 Test Procedures

Specimen Size:

Cold-rolled steel molds purchased from Humboldt Manufacturing Co. (Figure
2.1) were used to produce prisms with dimensions of 3 x 3 x 11% in. (76 x 76 x 286
mm). Gage studs were embedded at both ends, providing a gage length of 10 in. (254
mm) (Figure 2.2).

Casting:

Three specimens were cast for each test condition. The concrete was placed
in the free shrinkage molds in two layers of approximately equal depth. After each
layer of concrete was filled, the concrete was consolidated on a vibrating table with

an amplitude of 0.006 in. (0.15 mm) and a frequency of 60 Hz for 20 to 35 seconds.
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After the consolidation of the second layer, the extra concrete was struck off using a

2 x 5% in. (50 x135 mm) steel screed to get a smooth, flat surface.

Figure 2.1 Free Shrinkage Molds [Tritsch et al. (2005)]

Gage Studs

-— 101n.

11.25 in.

Figure 2.2 Free Shrinkage Specimens [Tritsch et al. (2005)]

Demolding and Curing:

After casting, the specimens were initially cured by covering the top surface
with 6 mil (152 pm) Marlex® strips and wrapping the top and sides of each mold with
3.5 mil (89 um) plastic sheets. The prisms were covered in a series of three using a

Vs-in. (12.7-mm) thick piece of Plexiglas®.
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The specimens were demolded 23’2 + 2 hours after casting, and initial
measurements were taken. The specimens were then cured in lime-saturated water

prepared in accordance with ASTM C511.

Drying:

At the end of the curing period, the specimens were moved to an
environmentally controlled chamber held at 73 + 3° F (23 + 2° C) and a relative
humidity of 50 + 4%. The specimens were maintained in this drying environment for

a period of 365 days.

Data Collection:

Free shrinkage measurements were taken using a mechanical dial gage length
comparator, as shown in Figure 2.3. The comparator has an accuracy of at least of

0.0001 in. (0.00254 mm) and a total range of 0.4 in. (10 mm).

Figure 2.3 Mechanical Dial Gage Length Comparator

Readings were taken when the specimens were demolded and when the
specimens were first subjected to drying. Subsequent readings were taken every day
for the first 30 days, every other day between 30 and 90 days, once a week between
90 and 180 days, and once a month between 180 and 365 days.
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2.5.2 Test programs

Free shrinkage tests included three test programs. The effect of curing period,
fly ash, and a shrinkage reducing admixture (SRA) on free shrinkage were evaluated.
Three specimens for each test condition were cast.

Free shrinkage specimens along with strength cylinders [4 x 8 in. (100 x 200
mm)] were cast immediately after the slump and air content tests were completed for
each batch of concrete. All specimens for the free shrinkage tests were cast with
concrete having a slump of 3 £ 1 in. (75 £ 25 mm), an air content of 8.4 £ 0.5 %, and
a concrete temperature of 70 + 3° F (21.1 = 1.7° C) to minimize the influence of

these parameters on free shrinkage performance.

2.5.2.1 Program I (Curing Period)

The effect of curing period on free shrinkage was investigated in Program L.
Specimens were cured for 7, 14, 28, and 56 days. Four sets of concrete mixtures were
cast, including two control batches with a water-cement ratio of 0.45 and a cement
content of 535 Ib/yd” (317 kg/m’) and two fly ash batches with a cement replacement
of 40% by volume using Class F fly ash and Class C fly ash. The fly ash batches
were designed to have the same water-cementitious materials (w/cm) ratio (0.45) and
the same paste content (24.37% by volume) as the control batches. All batches were
cast with granite as the coarse aggregate.

The mixtures are summarized in Table 2.1. The detailed mixture proportions

and concrete properties are presented in Table A.5 of Appendix A.

Table 2.1 Free Shrinkage Tests: Program I Test Matrix'

Designation | w/cm Cemen3t Congent Fly AS!I Congent Paste Content Batch
Ib/yd” (kg/m’) Ib/yd” (kg/m’) % by volume  Number
Control 1 0.45 535 (317) - 24.37 514
40%FA-F 0.45 340202 () 173 (103) 24.37 530
40%FA-C’ 0.45 340 (202) 173 (103) 24.37 557
Control 2 0.45 535(317) -- 24.37 561

1. Cured for 7, 14, 28, or 56 days. 2. Class F fly ash. 3. Class C fly ash.
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2.5.2.2 Program II (Fly Ash and SRA)

The combined effects of fly ash and shrinkage reducing admixture (SRA) on
free shrinkage were investigated in Program II. All batches were cast with 0.64
gallon/yd® (3.2 L/m’) of SRA. The control batch had a cement content of 535 1b/yd’
(317 kg/m’) and a wi/c ratio of 0.42. The comparison batches had fly ash
replacements of 20% and 40% of cement by volume while maintaining the same
w/cm ratio and paste content as the control batch. The fly ash was Durapoz® Class F
(0.97% gypsum by weight), and granite was used as the coarse aggregate. The
specimens were cured for 7 or 14 days.

The mixtures are summarized in Table 2.2, and the detailed mixture

proportions and concrete properties are presented in Table A.6 of Appendix A.

Table 2.2 Free Shrinkage Tests: Program II Test Matrix'

Cement Fly Ash Paste Batch
Designation w/cm Content Content Content Number
Ib/yd® (kg/m’)  Ib/yd® (kg/m’) % by volume v
Control +SRA 0.42 535 (317) - 23.42 480
20%FA*+SRA 0.42 433 (257) 97 (56) 23.42 482
40%FA*+SRA 0.42 329 (195) 197 (117) 23.42 484

1. Cured for 7 or 14 days. 2. Durapoz® Class F fly ash.

2.5.2.3 Program III (SRA)

Program III examined the effect of a shrinkage reducing admixture (SRA) on
free shrinkage. Two SRA dosage rates, 0.32 gallon/yd® (1.6 L/m’) and 0.64
gallon/yd’® (3.2 L/m’), were investigated with batches containing either 100% cement
or 60% cement and 40% Class F fly ash by volume. The batches with 100% cement
had a cement content of 540 1b/yd® (320 kg/m’) and a w/c ratio of 0.44. SRA dosage
rates of 0, 0.32, and 0.64 gallon/yd® (0, 1.6, and 3.2 L/m”), equivalent respectively to
0, 0.5, and 1% by mass of cement, were used. The fly ash batches had the same w/cm

ratio and paste content (24.12%) as the batches with 100% cement. Three batches
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were repeated, as shown in Table 2.3, to check the repeatability of the test results.
Granite was used as the coarse aggregate. The specimens were cured for 14 days.
The mixtures are summarized in Table 2.3, and the detailed mixture

proportions and concrete properties are presented in Table A.7 of Appendix A.

Table 2.3 Free Shrinkage Tests: Program III Test Matrix'

Cement Fly Ash Paste SRA

Designation wicm  Content  Content Content gallon/yd® Batch

3 3 0
({;bg//yn(i3) ({;bg//yn(i3) V(fl)l})gle (L) Nmber
Control 0.44 540 (320) - 24.12 0 (0) 587
Control+0.32SRA | 0.44 540 (320) - 2412 032(1.6) 588
Control+0.64SRA | 0.44 540 (320) = 2412 0.64(32) 590
40%FA 0.44 341 (202) 173 (103)  24.12 0(0) 601

40%FA+0.32SRA | 044 341(202) 173(103) 24.12  0.32(1.6) 605

40%FA+0.64SRA 0.44  341(202) 173 (103) 2412 0.64(3.2) 594

Control+0.32SRARY) | 0.44 540 (320) - 2412 0.32(1.6) 6125(§68F)’eat
40%FA+0.64SRA(R?) | 0.44 = 341(202) 173(103) 2412  0.64(3.2) 5955(;Zf;eat
40%FA+032SRARY) | 0.44 341 202) 173(103) 2412 032(1.6) 6106(3?)’6”

1. Cured for 14 days. 2. Batches were repeated to check the repeatability of the test results.

2.6 EVAPORABLE AND NON-EVAPORABLE WATER CONTENT TESTS

Concrete shrinkage is related to water loss. A test procedure was developed in
this study to evaluate the amount of evaporable and non-evaporable water in hardened
concrete, and to investigate the relation between the amount of evaporable water and

free-shrinkage performance of concrete.

2.6.1 Test Procedures

Free shrinkage specimens, 3 X 6 in. (75 x 150 mm) cylinders for evaporable
and non-evaporable water content tests, and 4 x 8 in. (100 x 200 mm) strength

cylinders were cast at the same time for all the batches.
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The free shrinkage tests were performed using the procedures described in
Section 2.4. In additional, weight loss due to evaporation was determined by weighing
the free shrinkage specimens every time when free shrinkage readings were taken.

Strength tests were performed in accordance with ASTM C31 at 28 days.

The procedures developed in this study to evaluate the amount of evaporable

and non-evaporable water were as follows.

Specimen Size:

Three 3 x 6 in. (75 x 150 mm) cylinders for each test condition were cast to

investigate the amount of evaporable and non-evaporable water.

The concrete was placed in 3 X 6 in. (75 x 150 mm) cylinders in two layers of
approximately equal depth. Each layer was rodded with a rounded end, 3/8 in.
(10 mm) diameter rod 25 times and then tapped 10 to 15 times with a mallet, as
prescribed for strength specimens. The upper surface was struck off to obtain a

smooth surface.

Demolding and Curing:

After casting, the specimens were initially cured by wrapping the top surface
of the molds in two layers of 3.5 mil (89 pum) plastic.

The specimens were demolded 23’ + 2 hours after casting. The cylinder
surface was then placed in the saturated surface dry (SSD) condition by rinsing the
cylinder to wet the surface, followed by drying with a dry towel. The weight of the
SSD concrete specimens was recorded and designated as Wyepoid cytinger,ssp- In the
preliminary tests, cylinder weights at demolding were not taken.

The specimens were then cured in lime-saturated water in accordance with

ASTM C511.
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Crushing:
At the end of the curing period (designated curing period £ 1 hour), the

cylinders were removed from the lime-saturated water. The cylinders were placed in
the SSD condition in four steps: (1) the cylinder was rinsed to eliminate any lime that
may have been deposited on the surface; (2) any water that may have been trapped in
the air voids at the surface of the cylinder was dried using pressurized air; and (3) the
cylinder surface was re-wet with a damp towel; and (4) the surface was dried with a
dry towel to place it in a surface dry condition. In the preliminary tests, the surface
was either prepared in an air-dry condition or with a wet surface that had extra water
left in the air voids. The weight of the SSD concrete specimens at the end of curing
was recorded and designated as Weyyeq cytinder,ssp-

The concrete cylinders were then crushed to a particle size approximately equal
to the original coarse aggregate size in two steps: first the cylinders were broken with a
compression machine into large size pieces; these pieces were then crushed into smaller
size particles with a sledge hammer. The two steps are shown in Figure 2.4. The
weight of the crushed sample was recorded and designated as W,y eq crusheassp- 1he
surface of the containers used in the test were rinsed and then dried before use.
Crushing and weighing were completed within 10 minutes to minimize moisture loss.

The difference between Weyreq cytinder,ssp @A Weyred crushed,ssp Was recorded as

the weight loss during the crushing operation.
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First Step Second Step

Figure 2.4 Crushing cylinders in two steps

Oven Drying:

The crushed sample was placed in an oven at 221° F (105° C) for 24 + 0.5
hours, and then removed from the oven and allowed to cool for about 15 minutes at
room temperature. After this cooling period, the weight Weyred crushea,op Was

recorded.

Ignition Loss:

The oven dry sample was then ignited at 1922° F (1050° C) in a furnace.
When the oven dry sample could not be tested immediately, the sample was put in a
zip-lock plastic bag with a minimum amount of air left in by pressing most air out,
and then placed in a freezer at 0° F (-17.8° C).

A high temperature furnace produced by Thermolyne Thermo Scientific,
shown in Figure 2.5, was used for the ignition test. The furnace was set to raise the
temperature from 86° F (30° C) to 1922° F (1050° C) in 5 hours, remain at 1922° F
(1050° C) for 2 hours, and then cool down to 86° F (30° C) in another 5 hours. The
ignition test was run in a nitrogen atmosphere, free of CO,. Extra-dry nitrogen with a

minimum purity of 99.99% (LW 415 produced by Linweld, Inc.) was used.
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The weight of the sample after ignition was recorded as Weyryshed, furnace-

A summary of the test procedures is presented in Figure 2.6.

Figure 2.5 High Temperature Furnace

2.6.2 Calculation of Non-Evaporable Water Content

Each solid component (in oven dry condition) in the mixture, including the
coarse and fine aggregates and cement, has a weight loss after ignition. The ignition
loss rate of these components is determined first using samples of the component.
Later when the amount of non-evaporable water is calculated as the total ignition loss
of concrete samples, the ignition loss of each component is subtracted from the total
loss. The ignition loss of each component, expressed as a fraction of oven dry and

ignited weights, are respectively calculated as

Wobp,component — W furnace,component (2_1)

!
I fr.component
WOD,component

Wop,component — W furnace,component (2 _2)

I fr.component =
W furnace,component
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Casting

Cast three 3 x 6 in. (75 x 150 mm) cylinders for each test condition.

Demolding and Curing

Demold at 24 + 0.5 hours after casting, and place cylinders in the
saturated surface dry (SSD) condition. Record the weight of each

cylmder, Wdemold,cylinder,SSD.

Cure the cylinders in lime-saturated water for designated period.

Crushing

!

Remove cylinders from lime-saturated water at end the designated
curing period = 1 hour. Place cylinders in the SSD condition and
record the weight, wcured,cylinder,SSD.

Crush cylinders (SSD condition) to original coarse aggregate size,
weigh crushed sample, Weyred crushed,ssp (finish within 10 minutes).

Oven Dry

!

Dry the crushed sample at 221° F (105° C) for 24 £+ 0.5 hours.
Remove from oven, cool for 15 minutes at room temperature, and

record weight, W cured,crushed,0D .

Ignition Loss

:

Burn the sample at 1922° F (1050° C) for 2 hours in a nitrogen
atmosphere (free of CO,).

Measure final weight of the sample, Weryshed furnace.

Figure 2.6 Summary of Evaporable and Non-Evaporable Water Content Test Procedures
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where

WD, component = Weight of a sample component after oven drying

W furnace,component = Weight of a sample component after ignition.

The quantity of evaporable water, expressed as a ratio to the cementitious
material content, can be calculated as the difference between the amount of mix water
and the amount of non-evaporable water normalized with respect to the weight of the
cementitious material. The equivalent determination for non-evaporable water is
presented first. Based on the data collected during the test, the non-evaporable water

content normalized with respect to the cementitious material content is

W, Wured,crushed,0D — Wcrushed,furnace - Z Wignition loss,component
— = (2.3)
cm (Wcrushed,furnace +2 wignition loss,component) X Mfr,cm,OD

where

j = non-evaporable water-cementitious material ratio

Wcured.crushed,op = Weight of the crushed sample that has finished curing and oven
dried for 24 &+ 0.5 hours at 221° F (105° C)

W crushed furnace = Weight of the crushed sample after 2-hour ignition at 1922° F
(1050° C)

M, cmop = weight fraction of cementitious materials of all solid materials in the
mixture in oven dry condition by weight, which is calculated as

Wem (2.4)

component,0D

Mfr,cm,OD = 3

W, = weight of cementitious materials in the mixture based on yd® or m’

Wcomponent,op = oven dry weight of each solid component in the mixture based on

yd® or m’
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Wignition loss,component — 1g0ition loss of each solid component in the crushed sample,

which is calculated as

Wignition loss,component — Wcrushed,furnace X Mfr,component,ignited X Ifr,component

(2.5)

M, component,ignitea = Weight fraction of a component in the mixture, based on

Wcomponent, furnace

ignited weight, =

% Wcomponent,furnace

W component,furnace — ignited weight of a component in the mixture based on

3 3 _ i
yd” orm’, = Wcomponent,0D X a-1I fr,component)-

2.6.3 Calculation of Evaporable Water Content

The quantity of evaporable water in the cement paste constituent of concrete
can be calculated in two ways based on the test data. In the first, it is equal to the
difference between the original mix water and the non-evaporable water in the cement
paste and is designated as w,; the calculation for w, is presented in Section 2.6.3.1.
In the second, it is equal to the difference in the weight of the concrete when the
specimens are demolded 24 hours after casting and the weight after curing is complete
and subsequently oven dried at 221° F (105° C), adjusted to account for the water lost
from the initially saturated surface dry (SSD) aggregate, and is designated as w',; the
calculation is presented in Section 2.6.3.2. Because the total water in cement paste
increases over time when cement paste is maintained in a saturated condition, the
quantity of evaporable water is also determined based on the total water in the cement

paste after curing, designated as w;; the calculation is presented in Section 2.6.3.3.
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2.6.3.1 Evaporable Water Content as the Difference between the Amount of

Original Mix Water and non-Evaporable Water, w,

The evaporable water within the paste constituent of concrete, calculated as
the difference between the original mix water (based on the original mixture
proportions) and the non-evaporable water in the cement paste, is designated as w,.

