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Abstract 

The use of lightweight aggregates to supply a source of internal curing for 

Low Cracking, High Performance Concrete (LC-HPC) is evaluated.  Prior research is 

used as a basis to estimate the amount of with lightweight aggregate replacement 

needed to optimize the amount of moisture available in the mix for internal curing.  

An aggregate optimization program (KU Mix) is revised to include modifications for 

the addition of aggregate with different specific gravities, such as lightweight 

aggregate, for the purposes of internal curing.   

Fourteen concrete mixes are designed to evaluate the free shrinkage and 

strength properties of LC-HPC mixes with lightweight aggregate for the purposes of 

internal curing.  Six mixes in Program I are used to evaluate different replacement 

levels of lightweight aggregate.   Eight mixes in Program II are used to evaluate the 

use of lightweight aggregate with Grade 100 slag.  All mixes have a water/cement 

ratio of 0.44, 24.7% paste content (equivalent to a cement content of 540 lb/yd
3
) and 

an air content of 8%.  Both 7-day and 14-day curing periods are evaluated for the free 

shrinkage specimens.  Cylinders are cast for every batch and tested for the 28-day 

strength. 

The effect of adding lightweight aggregate does not significantly decrease the 

strength of any one mix.  The addition of the lightweight aggregate increases the 

amount of internal curing water available and reduces shrinkage.  The recommended 

mixes to reduce free shrinkage from Programs I and II were the 14-day cured 
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lightweight aggregate mix with the highest level of replacement and the 14-day cured 

lightweight aggregate mix with a 30% cement replacement of slag, respectively. 

 

Key Words:  bridge decks, concrete mix design, cracking, curing, durability, free 

shrinkage, high-performance concrete, internal curing, KU Mix, lightweight 

aggregate, slag, 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 source for concrete 

that promotes more cement hydration.  There 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 curing can be provided by adding small amounts of saturated lightweight fine 

aggregates or superabsorbent polymers to the concrete (Bentz et al., 2005).   

Internal curing can be very beneficial for Low Cracking, High Performance 

Concrete (LC-HPC).  LC-HPC takes advantage of a reduced paste content, an 

optimized aggregate gradation, a water/cement ratio (w/c) of 0.45, air content of 8 ± 

½%, slump between 1 ½ in. and 3 in. (3.8-7.6 cm), with controlled concrete 

temperature and improved curing methods to reduce cracking.  Introducing a material 

to supply internal curing may further reduce shrinkage and increase workability in an 

optimized aggregate gradation.   

There are many variables that affect the need and the amount of lightweight 

aggregates to be used for internal curing.  The efficiency of such aggregates in a 

concrete mix is primarily dependent on the amount of water in the aggregates, the 

lightweight aggregate spacing (distance between aggregate particles) and the pore 

structure (amount and size of the capillaries in the aggregates) (Hammer et al., 2004).  

Internal curing is of particular use for combating autogenous shrinkage (also known 
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as chemical shrinkage) in concrete, which reduces the internal relative humidity in the 

concrete so as to increase shrinkage and early age cracking (Bentz and Snyder, 2005).  

Internal relative humidity is a measure of the amount of internal water that is 

available for cement hydration in the cement paste (Lura et. al., 2005).  Self-

desiccation is the process that occurs in concrete mixes with low w/c ratios (<0.3) 

when internal drying occurs as the concrete cures.  Self-desiccation then results in 

bulk or autogenous shrinkage (Mindess et. al., 2003).   

To combat the shrinkage that results from self-desiccation and the associated 

drop in internal relative humidity, the 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 from autogenous shrinkage associated with cement hydration.  The 

amount of shrinkage increases with decreasing pore size, decreasing 

water/cementitious (w/cm) ratios and increasing amounts of silica fume (Hammer et 

al., 2004).  Mixes that contain lightweight aggregate to supply internal curing 

increase the internal relative humidity of the concrete, reduce autogenous shrinkage 

and therefore reduce total shrinkage and the potential for cracking. 

Internal curing can be particularly useful in mixes with relatively low w/cm 

ratios (ratios below 0.36) (Villarreal and Crocker, 2007).  As the degree of water 

saturation increases, the coefficient of thermal expansion is reduced.  A higher degree 

of water saturation also reduces the effects of self-desiccation and increases the 

resistance to frost damages and chloride ingress.  Drying time of concrete in buildings 
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tends to decrease with higher water saturation while compressive strength does not 

decrease significantly (Hammer et al., 2004).   

A number of studies have been completed to analyze the effects of internal 

curing provided by lightweight aggregates for concrete and are reviewed in this 

chapter.  The articles summarized here present different applications of lightweight 

aggregates and equations that can be used to determine the amount of replacement 

material needed to sufficiently supply internal curing.  Although much of the previous 

research evaluating internal curing has focused on alleviating the autogenous 

shrinkage that occurs at low w/cm ratios (Ò0.36), it has been shown that even at 

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 shrinkage in concrete with higher w/cm ratios 

(0.42-0.45).  This work is also reviewed and a test program is designed to further 

evaluate the benefits of internal curing at higher w/cm ratios. 

