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Abstract

The use of lightweight aggregates to supply a source of internal dering
Low Cracking,High PerformanceConcrete(LC-HPC)is evaluated Prior research is
used as a basi® estimate the amourtf with lightweight aggregateeplacement
neededo optimize the amount of moisture available in the mix for internal curing
An aggregate optimization progradly Mix) is revised to include modifications for
the addition ofaggregate with different specific gravities, such lghtweight
aggregatgfor the purposes of internal curing.

Fourteen concrete mixes are designed to etalihe free shrinkage and
strength properties of LEIPC mixes with lightweight aggregate for the purposes of
internal curing. Six mixes in Program | are used to evaluate different replacement
levels of lightweight aggregate. Eight mixes in Progranrdlwsed to evaluate the
use of lightweight aggregate with Grade 100 slag. All mixes have a water/cement
ratio of 0.44 24.7% paste contefequivalent to a cement content of 540 I5Jyahd
an air contenof 8%. Both 7Zday and 14day curing perioglareevaluated for the free
shrinkage specimensCylinders are cast for every batch and tested for thda¥8
strength.

The effect of adding lightweight aggregate does not significantly dectkase
strength of any one mix.The addition of the lightweight ggegate increasethe
amount of internal curing water available and reduces shrinkélgerecommended

mixes to reduce free shrinkaglgom Prograns | and Il were the 14day cured



lightweight aggregate mix with the highest level of replaceraadtthe 14day cured

lightweight aggregate mix with @36 cement replacement of slag, respectively

Key Words: bridge decks, concrete mix design, cracking, curing, durability, free
shrinkage, higiperformance concrete, internal curing, KU Mix, lightweight

aggregateslag, vacuum saturation.
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Chapter 1 Introduction and Background

1.1 General Information

Internal curing is a means of supplying an internal water sdarceorcrete
that promotes more cement hydratiofhere are many benefits associated with
internal curing that include increased cement hydration, higher strength, less
autogenous shrinkage and cracking, reduced permeability and higher durability.
Internal cumg can be provided by adding small amounts of saturated lightweight fine
aggregates or superabsorbent polymers to the cori{Betéz et al., 2005)

Internal curing can be very beneficial for Low Cracking, High Performance
Concrete (LGHPC). LGHPC take advantage of a reduced paste content, an
optimized aggregate gradation, a water/cement ratig of 0.45, air content of 8 £
Y%, slump between 1 Yn. and 3in. (3.87.6 cm) with controlled concrete
temperature and improved curing methods to redusekicrg. Introducing a material
to supply internal curing may further reduce shrinkage and increase workitbdity
optimizedaggregate gradation.

There are many variables that affect the need and the amount of lightweight
aggregates to be used foramal curing. The efficiencyof such aggregates a
concrete mixis primaily dependent othe amount of water in the aggregates, the
lightweight aggregate spacing (distance between aggregate particles) and the pore
structure (amount and size of the dlapies in the aggregate@lammeret al., 2004)

Internal curing is of particular use for combati@agtogenous shrinkage (also known



aschemical shrinkagen concrete, which reducdise internal relative humidity in the
concreteso as to increasshrinkage and early age cracki{@entz and Snyder, 2005)
Internal relative humidity is a measure of the amount of internal water that is
available for cement hydration in the cement pdsiera et. al., 2005) Sel
desiccation ighe process thabccursin concrete mixes witHow wi/c ratios (<0.3)
when internaldrying occurs ashe concrete cures.Self-desiccationthenresults in

bulk or autogenous shrinka@indess et. al., 2003)

To combatthe shrinkagethat results from selfiesiccation and the assaeid
drop in internal relative humidifythe minimum amount of water needed to supply
internal curing is equal to the volume of water that is needed to fill the empty pore
space that results froautogenoushrinkage associated with cement hydration. The
amount of shrinkage increases with decreasing pore size, decreasing
watertementitous (w/cm) ratios and increasing amosrdf silica fume(Hammer et
al.,, 2004. Mixes that contain lightweight aggregate to supply internal curing
increase the internal reieé¢ humidity of the concrete, reduce autogenous shrinkage
and therefore redudetal shrinkage and the potential for cracking.

Internal curing can be particularly useful in mixes with relatively \otom
ratios (ratios below 0.36(Villarreal and Crocker,2007) As the degree of water
saturationincreasesthe coefficient of thermal expansion is reducé@dhigher degree
of water saturation also reduces the effects of-dedfccation andncreass the

resistance to frost damages and chloride ingrBsging time of concrete in buildings



tends to decrease with higher water saturation wdulapressive strength does not
decrease significantiiHammer et al., 2004)

A number of studies have been completed to analyzeftbets of internal
curing providedby lightweight aggregates for concreaed are reviewed in this
chapter The articles summarizeldere presentdifferent applications of lightweight
aggregatesnd equations that can be used to determine the amount of replacement
material needed to suffently supply internal curingAlthough much of the previous
research evaluating internal curing has focused afleviating the autogenous
shrinkage that occurs at low/cmratios Q0. 36 ) , it has been sho\
higher w/cm ratios it is important to provide an adequate supply of water during
curing(Taylor, 1997) Previous work at the University of Kansas has also shown that
internal curing can help reduce drying shrinkageoncrete with highew/cmratios
(0.420.45). This work is also reviewed and a test program is designed to further

evaluate the benefits of internal curing at higlvaymratios.

1.2 Development of Aggregate Replacement Methodologies

The articles reviewedh this section discussitiernal curingas a means of
supplying an internal water source for concrete that promotes more cement hydration
and results in less paste shrinkad®y supplying internal curing through the use of
lightweight aggregates the inted relative humidity of the concrete increases,
autogenous shrinkage is reduced and therefore reduces overall shrinkage and the
potential for cracking. The efficiency of such aggregates in a concrete mix is

dependent on the amount of water in the aggesgahe lightweight aggregate



spacingand the pore structure. Much of the previous research evaluating internal
curing has focused on alleviating the autogenous shrinkage that occursvatchaw
ratios though it has been shown that even at higliem ratios it is important to

provide an adequate supply of water during curing.

1.2.1 Internal Relative Humidity and Autogenous Shrinkage

Internal relative humidity and autogenous shrinkage were monitored in a
number of experimentsonducted by Ye et al. (2006)nternal relative humidity was
tested by casting a specimethat was 5.95.93 5.9 in. (150 1503 150 mm) in
which al.2 in. B0 mn) plastic pipe was inserted to a deptl3dd in. /5 mm). The
pipe was sealed dag curing. A probe was inserted into the hole and was properly
sealed so that it measured relative humidity to the nearest 0.IB&. concrete
evaluated had av/cm ratio of 0.34, contained both cement and fly ash and used
lightweight aggregate to replatiee normalweight gravel by 10%, 20%, 30%, and
40%. The lightweight aggregate used was expanded clay aggregate that ranged in
size from0.2-0.6 in. 6-16 mm). It had a crushing strength ©f130 psi 7.8 MP3.
Figure 1-1 showsthe relationship between the water absorption rate and time in

hours.
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Figure 1-1: Water Absorption vs. Time [Ye et al. (2006)]

Table 1-1 shows the results fromhé material evaluation of concrete
containing different aggregate replacement levels of expanded shale aggregate
Replacement levels ranged fromi0% which correlated t6-359.01b/yd® (0-213.0
kg/m®) of lightweight aggregate.Based on an absorption eaof 5.73% in half an
hour, 0-20.6 Ib/yd® (0-12.2 kgim®) of water was available for internal curingChe
compressive strength results of the concrete showed that after the replacement level
exceeded 20% the strengths decreased rapidly.