The evaporable water-cementitious material ratio w, /cm is calculated as

We W, Wy (2.6)

cm cm cm
where
':—1; =evaporable water-cementitious material ratio based on the difference between the
original mix water and the non-evaporable water in the cement paste

j = original water-cementitious material ratio based on mixture proportions

:’T: = non-evaporable water-cementitious material ratio based on test [Eq. (2.3),

Section 2.6.2].

2.6.3.2 Evaporable Water Content as the Quantity Lost During Oven Drying, not
including Water Absorbed by the Cement Paste during Curing, w',

The evaporable water in the paste constituent of concrete, based on the
quantity of water lost during oven drying, is designated as w',. It is equal to the
difference in the weight of the concrete at demolding (i.e., after 24 hours of curing)
and the weight after the curing period has been completed and the specimen has been
oven dried, and adjusted to account for the water lost from the aggregate. Because it
is based on the weight of concrete at demolding, rather than at the end of curing
period, it does not include water absorbed by the cement paste during curing. The

evaporable water-cementitious material ratio w', /cm is calculated as
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W, Wdemold,cylinder,SSD — Wcured,cylinder,0D — Z Woven dry loss,aggregate (27)

cm Wdemold,cylinder,SSD X Mfr,cm,SSD

where

‘:—1: = evaporable water-cementitious material ratio based on the quantity of water lost

during oven drying, not including water absorbed by the cement paste during curing

W demold,cylinder,ssp— Weight of concrete cylinder at initial removal from the cylinder

mold in the saturated-surface-dry (SSD) condition

W cured,cylinder,op = €quivalent weight of cured concrete cylinder that has been oven

dried for 24 + 0.5 hours at 221° F (105° C). Due to loss of material during crushing

and transferring of materials between different containers, there is always some

weight difference between the original cylinder and crushed sample weights. The

equivalent weight of the oven-dry cylinder, accounting for losses during the crushing

operation, can be calculated based on the weight of oven-dry crushed samples as
Weured,cylinder,SSD (2.8)

wcured,cylinder,OD = X Wcured,crushed,OD
Wcured,crushed,SSD

where

Weured,cylinder,ssp = Weight of the cylinder after curing with the cylinder is placed in
the SSD condition

Wcured.crushed,ssp = weight of the crushed sample from the cured cylinder in SSD
condition. Note that Weyred crushed,ssp 15 lower than the true value at the end of
curing due to water lost during crushing and transferring to the oven. The water loss
increases the calculated value of Weyreq cytinder,op 10 Eq. (2.8), which in turn causes a
lower value of w',/em in Eq. (2.7). More discussion is presented in Chapter 4.
Wcured.crushed,op = Weight of the crushed sample after oven drying for 24 + 0.5 hours

at 221° F (105° C)
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Woven dry loss,aggregate — Water lost from aggregate component from SSD condition

during oven drying,
= Wdemold,cylinder,SSD X Mfr,aggregate,SSD X abSorptlonfr,aggregate,SSD

where

Mg, aggregatessp = aggregate component (SSD condition) as a weight fraction of all

w,
components = ——297egate350

Z chmponent,SSD

Waggregatessp = Weight of aggregate component in SSD condition in the mix based
on yd® or m’

W component,ssp = Weight of each component in the mix based on yd3 orm’, including
cementitious materials, aggregates in SSD condition, and mixing water.

absorptiony, qggregatessp 18 computed as a fraction by subtracting the oven-dry

weight from the saturated-surface-dry weight of the aggregate, and dividing by the

saturated-surface-dry weight.

M, cm ssp = cementitious materials as a weight fraction of all components (cementitious

materials, aggregates in SSD condition, and mixing water based on yd® or m’).

Wem (2.9)

component,SSD

Mfr,cm,SSD = Z W

2.6.3.3 Evaporable Water Content as Quantity Lost during Oven Drying, based
on Total Water Content at the End of Curing, w,

When the quantity of evaporable water is calculated based on the total water
in the cement paste in specimens after curing, the corresponding evaporable water is
designated as w,. The evaporable water-cementitious material ratio w,/cm is

calculated as follows.

WZ Wured,cylinder,s$SD — Wcured,cylinder,0D — Z W ven dry loss,aggregate (2. 1 0)

cm Wdemold,cylinder,SSD X Mf,cm,SSD
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where

We

= evaporable water-cementitious material ratio, based on total water content of the

cement paste after curing

The calculation of w; /cm is identical to the calculation of w;/cm, except that
the weight of concrete after curing, Weyreq cytinger,ssp» 18 used in Eq. (2.10) in place of

the weight of concrete at demolding, Waemoia,cytinger.ssp» in Eq. (2.7).

2.6.4 Total Water Content in the Cement Paste at the End of Curing

The total water content in the paste constituent of concrete at the end of curing
is determined as the summation of the non-evaporable and evaporable water
(including water absorbed by the paste during curing). Because the weight of the
cylinders at demolding [needed for the calculations in Eq. (2.10)] was only measured
for two concrete mixtures, an alternative method is needed to calculate the evaporable
water content lost during oven drying based on the total water content at the end of

curing. That alternative is based on the weight of the cured, crushed material.

WZ* _ Wcured,crushed,SSD - Wcured,crushed,OD - Z Woven dry loss,aggregate (2 1 1)
cm (Wcrushed,furnace +2 Wignition loss,component) X Mfr,cm,OD
where

’

Woven dry loss,aggregate

= water lost from aggregate component from SSD condition
during oven drying,

:(Wcrushed,furnace + Z Wignition loss,component) X Mfr,cm,OD X abSorptionfr,aggregate,OD
My, aggregateop = aggregate component (oven dry condition) as a weight fraction of

. w
all solid components = _—249regate0b

component,0D

Waggregate,op = Weight of aggregate component in oven dry condition in the mix

based on yd® or m’
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absorption, ,ggregate,op 1S computed as a fraction by subtracting the oven-dry weight
from the saturated-surface-dry weight of the aggregate, and dividing by the oven-dry
weight.
The same denominator as in Eq. (2.3), which is the equation for w,,, is used in
Eq. (2.11). The difference between w, /cm and w;*/cm is within 0.002 (Chapter 4) .
The total water-cementitious material ratio w; /cm is calculated as

W we wy (2.12)

cm cm cm

As mentioned in Section 2.6.3.2, Weyreq crushea,ssp 1S lower than the actual
value due to water lost during crushing and transferring to the oven. Therefore,
wg*/ecm [Eq. (2.11)] is lower than the actual value, which, in turn, causes lower value

of w,/cm [Eq. (2.12)]. The results of w;/cm are presented in Chapter 4.

2.6.5 Test Programs

A total of nine batches were cast in the evaporable and non-evaporable water
content test series. The concrete mixtures included those containing 100% cement,
those with partial replacements of cement with fly ash or slag cement, and those
containing a shrinkage reducing admixture (SRA).

Three 3 x 6 in. (75 x 150 mm) cylinders and three free shrinkage specimens
were cast for each test condition immediately after the slump and air content tests were
completed. All specimens were batched with concrete having a slump between 1.5 and
3 in. (40 and 75 mm), an air content of 8.4 + 0.5 %, and a concrete temperature of 70 +
3° F (21.1 + 1.7° C), except for two batches cast with fly ash, batches 666 and 677,
which had slumps of 6.25 in. (160 mm) and 6.5 in. (165 mm), respectively, without
adding a water reducer. To keep all other factors the same as other mixtures, including
the paste content, w/cm ratio, similar aggregate optimization, and air content range, the

fly ash concrete had to be cast with high slump.
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2.6.5.1 Preliminary Tests

The preparation of the cylinder surface influences the amount of water that
evaporated during the oven drying process, but has no effect on the ignition loss of
the oven-dry concrete samples. In the preliminary tests, the specimen surfaces were
either air dry or wet, with water left in the air voids. In addition, the weights of the
cylinders at demolding and the free shrinkage specimens were not recorded.

Four batches were cast in the preliminary tests, including two control batches
(extra control batch was used to check repeatability), one batch with fly ash, and one
batch with slag cement as s partial replacement for portland cement. The control
batches had a w/c ratio of 0.44 and a cement content of 540 Ib/yd’ (320 kg/m’), giving
a paste content of 24.12%. The fly ash batch had a cement replacement of 40% by
volume with Class F fly ash, with the same w/cm ratio and paste content as the
control batches. The slag batch had a cement replacement of 60% with slag cement
by volume, with the same w/cm ratio and paste content as the control batches. All
batches were cast with granite as the coarse aggregate. Specimens were cured for 1, 3,
7, or 28 days.

The mixtures are summarized in Table 2.4, and the detailed mixture

proportions and concrete properties are presented in Table A.8 of Appendix A.

Table 2.4 Evaporable and Non-Evaporable Water Content Tests: Preliminary Test Matrix'

Cement Fly Ash GGBFS Paste Batch
Designation | w/cm Content Content Ib/yd® Content Numb
Iblyd® (kg/m’)  Iblyd® (kg/m®)  (kg/m’) % by volume - Per
Control 1 0.44 540 (320) -- - 24.12 662
Control 2 0.44 540 (320) -- - 24.12 664
FA1 0.44 341 (202) 173 (103) - 24.12 666
Slag 1 0.44 223 (132) -- 304 (180) 24.12 667

1. Cured for 1, 3, 7, or 28 days.

2.6.5.2 Evaporable and Non-Evaporable Water Content Tests

The methods for specimen preparation are described in Section 2.6.1.
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Five batches were cast, including one control batch, one fly ash batch, two
slag batches, and one SRA batch. The control, fly ash, and slag batches had the same
mixture proportions as the batches in the preliminary tests (Section 2.5.4.1). The
SRA batch had the same mixture proportions as the control batch, except that 0.64
gallon/yd’® (3.2 L/m®) of SRA (equivalent to 1% of cement by weight) was used. The
specimens were cured for 3, 7, 14, or 28 days.

The mixtures are summarized in Table 2.5, and the detailed mixture

proportions and concrete properties are presented in Table A.9 of Appendix A.

Table 2.5 Evaporable and Non-Evaporable Water Content Tests: Test Matrix'

Cement Fly Ash GGBFS Paste Batch
Designation | w/cm Content Content Ib/yd’ Content Number
Ib/yd® (kg/m®)  Iblyd® (kg/m’)  (kgm®) % by volume O
Slag2 | 044 223 (132) - 304 (180)  24.12 676
FA 2 0.44 341 (202) 173 (103) -- 24.12 677
Control 3 0.44 540 (320) - -- 24.12 678
Slag 3 0.44 223 (132) = 304 (180)  24.12 681
SRA’ 0.44 540 (320) - -- 24.12 683

1. Cured for 3, 7, 14, or 28 days. 2. Shrinkage reducing admixture (SRA) dosage of 0.64 gallon/yd’
(3.2 L/m>) (equivalent to 1% by weight of cement).

The free shrinkage specimens for the Slag 3 batch and SRA batch (batches
681 and 683), and the 28-day cured free shrinkage specimens for the FA 2 batch and
Control 3 batch (batches 677 and 678) were weighed each time the free shrinkage
readings were taken. The free shrinkage readings were taken every day for the first
30 days, every other day between 30 and 90 days, once a week between 90 and 180

days, and once a month between 180 and 365 days.

2.7 RESTRAINED RING TESTS

In restrained ring tests, concrete is cast around a steel ring that resists the free
shrinkage of the concrete. The compressive strain accumulation in the steel ring is

monitored using strain gages that were attached to the inside surface of the ring. The
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occurrence of a crack in the concrete is normally indicated by a sudden decrease of
the measured compressive strain in the steel. The steel and concrete rings and the
data acquisition system are described in this section. The test procedures including
casting, curing, and drying practices are also introduced. Concrete mixtures were

evaluated in six test programs that are summarized in this section.

2.7.1 Experimental Equipment

Steel Ring Dimensions

A steel ring with an outside diameter of 12.01 £ 0.01 in. (305.05 + 0.25 mm),
a thickness of 1.05 + 0.05 in. (26.67 = 1.27 mm), and a height of 6.25 + 0.05 in.
(158.75 £ 1.27 mm) was used.

Concrete Ring Thickness

The thickness of the concrete ring influences the time-to-cracking of a
concrete mixture. Different concrete ring thicknesses were evaluated, including 2.5
in. (64 mm), 2 in. (50 mm), 1.5 in. (38 mm), and 1.125 in. (29 mm). The steel ring

with the outside mold is shown in Figure 2.7.

Data Acquisition System

CEA-06-250 UW-120 strain gages from Vishay-Measurements Group, Inc.
were used to instrument the steel rings. Four strain gages were attached on the inside
surface of a ring. The strain gages were spaced at the mid-height of the ring and
evenly spaced around the circumference (Figure 2.8). After the strain gages were
attached, a layer of M-Coat A (Vishay-Measurements Group, Inc.) and then a layer of
wax were used to protect the strain gages from moisture while the concrete was wet-
cured. Another layer of Marin Goop (an adhesive sealant) was used on the outside of

the wax to prevent mechanical damage to the wax.
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Figure 2.8 Strain Gage Alignments

A National Instrument Corp. data acquisition (DA) system was used. The

system included a SCXI 1600 DAQ device, SCXI 1001 chassis, SCXI 1520 modules,
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and SCXI 1314 terminal blocks. The DA system was programmed using Labview
software to automatically record readings. The compressive strain was recorded once
every 30 minutes in this study.

The DA system can be connected to Wheatstone bridge sensors in quarter,
half, or full bridge configurations. Both half and quarter-bridge configurations were
used at different times in the test. In the half-bridge configuration, two strain gages
were connected in series to act as one sensor, as shown in Figure 2.8. The four stain
gages on the steel ring acted as two equivalent active sensors and were monitored in a
half-bridge configuration. As a result, only one strain reading was obtained from the
four strain gages at a time. In the quarter-bridge configuration, the strain gages on the
steel ring were monitored by four separate quarter bridges. Four strain readings were
obtained at time.

While the half-bridge configuration lowers the number of Wheatstone bridges
needed to monitor a ring specimen, it only provides an average result for the two pairs
strain gages. If cracks in the concrete are wide and deep enough that the four strain
gages note the same release of compressive stress around the steel ring, then the
sudden change of compressive strain in the half-bridge configuration is the same as it
would be using the quarter-bridge configuration. Otherwise, if only part of the
compressive stress is released (as was the usual case), then the strain gage that is
nearest to the crack senses the highest strain release, while the other strain gages
sense less. In the case of a partial release in stress, the strain change upon crack
formation in the half-bridge configuration is lower and less obvious than it is in the
quarter-bridge configuration.

To compensate for the influences of temperature on the strain readings,
reference rings, which were bare steel rings, were monitored at the same time and in

the same environment as the ring with the test specimens. Strain results for concrete
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ring specimens are reported as the difference between the strain readings of the test

specimens and the average strain readings of the reference rings.

2.7.2 Test Procedures

Free shrinkage specimens, concrete ring specimens, and 4 x 8 in. (100 x 200
mm) strength cylinders were cast at the same time for the tests in Programs I, 11, III,
and IV, and Program V set 1 (see Section 2.7.3). Only concrete ring specimens and
cylinders were cast for the mixtures in Program V sets 2 and 3 and Program VI (see
Section 2.7.3).

The free shrinkage tests were performed using the procedures described in
Section 2.4. Strength tests were performed in accordance with ASTM C31.

The procedures used for the restrained ring tests are presented in the following

sections.

Casting

The concrete was placed in the ring molds in two layers of approximately
equal depth, with each layer rodded 75 times using a rounded end rod [diameter 3/8 in.
(10 mm)]. The concrete was then consolidated on a vibrating table with an amplitude
0f 0.006 in. (0.15 mm) and a frequency of 60 Hz for 30 to 40 seconds. Extra concrete

was struck off to get a smooth surface.

Demolding and Curing

After casting, the specimens were initially cured by covering the top surface
with one layer of 3.5 mil (89 um) plastic sheets, followed by two layers of wet burlap
and another layer of plastic outside. Due to the large area of the top surface of the
specimen, the application of the wet burlap helps to prevent the top surface from drying.

The specimens were demolded at 23’2 + ' hours after casting. During

demolding, the specimen surface was kept wet by using a wet sponge.
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The specimens were then cured either with wet burlap or in a moist room
(complying with the requirements of ASTM C 511) for a designated period. For
specimens cured with wet burlap, the specimens were wrapped with at least two
layers of burlap and enclosed using a layer of plastic sheeting around. The burlap

was checked daily and water was added, as necessary, to keep the burlap wet.

Drying

The concrete rings was allowed to dry from circumferential surface by
covering the top and bottom surfaces with foil tape, as shown in Figure 2.9. This
drying regime was varied in Program VI, when the specimens were allowed to dry
from both the circumferential and top and bottom surfaces.

Different drying conditions were evaluated. Most specimens in this study
were dried in an environmentally controlled chamber at 73 + 3° F (23 £ 2° C) and a
relative humidity of 50 = 4%. For Program V set 3, the specimens were dried in an
environmentally controlled chamber at 73 + 3° F (23 + 2° C) and a relative humidity
of 40 + 4%., and in program VI, the specimens were dried at 86 = 3° F (30 £ 2° C)

and a relative humidity of 14 + 4%.

— -

Figure 2.9 Ring Specimen under Drying
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Visual check and crack map

The strain accumulation in the steel ring was checked daily. If a sudden strain
release was observed, the concrete rings were inspected carefully for cracks. Routine
visual checks for cracks were performed every 2 to 3 days. In the early tests
(Programs I, II, and III), visual checks were completed with the naked eye, while a
hand-held magnifier was used in Programs IV, V, and VI.

Once a crack was located, the date and crack width were recorded. A crack
map (Figure 2.10), indicating crack width and crack path, was used to document the

cracks. The results are presented in Chapter 5.

rai o
strain gage top surface (sealed with foil tape)

7

O~

— Drysurface — O

o |

AY

Bottom surface (sealed with foil tape)

Figure 2.10 Ring Tests Crack Map (strain gages are on the inside surface of the steel ring)

2.7.3 Test Programs

A total 79 concrete ring specimens were cast in 25 batches, representing six
programs in which different concrete ring thicknesses and drying conditions were evaluated.
A minimum of three ring specimens were cast for each test condition
immediately after the slump and air content tests were conducted. All concrete mixtures

in Programs L, II, 11, and IV had a slump of 3 + 1 in. (75 + 25 mm) and an air content of
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8.4 + 0.5 %, with the exception of batch 566 in Program IV, which had a slump of 4.25 in.
(110 mm), and batches 485 and 496, representing KDOT concrete, which had slumps of
6.0 in. (150 mm) and 7.0 in. (180 mm), respectively. Many mixtures in Programs V and
VI had a higher paste content than those in Programs I, I, III, and IV, and the slumps of
these mixtures were high without adding a water reducer. Mixtures with a wider range of
slumps and air contents were used in Programs V and VI. Concrete temperatures at the
time of casting were not controlled in Programs I and II and were influenced by the air
temperature, while concrete temperatures were maintained at 70 £ 3° F (21.1 £ 1.7° C) in
Programs 111, IV, V, and VI, except for batches 651 and 652 in program V set 2, which
had temperatures of 77° F (25° C) and 75° F (24° C), respectively. Fresh concrete
properties are presented in Table A.10 through Table A.16 of Appendix A.

2.7.3.1 Program I [2.5 in. (64 mm) concrete ring|

The concrete in first series of restrained rings was 2.5 in. (64 mm) thick. The
effect of w/c ratio on cracking tendency was evaluated using batches with w/c ratios
of 0.45, 0.42, and 0.39. All three mixtures contained 535 Ib/yd® (317 kg/m?) of
cement and used granite as the coarse aggregate. The reduction in the w/c was
obtained by reducing the water content and replacing the water with an equal volume
of aggregate. Specimens were cured for 7 or 14 days. A concrete typical of that used
in the past for decks by Kansas Department of Transportation (KDOT) was cast using
limestone coarse aggregate, a W/c ratio of 0.44, and 602 Ib/yd® (357 kg/m’) of cement.
The KDOT specimens were cured for 7 days, matching the curing period used by
KDOT prior to 2011.

The concrete mixtures are summarized in Table 2.6, and the detailed mixture

proportions and concrete properties are presented in Table A.10 of Appendix A.
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Table 2.6 Restrained Ring Tests: Program I Test Matrix

Designation w/c Celg/l;;t(fg?:;g?nt IT’ZSIZ; S(())llll.l tn(;l;t Batch Number
KDOT! 0.44 602 (357) 26.89 485
0.45w/c? 0.45 535 (317) 24.37 488
0.42w/c’ 0.42 535 (317) 23.42 490
0.39w/c’ 0.39 535 (317) 22.47 494

1. Limestone coarse aggregate. Cured for 7 days
2. Granite coarse aggregate. Cured for 7 or 14 days.

2.7.3.2 Program II [2.5 in. (64 mm) and 1.5 in. (38 mm) concrete rings]

The effect of concrete ring thickness on time to cracking was investigated in
Program II. Rings with thicknesses of 2.5 in. (64 mm) and 1.5 in. (38 mm) were cast
at the same batches. Two batches cast in Program [ were repeated, including the
batch with granite coarse aggregate, a W/C ratio of 0.45, and 317 kg/m’ (535 Ib/yd’) of
cement, and the KDOT batch with limestone coarse aggregate, a W/C ratio of 0.44,
and 357 kg/m’ (602 1b/yd’) of cement.

The concrete mixtures are summarized in Table 2.7, and the detailed mixture

proportions and concrete properties are presented in Table A.11 of Appendix A.

Table 2.7 Restrained Ring Tests: Program II Test Matrix

. . Cement Content Paste Content
Designation w/c ke/m® (Ib/yd®) % by volume Batch Number
KDOT! 0.44 357 (602) 26.89 496
0.45w/c’ 0.45 317 (535) 24.37 509

1. Limestone coarse aggregate. Cured for 7 days. 2. Granite coarse aggregate. Cured for 14 days.

2.7.3.3 Program III [1.5 in. (38 mm) concrete ring]

Rings with a thickness of 1.5 in. (38 mm) were used to evaluate the effect of
water-cement ratio and fly ash on cracking tendency. The mixture proportions used
in Program I for batches with w/c ratios of 0.45, 0.42, and 0.39 were used. The batch
with a w/c ratio of 0.45 also served as a control batch for the mixture containing fly

ash. The fly ash batch was cast with a 40% volume replacement of cement with Class
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F fly ash, but at the same w/cm ratio and paste content as the control batch. All
specimens were cured for 14 days.
The concrete mixtures are summarized in Table 2.8, and the detailed mixture

proportions and concrete properties are presented in Table A.12 of Appendix A.

Table 2.8 Restrained Ring Tests: Program III Test Matrix

Cement Fly Ash Paste
Designation w/cm Content Ib/yd’ Content Batch Number
Ib/yd® (kg/m’) (kg/m®) % by volume
0.39wi/c 0.39 535 (317) -- 22.47 532
0.45wic 0.45 535 (317) -- 24.37 537
0.45WIC(R) 045 | 5350317 - 2437 539(repeat 537)
0.42wic 0.42 535 (317) -- 23.42 544
40%FA+0.45w/c | 0.45 340 (202) 173 (103) 24.37 545

Note: Granite coarse aggregate. Cured for 14 days.

2.7.3.4 Program IV [1.125 in. (29 mm) concrete ring]|

Three batches were cast to investigate the effects of w/c ratio and fly ash on
cracking tendency. A ring thickness of 1.125 in. (29 mm) was used. The control
batch with a w/c ratio of 0.45 was compared with one batch with a w/c ratio of 0.35
and another batch with a 40% replacement of cement with Class F fly ash. The two
batches examining the effect of W/C ratio contained a cement content of 535 Ib/yd’
(317 kg/m®) but different water contents. The fly ash batch had the same w/cm ratio
and paste content as the control batch. All specimens were cured for 14 days.

The concrete mixtures are summarized in Table 2.9, and the detailed mixture

proportions and concrete properties are presented in Table A.13 of Appendix A.

Table 2.9 Restrained Ring Tests: Program IV Test Matrix

Fly Ash Paste
Designation w/cm C?g/leclllzt(f(;:;g?nt Ib/yd® Content NB?;:)h .
e e (kg/m?) % by volume umbe
0.45w/c 0.45 535 (317) - 24.21 563
40%FA+0.45w/c | 0.45 338 (200) 172 (102) 24.21 566
0.35w/c 0.35 535 (317) - 21.04 568

Note: Granite coarse aggregate. Cured for 14 days.
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2.7.3.5 Program V [2.0 in. (50 mm) concrete ring]

A ring thickness of 2.0 in. (50 mm) was used for Program V. While the half
Wheatstone bridge configuration was used in the previous four Programs, a quarter
Wheatstone bridge configuration was evaluated in Program V. Mixtures with high
paste contents and the effect of different drying environments were evaluated.

Program V Set 1 (half vs. quarter bridges)

Two batches were cast to compare the half and quarter Wheatstone bridges.
Four ring specimens were cast for each batch, with two specimens each in the half
and quarter-bridge configurations. One batch was cast with a low paste content
[24.21% by volume, a W/c ratio of 0.45, and 535 Ib/yd® (317 kg/m?) of cement] while
the other batch was cast with a high paste content [32.99% by volume, a w/c of 0.45,
and 729 lb/yd3 (432 kg/m3 ) of cement]. The low paste content batch contained a
high-range water reducer and had a slump of 3.75 in. (95 mm) and an air content of
8.4%, while the high paste content batch did not contain a water reducer and had a
slump of 8.0 in (205 mm) and an air content of 6.4%. Both batches were cast with
granite coarse aggregate and cured for 14 days.

The concrete mixtures are summarized in Table 2.10, and the detailed mixture

proportions and concrete properties are presented in Table A.14 of Appendix A.

Table 2.10 Restrained Ring Tests: Program V Set 1 Test Matrix

Desienation il Cement Content Paste Content Batch
g Ib/yd® (kg/m?) % by volume Number
C535+0.45w/c 0.45 535 (317) 24.21 597
C729+0.45w/c 0.45 729 (432) 32.99 598

Note: Granite coarse aggregate. Cured for 14 days.

Program V Set 2 (high paste content mixes)

The concrete mixtures with high paste content were evaluated with 2-in.
(50-mm) thick concrete rings. The first batch (batch 649) had a cement content of
700 Ib/yd® (514 kg/m’) and a wic ratio of 0.35. The second batch (batch 650)
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contained a 40% volume replacement of cement with Class F fly ash and had the
same W/cm ratio and paste content as the first batch. The first two batches were air-
entrained. The third batch (batch 651) contained the same cement content as the first
batch but had a w/c ratio 0.44. The final batch (batch 652) had a 40% class F fly ash
volume replacement of cement with the same w/cm ratio and paste content as the third
batch. An air entraining agent was not used in the last two batches (batches 651 and
652).

The concrete mixtures are summarized in Table 2.11, and the detailed mixture

proportions and concrete properties are presented in Table A.15 of Appendix A.

Table 2.11 Restrained Ring Tests: Program V Set 2 Test Matrix

Cement Content Fly Ash Paste Content Batch

Desizuaconiy i/ cmBi sl e N S i R By ol re RN mber

0.35wic 0.35 700 (415) -- 27.53 649
40%FA+0.35w/c | 0.35 439 (260) 223 (132) 27.53 650
0.44w/c 0.44 700 (415) -- 31.26 651
40%FA+0.44w/c | 0.44 442 (262) 224 (133) 31.26 652

Note: Granite coarse aggregate. Cured for 14 days.

Program V Set 3 (different drying environment)

The specimens in Program I through Program IV and Sets 1 and 2 of Program
V were dried at 73 = 3° F (23 &+ 2° C) and a relative humidity of 50 & 4%. In this set,
three concrete mixtures were tested at 73 = 3° F (23 + 2° C) and a relative humidity of
40 + 4%. One mixture had a cement content of 540 Ib/yd’ (320 kg/m’) and a w/c
ratio of 0.44, while the other two had a cement content of 535 Ib/yd’ (317 kg/m’) with
w/c ratios of 0.45 and 0.35.

The concrete mixtures are summarized in Table 2.12, and the detailed mixture

proportions and concrete properties are presented in Table A.16 of Appendix A.
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Table 2.12 Restrained Ring Tests: Program V Set 3 Test Matrix

Designation e Cement Content Paste Content Batch
g Ib/yd® (kg/m’) % by volume Number
C540+0.44wlc 0.44 540 (320) 24.12 635
C535+0.45w/c 0.45 535 (317) 24.21 636
C535+0.35w/c 0.35 535 (317) 21.04 637

Note: Granite coarse aggregate. Cured for 14 days.

2.7.3.6 Program VI [2.5-in. (64-mm) concrete ring and severe drying environment]

Two and a half inch (64 mm) thick concrete ring specimens were dried at 86 +
3°F (30 £2° C) and a relative humidity of 14 + 4%. The specimens were dried from
the circumferential and top and bottom surfaces instead of only on the circumferential
surface as in Program I through Program V.

Two concrete mixtures were evaluated. One was a control batch with a
cement content of 540 Ib/yd® (320 kg/m’) and a w/c ratio of 0.44. The other
contained a 40% volume replacement of cement with class F fly ash and had the same
w/cm ratio and paste content as the control batch.

The concrete mixtures are summarized in Table 2.9, and the detailed mixture

proportions and concrete properties are presented in Table A.17 of Appendix A.

Table 2.13 Restrained Ring Tests: Program VI Test Matrix

Desienation | w/em Cement Content Fly Ash Paste Content Batch
g Ib/yd® (kg/m?) Ib/yd’® (kg/m*) % by volume Number
0.44wlc 0.44 535 (320) -- 24.12% 679
40%FA 0.44 340 (202) 173 (103) 24.12% 680

Note: Granite coarse aggregate. Cured for 14 days.

2.8 DATA COLLECTION DURING CONSTRUCTION OF LC-HPC
BRIDGE DECKS

Specifications covering requirements for aggregates, concrete, and

construction practices were written to guide the construction of LC-HPC bridge decks

in Kansas. The specifications are presented in Chapter 6. The degree to which the
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specifications were implemented during bridge construction was checked and
recorded by the research team from the University of Kansas. The information is
evaluated to examine the applicability of the LC-HPC specifications and determine

what parameters affect bridge deck cracking.

2.8.1 Plastic Concrete Properties

During bridge deck construction, truck identification number, truck discharge
time, and concrete volume in each truck were recorded and used later to check the
concrete delivery rate and determine the approximate location on the deck where
concrete from specific trucks was placed. Plastic concrete properties, tested either out
of the truck or on the deck after delivery by pump or other methods, were recorded.
The concrete slump, air content, unit weight, and temperature were tested at a
frequency determined prior to the construction. A plan for sampling and testing of
concrete during construction is included in the concrete specification for LC-HPC
bridge decks. Compressive strength cylinders were cast by the KDOT inspection
crew and the source (truck) of the concrete and number of cylinders were recorded.
Air temperature was taken and recorded along with concrete temperature. Any
observations or notes for interest, such as delays in concrete delivery or concrete that
was suspected of being out specification when the concrete was not sampled, were
also recorded.