Table 1-1: Test Results [Ye et al. (2006)]

No Replacement Lightweight  Carrying Crushed Compressive Elastic

' Percentage  Aggregate Water Limestone Strength Modulus

% Iblyd® (kg/m™)  Iblyd® (kg/m) Ib/yd® (kg/nT) ksi (MPa) ks (GP9

#1 0 - - 1,795.3 ,065.9) 9.7 67.0 5,640 88.9
#2 10 89.8 63.3 5.1 3.095 1,615.8 958.6 8.9 61.1) 5,400 87.2
#3 20 179.5006.5 10.36.1) 1,436.3852.) 8.4 68.]) 5,370 87.0
#4 30 269.4 159.9 15.40.15 1,256.7 {45.9 7.1(48.8 5,260 86.3
#5 40 359.0 13.0 20.6(@2.2 1,077.2639.]) 6.8 (46.9 5,130 85.4

*0.34 w/cmratio, 713.8 Ib/yd (423.5 kg/m) of cement and 78.5 Ib/yd (105.9 k/m) of fly ash



Figure 1-2: Relative Humitiy vs. Time[Ye et al. (2006)]
"Legend refers to mixes iTable1-1

35
3.0
25
2.0
1.5
1.0
0.5

0.0 :
o5 TS 10 13

Ageld

Figure 1-3. Shrinkage vs. Time[Ye et al. (2006)]
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The results showed thas the amount of lightweight aggregate increased, the
internal relative humidity increaseéi@ure 1-2). In addition,a linear relationship
exists between internal relative humidity and the amount of vpatefidedby the
lightweight aggregatesk-ree shrinkage tests of the mixes showmable1-1 showed
that hgher replacement of lightweight aggregate yeeltbwer amountsof shrinkage
(Figure 1-3). Finally, the amount of shrinkag#ecreased with increasingternal

relative humidity of the concrete.



1.2.2 Optimizing the Effects of Lightweight Aggregates

The work done by Zhutovsky et #2002)describes how to optimize the size
and porosity of lightwejht aggregate to achieve a minimum amount of effective
internal curing.

The amount of water needed to supply internal cuaing offset autogenous

shrinkagecan be determined as follows:
W,=C4%a, €S (1-1)

whereW,,, is the water contenC is the cement contenthaxis the maximum degree
of hydrationof the cementandCSis the chemical shrinkagautogenous shrinkage)

Recent studies have shown that the amount of water needed is actually higher
than that predicted bfq. (1-1). Based orthe research that was reviewdbm
Takada et al. (1998), Bentur et al. (2001) and Schwesinger and Sickert, (2§00)
(1-1) predicted water contents in the range36fto 39 Ib/yd (18 to 23 lg/m°) where
levels of50 to 67 Ib/yd (30 to 40 kg/m) were requird to overcome sellesiccation
because not all of the water that is absorbed in the lightweight aggregate is effective
against selesiccation. The aggregate propertthat describeshow easily the
absorbed water within the aggregate is able to be released back into trekmown
as desorption

Thedesorption of an aggregateaffected by a couple of factoiacludingthe
pore size of the aggregate as well as the spacing betweeagatgmarticles.

Equation (1-1) can be modified as follows to help account for some of these

influences:



LWA= W (1-2)
f3S 3/

whereLWAIs the congnt of the lightweight aggregaté is the aggregate absorption
by weight,Sis the degree of saturation of the aggregatedaisdan efficiency factor
that accounts for how much water in the aggregate is available to counkeract t
effects of seHdesiccation. In order to maximize the efficiency factor, a small
aggregate with a large pore structure must be used.

The work by Zhutovsky et a{2002)determined how to obtaih= 1 by using
a minimum amount ofightweight aggregte and without sacrificing strength. The
lightweight aggregate used was Pumice sieved into three different BinesceOi
No. 100to No. 16(0.15to 1.18mm), Pumiceli No. 16to No. 8(1.18mm to 2.36min
andPumice2 No. 8to No. 4(2.36mm to 4.75mm Two variables were then studied
with the aggregatesaggregate size and aggregate replacement levikt, three
mixes were developed with the three different aggregate sizes proportioned so that
they provided the amount of water calculated fr&m. (1-1). The degree of
hydration of the cement was determined to 8% [Unax = 0.65] The chemical
shrinkage, based on literatuneas estimated at 0.06 Ib water/lb cement hydrated
(0.06 kg water/kg cement hydratel}S = 0.0¢, and the cement content w883
Ib/yd® (506 kg/nf) [C = 50§. This resulted in a requiremount ofinternal water of
34 Iblyd (20 kg/n?) to offsetautogenoushrinkage All mixes sed fully saturated

aggregate$S = 1 and the absorptionavied based on the amount of internal water



that was neededAll mixes had853 Ib/yd (506 kg/nf) of ASTM Type | cement and
aw/cratio of 0.33.

Using thelargersized aggregate (Pumice2), three more mixes were developed
such that 50%, 100% and 150% oé trequired water for internal curirg offset
autogenoushrinkagewas provided. Two reference mixes were also cast without any
lightweight aggregate; the first using -dimed aggregates and the second using
saturateesurfacedried (SSD) aggregates. der shrinkage specimens were used to

compare the results.

Free shrinkigs, microstrain

[i] 4 41 Tz sty 120 155 168

Time, hr

Figure 1-4: Pumice2 Free Shrinkage Results[Zhutovsky et al. (2002)]

*Expansion is positive

Figure 1-4, shows that the large Pumice2 aggregate proved to be the most
effective at achieving| = 1, and this was likelypecauselmost allof the autogenous
shrinkage was eliminated. Little change was noted in the amount of shrinkage from
increasing the praded water from 100% (Pumice2(20)) to 150% (Pumice2(30))
indicatingthat the extra water was not needed for internal curing. When comparing
the amount offree shrinkage from mixes with0% (Pumice2(10)) to 100%

(Pumice2(20)), a large difference canno¢ed becausthere was not enough water to



overcome autogenous shrinkagih the 50%aggregate volumkievel. WSAREHRN
Figure 1-4 was the control mixwith aggregateshat were presoaked to the SSD
condition withait any lightweight aggregate.The WSAREF mix had thenost
amount of free shrinkaggontraction)even thougtihe absorbed water content in the
normal weight aggregate w&2 Ib/ydf (19 kg/n?) and wascloseto the calculated
required internal water content

Overall, test results proved the benefits of using lightweight aggregate to
supply internal curing. An efficiency factor @& 1 is achievable using a larggred

lightweight aggregate.

1.2.3 Influence of Pore Structure on Internal Curing

Hammer et al. (2004) evaluated the efficiency of lightweight aggregates
provide internal curindpy examining three factoithrough the relew of published
papers (1) Total amount of water in the LWA, (2) the LWA particle spacing factor
and (3) the LWA pore structureThe literature review included a number of studies
with w/cmratios that ranged from 0.2 to 0.4The three factorsrere examined by
first considering theutogenoushrinkage that occurs in concrete as estithati¢h
Eq. (1-3):

V=V, ©.058 & c (1-3)
where Vg4 is the volume of selflesiccatedporeswhich is the same a¥.s or the
volume of chemical shrinkag@utogenous shrinkagé) is the degree of hydration

of the cemenandc is the cement content. For example, if the cement contéiidis
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Ib/yd® (400 kg/nf) and the degree of hydration is 658te resulting volume of self
desiccation(and therefore the amount of water that must be replasedpse t025
Ib/yd® (15 literdm®) of concrete.

The volume of pore space that estimated using Eq(1-3), however,is
usually less than themount of water that can be supplied by lightweight aggregates.
Hammer et al.(2004) found thatthere are three conditions that will determine
whether internal curing will take place:

(1) The amount of water in the lightweight aggregates. This must be larger

than or equal t&;s

(2) The aggregate spacing.

(3) The pore structuref the aggregate versus the pore structure of the cement

paste.