The template for recording field date is presented in Table B.1 of Appendix B.

2.8.2 Time of Burlap Placement

The construction specification for LC-HPC bridge decks requires that the
concrete be covered with the first layer of saturated burlap within 10 minutes of the
strike off and with the second layer of saturated burlap within another 5 minutes. The
times required to place the burlap were recorded using observation stations that were

selected, in advance, by the recorder. Typically, the observation stations were spaced
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evenly along the bridge, such as evenly 10 ft (3 m). The times of concrete placement,
concrete strike-off, and placements of the first and second layers of saturated burlap
were recorded. In some cases, both layers of burlap were placed at the same time.
The time difference between the strike-off and the first layer of burlap placement was
considered to be “the time used for burlap placement.” Other items that were noted
included burlap condition (saturated, dry, or partially wet), burlap placement delays
and possible reasons for the delay, and areas that were not fully covered by burlap,
and as well any other observations considered to be of interest.

The template for recording burlap placement is presented in Table B.2 of

Appendix B.

2.8.3 Site Weather Conditions

The evaporation rate prior to casting the deck and at least one reading per hour
during placement were recorded. The evaporation rate was determined using Figure
C.1 in Appendix B (which is also included in the construction specifications for LC-
HPC bridge decks) as a function of the air temperature, wind speed, relative humidity,
and concrete temperature. Air temperature, wind speed, and relative humidity were
recorded approximately 12 in. (0.3 m) above the surface of the deck.

The temperature of the steel girders during a bridge deck construction was
occasionally checked using an infrared thermometer. The temperatures at the top
flange, the middle of the web, and the bottom flange were recorded.

The template for recording site weather conditions is presented in Table B.3

of Appendix B.

2.8.4 Construction Notes and Data Collection after Construction

Construction notes, written by all attendees from the research group, cover all
aspects of interest during construction, including an overall summary of concrete

properties, placement methods, consolidation and finishing techniques, and curing
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strategies, along with the efficiency of these methods was evaluated. Comments by
concrete suppliers, contractors, bridge owners, and inspectors, and the lessons learned
were also summarized.

Copies of concrete trip tickets, date of form removal, and cylinder strengths

were obtained after bridge construction.

2.9 CRACKSURVEYS

On-site crack surveys were performed once per year to evaluate cracking for
each low-cracking, high-performance concrete and control bridge deck. A standard
procedure, described in previous reports (Schmitt and Darwin 1995, Miller and
Darwin 2000, Lindquist, Darwin, and Browning 2005 and 2008, McLeod, Darwin,
and Browning 2009) was used in this study and is summarized below.

Site Conditions: Surveys are only conducted on days that are at least mostly sunny

with a temperature of no less than 60° F (16° C). The bridge deck must be
completely dry before the survey can begin. At least one side (or one lane) of the
bridge is closed to traffic when the crack survey is performed.

Crack Tracing: Three to five inspectors perform a crack survey. Using chalk or a

lumber crayon, inspectors mark cracks that can be seen while bending at the waist,
and once a crack is identified, the inspector continues to trace the crack to the end,
even if parts of the crack are not initially visible while bending at the waist. At least
two inspectors check each section of the deck.

Transferring Cracks to Paper: Cracks are transferred to a scaled plan drawing of the

deck, using a scale of exactly 1 in. = 10 ft and using a 5 ft by 5 ft grid placed on the
bridge deck surface prior to crack identification. The scaled drawing with cracks, or
crack map, is used to determine the crack density.

Crack Density Determination: The crack density, expressed in linear meters of cracks

per square meter of the bridge deck, is determined from the crack map. The crack map is

digitally scanned at 100 dots per inch (dpi) so that the crack lines can be recognized as
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adjacent pixels. In the digital picture, any lines that do not represent cracks are erased.
Crack length is calculated using a program that tracks the number of adjacent pixels, and
translates the number of pixels back to crack length. The crack density is determined by
dividing the sum of all crack lengths (m) by the deck surface area (m?). The crack
density determination program is presented by Lindquist, Darwin, and Browning (2005).
A draft of the bridge deck survey specification is provided by Lindquist,
Darwin, and Browning (2005) and updated by Gruman, Darwin, and Browning

(2009). The updated bridge deck survey specification is present in Appendix C.
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CHAPTER 3 FREE SHRINKAGE RESULTS AND EVALUATION

3.1 GENERAL

The primary goal of this chapter is to present the results of the investigation of
the free shrinkage performance of concrete containing fly ash (as partial replacement
of cement). Fly ash, a by-product of burning powdered coal to generate electricity, is
widely used in the concrete industry. While fly ash is a low-cost substitute for
cement, there are many other beneficial reasons to the use of fly ash in concrete, such
as reducing the quantity of cement needed in concrete, decreasing concrete on
permeability, and reducing the heat generated during hydration. On the negative side,
however, fly ash has been observed to increase the free shrinkage of concrete
mixtures cured for 7 and 14 days (Lindquist et al. 2008), which increases the potential
for shrinkage cracking.

In the current study, free shrinkage is evaluated over a one-year period in
accordance to ASTM C157. Special attention is given to shrinkage during the first 30
days, because a high percentage of free shrinkage occurs during this period. Early
age shrinkage is especially important for bridge decks because little creep occurs
during this period to reduce tensile stresses.

Unless noted, the free shrinkage results represent the average of three
specimens that are cast and cured at the same time. Free shrinkage is calculated
based on the initial length at demolding, 23’2 + '2 hours after casting and, plotted as a
function of drying time. The Student’s t-test is used to gage whether the difference
between two samples is statistically significant. For the Student’s t-test results, “Y”
indicates that the difference between two values is statistically significant at a
confidence level of a = 0.02 (98% certainty that the difference does not arise by
chance), while an “N” indicates that the difference between samples is not

statistically significant at a confidence level of a = 0.2 (80%). Statistically significant
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differences at confidence levels of least a = 0.2, a = 0.1, a = 0.05 are indicated by
“80,” ©“90,” and “95,” respectively.

Three programs were designed to investigate the free shrinkage performance
of concrete containing fly ash: Program I investigated the effect of increasing the
curing period, with specimens cured for 7, 14, 28, and 56 days; Programs II and III
investigated the combined effect of fly ash and a shrinkage reducing admixture. The
control mixtures in each program were prepared to match the specifications for Low-
Cracking High-Performance Concrete (LC-HPC) bridges (more details are presented
in Chapter 6). The mixtures containing fly ash were designed to have the same water-
cementitious material ratio (w/cm) and paste content as the control mixtures.
Comparisons are made between mixtures containing the same sample of cement to
eliminate possible differences caused by different cement samples.

Unless noted, all mixtures were batched to have a slump between 2 and 4 in.
(50 and 100 mm) and an air content between 7.9 and 8.9% by adjusting the dosage of
water reducer and air entraining agent. The mixture proportions, plastic properties,
and compressive strength for all mixtures in the three programs are presented in

Tables A.5 through A.7 in Appendix A.

3.2 PROGRAM I (CURING PERIOD)

In Program 1, two sets of concrete mixtures were used to examine the effect of
curing period. In Set 1, a Class F fly ash was investigated while in Set 2 a Class C fly
ash was evaluated. ASTM C618 divides fly ash into two classes (F and C) based on
composition. Class F fly ash has a major acidic oxide (SiO; + Al,O; + Fe,;O3) content
of over 70%, and Class C fly ash has a major acidic oxide (SiO, + Al,O3 + Fe,03)
content between 50 and 70% . Class C fly ash generally contains more than 20% CaO.

All mixtures in Program I had a water-cementitious material ratio (w/cm) of
0.45 and a paste content of 24.37% by volume [corresponding to the mixture with a

cement content of 535 Ib/yd® (317 kg/m®) and a w/c ratio of 0.45]. Each set had its
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own control mixture because different cement samples were used (all cements were

Type VIl cement from Lafarge).

3.2.1 ProgramI Set 1

Program I Set 1 involved two mixtures—a control mixture with 100% cement
and a fly ash (Class F) concrete mixture with a 40% volume replacement of cement by
fly ash. The 28-day compressive strengths were 4240 and 3710 psi (29.2 and 25.6 MPa)
for the control and fly ash concrete, respectively, a difference of 12.5%. The average
shrinkage strains for drying periods of 0, 30, 60, 90, 180, and 365 days and curing
periods of 7, 14, 28, and 56 days are summarized in Table 3.1. Average free shrinkage is
plotted as a function of the drying period for the mixtures over 30 days in Figure 3.1.

Table 3.1 Average free shrinkage for the control mixture (100% cement) and the 40%
FA mixture (a 40% volume replacement of cement by Class F fly ash) in Program I set 1.

Days of Control 40% FA - F'

Drying 7-d 14-d 28-d 56-d 7-d 14-d 28-d 56-d

curin | curing | curing | curing | curing | curing | curing | curing
9

0d -60 -80 -67 =77 -47 -40 -63 -80

30d 343 347 310 286 376 347 289 230

60d 410 390 377 347 430 400 337 267

90d 437 437 413 367 450 427 347 303

180 d 473 473 443 407 490 470 383 317

365d 492 482 466 408 499 467 390 356
FSsolFSses' | 69.8% | 71.9% | 66.6% | 70.0% | 75.3% | 74.3% | 74.1% | 64.7%

" Class F fly ash. '™ Free shrinkage (FS) at 30 days divided by free shrinkage (FS) at 365 days.

As shown in Table 3.1 and Figure 3.1, increasing the curing period consistently
reduced shrinkage. Except when comparing the control mixture with 7 and 14-day
curing, the differences in shrinkage for each mixture after 30 days of drying as a function
of curing period are statistically significant (Table 3.2). Comparing the two mixtures, the
fly ash concrete cured for 56 days had the lowest shrinkage (230 pe) at 30 days, while the
fly ash concrete cured for 7 days had the highest shrinkage (376 pe) at 30 days. When

cured for only 7 or 14 days, the fly ash concrete exhibited more free shrinkage than the
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Figure 3.1 Average free shrinkage versus time through 30 days for control mixture
(100% cement) and 40% FA mixture (with 40% volume replacement of cement by
Class F fly ash) in Program I set 1.

Table 3.2 Student’s t-test control mixture (100% cement) and 40% FA mixture (with
40% volume replacement of cement by Class F fly ash) in Program I set 1: 30-day
free-shrinkage data.

Batch Curing | 30-day free Control 40% FA
period shrinkage 7- 14- § 28- | 56- 7- 14- | 28- | 56-
day | day | day | day | day | day | day | day
343 | 347 { 310 | 286 | 376 | 347 | 289 | 230
Control | 7-day 343 [ N {95% { Y |90% { N Y Y
14-day 347 1. 95%
28-day 310
56-day 286
40% FA | 7-day 376 [
14-day 347 S Y Y
28-day 280 I
56-day 230 ;

Note: For the results of the Student’s t-test, “’Y” indicates a statistical difference between the
two samples at a confidence level of o = 0.02 (98%). “N” indicates that the difference
between samples is not statistically significant at a confidence level of a = 0.2 (80%).
Statistical difference at confidence levels at, but not exceeding a = 0.2, 0.1, and 0.05 are
indicated by “80,” “90,” and “95.”

corresponding control mixture, an observation that agrees with the findings by Lindquist

et al. (2008); when the curing period was increased to 28 and 56 days, the fly ash
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concrete had less free shrinkage than the corresponding control mixture. The free
shrinkage of fly ash concrete cured for 28 days is similar to that of the control mixture
cured for 56 days; the difference between these two is, in fact, not statistically significant
(Table 3.2). The fly ash concrete cured for 56 days had 56 pe less free shrinkage than the
control mixture cured for 56 days.

The average free-shrinkage curves over a one-year period are presented in
Figure 3.2. The observation made at 30 days that increasing the curing period
decreases the free shrinkage remains true at 365 days, and the differences in shrinkage
as a function of curing period continue to be statistically significant (Table 3.3), except
when comparing values for the control mixture for 7 and 14-day curing and for 14 and
28-day curing. The fly ash concrete cured for 7 days had the highest free shrinkage
(499 pe) at 365 days, although the difference with the shrinkage of the control mixture
cured for 7 days (492 pe) is not statistically significant (Table 3.3). The fly ash concrete

600
- 500 e —- ——
o
o
£ 300 | .*A-A—ﬂ*‘
[} 40%FA-7d
3 200 == Control-7d
E == Control-14d
3 100 —8— 40%FA-14d
8 == Control-28d
L 0 —~— Control-56d
—o— 40%FA-28d
—a— 40%FA-56d
-100
0 50 100 150 200 250 300 350

Time,days

Figure 3.2 Average free shrinkage versus time through 365 days for control mixture
(100% cement) and 40% FA mixture (with 40% volume replacement of cement by
Class F fly ash) in Program I set 1.
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Table 3.3 Student’s t-test for control mixture (100% cement) and 40% FA mixture
(with 40% volume replacement of cement by Class F fly ash) in Program I set 1: 365-
day free-shrinkage data.

Batch Curing 365-day free Control 40% FA
period shrinkage' [ 7day | 14- 7 287 560 | 7-day | 14- | 28 [ 56
day day day day day day
492 482 466 408 499 467 390 356
Control 7-day 492 Y
14-day 482 i
28-day 466
56-day 408
40% 7-day 499
FA 14-day 467
28-day 390
56-day 356

Note: See the Table 3.2 note for an explanation of the terms “Y,” “N,” “80,” “90,” and “95.”

cured for 56 days had the lowest shrinkage (356 pe) at 365 days, 52 ue less than the
control mixture cured for the same period. Overall, the fly ash concrete cured for 7 and
14 days had similar performance to the corresponding control mixture at 365 days; the
differences are not statistically significant (Table 3.3); the fly ash concrete cured for 28
and 56 days had lower free shrinkage than the corresponding control mixture at 365
days; the differences are statistically significant (Table 3.3).

Figure 3.2 shows that most free shrinkage occurs during the first month of
drying, and after that the free shrinkage increases at a lower rate. As shown in Table
3.1, the free shrinkage at 30 days accounts for 69.8, 71.9, 66.6, and 70.0% of the free
shrinkage at one year for the control mixture cured for 7, 14, 28, and 56 days, and
75.3,74.3, 74.1, and 64.7% for the fly ash concrete. A higher percentage of the free
shrinkage at one year of age occurs at 30 days for the fly ash concrete than for the
control mixture, with the exception of specimens cured for 56 days.

As shown in Table 3.1, the specimens exhibit various amounts of swelling
(negative values of shrinkage) at the end of the curing period, with values ranging from
40 to 80 pe. Swelling is potentially beneficial to help reduce total shrinkage of

concrete mixtures. To better understand the effect on free shrinkage of increasing the
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curing period, free shrinkage is compared based on the length change both after
demolding and after curing. The latter does not include swelling. The values of free
shrinkage obtained for different curing periods for the control and fly ash mixtures are
illustrated in Figures 3.3 and 3.4 for 30 and 365 days of drying, respectively. When the
total length change after demolding is considered, it is apparent that extending the
curing period reduced the free shrinkage at both 30 and 365 days for the two mixtures
checked. It is also noted that the fly ash concrete cured for 7 days had 33 and 7 pe
more free shrinkage than the corresponding control mixture at 30 and 365 days,
respectively. When the curing period was increased, the adverse effect of adding fly
ash on free shrinkage was minimized and finally reversed. The fly ash concrete cured
for 56 days had 56 and 52 pe less free shrinkage than the corresponding control mixture
at 30 and 365 days, respectively. When the shrinkage after curing is considered, it is
still apparent that extending the curing period reduces the free shrinkage. In addition,
after curing, the fly ash concrete cured for 7 days still had higher free shrinkage (19 pe)
at 30 days than the corresponding control mixture, but less free shrinkage (6 pe) at 365
days. For curing periods of 14, 28, and 56 days, however, the fly ash concrete had less
shrinkage after curing than the corresponding control mixture at both 30 and 365 days.
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Figure 3.3 Free shrinkage at 30 days for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class F fly ash) in Program I set 1.
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Figure 3.4 Free shrinkage at 365 days for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class F fly ash) in Program I set 1.

Table 3.4 shows the reduction in free shrinkage (based on length change after
demolding) resulting from curing longer than seven days. The table shows that the
fly ash concrete benefits more from increased curing than does the control concrete.
After 30 days of drying, the reductions for the control mixture are —1.0 (not a
reduction), 9.7, and 16.8% for increasing the curing period to 14, 28, and 56 days,
respectively; the corresponding reductions for the fly ash concrete are 7.7, 23.1, and

38.8%. Similar results are noted at 365 days.

Table 3.4 Reduction in free shrinkage (based on length change after demolding)
resulting from curing longer than seven days for control mixture (100% cement) and
40% FA mixture (with 40% volume replacement of cement by Class F fly ash) in
Program [ set 1.

Control 40% FA
7-d 14-d 28-d 56-d 7-d 14-d 28-d 56-d
curing | curing | curing | curing | curing | curing | curing | curing
Shrinkage 343 347 310 286 376 347 289 230
at 30-d
Reduction - -1.0% 9.7% 16.8% -- 7.7% 23.1% | 38.8%
Shrinkage 492 482 466 408 499 467 390 356
at 365-d
Reduction - 2.0% 5.4% 17.2% -- 6.5% 21.8% | 28.7%
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3.2.2 Program I Set 2

Class C fly ash is investigated in Program I Set 2. The set includes two
mixtures: a control mixture with 100% cement and a fly ash (Class C) concrete with a
40% volume replacement of cement by fly ash. The 28-day compressive strengths
are 4310 and 3430 psi (29.7 and 23.7 MPa) for the control and fly ash concrete,
respectively, a difference of 20.4%. The average free shrinkage strains for drying
periods of 0, 30, 60, 90, 180, and 365 days and curing periods of 7, 14, 28, and 56
days are summarized in Table 3.5. Average free shrinkage is plotted as a function of
drying period for the mixtures over 30 days in Figure 3.5.

As shown in Table 3.5, the fly ash concrete cured for 56 days had the least
free shrinkage at all ages (except at 30 days, the control mixture cured for 56 days
had 5 pe less free shrinkage), while the fly ash concrete cured for 7 days had the most
free shrinkage at all ages. The fly ash concrete cured for 7 or 14 days had
significantly more free shrinkage than the corresponding control mixture. For a
curing period of 28 days, the fly ash concrete still had higher free shrinkage than the
corresponding control concrete up through 90 days but about the same free
shrinkage at 180 and 365 days. For a curing period of 56 days, the fly ash concrete

had less free shrinkage than the corresponding control concrete.

Table 3.5 Average free shrinkage for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class C fly ash) Program I Set 2.

Days of Control 40% FA-C’
Drying 7-d 14-d 28-d 56-d 7-d 14-d 28-d 56-d
curing | curing | curing | curing | curing | curing | curing | curing
od -30 -40 -53 -50 -50 -57 -73 -93
30d 326 293 281 258 435 413 329 263
60d 407 380 347 320 490 480 360 307
90d 423 420 367 340 515 500 383 333
180 d 483 460 400 373 560 540 407 360
365d 479 467 423 390 553 523 406 369
FS"s0d/FSassa | 68.0% | 62.9% | 66.9% | 66.1% | 78.6% | 79.0% | 81.1% 71.4%

" Class C fly ash. ' Free shrinkage (FS) at 30 days divided by free shrinkage at 365 days.
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Figure 3.5 Average free shrinkage versus time through 30 days for control mixture
(100% cement) and 40% FA mixture (with 40% volume replacement of cement by
Class C fly ash) in Program I set 2.

Figure 3.5 shows the free shrinkage curves through 30 days for the two
mixtures in Program I Set 2. The results, in the order from the highest to lowest free
shrinkage, are fly ash concrete cured for 7 days, fly ash concrete cured for 14 days,
fly ash concrete cured for 28 days, control mixture cured for 7 days, control mixture
cured for 14 days, control mixture cured for 28 days, fly ash concrete cured for 56
days, and control mixture cured for 56 days. For specimens cured for 7, 14, and 28
days, the fly ash concrete had higher free shrinkage than the corresponding control
concrete; the differences are statistically significant (Table 3.6). For specimens cured for
56 days, the fly ash concrete and control concrete exhibit very similar performance; the

difference is not statistically significant (Table 3.6).
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Table 3.6 Student’s t-test for control mixture (100% cement) and 40% FA mixture
(with 40% volume replacement of cement by Class C fly ash) in Program I set 2: 30-
day free shrinkage data.

Batch Curing 30-day free Control 40% FA
peried | shrinkage' | gy g | | dny |y dy | ey | dw
326 293 281 258 435 413 329 263
Control 7-day 326 95% i Y Y Y Y N Y
14-day 293 90%
28-day 281
56-day 258
40% 7-day 435
FA 14-day 413
28-day 329
56-day 263

Note: See the Table 3.2 note for an explanation of the terms “Y,” “N,” “80,” “90,” and “95.”

The free shrinkage performance of the two mixtures through 365 days is
shown in Figure 3.6 and Table 3.7. The effect of extending the curing period from 7
or 14 days to 28 or 56 days is apparent at 365 days. For the control mixture, the
specimens cured for 14 days had slightly less free shrinkage (12 pe less) than those
cured for 7 days; the difference is not statistically significant (Table 3.7). The
reduction for specimens cured for 28 and 56 days is more significant, with,
respectively, 59 and 89 pe less free shrinkage than the specimens cured for 7 days;
the differences are statistically significant (Table 3.7). For the fly ash concrete, the
reductions in free shrinkage for longer curing compared with the specimens cured for
7 days were 30, 148, and 184 pe for specimens cured for 14, 28, and 56 days,
respectively. The fly ash concrete cured for 7 and 14 days had more free shrinkage
than the control concrete cured for 7 and 14 days (the differences are statistically
significant); the fly ash concrete cured for 28 and 56 days had slightly less free
shrinkage than the control concrete cured for 28 and 56 days, respectively; the

differences are not statistically significant as shown in Table 3.7.
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Figure 3.6 Average free shrinkage versus time through 365 days for control mixture
(100% cement) and 40% FA mixture (with 40% volume replacement of cement by
Class C fly ash) in Program I set 2.

Table 3.7 Student’s t-test for control mixture (100% cement) and 40% FA mixture
(with 40% volume replacement of cement by Class C fly ash) in Program I set: 365-
day free shrinkage data.

Batch Curing 365-day free Control 40% FA
period shrinkage | (0 0 Gy D an |y dy | dy |
479 | 467 1 423 | 390 | 553 | 523 | 406 | 369
Control 7-day 479 N Y Y 95% | Y Y
14-day 467 | 95% Y
28-day 423 N
56-day 390 P N
40% 7-day 553 Y
FA 14-day 523 [ Y
28-day 206 [ 00,
56-day 369 |

Note: See the Table 3.2 note for an explanation of the terms “Y,” “N,” “80,” “90,” and “95.”

As shown in Figure 3.6 and as observed for the mixtures in Program I Set 1,

most of the free shrinkage occurred during the first month of drying, and after that the

free shrinkage increased at a low rate. The free shrinkage at 30 days accounted for
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68.0, 62.9, 66.9, and 66.1% of the free shrinkage at one year of age for the control
mixture cured for 7, 14, 28, and 56 days, and 78.6, 79.0, 81.1, and 71.4% for the fly
ash concrete cured for 7, 14, 28, and 56 days (Table 3.5).

The values of free shrinkage calculated based on length change after demolding
and after curing are compared for the two mixtures at 30 and 365 days in Figures 3.7
and 3.8. When the total length change after demolding is considered, extending the
curing period reduced the free shrinkage for both the control and fly ash concrete
mixtures; the reduction was greater for the fly ash concrete. For the specimens cured
for 7 and 14 days, adding fly ash increased the free shrinkage by 109 and 120 pe,
respectively, at 30 days and by 74 and 56 pg, respectively, at 365 days, when compared
with the corresponding control mixture. For specimens cured for 28 and 56 days,
adding fly ash increased the free shrinkage by 48 and 5 pe, respectively, at 30 days but
decreased the free shrinkage by 14 and 21 pe, respectively, at 365 days, when
compared with the corresponding control mixture. This is different from the mixture
containing Class F fly ash, as discussed in Section 3.2.1. As shown in Figures 3.3 and
3.4 in Section 3.2.1, only the fly ash (Class F) concrete cured for seven days had higher
free shrinkage than the corresponding control mixture at 30 and 365 days of drying; fly
ash (Class F) concrete cured for 14, 28, and 56 days had the same or lower free
shrinkage than the corresponding control mixture.

For length change after curing, the total free shrinkage was still reduced by
increasing the curing period for both mixtures. The total free shrinkage after curing
for the fly ash concrete was higher than it was for the corresponding control mixture
at both 30 and 365 days, but the increase in the free shrinkage for the fly ash concrete
compared to the control mixture decreased as the curing period increased. By way of
comparison, as shown in Figures 3.3 and 3.4, the mixture containing Class F fly ash

had less free shrinkage than the corresponding control concrete at 30 and 365 days,
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except for the fly ash concrete cured for 7 days, which had slightly higher free
shrinkage (19 pe) than the corresponding control mixture at 30 days.
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Figure 3.7 Free shrinkage at 30 days for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class C fly ash) in Program I set 2.
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Figure 3.8 Free shrinkage at 365 days for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class C fly ash) in Program I set 2.
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Table 3.8 shows the reduction in free shrinkage resulting from curing longer
than seven days. As observed for the mixtures in Program I Set I, the table shows
that the fly ash concrete benefits more from increased curing than does the control
concrete. After 30 days of drying, the reductions for the control mixture are 9.9, 13.7,
and 20.8% for increased curing periods of 14, 28, and 56 days, respectively; the
corresponding reductions for the fly ash concrete are 5.0, 24.4, and 39.5%. Similar

results are noted at 365 days.

Table 3.8 Reduction in free shrinkage (based on length change after demolding)
resulting from curing longer than seven days for control mixture (100% cement) and
40% FA mixture (with 40% volume replacement of cement by Class C fly ash) in
Program [ set 2.

Control 40% FA
7-d 14-d 28-d 56-d 7-d 14-d 28-d 56-d
curing | curing | curing | curing | curing | curing | curing | curing
Shrinkage 326 293 281 258 435 413 329 263
at 30-d
Reduction - 9.9% 13.7% | 20.8% - 5.0% 24.4% | 39.5%
Shrinkage 479 467 420 390 553 523 406 369
at 365-d
Reduction - 2.6% 12.3% | 18.6% - 5.4% 26.7% | 33.3%

3.2.3 Summary of Program I

The effect of the curing period (7, 14, 28, and 56 days) is evaluated on the
shrinkage for control mixtures containing 100% portland cement and concretes with a 40%
volume replacement of cement with Class F and Class C fly ash and the same water-
cementitious material ratio and paste content as the control mixture. The results of the
comparisons indicate that

1. Using curing periods greater than 7 days decreases the free shrinkage for

both the control and the fly ash concrete mixtures.

2. The reduction in the free shrinkage obtained by increasing the curing period

is greater for concrete containing fly ash than for the control mixtures.
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. For the mixture containing Class F fly ash, specimens cured for 7 days had
slightly higher free shrinkage (32 and 7 pe at 30 and 365 days,
respectively) than the corresponding control mixture; when cured for 14
days, the fly ash and control mixtures exhibited similar free shrinkage;
when cured for 28 or 56 days, the fly ash concrete exhibited lower
shrinkage than the corresponding control mixture by 21 and 56 pe less at
30 days, and 76 and 52 pe less at 365 days, respectively; and the fly ash
concrete cured for 56 days had the least shrinkage.

. For the mixture containing Class F fly ash, based on shrinkage after curing,
the specimens cured for 7 days had slightly higher free shrinkage than the
corresponding control specimens, while the specimens cured for 14, 28, and
56 days had less free shrinkage than the corresponding control specimens.

. For the mixture containing Class C fly ash, all specimens exhibited greater
free shrinkage (by 109, 120, 48, and 5 pe more for curing periods of 7, 14,
28, and 56 days, respectively) than the corresponding control specimens at
30 days; at 365 days, the fly ash concrete specimens cured for 7 and 14
days still had 74 and 57 pe more free shrinkage than the corresponding
control specimens, but the fly ash concrete specimens cured for 28 and 56
days had 14 and 21 pe less free shrinkage than the corresponding control
specimens.

. For the mixture containing Class C fly ash, based on shrinkage after
curing, the specimens cured for 7, 14, 28, and 56 days had more free
shrinkage than the corresponding control specimens at all ages.

Over two-thirds of the free shrinkage at one year occurred during the first
30 days, with averages of 70% and 66% for the two control mixtures, and
72% and 78% for the Class C and Class F fly ash concrete mixtures,

respectively.
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3.3 PROGRAMII (FLY ASH + SRA)

Lindquist et al. (2008) investigated the effect of incorporating a shrinkage
reducing admixture (SRA) in concrete containing limestone coarse aggregate with a
water-cement ratio of 0.42 and a cement content of 535 Ib/yd® (317 kg/m®). SRA
dosages of 0, 1, and 2% by weight of cement were tested, and it was found that the
addition of the SRA at dosage rates up to 2% by weight of cement resulted a
significant reduction in both early-age and long-term drying shrinkage. Lindquist et
al. (2008) also found that increasing the curing period from 7 to 14 days did not have
a significant effect on the free shrinkage of mixtures containing an SRA. Because
SRAs reduce free shrinkage by decreasing the surface tension of pore water, they can
also make the air void system of concrete mixtures less stable. Lindquist et al. (2008)
found that it was easier to maintain a stable air void system at an SRA dosage rate of 1%
by weight of cement than at a dosage rate of 2%.

Considering the potential benefits of reducing free shrinkage using an SRA,
mixtures containing both fly ash and an SRA were investigated in Program II, using three
concrete mixtures: a mixture (0% FA) with a water-cement ratio of 0.42, a cement
content of 535 Ib/yd® (317 kg/m’), and an SRA dosage of 1% by weight of cement [0.64
gallon/yd3 (3.2 L/m’)]; and two fly ash concrete mixtures, containing a 20% and 40%
volume replacement of cement by fly ash and the same water-cementitious material
(w/cm) ratio, paste content, and SRA dosage as the control mixture. Durapoz® Class F
fly ash, which contains extra SO3(2.83% by weight), and granite coarse aggregate were
used. The mixture proportions, plastic concrete properties, and compressive strength for
all mixes in Program II are provided in Table A.6 in Appendix A.

The 28-day compressive strengths were 5260, 3970, 3880 psi (36.3, 27.4, and
26.8 MPa) for the 0% FA, 20% FA, and 40% FA concretes, respectively, representing a
reduction in 28-day compressive strength of 24.5 and 26.2% with the use of 20 and 40%

volume replacements of cement by fly ash, respectively.
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The average free shrinkage strains for the drying periods of 0, 30, 60, 90, 180,

and 365 days and curing periods of 7 and 14 days are summarized in Table 3.9.

Average free shrinkage is plotted as a function of the drying period for the mixtures

in Program II over 30 days in Figure 3.9.

Table 3.9 Average free shrinkage for control mixture (100% cement) and 20% and 40%
FA mixtures (with 20% and 40% volume replacement of cement by Durapoz® Class F fly
ash) in Program II. All mixtures contain an SRA dosage of 0.64 gallon/yd’ (3.2 L/m’).