Desorption experiments were used to determine the pore struaftutes
lightweight aggregate An experiment thaexaminedtwo different lightweight
aggregatesvas completedto evaluate the desorption. The first aggregate was Leca,
evaluated at twaotal water contents: 7.0% (where the aggregate was initially dry)
and 29.0% (where the aggregate wasgateirated for one dagnd pessurizedat
0.735 ksi B0 atm)). The second aggregate was Stalite and the correspotodahg
water contents that were evaluated were 3.0% and 10.6%. The rest of théeconcre
was comprised of sand, a lealkali pure Portland cemerdand 5% silica fume.The

w/cmwas 0.40. The results of the tests showed thaadgesgate with higher initial
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total moisture content maintained a higher concrete moisture content when compared
with concrete having normal weight aggregate.

Particle spacing was evaluatbgt a series of free shrinkage specimens that
had a range of size fraction$ No. 100to No. 16 No. 16to No. 8 No. 8to No. 4
(0.15- 1.2 mm, 1.2- 2.4 mm, and 2.4- 4.8 mm) so that whenthe mixes were
proportionedthey yielded the same total absorbedter. The w/c ratio in all of the
mixes was 0.33. The tests showed that the largest of the aggregate series (and
therefore larger pore structure) was the most efficiedausethe series of free
shrinkage specimens with the largest size fraction khranleast.

It was determined that the most critical of the three factors evaluated by
Hammer et al. (2004) was the pore structure of the lightweight aggregates. Water that
is supplied bythe sand anccoarse aggregate in the mmas also shown to hawe
significant influence in the early hydration phase

Another important aspect of internal curing as examined by Bentz and Snyder
(2005) is the proximity of the cement paste (batt of the mixrequiring the water)
to the surface of the lightweight fireggregate. This is similar to the concept of air
entrained concrete, where it is important to know how much cement paste is within a
certain distance of an air bubbl&he distributiorwas considered by looking at 8
model of the microstructure of corete that had previously been developgdentz,
Garboczi and Snyd€i1999. From this model, the volume of the cement paste within
a certain proximity of a piece of lightweight fine aggregate can be determined. A

study was completed with two differeaggregate gradations based on the limits set
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forth in ASTM C33. The simulation results showed tkatilar towell-dispersed air
voids, welldispersed lightweight fine aggregate yields the greatest benefits of

internal curing.

1.2.4 Mixture Proportioning

Bentz and Snyder (2005) used a method similar to Zhutovsky et al. (2002) to
determine the required amount of lightweight aggregate to provide adequate internal
curing. The following equation was used to determine the volume of water that must
be suppliedfrom the lightweight fine aggregate to reach complete curing (when
cement reaches the highest degree of saturation given the space limitations that result
from the products that are formed during hydration inWowratio mixtures):

_C2CS A,

Vit -5 (1-4)

where Vs (M® water/n? concrete or ft water/yd concrete) is the volume of water
that I s fAconsumedo during the h@dthat i on
cement conteniCSis the chemical shrinkage of the concrete that occurs dthiang
hydration process (usually about 0l1664,0 perlb of cement hydrated dg of H,O

perkg of cement hydrated)Jnaxrepresents the maximum degree of hydration and can

be estimated asm(c)/0.40 forwi/c ratios below 0.40, angl is the density of water.

The total volume of required lightweight fine aggregate is given by the following
equation:

V.

e wat
LWFA
3
S fLWFA

(1-5)

13

pr



where Viwera IS the total volume fraction of the lightweight fine aggregate that is
neededSis thedegree ofaturation of the lighteight fine aggregatéelative to the

absorption of the aggregateand f  wea is the porosity of the lightweight fine

aggregate (a porosity of 0.15 was used as an example in the res#taicipportant
to note that this equation assumes that all alskglwater in the lightweight aggregate
is available for the cement hydration and that the specific gravity of the lightweight
aggregate is 1.0.

Bentz et al.(2005) improved previous workBéntz and Snyde2005 with
the following equation to estimateoWw much lightweight aggregate is needed to
supply enough water for internal curing in mix design:

_C3CS A,

= s (1-6)
whereM_wa is the mass of the dry fine lightweight aggregate per unit volume of the
concrete,C; is the cement factor (contentdrfthe concrete mixtureCS is the
chemical shrinkage of the concrete (in this gtQd7 Ib of water/Itof cement og/g),

Uhax is the maximum expected degree of hydration of the cerBéstthe degree of
saturation of the aggregate (ranging from 0 tpoahd 7 |wa is the absorption (total
moisture content) of the lightweight aggregate. Whennttegratio is less than 0.36,

the maximum expected degree of hydration can be estimatedc®.86. When the

w/c ratio is greater than 0.36, the maximum expeéatiegree of hydration can be

estimated as one. Complete saturation of the aggregate would be represented by a

valueof Sequal to one.
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Refinements to the parameters in Eg6) were evaluated to more accurately
estimate the optimal amount of lightweight aggregate to be used in the mix. This was
done by examining the differences in chemical shrinkage due to the phase
composition of Portland cement and the selection of an appropriate value for the
absorption of th lightweight aggregate, as described next.

The amount of chemical shrinkage thahecessaryo balance the hydration
reaction is related to the cement phase, as showalile1-2. The value of chemical
shrinkage was calculated based on the phase composition of the cement. This was
done by determining the molar volumes of each cement phase and knowing the
expected degree of hydration for each phase. By performing a volume balance of
each reaction, chemicahrinkage is defined as the difference between the hydration
products volume and the reactants. Curing temperature also has an effect on chemical
shrinkage; as the curing temperature increases, the amount of shrinkage is reduced.
The calculated values ihable 1-2 have been verified through many laboratory tests

on a wide variety of Portland cements.

Table 1-2: Chemical Shrinkage due to Cement Phase [Bentz et al.0@5)]

Cement Phase Coefficient
[Ib water/Ibsolid cement phase g/d
CsS 0.0704
C,S 0.0724
CA 0.171 0.118°
C.,AF 0.117 0.086'
Silica Fume 0.20

"Assuming sufficient sulfate to convert all of the aluminate phases to ettringite
*Assuming total coversion of the aluminate phases to monosulfate

The amount of water available from lightweight aggregates for internal curing
is another important aspect when trying to determine how much aggregate to use in a

mix because it is not possible for the aggtega release all of the absorbed water.

15



As concrete cures, the relative internal humidity can drop to the range of 85 to 90%.
It is important that the lightweight aggregates release the water to provide internal
curing before this drop in humidity carcaur. A desorption (amount of water an
aggregate releasever time) test was described to determine the reliability of an
aggregate to release water in the hardened concrete. First, the aggregates are pre
soaked to a certain moisture content (a coniionilar to batching) and then the
amount of water that was released at a lower relative humidity was measured. If an
alternate test is needed, measuring the rate of cumulative absorption over time may
also be indicative of how much watsn bereleasever time.

For internal curing to be effective, a number of factors need to be considered.
The lightweight aggregate mechanical strength, shape and gradation are all important,
as well as making sure the aggregate is well blended and evenly distributed
throughout the concrete. This is more easily achieved by using fine aggregates as

opposed to coarse aggregates.

1.2.5 Benefits of Internal Curingin Sealed and Unsealed Conditions

Henkensiefken et al. (2008) examined the effects of using saturated
lightweight aggregates for internal curing and the differences in shrinkage between
sealed and unsealed curing conditions. Shrinkage performance with varied amounts
of lightweight aggregateas also examined.

A total of seven mortar mixes were designed to evaltlage effects of
including the saturated lightweight aggregate. A plain mortar mix and two mixes

each of varying amounts of lightweight aggregates (7.3%, 14.3%, 25.3% by volume)
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were designed.Table 1-3 lists themix proportions for the tests. The effectméc

ratio was 0.30. The total volume of lightweight aggregate and sand was kept constant
at 55% because only the sand was replaced with lightweight aggregate. Specimens
were evaluated on both a sealed andealesl basis (with and without lightweight
aggregate). Free shrinkage, restrained shrinkage, internal relative humidity (sealed

case only) and mass loss (unsealed case) were monitored in this experiment.