Days of 0% FA 20%FA' 40% FA'

Drying 7-d 14-d 7-d 14-d 7-d 14-d
curing curing curing curing curing curing

od 13 -7 10 13 -7 -40

30d 236 214 257 267 211 243

60 d 293 263 297 303 260 273

90 d 310 300 310 327 330 303

180d 330 297 330 343 287 307

365d 343 303 336 346 308 326
FS30a/FSzesa | 68.6% 70.7% 76.5% 77.2% 68.6% 74.7%

" Durapoz® Class F fly ash. " Free shrinkage (FS) at 30 days divided by free shrinkage at 365 days.
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Figure 3.9 Average free shrinkage versus time through 30 days for control mixture
(100% cement) and 20% and 40% FA mixtures (with 20% and 40% volume
replacement of cement by Durapoz” Class F fly ash) in Program II. All mixtures
contain an SRA dosage of 0.64 gallon/yd® (3.2 L/m’).
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As shown in Table 3.9 and Figure 3.9, extending the curing period from 7 to 14
days decreased the free shrinkage from 236 to 214 e at 30 days for the mixture without
fly ash (0% FA), but increased the free shrinkage from 257 to 267 pe and from 211 to
243 ue for the 20% FA and 40% FA mixtures, respectively. All fly ash concrete
specimens had higher free shrinkage than the 0% FA concrete specimens with the same
curing period (except for the 40% FA concrete with 7-day curing); the differences are
statistically significant (Table 3.10). The 20% FA concrete had greater free shrinkage
than the 40% FA concrete.

Table 3.10 Student’s t-test for control mixture (100% cement) and 20% and 40% FA
mixtures (with 20% and 40% volume replacement of cement by Durapoz® Class F fly
ash) in Program II. All mixtures contain an SRA dosage of 0.64 gallon/yd® (3.2
L/m®). 30-day free shrinkage data.

Batch Curing 30-day free 0% FA 20% FA 40% FA
period shrinkage 7-day 14-day | 7-day | 14-day | 7-day | 14-day
236 214 257 267 211 243
0% FA 7-day 236 90% 80% Y 95% N
14-day 214 [ 95% N 90%
20% FA 7-day 257 95% N
Tiday S S N 5o
40% FA 7-day 211
14-day 243 [ T

Note: See the Table 3.2 note for an explanation of the terms “Y,” “N,” “80,” “90,” and “95.”

Average free shrinkage versus drying time through one year is shown in
Figure 3.10. The 0% FA mixture with the 14-day curing period had the least free
shrinkage and the 20% FA concrete with the 14-day curing period had the most free
shrinkage at 365 days. Similar to the results at 30 days, increasing the curing period
from 7 to 14 days decreased free shrinkage (by 40 pe) for the 0% FA mixture, but
increased the free shrinkage (by 10 and 18 pe) for the 20% FA and 40% FA mixtures.
The differences between the specimens cured for 7 and 14 days for both the 20% FA

and 40% FA mixtures, however, are not statistically significant (Table 3.11).
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Figure 3.10 Average free shrinkage versus time through 365 days for control mixture
(100% cement) and 20% and 40% FA mixtures (with 20% and 40% volume
replacement of cement by Durapoz® Class F fly ash) in Program II. All mixtures
contain an SRA dosage of 0.64 gallon/yd’ (3.2 L/m’).

Table 3.11 Student’s t-test for control mixture (100% cement) and 20% and 40% FA
mixtures (with 20% and 40% volume replacement of cement by Durapoz® Class F fly
ash) in Program II. All mixtures contain an SRA dosage of 0.64 gallon/yd® (3.2
L/m®). 365-day free shrinkage data.

Batch Curing 365-day free 0% FA 20% FA 40% FA
period shrinkage 7-day 14-day | 7-day | 14-day | 7-day | l4-day
323 283 316 326 288 306
0% FA 7-day 323 N 95% 90%
14-day 283 [ 80% N 90%
20% FA 7-day 316 N N
14-day 326 | 90%
40% FA 7-day 288
14-day 306 :

Note: See the Table 3.2 note for an explanation of the terms “Y,” “N,” “80,” “90,” and “95.”

Comparisons of the three mixtures at 30 and 365 days are presented in
Figures 3.11 and 3.12 with the shrinkage calculated based on the length change after
demolding and after curing, respectively. Based on shrinkage after demolding, as
shown in Figures 3.11 (a) and 3.12 (a), for the specimens cured for 7 days, the fly ash
concretes had lower free shrinkage than the 0% FA concrete at 365 days; the 40% FA
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concrete also had lower shrinkage at 30 days. For the specimens cured for 14 days,
the 0% FA concrete had the lowest free shrinkage followed by the 40% FA and the 20%
FA mixtures. When the free shrinkage was calculated based on the length change after
curing [Figures 3.11 (b) and 3.12 (b)], the same trend as observed based on the length
change after demolding was observed, except that the 40% FA concrete cured for 14

days had greater free shrinkage than the 20% FA concrete cured for 14 days.
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Figure 3.11 Free shrinkage at 30 days for control mixture (100% cement) and 20%
and 40% FA mixtures (with 20% and 40% volume replacement of cement by
Durapoz” Class F fly ash) in Program II. All mixtures contain an SRA dosage of
0.64 gallon/de (3.2 L/m®). (a) based on total length change after demolding; (b)
based on total length change after curing.
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Figure 3.12 Free shrinkage at 365 days for control mixture (100% cement) and 20%
and 40% FA mixtures (with 20% and 40% volume replacement of cement by
Durapoz” Class F fly ash) in Program II. All mixtures contain an SRA dosage of
0.64 gallon/yd® (3.2 L/m’). (a) based on total length change after demolding; (b)
based on total length change after curing.
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3.3.1 Summary of Program II

Three mixtures containing 0, 20, and 40% volume replacements of cement by
Class F fly ash and the same dosage rate [0.64 gallon/yd® (3.2 L/m?)] of an SRA were
tested in Program II. The free shrinkage results indicate that, for the 0% FA mixture,
increasing the curing period from 7 to 14 days decreased the free shrinkage, although
for the two fly ash concrete mixtures, increasing the curing period from 7 to 14 days
also increased the free shrinkage (the differences at 365 days were not statistically
significant). In general, increasing the curing period decreases free shrinkage, as
shown in Program I and the research reported by Lindquist et al. (2008). In one case,
Lindquist et al. (2008) also found that fly ash concrete cured for 14 days exhibited
slightly higher free shrinkage than the same concrete cured for 7 days.

The 20% FA concrete exhibited higher free shrinkage than the 40% FA
concrete when cured for 7 or 14 days. A similar phenomenon was also observed by
Lindquist et al. (2008), although in general, Lindquist et al. (2008) observed that
concrete containing a 40% volume replacement of cement by fly ash exhibited a
greater free shrinkage than concrete containing a 20% volume replacement of cement
by fly ash.

Overall, at the same dosage rate of SRA, for specimens cured for 14 days, the
concrete containing fly ash had greater free shrinkage than the concrete without fly
ash. For specimens cured for 7 days, the concrete containing fly ash had less free
shrinkage than the concrete without fly ash. A more detailed comparison, including

concretes with and without a shrinkage reducing admixture, is provided in Section 3.4.

3.4 PROGRAM III (SRA)

As discussed in Section 3.3, at the same dosage of a shrinkage reducing
admixture (SRA), the concrete containing fly ash (with 14-day curing) exhibited
higher free shrinkage than the concrete without fly ash. A more detailed comparison

of concrete containing fly ash with concrete containing 100% portland cement at
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different dosage rates of the SRA is provided by Program III. A total of six different
mixtures were investigated: three non-fly ash mixtures [with a water-cement ratio of
0.44 and a cement content of 540 Ib/yd® (320 kg/m?)] with SRA dosages of 0, 0.32,
and 0.64 gallon/yd’ (0, 1.6, and 3.2 L/m’), equal to 0, 0.5, and 1% of cement by
weight; and concrete with a 40% volume replacement of cement by Class F fly ash
and SRA dosages of 0, 0.32, and 0.64 gallon/yd’ (0, 1.6, and 3.2 L/m®). The fly ash
concretes were designed with the same water-cementitious material ratio (w/cm) and
paste content as the control mixes. The same Class F fly ash as used in Program I Set
1 was used in Program III. All specimens were cured for 14 days. The mixture
proportions, plastic concrete properties, and compressive strengths for all mixtures in
Program III are provided in Table A.7 of Appendix A.

Two batches were cast for three mixtures: the 0% FA concrete with 0.32
gallon/yd® (1.6 L/m’) of SRA, the 40% FA concrete with 0.32 gallon/yd® (1.6 L/m’)
of SRA, and the 40% FA concrete with 0.64 gallon/yd® (3.2 L/m’) of SRA. In each
case, the results are averaged for comparison with other mixtures.

The 28-day compressive strengths for the mixtures in Program III are
presented in Figure 3.13. The mixtures containing an SRA tended to have a lower
compressive strength than those without an SRA, except for the 0% FA concrete with
0.32 gallon/yd® (1.6 L/m’) of SRA, which was slightly stronger than the 0% FA
concrete without an SRA. In all cases, at the same dosage of SRA, the fly ash
concrete had a lower compressive strength than the 0% FA concrete. The fly ash
concrete with 0.64 gallon/yd3 (3.2 L/m’) of SRA had the lowest 28-day compressive
strength, 3120 psi (21.5 MPa).
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Figure 3.13 Compressive strength at 28 days for control mixture (100% cement) and
40% FA mixture (with 40% volume replacement of cement by Class F fly ash) at
SRA dosages of 0, 0.32, and 0.64 gallon/yd’ (0, 1.6, and 3.2 L/m’) in Program III.
1 psi = 0.00689 MPa

The average free shrinkage strains for drying periods of 0, 30, 60, 90, 180, and
365 days are summarized in Table 3.12. The average free shrinkage versus drying
time through 30 days is plotted in Figure 3.14.

As shown in Table 3.12 and Figure 3.14, the 40% FA concrete without the
SRA had the highest free shrinkage at 30 days, 338 pe, followed by the 0% FA
concrete without the SRA, with a free shrinkage of 273 pe; the mixtures with either
0.32 or 0.64 gallon/yd’ (1.6 or 3.2 L/m’) of SRA had a lower free shrinkage, ranging
from 157 to 233 pe. The differences between the mixtures with the SRA and the
mixtures without the SRA are all statistically significant (Table 3.13). Free shrinkage
decreased from 273 to 233 and 157 pe as the SRA dosage increased from 0 to 0.32
and 0.64 gallon/yd3 (0, to 1.6 and 3.2 L/m’) for the 0% FA mixture; likewise, the free
shrinkage decreased from 338 to 223 and 214 pe as the SRA dosage increased from 0
to 0.32 and 0.64 gallon/yd’ (0, to 1.6 and 3.2 L/m?) for the 40% FA mixture. While
the 40% FA concrete without the SRA had 65 pe more shrinkage than the 0% FA
concrete without the SRA, the 40% FA concrete with 0.32 gallon/yd® (1.6 L/m’) of
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SRA had virtually the same shrinkage as the 0% FA concrete with 0.32 gallon/yd’
(1.6 L/m’) of SRA. The 0% FA concrete with 0.64 gallon/yd® (3.2 L/m’) of SRA
had the best performance, with a shrinkage of 157 pe at 30 days, equivalent to a 43%

reduction compared to the 0% FA concrete without the SRA.

Table 3.12 Average free shrinkage for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class F fly ash) at SRA dosages
of 0, 0.32, and 0.64 gallon/yd’ (0, 1.6, and 3.2 L/m’) in Program III. All batches were
cured for 14 days.

Days of Drying 0% FA 40% FA
0'SRA | 0.32"SRA | 0.64"SRA | 0' SRA | 0.32" SRA | 0.64" SRA

od -30 -17 -43 -33 -52 -57
30d 273 233 157 338 223 214
60d 323 297 190 407 293 277
90d 357 347 250 427 330 320
180 d 393 372 280 470 358 333
365d 400 396 292 490 383 353

FSa0a/FSagsq | 68.3% 58.8% 53.6% 68.9% 58.3% 60.6%

"SRA dosage, gallon/yd® ' Free shrinkage (FS) at 30 days divided by free shrinkage at 365 days.
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Figure 3.14 Average free shrinkage versus time through 30 days for control mixture
(100% cement) and 40% FA mixture (with 40% volume replacement of cement by
Class F fly ash) at SRA dosages of 0, 0.32, and 0.64 gallon/yd3 (0, 1.6, and 3.2 L/m3)
in Program III. All batches were cured for 14 days.

118



Table 3.13 Student’s t-test for control mixture (100% cement) and 40% FA mixture
(with 40% volume replacement of cement by Class F fly ash) at SRA dosages of 0,
0.32, and 0.64 gallon/yd® (0, 1.6, and 3.2 L/m’) in Program III. All batches were
cured for 14 days. 30-day free shrinkage data.

Batch SRA dosage, | 30-day free 0% FA 40% FA

Ib/yd® shrinkage 0 SRA 0.32 0.64 | OSRA | 0.32 0.64

SRA SRA SRA SRA

273 233 157 338 223 214

0% FA 0 273 95% 95%

0.32 233
0.64 157
40% FA 0 338
0.32 223
0.64 214

Note: See the Table 3.2 note for an explanation of the terms “Y,” “N,” “80,” “90”, and “95.”

The free shrinkage results through 365 days are presented in Figure 3.15 and
Table 3.14. The trend observed at 30 days was again observed at 365 days. The 40%
FA concrete without the SRA had the highest shrinkage, 90 pe higher than the 0% FA
concrete without the SRA. With 0.32 gallon/yd’® (1.6 L/m’) of SRA, the 40% FA
concrete exhibited less shrinkage than the 40% FA and 0% FA concretes without the
SRA and similar shrinkage to the 0% FA concrete with the same dosage of SRA. The
40% FA concrete with 0.64 gallon/yd3 (3.2 L/m’) of SRA performed slightly better
than the 40% FA concrete with 0.32 gallon/yd® (1.6 L/m’) of SRA, while the free
shrinkage of the 0% FA concrete was significantly reduced as the SRA dosage
increased from 0.32 to 0.64 gallon/yd® (1.6 to 3.2 L/m’). The 0% FA concrete with
0.64 gallon/yd’ (3.2 L/m’) of SRA had the lowest free shrinkage at 365 days.

The free shrinkage at 30 days was about 70% of the free shrinkage at 365 days
for concretes without the SRA. The ratio decreased to about 60% for the concretes

with the SRA (Table 3.12).
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Figure 3.15 Average free shrinkage versus time through 365 days for control mixture
(100% cement) and 40% FA mixture (with 40% volume replacement of cement by
Class F fly ash) at SRA dosages of 0, 0.32, and 0.64 gallon/yd® (0, 1.6, and 3.2 L/m")
in Program III. All batches were cured for 14 days.

Table 3.14 Student’s t-test for control mixture (100% cement) and 40% FA mixture
(with 40% volume replacement of cement by Class F fly ash) at SRA dosages of 0,
0.32, and 0.64 gallon/yd® (0, 1.6, and 3.2 L/m’) in Program III. All batches were
cured for 14 days. 365-day free shrinkage data.

Batch SRA dosage, | 365-day free 0% FA 40% FA

Ib/yd’ shrinkage 0 0.32 0.64 0 0.32 0.64
SRA | SRA SRA | SRA | SRA SRA

400 396 292 490 383 353

0% FA 0 400
0.32 396
0.64 292
40% FA 0 490
0.32 383
0.64 353

Note: See the Table 3.2 note for an explanation of the terms “Y,” “N,” “80,” “90,” and “95.”

The free shrinkage values calculated based on the length change after
demolding and after curing are compared for the six mixtures at 30 and 365 days in
Figures 3.16 and 3.17, respectively. As shown in Figures 3.16 (a) and 3.17 (a), for
the fly ash concrete, the addition of the SRA reduced the free shrinkage significantly

when compared to the mixture without the SRA; however, increasing the SRA dosage
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from 0.32 to 0.64 gallon/yd3 (1.6 to 3.2 L/m’) had little of effect. For the 0% FA
concrete, the free shrinkage decreased as the SRA dosage increased from 0 to 0.32
and 0.64 gallon/yd® (0 to 1.6 and 3.2 L/m®). With 0.32 gallon/yd’® (1.6 L/m®) of SRA,
the fly ash concrete performed slightly better than the concrete without fly ash. The
concrete without fly ash and with 0.64 gallon/yd® (3.2 L/m’) of SRA had the best
performance. If the swelling during curing is not considered [Figures 3.16 (b) and
3.17 (b)], adding the SRA still significantly reduced free shrinkage for both mixtures.
In every case, the fly ash concrete had greater free shrinkage than the corresponding 0%
FA concrete at the same dosage of SRA.

400 400

300 300 A

200 1 200

100 - 100

Free Shrinkage, microstrain

Free Shrinkage, microstrain

0 o
SRA dosage, 0% FA 40% FA SRA dosage, 0% FA 40%FA
gallon/yd? 0 032 064 0 032 064 gallon/yd? 0 032 064 0 032 064

(a) (b)

Figure 3.16 Free shrinkage at 30 days for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class F fly ash) at SRA dosages of
0, 0.32, and 0.64 gallon/yd® (0, 1.6, and 3.2 L/m’) in Program III: (a) based on total
length change after demolding; (b) based on total length change after curing.
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Figure 3.17 Free shrinkage at 365 days for control mixture (100% cement) and 40% FA
mixture (with 40% volume replacement of cement by Class F fly ash) at SRA dosages of
0, 0.32, and 0.64 gallon/yd’ (0, 1.6, and 3.2 L/m’) in Program III: (a) based on total
length change after demolding; (b) based on total length change after curing.
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Table 3.15 shows the free shrinkage reduction obtained with the addition of
the SRA. For the 0% FA mixture, adding 0.32 and 0.64 gallon/yd® (1.6 and 3.2 L/m")
of SRA reduced shrinkage by 14.8 and 42.7% at 30 days and 1.1 and 26.9% at 365
days compared to the similar mixture without the SRA. For the fly ash concrete, the
reductions were 33.9 and 36.7% at 30 days and 21.8 and 28.7% at 365 days,
corresponding to SRA dosages of 0.32 and 0.64 gallon/yd® (1.6 and 3.2 L/m?).

Table 3.15 Free shrinkage reduction compared non-SRA specimens for control mixture
(100% cement) and 40% FA mixture (with 40% volume replacement of cement by Class
F fly ash) in Program IIL

Days of Drying 0% FA 40% FA
OSRA | 0.32SRA | 0.64 SRA | OSRA | 0.32 SRA | 0.64 SRA
Shrinkage at 30-d 273 233 157 338 223 214
Reduction -- 14.8% 42.7% -- 33.9% 36.7%
Shrinkage at 365-d 400 396 292 490 383 353
Reduction - 1.1% 26.9% - 21.8% 28.0%

The reduction in free shrinkage obtained by adding an SRA to concrete that is
cured for 14 days can be compared with the reduction obtained by extending the
curing period from 14 days to 28 or 56 days for concrete without an SRA. The
concretes with the SRA are mixtures that are discussed in this section, and the
concretes with the longer curing periods are those mixtures without an SRA in
Program I Set 1, discussed in Section 3.2.1. The reductions in free shrinkage at 30
days, calculated as the difference with specimens cured for 14 days without an SRA,
are presented in Figure 3.18.

0.64 gallon/yd’ (3.2 L/m’) of SRA resulted in the greatest reduction, 42.7%, followed

At 30 days, for the mixtures without fly ash, adding

by extending the curing period to 56 days, adding 0.32 gallon/yd’ (1.6 L/m’) of SRA,
and extending the curing period to 28 days, with reductions of 17.6%, 14.8%, and
10.6%, respectively. For the mixtures with a 40% volume replacement of cement by
fly ash, the mixtures with a curing period of 56 days and additions of 0.32 and 0.64
gallon/yd’ (1.6 and 3.2 L/m’) of SRA exhibited similar reductions, about 35%, and

122




the mixture with a curing period of 28 days had the lowest reduction in free shrinkage,

16.7%.
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Figure 3.18 Reduction in free shrinkage at 30 days obtained by adding an SRA or
extending curing period compared with specimens cured for 14 days without an SRA
for control mixture (100% cement) and 40% FA mixture (with 40% volume
replacement of cement by Class F fly ash). " Extending curing period to 28 or 56 days
(Section 3.2.1); no SRA. " Adding the SRA at the dosage of 0.32 or 0.64 gallon/yd’ (1.6 or
3.2 L/m’); cured for 14 days.

The reductions in free shrinkage at 365 days are presented in Figure 3.19. For
the mixtures without fly ash, adding 0.32 gallon/yd’® (1.6 L/m’) of SRA or increasing
the curing period to 28 days reduced free shrinkage by less than 15%, while
increasing the curing period to 56 days or adding 0.64 gallon/yd® (3.2 L/m®) of SRA,
respectively, resulted in reductions of 15.4% and 26.9%, all with respect to concrete
without an SRA cured for 14 days. For the mixtures with a 40% volume replacement
of cement by fly ash, all the reductions were greater than 15%, and in the order from
low to high, the shrinkage reduction increased by increasing curing period to 28 days,

adding 0.32 gallon/yd’ (1.6 L/m’) of SRA, increasing curing period to 56 days and
adding 0.64 gallon/yd’® (3.2 L/m®) of SRA.
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Figure 3.19 Reduction in free shrinkage at 365 days obtained by adding an SRA or
extending curing period compared with specimens cured for 14 days without an SRA
for control mixture (100% cement) and 40% FA mixture (with 40% volume
replacement of cement by Class F fly ash). " Extending curing period to 28 or 56 days
(Section 3.2.1); no SRA. " Adding the SRA at the dosage of 0.32 or 0.64 gallon/yd’ (1.6 or
3.2 L/m’); cured for 14 days.
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Lindquist et al. (2008) also investigated the effect of an SRA on shrinkage.
They used dosage rates of 0, 0.64, and 1.28 gallon/yd® (0, 3.2 and 6.4 L/m’) for
concrete with a cement content of 535 Ib/yd® (317 kg/m®) and a w/c ratio of 0.42,
giving a paste content of 23.3% by volume, and limestone coarse aggregate. The
concrete was cured for 14 days. They observed reductions in shrinkage at 30 days of
36.4 and 60.1% for SRA dosage rates of 0.64 and 1.28 gallon/yd3 (3.2 and 6.4 L/m’),

respectively, with reductions at 365 days of 22.4 and 39.4%.

3.4.1 Summary of Program III

Six different concrete mixtures were evaluated in Program III. They included 0%
FA mixtures and 40% FA mixtures with a 40% volume replacement of cement by Class
F fly ash. SRA dosages of 0, 0.32, and 0.64 gallon/yd3 (0,1.6,and 3.2 L/m’ ) were used.

All mixtures were cured for 14 days. The free shrinkage results indicate that
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The addition of the SRA reduced free shrinkage significantly. With SRA dosages of
0.32 and 0.64 gallon/yd’® (1.6 and 3.2 L/m®), 30-day free shrinkage decreased by 14.8
and 42.7% for 0% FA concrete, and 33.9 and 36.7% for 40% FA concrete, and the
365-day free shrinkage decreased by 1.1 and 26.9% for 0% FA concrete, and 21.8
and 28% for 40% FA concrete, compared with similar mixtures without an SRA.

. Without the SRA, the 40% FA concrete had higher free shrinkage than the 0% FA
concrete at all ages.

. With 0.32 gallon/yd® (1.6 L/m’) of SRA, the concretes with and without fly ash
exhibited similar shrinkage.

. With 0.64 gallon/yd® (3.2 L/m’) of SRA, the 40% FA concrete had slightly less
free shrinkage than the 40% FA concrete containing 0.32 gallon/yd’ (1.6 L/m’) of
SRA but more free shrinkage than the 0% FA concrete with 0.64 gallon/yd® (3.2
L/m’) of SRA.

. When the reductions in free shrinkage obtained by adding 0.32 or 0.64 gallon/yd’
(1.6 and 3.2 L/m’) of SRA (concrete cured for 14 days, Program III) and by
extending the curing period from 14 to 28 or 56 days (Program I Set 1) were
compared for mixtures with and without fly ash, it was noted that adding 0.64
gallon/yd’ (3.2 L/m’) of SRA resulted in the greatest reduction in shrinkage at 30
and 365 days for all mixtures; adding 0.32 gallon/yd® (1.6 L/m®) of SRA resulted
in more reduction than extending the curing period to 28 days (except for the
concrete without fly ash at 365 days) and less reduction than extending the curing
period to 56 days (except for the mixture with fly ash at 30 days).

. The reductions in shrinkage at 365 days were, respectively, 1.1, 26.9, 21.8, 28.0%
for the 0% FA mixtures with 0.32 and 0.64 gallon/yd’ (1.6 and 3.2 L/m’) of SRA
and 40% FA mixtures with 0.32 and 0.64 gallon/yd’ (1.6 and 3.2 L/m’) of SRA,
values that are consistently below the respective reductions at 30 days, 14.8, 42.7,

33.9, and 36.7%.
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CHAPTER 4 EVAPORABLE WATER CONTENT AND FREE
SHRINKAGE

4.1 GENERAL

The evaporable water in cement paste is defined as the water that can be
removed at room temperature, or more quickly at 221° F (105° C) (Mindess et al.
2003). Concrete shrinkage is closely related to the water loss from the cement paste.
In this chapter, the quantity of evaporable water in cement paste is correlated with the
free shrinkage measured in companion specimens.

The quantity of evaporable water in the cement paste constituent of concrete,
w, (Section 2.6.3.1), equals the difference between the original mix water (based on
the original mixture proportions and not including water in the aggregates) and the
non-evaporable water in cement paste. The quantity of evaporable water can also be
directly determined experimentally as the difference in the weight of the concrete
when the specimens are demolded 24 hours after casting and the weight after curing
is completed and subsequently oven drying at 221° F (105° C), adjusted to account for
the water lost from the initially saturated surface dry (SSD) aggregate, w', (Section
2.6.3.2). Because the total water in cement paste increases over time when cement
paste maintained in a saturated condition, the quantity of evaporable water is also
determined based on the total water in the cement paste constituent of concrete after
curing, designated as w, (Section 2.6.3.3).

The free shrinkage specimens were prepared and tested in accordance with
ASTM C157.

Two test series are described in this chapter. In the preliminary test series, the
surfaces of the specimens were either air-dried or wet (water left in the surface air voids
in both cases). The surface conditions did not affect the value of the non-evaporable

water content or the evaporable water content of w,, but did affect the measured
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evaporable water contents w', and w;. Thus, only w, is valid for the preliminary tests.
The specimens in the preliminary tests were cured for 1, 3, 7, or 28 days.

In the second test series, the specimens were prepared in the saturated surface
dry (SSD) condition prior to initial weighing, allowing the values of w,, w', and w; to
be determined. The specimens in the second series were cured for 3, 7, 14, or 28 days,
with one batch cured for 35 days.

Four mixtures were evaluated, each with a water-cementitious material (w/cm)
ratio of 0.44 and a paste content of 24.12%. The first, the control mixture, contained
100% cement as the binder. Three batches, designated as Control 1, 2, and 3, were
cast in the two test series. The second mixture had a 40% volume replacement of
cement by Class F fly ash and was cast twice (FA 1 and FA 2). The third mixture had
a 60% volume replacement of cement by slag cement and was cast in three batches,
designated as Slag 1, 2, and 3. The final mixture contained 100% cement and a
shrinkage reducing admixture (SRA) added at a dosage rate of 0.5% by the weight of
cement; one batch was cast. Control 1 and 2, FA 1, and Slag 1 were evaluated in the
preliminary test series. Control 3, FA 2, Slag 2 and 3, and the SRA mixture were
evaluated in the second test series.

With the exception of the mixtures containing fly ash, the concrete was batched
to have a slump between 2 and 4 in. (50 and 100 mm) and an air content between 7.9
and 8.9% by adjusting the dosage of water reducer and air entraining agent. The
mixtures containing fly ash had a slump over 6 in. (150 mm) even without the addition
of a water reducer. This was done to keep all other factors the same as used in the other
mixtures, including the paste content, w/cm ratio, aggregate gradation, and air content.
The mixture proportions, plastic concrete properties, and compressive strengths are
presented in Tables A. 8 and A. 9 in Appendix A.

Student’s t-test is used to identify whether the differences between samples

are statistically significant.
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42 w, VERSUS w/,

In this section, the quantity of evaporable water in the cement paste
constituent of the specimens, determined as the difference between the original mix
water and the non-evaporable water w,, is compared with the quantity of water lost
from the cement paste constituent, based on the weight of the concrete at an age of 24
hours, during oven drying w’,. The values of w, and w’, are calculated for specimens
cured for 3, 7, 14, and 28 days in two batches, Slag 3 and the SRA mixture; the
average value for three specimens is used for comparison. The results are shown in
Figure 4.1. The horizontal axis shows the curing period, and the vertical axis shows
the quantity of evaporable water of w, and w',, expressed as a water-cementitious
material ratio. The error bars parallel to the vertical axis show the minimum and
maximum values for the three specimens in each batch.

As shown in Figure 4.1, for the concrete containing slag, w',/cm is
consistently lower than w,/cm (for all four curing periods), with differences ranging
from 0.032 to 0.037. The same observation is noted for the SRA mixture, with
differences ranging from 0.039 to 0.041. All of the differences between w, and w',
for the same mixture with the same curing period are statistically significant at a
confidence level of a = 0.02 (98% certainty that the difference does not arise by
chance). The lower values of w', indicate a systematic difference in the two methods
of measuring evaporable water, which may be due to water losses that occur during
specimen handling (discussed in Section 2.6.3.2). The quantity of water lost during
specimen handling is discussed more in Section 4.3. It should be noted that during
the determination of w',, the original weight of the concrete is based on the weight of
the specimens at an age of 24 hours, in which case part of the original mix water has
been chemically combined during the hydration at the 24 hours. This will also cause
lower values of w', than w,. The error bars (three specimens for each batch) indicate

that the w', values exhibit more scatter than the w, values, except for the SRA
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mixture cured for three days. In the remainder of this chapter, w, is used to compare

different mixtures.
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Figure 4.1 Evaporable water content (expressed as water-cementitious material ratio,
average value of three specimens) versus curing time: (a) Slag 3, (b) SRA (shrinkage
reducing admixture) concrete. Note: w, = original water content — non-evaporable
water content. w', = total water lost— water lost of aggregate components during
oven drying.

43 w', VERSUS w;

As explained in Chapter 2, the concrete was cured in lime-saturated water. In
this section, the quantity of evaporable water based on the weight of the specimens
after wet curing w, (Eq. 2.10) is compared with the quantity of evaporable water
based on the weight of the specimens at demolding w’, (Eq. 2.7) for the two mixtures
presented in Section 4.2. It should be mentioned that the calculation of w; is identical
to the calculation of w',, except that the weight of concrete after curing is used for w,
while the weight of concrete at demolding is used for w', (see Section 2.6.3.3). The
results are shown in Figure 4.2. The horizontal axis shows the curing period, and the
vertical axis shows the quantities of evaporable water, w', and w,, expressed as
water-cementitious material ratios. The error bars parallel to the vertical axis show

the minimum and maximum values for the three specimens in each batch. As shown
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in Figure 4.2, the value of w; /cm is consistently higher than w', /cm, with differences
0f 0.049, 0.055, 0.058 and 0.064 for the slag concrete cured for 3, 7, 14, and 35 days,
and 0.028, 0.038, 0.047, and 0.055 for the SRA concrete cured for 3, 7, 14, and 28
days. The observation that w, is higher than w', demonstrates that water was
absorbed by the cement paste during the curing period. The value by which w;
exceeds w', increases with increased curing. Figure 4.2 also demonstrates that the
difference between w; and w', is greater for the concrete containing slag than for the

SRA concrete.
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Figure 4.2 w',/cm andw; /cm versus curing period for concrete mixtures: (a) Slag 3, (b)
SRA (shrinkage reducing admixture) concrete. Note: w',/cm is based on the weight of
specimens when they are first removed from the molds, and w,; /cm is based on the weight of
specimens after wet curing.