Table 1-3: Mixture Proportions (Ib/yd * (kg/m®) [Henkensiefken et al. (2008)]

MATERIAL Plain 7.3% 11.0% 14.3% 25.3%
Cement 1,228(728) 1,228(728) 1,228(728) 1,228(728) 1,228(728)
Water 368(218) 368(218) 368(218) 368(218) 368(218)
Fine Aggregate 2,30(1,418) 2,072(1,229) 1,913(1,135) 1,755(1,041) 1,360(807)
LWA 0(0) 192(114) 289(171) 384(228) 624(370)
Water from LWA 0(0) 20(12) 30(18) 40(24) 66 (39)

The results showed that including a sufficient amount of lightweight aggregate
can educe selfesiccation and autogenous shrinkage and can delay or prevent
cracking. The sealed specimens in the experiment showed that higher internal
relative humidity resulted from the larger replacements of lightweight aggregate. The
rate of shrinkageas well as total shrinkage was also reduced with the addition of
lightweight aggregate. Free shrinkage results from the plain mixture and the low
replacement of lightweight aggregate mixture indicated that there was not enough
lightweight aggregate to didiently supply internal curing. The unsealed specimens
showedthat (1) a larger mass loss was associated with larger replacement levels of
lightweight aggregate, (2) the lightweight aggregate reduced the amount of total
shrinkage seen in the first 28yda and (3) the time to cracking was increased with

the higher replacement levels of lightweight aggregate.
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1.2.6 Optimum Replacement Levels of LWA for Internal Curing

A study by Cusson and Hoogeveen (2008) evaluated the use of lightweight
aggregate for internauring to reduce the amount of autogenous shrinkage cracking
in high-performance concrete (HPC). Four concrete mixes were tested. The study
included a reference mix (MiR) that contained no lightweight aggregate, a mix
containing a low amount of pioaked lightweight aggregate (Mix), a mix
containing a medium amount of pseaked lightweight aggregate (MM), and a
mix containing a high amount of pspaked lightweight aggregate (MiX). Pre
soaked expanded shale lightweight aggregate sand wagauseplace part of the
normatdensity sand for each mix. The lightweight aggregate had-audkydensity
of 1,551 Ib/yd (920 kg/n?) and a water content of 15% by mass of dry material. The
lightweight aggregate was slightly bigger than the nomeasisiyy sand that was used,
which helped improved the combined gradation of the mix. Each mix contained 758
Ib/yd® (450 kg/nt) of ASTM Type | cement, a 0.3d/c ratio, and a cemersand
coarse aggregate ratio of 1:2:2 by mass.

The totalw/cratio was held castant by considering both mix water and water
within the lightweight aggregate. This in turn, meant that as the amount of
lightweight aggregate increased, the effectiw/e ratio decreased. There were two
primary reasons for calculating the effectiwée ratio. First, the effectivev/c ratio
was monitored to prevent any reduction in concrete strength and stiffness with the
addition of the lightweight aggregate. Second, it was desired to create an

environment with high autogenous shrinkage demands @ewere sefflesiccation
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as in found in lowew/cmmixes) so that the effect of internal curing would be more
pronounced.
Equation (1-7) was used to estimate the amount of internal curing water

provided in the mix.

e 9=0.183 1% @7
¢C i c¢

where (/c)ic was the mass ratio of internal curing water to cement\arg) yas the

mass ratio of mix water to cement. For the tested mix designs, the percentage of
required water for internal curing was 0%, 34%, 74% 480% for mixes M0,

Mix-L, Mix-M and Mix-H respectively.

For each batch, a total of four test samples were cast. Two large scale
specimens, 7%:7%# 39% in. (200 200° 1000 mm), and 8332 11% in. prisms
(758 758 295 mm) were used to wemine the thermal expansion coefficient, and 4
38 in. (10G 200 mm) cylinders were used to determine the strength. One of the
large scale specimens was used to monitor free shrinkage while the other was used to
monitor restrained shrinkage. Immediatelfyer casting all of the specimens were
covered with plastic to avoid external drying.

Based on the results of the tests, a number of conclusions were drawn.
Autogenous shrinkage is most critical at very early ages and measures must be taken
to prevent his shrinkage. MiH was able to provide an internal relative humidity
similar to that provided by saturated curing. Mixhowever, was insufficient for

providing internal curing by providing 90% internal relative humidity at 7 days (the
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control mix praided 92% internal relative humidity at 7 days). MHxalmost
entirely eliminated autogenous shrinkage. Strength and the modulus of elasticity did
not decrease with any of the replacement values of lightweight aggragateown in
Table 1-4. The specimens that contained the-gwaked lightweight aggregate

experienced autogenous swelling that resulted in beneficial compressive stresses.

Table 1-4: Hardened Concrete Properties

Concrete Mix Compressive Strength Compressive Modulus of
Elasticity
ksi (MPa) ksi (GPa)
Mix -0 7.25 60) 4,580 31.6
Mix-L 7.25 60) 4,530 31.2
Mix-M 7.83 64) 4,640 32.0
Mix -H 8.27 67) 4,550 31.4

*Properties measured at 7 days

1.3 Applications of Internal Curing

The studies discussed in this sectiowestigatepractical applications of

internal curing to reduce shrinkage and improve hardened concrete properties.

1.3.1 Pavement Application

Work by Villarreal and Crocker (2007) shows thatady mixplant in Texas
has successfully integrated the use of lightweight aggregates into concrete mixtures
for residential applications. The lightweight aggregate was used to replace a portion
of the fine and coarse aggregates andrhaslted inimproved cemenhydration as
well as an improved aggregate gradation. The next step was to integrate the
lightweight aggregate into concrete pavements. The following desthdeesearch

that was used to implemethie internal curing applicatiom the field.
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A laboratory study was first completed to select an appropriate mix for field
application. Expanded shale was the lightweight aggregate that was usedstudiye
rangng in size between 3/8 in. and No.(8.5 and 2.4 mm) The prewetted bulk
density of theaggregate was 60 b7 (961 kg/n?) with a fineness modulus of 5.51.

The aggregate was tested in the laboratory by using a replacement of 3, 5 and 7
ft*/yd® (0.11, 0.19 and 0.26 #m® of the normal weight aggregate. Workability,
density and compressigtrength were all analyzed as a result of the substitutions.
The results showed that at the 3 and>f/df (0.11 and 0.19 #m® replacement
levels, compressive strength and workability increased while they decreased at the 7
ft3/yd® (0.26 m¥m®) repla@ment level. Some of the test cylinders werecaied

while some were standaalired. Becausehe results from these cylinders showed
that the strengths were similar to each othieras inferred thainternal curing was
providing adequate water forternal hydration.

The technology from the preliminary study was adapted to field use by
developing a mix that contained the &\t (0.19 nm/m® replacement levalvhich
corresponded to 16.0% by volum&his corresponded to replacing about 300 fb/yd
(178 kg/m) of the coarse aggregate and 200 IBd.9 kg/n) of the fine aggregate
with the lightweight aggregateThe mix has been used in a number of projects in
Texas and has shown promising results. The average compressive strength in the
mixes usedin the field was approximately1,000 psi(6.9 MPa) more than the
compressive strength ahixtures without lightweight aggregatas seen inTable

1-5). In addition,the amount of crackingaused byplastic or dryng shrinkagevas
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minimal. Class C fly ash was used to replace 20% of the cemehé mixes tested
by Villarreal and Crocker (2007).The fly ash addition was implemented because
pozzolans reportedly increase the efficiency of internal ckogm, 199).

Currently, the use of lightweight aggregates as an internal curing agent has
significantly improved concrete performance in the Dalleg worth area. Cement
hydration and concrete compressive strength have increased. This has resulted in a
reducton or elimination of cracking caused by plastic or drying shrinkage as noted
from qualitative surveys. The total weight of a cubic yard of concrete has also been
reduced by about 200 IbsA/L19 kg/nf) of concretewhichincreagsthe amount of
concretethat can be carried by a single truck and reduces the number of trips,
increases fuel savings, and decreasgspment wear.

Table 1-5: Field Results [Villarreal and Crocker (2007)]

Mixture*  Cementitious Average . at 28 No. Average % of Difference
material Slump Days of Compressive Reference
content field Strength
tests
Ib (kg) in. (mm) psi (MPa) psi (MPa) psi (MPa)
8204 SF 517 (235) 2 (50) 3,000 (21) 98 5,130 (35.4)
8204 SFX 517 @35) 2 (50) 3,000 (21) 106 6,070 (41.9) 118% 940 (6.5)
8206 564 (256) 5 (125) 4,500 (31) 91 5,230 (36.1)
8206 X 564 (256) 5 (125) 4,500 (31) 68 6,510 (44.9) 124% 1,280 (8.8)
8206 SF 564 (256) 2 (50) 4,500 (31) 65 5,750 (39.6)
8206 SFX 564 (256) 2 (50) 4,500 (31) 110 6,750 (46.5) 117% 1,000 (6.9)

*Mi xtures denoted with an 6X06 designate a mixture that wused

1.3.2 Field Application Challenges

Villarreal (2008) reviewgreviouswork by Villarreal and Crocker (2007) and
discusses actual implementation and challenges of using lightweight aggregate in the
field. The most critical step for using lightweight aggregate in the field for the

purposes of internal curing is to correctly determine the moisture content of the

22

ligt



aggregad. The aggregate must be saturated evenly and uniformly so that pumping of
concrete with lightweight aggregate is not affected. Using a water sprinkler system
works best to saturate the aggregate. It is important for the aggregate to be turned and
mixed while saturating so that the aggregate is evenly saturdtete lightweight
aggregate stockpile is resting on the ground it is important to be aware that soil can
turn to mud and contaminate the aggregate. By using lightweight aggregate that is
properly saturated anthe absorption of the lightweight aggregate has accurately been
accounted fqrconcrete mixtures are noted to pump easilyelacreased workability

and are placel faster. Reduced plastic shrinkage cracking and improved finishing
have been observed with concrete that contains lightweight aggregate for the
purposes of internal curing.

Proper handling of the lightweight aggregate is important, however, to avoid
numerous problems that may occur in the field. Villarreal (2008) notesasevéhe
problems that may arise from improper use and handling of lightweight aggregate:

1 If the aggregate is not completely saturated the total moisture
content of the aggregate is not accurately calculated, the yield of the
lightweight aggregate wilbe over estimated. This results in concrete
batches with more lightweight aggregate than required.

1 Lightweight aggregate that is dry will absorb mix water and result in
slump losdor the concrete.

1 Lightweight aggregate that is not properly saturatad cesult in

difficulty with pumping. The high pressure of the concrete pumay

23



drive mix water into the pores of the aggregate and result in slump loss
and pump line blockage. Villarreal (2008) recommends using a
minimum of a 5 in(12.7 cm)pump line.

1 Due to the lower density of the dry aggregate, the aggregate can
segregate from a concrete mixture and float to the back of thagmix
truck. This results in the last portion of concrete in a trbakinga
disproportionatelyarge amount of lightweighaggregate.

1 The lbwer density of lightweight aggregate can result in the
lightweight aggregate floating to the top of a congreteich happens
more often with higkslump concrete.

1 Dry lightweight aggregate can result in difficulty in finishing because
lightweight aggregate near the surface of the concrete can absorb the

bleed water.

1.3.3 New York Department of Transportation

The New York Department of Transportation has successfully integrated the
use of lightweight aggregate in concrete bridge decks for thgope of internal
curing. The fine lightweight aggregate must meet the gradation requirements of the
standard concrete sand gradation requirements set forth by the New York State
Department of Transportation Materials Bureaurhis requires the amount of
aggregate finer than the No. 100 (150 &m)
is no more than 3%by weight Special Specification Items 557.51XX0018,

557.52XX0018 and 557.54XX0018 in the Standard Specifications from the New
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York State Department dfransportatiorSpecificationoutline the use of lightweight
aggregate for internal curing. The specification requa@% of the normaleight
fine aggregatés to be replaced by ligweight aggregatby volume

The lightweight aggregate is conditi@hér high moisture content prior to
batching. The Ightweight aggregate isept wet usingsoaker hoses or sprinklers for
48 hours or until the moisture content is at least 15% by weight. ARafficient
moisture content has been achievis@ hosesra turned off forl2 to 15 hours and
the material is retested for moisture prior to batching. Test method NL9®3vas
developed by the New York State Department of Transportation Materials Bureau to
test the moisture content of the lightweight aggregat

Mix proportioning, including the approximate amount of lightweight
aggregate, are determined usimgaaitomated batching system. The system bases the
amountof lightweight aggregate for the mon the SSD conditioof the aggregate

and compensatder the free moisture on the fine lightweight aggregate.

1.4 Previous Work at KU

Previous work at the University of Kansas has shown that even at ifgmer
ratios, the benefits ofinternal curingare realizedthrough a reduction offree
shrinkage.

A free shrinkage test serias the University of Kansas by Lindquist (2008)
evaluated six test programs with 56 individual concrete batchis. st program
part of a large study evaluating various mix designs that would result in lower

cracking potentialevaluated the addition of mineral admixture replacements for Type
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I/l cement. The admixtures that were examined included silica fume, Class F fly
ash, and Grade 100 and 120 slag cement.

G120 slag cementas used in three batches as a partial replanéfor Type
I/ll Portland cementone batch withlimestoneand a60% G120 replacemeniby
volume) and two batches (one repeated batch) with quartzite and G126
replacementby volume). Each batch had a 0.42cmratio and a 23.3% paste
content.

Figure 1-5 shows the results of thizee shrinkagetess using G120 slag
replacementhrough the first 30 days. The vertical axis plots free shrinkage (in
microstrain) of the specimens. The horizontal axis plots time in days.baftbles
plotted include a -day and 14day cure for a 60% G120 slag replacement with
guartzite plottedtwice for a repeated batch) and @&y and 14ay cure for a 60%
G120 slag replacement with limestone.

FromFigurel-5, the average 3@day shrinkage for the-@ay cured 60% G120
slag with limestone was 193 microstrain and was 163 microstrain for toayl4
cured specimens. The averageday shrinkage for the-@day cured 60% G100 batch
with quartzite was 330 microstrain amas 247 microstrain for the dday cured 60%
G100 batch with quartzite. The averageday shrinkage for the-day cured 60%
G100 repeated batch with quartzite was 307 microstrain and was 247 microstrain for

the 14day cured 60% G100 repeated batch wiihrtgite.
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Figure 1-5: 60% G120 Slag 30 day Free Shrinkage Results [Lindquist (2008)]

Figure 1-6 shows the results of the test for all 365 dayse Vertical axis
plots free shrinkage (in microstrain) of the specimens. The horizontal axis plots time
in days. The batches plotted include both@ay and 14-day cure for a 60% G120
slag replacement with quartzite (twice for a repeated batch) ana Beatlay and 14-
daycure for a 60% G120 slag replacement with limestone.

From Figure 1-6, the average865-day shrinkage for the -day cured 60%
G120 slag with limestone wakl3 microstrain and wa893 microstrain for the 14
day aired specimens. The aver&fib-dayshrinkage for the-day cured 60% G100
batch with quartzite wad37 microstrain and wa873 microstrain for the l4lay

cured 60% G100 batch with quartzite. The ave@gfeday shrinkage for the -day
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cured 60% G100 regated batch with quartzite wd20 microstrain and wag877

microstrain for the 14lay cured 60% G100 repeated batch with quartzite.
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Figure 1-6. 60% G120 Slag 365-day Free Shrinkage Results [Lindquist (2008)]
The results show that the addition of ZB1slagwith limestone when cured

for 7 or 14 days, reduced the amount of shrinkadpencomparedvith the shrinkage
measured fobatches with quartzifendegecially at an early age (30 dayd)his is
most likely the result of the presence of internal cuawngilable from moisture in the
limestone which lengthenethe curing period of the slag.