The comparisons of w’', and w; are only available for the concrete containing
slag and the SRA concrete, where the weight of the specimens at demolding were
measured. The ratios of the water content in the cement paste at the end of curing to
the original water content at batching can also be used to compare the quantity of
external water absorbed during curing for the control mixtures and the mixtures

containing fly ash, slag, and SRA. The total water content in the cement paste at the

end of curing w; [Eq. (2.12)] equals to the summation of the non-evaporable water
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wy, [Eq. (2.3)] and the evaporable water w;* [Eq. (2.11)]. The evaporable water w;* is
determined in the same way as w;, except that the weight of the cured, crushed
material instead of the weight of cylinder at demolding is used to determine the
weight of components in the sample. The difference between w, /cm and w;*/cm is
within 0.002.

The ratios of total to original water content in the cement paste for the four
mixtures are plotted versus curing period in Figure 4.3. The higher the value of the
ratio, the higher quantity of water absorbed. Figure 4.3 shows that for curing periods
between 3 and 28 days (35 days for the slag concrete), the longer the concrete is cured
under water, the greater the quantity of water absorbed for all mixtures. As shown in
Figure 4.3, the ratios for the control concrete increased from 0.966 to 1.054, 1.066,
and 1.114 as the curing period increased from 3 to 7, 14, and 28 days. The concrete
containing fly ash has the lowest ratios for the mixtures studied, with values of 0.959,
0.993, 0.995, and 1.016 for specimens cured for 3, 7, 14, and 28 days. The ratios for
the concrete containing slag remained fairly constant, increasing slightly from 1.037 to
1.046, 1.055, and 1.060 as the curing period increased from 3 to 7, 14, and 35 days.
The ratios increase from 0.980, to 0.995, 1.014, and 1.028 for the concrete containing
the SRA. The fact that some of the ratios are lower than 1.0, with the lowest value of
0.959 for the fly ash concrete cured for three days, is likely caused by water lost
during specimen handling. As discussed in Section 2.6.3.2, water evaporates when

the cylinders (originally in the SSD condition) are crushed and transferred to the oven.
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Figure 4.3 Ratio of total water content at end of curing to original water content at
batching as a function of curing time and mixture type. ~ Specimens cured for 35 days.

The observation that water was absorbed during curing can be explained by
the findings by Powers (1960), as discussed in Section 1.3.1.3. Powers (1960) stated
that

w, W, w?
—L="240254m = (4.1)
c c c

where
Wt .
— = total water-cement ratio
c
W .. .
— = original water-cement ratio
c

w, = non-evaporable water content of completely hydrated cement

w. . .
m = W—’; , where w,, =non-evaporable water content at time of testing
n

and m equals 1 for fully mature specimens and is less than 1 for incompletely

hydrated specimens.

o
The term 0.254 m % is the quantity of water, per unit weight of cement, that cement

paste must obtain from an external source to remain in a saturated condition. This
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value is related to the porosity of the hydrated cement paste and the quantity of water
that is chemically combined at time of testing (Powers 1960).

According to Eq. (4.1), water is attracted to hydrated cement paste when
specimens are cured under water, and the quantity 0.254 m % is related to the degree

of hydration. The higher ratio of the total water content to the original water content

for the specimens that cure longer, as illustrated in Figure 4.3, can be explained by the
higher degree of hydration and, thus, the higher quantity of water absorbed.

During the curing period, concrete normally expands as it absorbs water from
an external source. The expansion, expressed as negative free shrinkage, is plotted
versus curing period in Figure 4.4. As shown in the figure, the control concrete
expanded 23, 50, 43, and 37 pe for specimens cured for 3, 7, 14, and 28 days,
respectively. The concrete containing fly ash exhibited similar amount expansion as
the control concrete, with values of 33, 30, 40, and 33 pe for specimens cured for 3, 7,
14, and 28 days, respectively. The slag concrete and the SRA mixture exhibited
higher expansion than the control and fly ash concretes, with values of 85, 77, 147, and
103 pe for specimens cured for 3, 7, 14, and 35 days for the slag concrete, and 103, 75,
50, and 100 pe for specimens cured for 3, 7, 14, and 28 days for the SRA mixture. The
specimens cured for longer periods contain more absorbed water than the specimens
cured for shorter periods, as indicated in Figure 4.3, although they do not necessarily
exhibit more expansion, as shown in Figure 4.4. Therefore, based on the four batches
in this comparison, there is no direct correlation between the amount of expansion
and the quantity of absorbed water. It is also noted that the control mixture absorbs
more water during curing but exhibits less expansion than the other mixtures, except
that it has slightly more expansion than the mixture containing fly ash cured for 7, 14,

and 28 days.
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Figure 4.4 Expansion of free shrinkage specimens at the end of curing as a function
of curing time and mixture type. Note: Negative values mean expansion.
" Specimens cured for 35 days.

44 DEGREE OF HYDRATION REPRESENTED BY THE QUANTITY OF
NON-EVAPORABLE WATER
The quantity of non-evaporable water serves as a measure of the degree of
hydration. A high quantity of non-evaporable water means a high degree of hydration.
The quantities of non-evaporable water (in the order of decreasing values) for the
control mixture and mixtures containing SRA, slag, and fly ash with different curing
periods are presented in Figure 4.5. The error bars parallel to the vertical axis show

the minimum and maximum values for each batch.

134



0.18

0.16 **AI—l |

OControl3 BSRA OSlag3 OFA2

0.14 1 T

0.12 E3

—

0.10

0.08 1

non-evaporable water/cementitious material

0.06
28 14 7 3

Curing period, days

Figure 4.5 Non-evaporable water content for the control mixture and mixtures
containing SRA, slag, and fly ash. Specimens cured for 28, 14, 7, and 3 days.
" Specimens cured for 35 days.

As shown in Figure 4.5, for a given mixture, the specimens cured for longer
periods contain more non-evaporable water because they have undergone a higher
degree of hydration than the specimens cured for shorter periods. Of the four
mixtures, the control mixture contains the highest quantity of non-evaporable water,
with non-evaporable water-cementitious material (w,/cm) ratios of 0.167, 0.148,
0.137, and 0.114 for specimens cured for 28, 14, 7, and 3 days; the mixture
containing the SRA contains similar quantities of non-evaporable water, with
corresponding w,, /cm ratios of 0.159, 0.148, 0.134, and 0.117. Based on this limited
comparison, the addition of an SRA does not appear to influence the hydration rate.
In contrast, Figure 4.5 shows that the mixtures containing slag and fly ash contain less
non-evaporable water, with corresponding w,, /cm ratios of 0.133, 0.121, 0.106, and
0.082 for the slag concrete and 0.121, 0.120, 0.100 and 0.083 for the fly ash concrete,
and have thus undergone less hydration than the control mixture. The lower degree
of hydration of mixtures containing slag and fly ash compared to the control mixture

can be explained as follows. Compared to cement, slag reacts slowly with water due
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to an impervious coating that forms on the slag particles early in the hydration
process (Mindess et al. 2003). For mixtures containing fly ash, the SiO; in the fly ash
reacts with calcium hydroxide (CH) formed during the hydration of cement, a

reaction that is also slow compared with cement hydration (Mindess et al. 2003).

4.5 EVAPORABLE WATER CONTENT VERSUS FREE SHRINKAGE

The free shrinkage values at 30 and 365 days are plotted versus the evaporable
water content of the paste constituent (expressed as a water-cementitious material
ratio) for the control concrete and mixtures containing fly ash, slag, and SRA in
Figures 4.6 through 4.9. The best fit lines and corresponding equations are shown in
the figures. Free shrinkage is based on the total length change after demolding. The
quantity of evaporable water W, equals the difference between the original mix water
and the non-evaporable water measured when the specimens were removed from
lime-saturated water at the end of curing, as shown in Eq. (2.6). The increasing
quantities of evaporable water correlate with decreasing curing periods. As shown in
Figures 4.6 through 4.9, a generally linear relationship between free shrinkage and
evaporable water content is observed, especially for the control mixtures and the
mixtures containing slag; the linear relationships for the mixtures containing fly ash
and SRA are relatively weak. The figures demonstrate that mixtures containing less
evaporable water also exhibit less free shrinkage. The trend is most apparent for the
slag and control concretes, which have higher slopes than the fly ash and SRA
concretes. It is also noted that the slopes of the curves for the 30-day free shrinkage
results (Figures 4.6a through 4.9a) are higher than those for 365-day free shrinkage

results (Figures 4.6b through 4.9b), except for the control mixture.
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Figure 4.6 Free shrinkage versus evaporable water content: control mixture, (a) 30-
day free shrinkage, (b) 365-day free shrinkage.

500

450

400

y = 857.2x + 26.

350
300

* X

x| X

250

*

200
150

100

XFA1

50
0

I

XFA2

Free Shrinkage at 30 days, microstrain

0.25

0.30

0

.35

Evaporable Water / Cementitious Material, we/cm

(a)

0.40

Free Shrinkage at 365 days, microstrain

500
450
400
350
300
250
200
150
100
50
0

0.25

y = 574.1x + 204

1.6

XX,(

XFA1

XFA2

0.30

0.35

0.40

Evaporable Water / Cementitious Material, we/cm

(b)

Figure 4.7 Free shrinkage versus evaporable water content: fly ash mixture, (a) 30-
day free shrinkage, (b) 365-day free shrinkage.
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Figure 4.8 Free shrinkage versus evaporable water content: slag mixture, (a) 30-day

free shrinkage, (b) 365-day free shrinkage.
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Figure 4.9 Free shrinkage versus evaporable water content: SRA mixture, (a) 30-day
free shrinkage, (b) 365-day free shrinkage.

Because of the correlation between the curing period and the value of evaporable
water w, and because mixtures containing less evaporable water exhibit less free
shrinkage, it is appropriate to also investigate the relationship between free shrinkage
and curing period. The free shrinkage, based on the total length change after demolding,
at 30 and 365 days is plotted versus the curing period for the control concrete and
mixtures containing fly ash, slag, and SRA in Figures 4.10 through 4.13. The best fit
lines and corresponding equations are shown in the figures. As shown in the figures, a
generally linear relationship between free shrinkage and curing period is observed. A
negative slope indicates that the longer the concrete cured, the lower the free shrinkage,
and for the four mixtures investigated in this study, all have negative slopes. For free
shrinkage at 30 days, the slag concrete has the most negative slope, followed by the
control, the SRA, and the fly ash concretes. Also, the slopes of the curves at 30 days for
the slag and fly ash concretes (Figures 4.11a and 4.12a) are higher than those at 365
days (Figures 4.11b and 4.12b), indicating that the influence of curing period on free
shrinkage is greater at early ages than at one year for these mixtures. For the control
concrete, the slope at 365 days is higher than the slope at 30 days, while for the SRA

concrete, the slope at 365 days is approximately the same as the slope at 30 days.
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4.6 FREE SHRINKAGE VERSUS WEIGHT LOSS DURING CURING

As discussed in reference to Figure 1.2 in Chapter 1, the shrinkage-weight loss
curve for cement paste can be divided into five domains: in domain 1, water is lost
from the large capillary pores; in domain 2, water is lost from both mesopores and
micropores (i.e., finer capillary pores and the gel pores); in domains 3 and 4, adsorbed
water on the particle surfaces and interlayer water of C-S-H (only in the domain 4) is
removed; and in domain 5, decomposition of C-S-H is responsible for the additional
shrinkage.

The weight loss of the free shrinkage specimens during drying can be used as
a direct indicator of water loss, which can be correlated to the free shrinkage
performance. It should be noted that the weight loss of free shrinkage specimens, by
necessity, includes the water lost by the aggregates. It is not possible to separate the
water loss of aggregates from the water loss of the concrete. Free shrinkage and
weight loss are calculated relative the length and weight recorded at the start of
drying. The weight loss is calculated as

Weightat start of drying ~— Weightx d
weight 3654

weight loss, 4 = 4.2)
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where weight, start of arying= Weight of specimens at start of drying,
weight, ; = weight of specimens on day X of drying, and

weightses 4 = weight of specimens on day 365 of drying.

For batches Control 3 and FA 2, only the specimens cured for 28 days were
weighed when the free shrinkage readings were recorded. All specimens for the Slag
3 and SRA batches (batches 681 and 683) were measured for weight loss each time
free shrinkage readings were recorded. The data represents the average of three
specimens.

Free shrinkage versus weight loss for specimens cured for 3, 7, 14, and 28
days (35 days for the slag concrete) for mixtures containing slag and SRA are
presented first in Sections 4.6.1 and 4.6.2. In Section 4.6.3, free shrinkage versus
weight loss for different mixtures (control concrete and concretes containing fly ash,

slag, and SRA) cured for 28 days is compared.

4.6.1 Slag Concrete (Slag 3)

Average free shrinkage is plotted versus average weight loss for the
specimens in batch Slag 3 in Figure 4.14. The development of the curve can be
analyzed in three phases (corresponding to domains 1 to 3 in Figure 1.2) based on its
slope. The first phase includes the first few days of drying, where the slope is lower
than slopes at later ages. The low slope can be correlated to water loss from the
capillary pores (corresponding to domain 1 in Figure 1.2), as well as from the
aggregates. Water lost from capillary pores causes less shrinkage than water lost
from finer pores in later ages (Mindess et al. 2003); water lost from the aggregates

does not influence free shrinkage.
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Figure 4.14 Average free shrinkage versus average weight loss for Slag concrete.
Specimens cured for 3, 7, 14, or 35 days. Note: Measurements are taken every day
for the first 30 days, every other day between 30 and 90 days, once a week between
90 and 180 days, and once a month between 180 and 365 days.

Figure 4.14 shows that on the first day of drying, specimens cured for shorter
periods lose much more water than those cured for longer periods; for the first five
days of drying, the slope of the curve for specimens cured for 35 days is highest,
followed by those cured for 14, 7, and 3 days. The rate of water loss from the
aggregates should be somewhat slower as the curing period increases because of the
lower permeability of the paste. The relationship between curing period and rate of
early water loss can be explained as follows. At early ages, capillary water will be lost
through evaporation first. The free shrinkage (at an early age) per unit weight loss
will be less for specimens that have more capillary cavities (Powers 1959). Because
specimens that are cured for a shorter time have undergone less hydration, they have
more capillary cavities (Powers 1959) and, thus, lower slopes at early ages. The
degree of hydration can be demonstrated by the quantity of non-evaporable water in the

concrete (Figure 4.5). The specimens cured for 35 days have the highest quantity of
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non-evaporable water, and thus, the highest degree of hydration, followed in turn by
those cured for 14, 7, and 3 days.

In the second phase (corresponding to domain 2 in Figure 1.2), the finer
capillary pores and gel pores begin to lose water and the slope of the free shrinkage
versus weight loss curve increases. In this phase, the slopes are nearly constant
through about 250 days for the specimens cured for 3 and 7 days and through 230
days for specimens cured for 14 and 35 days. After that, the slopes decrease in the
third phase (corresponding to domain 3 in Figure 1.2) as water adsorbed on solid
surfaces is removed.

Weight loss versus time and free shrinkage versus time are plotted in Figures
4.15 and 4.16, respectively. It is noted that the weight loss curve and the free
shrinkage curve have similar shapes, with most of the weight loss and free shrinkage
occurring during the first 30 days of drying. After that, the rates of both weight loss
and free shrinkage are much lower. In order from high to low weight loss, the
specimens are those cured for 3, 7, 14, and 35 days. The specimens with less curing
exhibit more weight loss. Figure 4.16 shows that at 30 days of drying, the specimens
cured for 3 days exhibit the greatest free shrinkage, followed by the specimens cured
for 7, 14, and 35 days. After 365 days of drying, the specimens cured for 3, 7, and 14
days exhibit similar values of free shrinkage, while the specimens cured for 35 days
continue to exhibit the lowest value of free shrinkage. Figures 4.15 and 4.16 indicate that
specimens cured for a longer period have less weight loss and less free shrinkage. For

the concrete in batch Slag 3, the differences in free shrinkage tend to decrease over time.
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Figure 4.16 Average free shrinkage versus drying time for the slag concrete.
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4.6.2 C