G100 slag cement was used in three batches as a parteadem@nt for Type
I/ll Portland cemenwith either limestone or granite coarse aggregatémestone
control (with no slag replacement), limestone with 60% G100 replacement (by
volume) and granite with 60% @Q replacement (by volume). Each batch hadia 0.

w/cmratio and a 23.3% paste content.
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Figure1-7 shows the results of the test through the first 30 days. The vertical

axis plots free shrinkage (in microstrain) of the specimens. The horizontal axis plots

time in days. The batches plat include aimestone control, 60% G100 slag

replacement with granite and 60% G100 slag replacement with limestone.

plotted results are for a dday cure only.

Grade 100 Slag Cement

400 I I I
—&— Limestone Control 14-Day Cure

300 —aA— Granite 60% G100 Slag 14-Day Cure
—l— Limestone 60% G100 Slag 14-Day Cure

200

100

Free Shrinkage, Microstrain

10

15
Time, Days

20 25 30

Figure 1-7: G100 Slag- 30 day Free Shrinkage Results [Lindquist (2008)]

From Figure 1-7, the average 3@ay shrinkage for the iday cured control
batch was 317 microstrain. The averaged@9 shrinkage for the iday curel 60%

G100 slag with limestone batch was 87 microstrain. The averaday3éhrinkage

for the 14day cured 60% G100 slag with granite batch was 267 microstrain.

Figure 1-8 shows the results of the tests for all 365 days. Tingcak axis

The

plots free shrinkage (in microstrain) of the specimens. The horizontal axis plots time

in days. The batches plotted include a limestone control, 60% G100 slag replacement
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with granite and 60% G100 slag replacement with limestone. The pletieltis are

for a 14day cure only.

500 Grade 100 Slag Cement
oo "%
c
g 400 A—A
‘g W g g =W LN
§ 300 +— —
=
S 200 -
X
=
5 100 —e— Limestone Control 14-Day Cure |
[
E 0 —aA— Granite 60% G100 Slag 14-Day Cure
—l— Limestone 60% G100 Slag 14-Day Cure
_100 I I I I I
0 50 100 150 200 250 300 350 400
Time, Days

Figure 1-8: G100 Slag- 365-day Free Shrinkage Results [Lindquist (2008)]

FromFigure1-8, the averag@65-day shrinkage for the 14lay cured control
batch was 443 microstrain. The aver8§&dayshrinkage for the Xdlay cured 60%
G100 slag with limestone batch was 340 microstrain. The av86ig#ay shrinkage
for the 14day cured 60% G100 slag with granite lbatcas 390 microstrain.

Similar to the results of the previous sék resultsshow that the addition of
60% G100 slagwith limestonereduced the amount of shrinkagbencomparedvith
the shrinkage from thecontrol batch (without slagand the 60% G108lag with
granite batch This is especially true at early ages (30 day3he reduction in

shrinkage once again, is most likely the result of the presence of internal cuddg
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available from moisture in thiemestone which lengtherd the curing peod of the
slag.

Three batchewith different replacement levels of G100 skagd containing
granitewere studieda granite control mix, granite with 30% G100 replacement (by
volume), and a granite with 60% G100 replacement (by volume). Each bateh had
0.42w/cmratio and a 23.3% paste content.

Figure 1-9 shows the results of theee shrinkageess through the first 30
days. The vertical axis plots free shrinkage (in microstrain) of the specimens. The
horizontal axis [ots time in days.The three batchesultsplotted include a control,

30% G100 slag replacement and a 60% G100 slag replacement. -8ayhand 14

daycuring timeswere evaluated

Granite CA, Grade 100 Slag Cement
350
ey
<
» 250
o
L
=
. 150
)
S
é —A— 30% G100 Slag 7-Day Cure
< 30 A —=— 60% G100 Slag 7-Day Cure
n —&— Control 7-Day Cure
8 50 —&— Control 14-Day Cure |
L . —&— 30% G100 Slag 14-Day Cure
. —— 60% G100 Slag 14-Day Cure
-150 + i i
0 5 10 15 20 25 30
Time, Days

Figure 1-9: Granite - 30 day Free Shrinkage Results [Lindquist (2008)]
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From Figure 1-9, the average 3@ay shrinkage for the-day cured control
batch was 277 microstrain and was 260 microstrain for thday4ured control.The
average 3@lay shrinkage for the-@ay cured 30% G100 batch was 303 microstrain
and was 230 microstrain for the-tldy cured 30% G100 batch. The averagel®p
shrinkage for the -dlay cured 60% G100 batch was 287 microstrain and was 190
microstrain or the 14day cured 60% G100 batch.

Figure 1-10 shows the results of the test through 365 days. The vertical axis
plots free shrinkage (in microstrain) of the specimens. The horizontal axis plots time
in days The three batches plotted include a control, 30% G100 slag replacement and

a 60% G100 slag replacement.

Granite CA, Grade 100 Slag Cement

—&— Control 7-Day Cure

—e— Control 14-Day Cure

—A— 30% G100 Slag 7-Day Cure
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|
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0 50 100 150 200 250 300 350 400
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Figure 1-10: Granite - 365-day Free Shrinkage Results [Lindquist (2008)
From Figure 1-10, the averag865-day shrinkage for the -day cured control

batch was 430 microstrain and was 420 microstrain for th#ay4ured control. The
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average365dayshrinkage for the-day cured 30%5100 batch was 403 microstrain
and was 377 microstrain for the-tldy cured 30% G100 batch. The averag&day
shrinkage for the -dlay cured 60% G100 batch was 383 microstrain and was 347
microstrain for the 14lay cured 60% G100 batch.

The resultsshow that the addition of G100 slag, when cured for 14 days,
reduced the amount of shrinkagden comparedwith the control batctshrinkage
(without slag). The reduction wasore pronouncedfor early age shrinkage (30
days). When the specimens were curknt only 7 days, however, an increase in

shrinkage was seevhencomparedvith the control batcishrinkaggwithout slag).

1.5 Summary

Upon review of variousnethodologies for lightweight aggregate replacement
to provideinternal curingthe literature isn agreement fopredicing the required
amount of rplacement and the mechanismof internal curingis well understood.
One simplified equatiomaybe used as follows:

V. = C3a *CS (1-8)
WA™ g3 f 335G 3

whereViowa is the volume of the lightweight aggregate/it® or m/m®), C is the
cement content (Ib/ydor kg/nt), U is the degree of hydration (1.05S is the
chemical shrinkage (0.07 Ib water/lb of cementkg water/kg of cemeptSis the

saturation (1.0)/ is the absorption of the lightweight aggreg&&is the specific

gravity of thelightweight aggregate, and is the density of water (62.4 Ib/dr
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1000 kg/rf). The amount of watetV (Ib/yd® or kg/n?), that is available for internal
curing isdefined by(1-9):
W=C3%x €¢ (1-9)

The percentage of aggregate replacer(lRria) can then be calculated as follows:

RLWA - VLWA q_oo (1'10)

Total
where Vrow is the total volume of aggregate®Fd® or mm®). The amount of
aggregate defined using E(L-10) is intended to provide enough absorbed water
the mixto compensate for the negative effects of autogenous shrinkage aidow
ratios. This water should also help provide better hydradiothe cementitious
material and thuseduce shrinkage in mixes with highefcm The purpose of this
study is to evaluate the benefits of using lightweight aggregate for internal curing of
concrete with highew/cm(0.44) that will also result in reduced cracking when used
in concrete bridgeecks.

A review of the literature reveals sevepsimary lessongor efficient use of

lightweight aggregate® provideinternal curing:

A There is an optimal amount of aggregate replacement that will
ensure that internal curingan occur Increasing theaggregate
replacement beyond this value has only a small effect on improving
shrinkage properties and may have a detrimental effect on other
important concrete properties (such as strength and abrasion

resistancefYe et al, 2006)
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A Lightweight aggregateeplacement beyond 20%y volume of the
total aggregatenay significantly reduce strengfie et al, 2006).

A The dficiency of the aggregate is dependent upbe aggregate
pore structure. Generally, larger aggregahave a larger pore
structure, whib results inmore efficient internaturing (Hammer

et al, 2004)

A Similar to the idea that properly dispersed air bubbles improves
durability, properly dispersed lightweight aggregate improves
internal curing. Smaller aggregate sizes are better dispéraa
larger aggregatg8entz and SnydeP005).

A The desorption property of the lightweight aggregatiicatesthe
ability of the aggregate to release water back into the concrete for
internal curing. This is a measure oboth the efficiencyof the
aggegate ad can be related to absorpti@thutovsky et al.2002).
Beneficial compressive stresses results from the swelling of
concrete specimens that contain-poaked lightweight aggregate
(Cusson and Hoogevee2008)

Consideration to the amount of watthat is available from the
aggregates that are not lightweight aggregate may need to be
consideredHammer et a).2004).

A Proper handling in the field isn important consideratiorihat

influences the estimation of theLWA moisture content, even
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saturaion of the LWA, and contamination of the aggregate
Attention to proper handling techniques must be provideavoid
problems with yield, slump loss, pumping, and finishi\dlarreal,
2009).
Therefore, moderately sized aggregates (aggregates withgargs that can be well
dispersed) at an optimal replacemiavel (preferably less than or equal to 208
volumeé is needed to ensure proper internal curing. It is also importaigtéomine
how the amount of aggregate replacement will affect thagttneand durability of the

concrete.

1.6 Scope

This research includethe evaluation ofseveral mixes to determine the
effectiveness of lightweight aggregates as an internal curing ageeé shrinkage
specimensand strength cylinderare evaluated to detaine the effects othe
lightweight aggregates. The mixes have a cement content of 543, la/y@l44
water/cement rati®24.7% paste conteand 8% air content. Both aday and 14day
curing periodareevaluatedor the free shrinkage specimens.

Two programsare describedA total of six mixesare included irProgram i
two control mixes and four mixes to evaluate lightweight aggregate for internal
curing. Three mixesre used teevaluate three different replacement levels of the
intermediate ligtweight aggregatea low, medium and high level of replacemeAt.
total of eight mixesare included irProgram I two control mixes, four mixes with

lightweight aggregate and G100 slag, and two mixes with limestone and G100 slag.
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Chapter 2 Experimental Program

2.1 General

This chapter descrikehe procedures used in the laboratory, the materials,
and equipment used to perform the evaluation of the mix designs as well as the test
programs. The free shrinkage of a concrete mix is affected by several factors
including the paste content, the wat@mentitiougnaterial(w/cm) ratio, the cement
type and fineness, the mineral admixture content, the aggregate type and content, the
use of superplasticizers and duration of curing. Two test programs with 14 batches
were ewaluated. Test Program | evaluatditferentamouns of lightweight aggregate
replacement for internal curing. Test Program Il evaluated the use of lightweight
aggregatewith ground granulated blast furnace slag (slagdoth test programs
includedtwo cantrol mixes; one granite mix and otlimestonemix. The limestone
mix was usedo comparédhe effects ofinternal curingon reducing shrinkageetween
batches with lightweight aggregate and batches with limestdhe free shrinkage
testresults from thenixes using lightweight aggregates are compared to standard LC
HPC mixeswith granite to evaluate the performanasith the addition of the

lightweight aggregate for internal curing.

2.2 Materials

The materials used in this study include granite, limestoee gravel, sah a

lightweight expanded shale, sldgpe | /1l cementwaterreducing admixturand air

37



entraining agent Each time a nevaggregatesample was obtained, a new sieve
analysis and specific gravity test were performed. The following ssctiescribe

the materials used in the study. The list of materials for each batch is summarized in

Table2-1.
Table 2-1: Material Summary
Bst)c.h Description Cement Slad A(;;:;; E GrF;(\a/zl“ Sand LWA 8
PROGRAM |
#619 | Granite Control Type I/l #7 N/A G-15 (a/b) | PG14 | S15 N/A
#620 | Limestone Control Type I/l #7 N/A LS-9 PG14 | S15 N/A
#622 | LWA (Low)’ Type I/l #7 N/A G-15 (a/b)| PG14 | S15 | LW-A2
#628 | LWA (Mediumy Type /1l #7 N/A G-20 (a/b)| PG14 | S15 | LW-A2
#654 | FLWA (Medium)’ Type I/l #8 N/A G-20 (a/b)| PG14 | S16 | FLW-Al
#634 | LWA (High)™ Type I/Il #7 N/A G-20 (a/b)| PG14 | S15 | LW-A2
PROGRAM I
#639 | Granite Control Type I/l #8 N/A G-20 (db) | PG14 | S16 N/A
#640 | 30% G100 Slag, LWA Type I/l #8 | G100 Slag| G-20 (a/b)| PG14 | S16 | LW-A3
#655 | 30% G100 Slag, FLWA Type I/ll #8 | G100 Slag| G-20 (a/b) | PG14 | S16 | FLW-Al
#642 | 60% G100 Slag, LWA Type I/l #8 | G100 Slag| G-20 (a/b)| PG14 | S16 | LW-A3
#648 | 60% G100 Slagl, LWA Type I/Il #8 | G100 Slag| G-20 (a/b) | PG14 | S16 | LW-A3
#645 | Limestone Control Type I/l #8 N/A LS-9 PG14 | S16 N/A
#646 | 30% G100 Slag, Limestone Type I/ll #8 | G100 Slag LS9 PG14 | S16 N/A
#647 | 60% G100 Slag, Limestone Type I/ll #8 | G100Slag LS9 PG14 | S16 N/A
NOtes'l'r Table2-2

27 Table2-3

31 Table2-5

47 Table2-4

57 Table2-4

61
71
81
97

Lightweight Aggregat@ able2-6 andTable2-8
Low replacement amount of lightweight aggregate

Medium replacement amount of lightweight aggregate

Fine lightweight aggregate

107 High replacement level of lightweight aggregate

2.2.1 Cement

Two samples of Type I/ll Portland cement were obtained during this study.

The cement was produced by AshgroveGhanute,Kansas The first sample,

denoted as Type I/ll #7, had a specific gravity of 3.20 and a Blaine finen&s&/6f

ft?/lb (384 m*kg). Type I/ll #7 was used in batches #619, #620, #&B28 and
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#634. The second sample, denoted as Type /1l &8 ahspecific gravity of 3.15 and
a Blaine fineness df,655 ff/Ib (339 nf/kg). Type I/ll #8 was used in batches #639,
#640, #642#645, #646, #647, #648, #654 and #655. The chermoapositionof
each sample of cement is shownTiable 2-2. The batchesontaining eacltement
are summarized imable2-1.

Table 2-2: Type I/l Portland Cement Characteristics

Type /Il #7 Type I/l #8
C:S 55% 54%
C,S 20% 18%
CA 6% 6%
C.AF 10% 11%
Blaine (mf/kg) 384 339
Specific Gravity (SSD) 3.20 3.15

2.2.2 Mineral Admixtures

Test Program Il used mineral admixture; slag. The ground granulated blast
furnace grade 100 slag (G1l®lag was obtained from Holcim in Theodore,
Alabama. The slapad a specific gravity of 2.86 and was used in batches #640,
#642, #646, #647, #648, and #65Bhe chemicakcompositionof the G100slag is
shown inTable2-3. The batchesontaining the slagre summarizechiTable2-1.

Table 2-3: G100 SlagCharacteristics

G100 Slag
SiO, 43.36%
AlL,Os 8.61%
Fe0s 0.37%
CaOo 31.13%
MgO 12.50%
SG; 2.24%
Na,O 0.21%
K,0 0.40%
TiO, 0.32%
Mn,O3 0.35%
SrO 0.04%
LOI 0.37%
Specific Gravity (SSD) 2.86
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2.2.3 Admixtures

The super plasticizer used in this study to adjust the slump for each batch was
obtained on June 3, 2008 from Master Builders Technologies called Glenium 3000
NS. The air entraining agent useas obtained on May 28, 2008 from BASF called

Master Builders MicroAir.

2.2.4 Fine Aggregate

Two samples of sand were obtained from Lawrence Ready Mix (LRM). The
first sample, denoted as1%, had a saturated surface dry (SSD) specific gravity of
2.61 and aberption (dry) of 033%. S-15 was used in batches #619, #620, #622,
#628, and #634. The second sample, denotedlds Bad a saturated surface dry
(SSD) specific gravity of 2.6And absorption (dry) of 83%. S-16 was used in

batches #639, #640, #64545, #646, #647, #648, #654, and #655.

Table 2-4: Fine Aggregate Sieve Analysj$% Retained

Sand Pea Gravel

Sieve Size S15 S 16 PG14
3/8in.(9.5 mn) 0.00 0.00 0.00
No.4(4750) ¢ m 1.52 1.20 11.28
No.8(2360) ¢ m 12.58 6.97 57.36
No.16(1,1 80 ) €¢ m 23.85 16.07 29.30
No.30(6 00 ) € m 28.15 24.82 1.47
No.50(3 00 ) e m 28.09 37.73 0.34
No0.100(1 50 ) € m 5.55 12.01 0.11
No.200(7 5 )e m 0.20 0.73 0.05
Pan 0.06 0.47 0.09

One sample of pea gravel wabtained from LRM for this study. The pea
gravel was KDOT classification UD from Midwest Concrete Materials in
Manhattan, Knsas The sample, denoted as PI&3, had a saturated surface dry

(SSD) specific gravity of 2.6and absorption (dry) 00.93% PG14 was used in
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every batch.A summary of the fine aggregate sieve analyses are sholabla2-4.

The batchesontainingthe fine aggregates are summarizedable2-1.

2.2.5 Coarse Aggregate

Two coarseaggregates were used in this study, granite and limestone. Two
samples of granite were obtained from Fordyce in Kansas Gitys& Each granite
had a maximum size aggregate (MSARBS£ in. (19 mn). To aid in the optimization
process, the granite salap were split on th8/8 in. (9.5 mn) sieve. The aggregate

that was3/8 in.(9.5 mnj) or largerwasdenotedvithan 6 aé and t he aggreg

No.4(4750 )asmallewas denoted with a 6béd. The fi
G-15a and @&L5hb, had a SSD specific gravity of 2.60 and absorption (dry) of 0.76%.

The second granite sample, denoted@ and &0b, had a SSD specific gravity of

2.60 and a absorption (dry) of 0.71%.

Table 2-5: Coarse Aggregate Sieve Analysi$o Retained

Granite Limestone

Sieve Size G-15a G-15b G-20a G-20b LS-9
1% in.(38.1 mn) 0.00 0.00 0.00 0.00 0.00
1in.(25.4 mn) 0.00 0.00 0.00 0.00 0.00
¥ in.(19.0 mn) 0.00 0.00 0.00 0.00 0.00
% in.(12.7 mn) 32.50 0.00 36.96 0.00 17.86
3/8in.(9.5 mm) 65.93 0.00 59.28 0.00 28.92
No.4(47 50 ) g 0.00 92.47 0.00 85.46 46.14
No.8(236 0) g 0.00 5.38 0.00 10.48 4,58
No. 16(1,1 8 0 ) 1.57 2.15 3.76 4.06 2.50

One sample of KDOT approved limestone was obtained from LRM. The

limestone also had MSA of 3/4 in.(19 mm). The sample, denateas LS9, had a

SSD specific gravity of 2.59 and absorption (dry) of 3.07%. The coarse aggregate
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sieve analyses are summarizedTiable 2-5. The batchesontainingthe coarse

aggregates are summarizediable2-1.

2.2.6 Lightweight Aggregate

Six samples of lightweight aggregates were obtained from a local company,
Buildex Incorporated located in Ottawa, Kansas. Buildex Incorporated supplies
expanded shale aggregate from plants in Marquette, Kansas andMideket,
Missouri. Six initial sampleswere obtainedand included three different sizes of
aggregates from both plants:

Al x a in.
A axoin.
A a x 0in., Crushed

A number of variables were compared before choosing the appropriate
aggregate for this study. irBt, based on the previous work done, larger lightweight
aggregatedhave beenshown to result ina larger pore structurevhich improves
internal curing (Zhutovsky et aR002). Next, a comparisaf combined gradation
usingKU Mix (an aggregate optimigan and mix design program developed at KU)
showed that the larger aggregate also improved the aggregate gradation. The last
variable considered was the aggregate absorption. The absorption of the aggregate
can be related to the desorption (the amo@imtater that can be supplied for internal
curing) of the aggregate; i.e. a higher absorption implies a higher desorption property.

Table2-6 shows the properties for af the aggregates, as reported from Buildex.
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Table 2-6: Lightweight Aggregate Properties

Marquette, Kansas

New Market, Missouri

Specific  Density Percent | Specific  Density Percent
Aggregate Gravity Absorption | Gravity Absorption
Ib/ft® (kg/nT) Ib/ft3 (kg/n)
I Xxin.a 1.15 42 (25) 16 1.20 44 (26) 12
a xin. 0 1.50 47 (29) 10 1.80 58 (34) 8
a xin., Crushed 1.50 47 (29) 10 1.80 58 (34) 8

Table 2-7 shows the sieve analyses that were performed on the aggregate.

After comparingthe variablesfrom Table2-6 and Table2-7, the ¥# a in. aggregate

from Marquette, Kansa$iad thehighest absorption and largesjgregate gradation

andwasusedfor the primaryevaluation of internal curg for this study

Table 2-7: Initial Lightweight Aggregate Sieve Analysis % Retained

Marquette, Kansas

New Market, Missouri

Sieve Size '\ xinal a xin.o 2 X0 yinal a xinoo & XiN.0
Crushed Crushed

3/8in. (95mm) | 0.00 0.00 0.00 0.00 0.00 0.00
No. 4 (47 5 0 39.52 0.14 0.03 24.98 0.00 0.00
No. 8 (23 6 0 60.05 18.77 18.19 7052 4.08 3.47
No. 16 (11 8 0 0.09 36.19 42.68 4.06 53.05 31.09
No. 30 0.04 23.87 19.80 0.05 29.20 23.99
No. 50 0.04 13.40 8.34 0.03 9.32 1451
No. 100 0.02 4.87 3.41 0.02 1.25 6.02
No. 200 0.05 1.29 2.04 0.03 0.49 453

Pan 0.20 1.46 551 0.30 1.72 15.49

Two samples of the ¥4 in. from Marquette, Kansasere obtaind, denoted

as LWA2 and LWA3. In addition to these two samples, a smaller, crushed sample

was obtained to determine whether a smaller sized aggregate had better internal

curing capabilities.The smaller aggregate was denoted as FAW The aggregate

gradationsof the delivered materialsre shown ifTable2-8. The batchesontaining

the lightweight aggregatand fine lightweight aggregat@bbreviated LWAand

FLWA, respectively are summarized ifable 2-1. Lightweight aggregate total
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