1.2 Development of Aggregate Replacement Methodologies 

 The articles reviewed in this section discuss internal curing as a means of 

supplying an internal water source for concrete that promotes more cement hydration 

and results in less paste shrinkage.  By supplying internal curing through the use of 

lightweight aggregates the internal 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 aggregates, the lightweight aggregate 
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spacing and the pore structure.  Much of the previous research evaluating internal 

curing has focused on alleviating the autogenous shrinkage that occurs at low w/cm 

ratios though it has been shown that even at higher w/cm 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 experiments conducted by Ye et al. (2006).  Internal relative humidity was 

tested by casting a specimen, that was 5.9³5.9³5.9 in. (150³150³150 mm), in 

which a 1.2 in. (30 mm) plastic pipe was inserted to a depth of 3.0 in. (75 mm).  The 

pipe was sealed during curing.  A probe was inserted into the hole and was properly 

sealed so that it measured relative humidity to the nearest 0.1%.  The concrete 

evaluated had a w/cm ratio of 0.34, contained both cement and fly ash and used 

lightweight aggregate to replace the normal-weight gravel by 10%, 20%, 30%, and 

40%.  The lightweight aggregate used was expanded clay aggregate that ranged in 

size from 0.2-0.6 in. (5-16 mm).  It had a crushing strength of 1,130 psi (7.8 MPa).  

Figure 1-1 shows the 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 from the material evaluation of concrete 

containing different aggregate replacement levels of expanded shale aggregate.  

Replacement levels ranged from 0-40% which correlated to 0-359.0 lb/yd
3
 (0-213.0 

kg/m
3
) of lightweight aggregate.  Based on an absorption rate of 5.73% in half an 

hour, 0-20.6 lb/yd
3
 (0-12.2 kg/m

3
) of water was available for internal curing.  The 

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 

Percentage 

Lightweight 

Aggregate 

Carrying 

Water 

Crushed 

Limestone 

Compressive 

Strength 

Elastic 

Modulus 
 % lb/yd3 (kg/m3) lb/yd3 (kg/m3) lb/yd3 (kg/m3) ksi (MPa) ksi (GPa) 

#1 0 - - 1,795.3 (1,065.1) 9.7 (67.0) 5,640 (38.9) 

#2 10 89.8 (53.3) 5.1 (3.05) 1,615.8 (958.6) 8.9 (61.1) 5,400 (37.2) 

#3 20 179.5 (106.5) 10.3 (6.11) 1,436.3 (852.1) 8.4 (58.1) 5,370 (37.0) 

#4 30 269.4 (159.8) 15.4 (9.15) 1,256.7 (745.6) 7.1 (48.8) 5,260 (36.3) 

#5 40 359.0 (213.0) 20.6 (12.2) 1,077.2 (639.1) 6.8 (46.6) 5,130 (35.4) 
*0.34 w/cm ratio, 713.8 lb/yd3 (423.5 kg/m3) of cement and 178.5 lb/yd3 (105.9 k/m3) of fly ash 
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Figure 1-2:  Relative Humitiy vs. Time [Ye et al. (2006)]   

*Legend refers to mixes in Table 1-1 
 

 

 
Figure 1-3:  Shrinkage vs. Time [Ye et al. (2006)]   

 

The results showed that as the amount of lightweight aggregate increased, the 

internal relative humidity increased (Figure 1-2).  In addition, a linear relationship 

exists between internal relative humidity and the amount of water provided by the 

lightweight aggregates.  Free shrinkage tests of the mixes shown in Table 1-1 showed 

that higher replacement of lightweight aggregate yielded lower amounts of shrinkage 

(Figure 1-3).  Finally, the amount of shrinkage decreased with increasing internal 

relative humidity of the concrete. 

#2 

#4 

#1 

 

#3 

#5 

 

 

*  
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1.2.2 Optimizing the Effects of Lightweight Aggregates 

The work done by Zhutovsky et al. (2002) describes how to optimize the size 

and porosity of lightweight aggregate to achieve a minimum amount of effective 

internal curing.  

The amount of water needed to supply internal curing and offset autogenous 

shrinkage can be determined as follows:  

maxcurW C CSa= ³ ³ 

where Wcur is the water content, C is the cement content, Ŭmax is the maximum degree 

of hydration of the cement, and CS is the chemical shrinkage (autogenous shrinkage).   

Recent studies have shown that the amount of water needed is actually higher 

than that predicted by Eq. (1-1).  Based on the research that was reviewed from 

Takada et al. (1998), Bentur et al. (2001) and Schwesinger and Sickert (2000), Eq. 

(1-1) predicted water contents in the range of 30 to 39 lb/yd
3
 (18 to 23 kg/m

3
) where 

levels of 50 to 67 lb/yd
3
 (30 to 40 kg/m

3
) were required to overcome self-desiccation 

because not all of the water that is absorbed in the lightweight aggregate is effective 

against self-desiccation.  The aggregate property that describes how easily the 

absorbed water within the aggregate is able to be released back into the mix, is known 

as desorption. 

 The desorption of an aggregate is affected by a couple of factors, including the 

pore size of the aggregate as well as the spacing between aggregate particles.  

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

influences:  

 (1-1) 
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 curW
LWA

Sf h
=
³ ³

  (1-2) 

where LWA is the content of the lightweight aggregate, f is the aggregate absorption 

by weight, S is the degree of saturation of the aggregate and ɖ is an efficiency factor 

that accounts for how much water in the aggregate is available to counteract the 

effects of self-desiccation.  In order to maximize the efficiency factor, a small 

aggregate with a large pore structure must be used.   

The work by Zhutovsky et al. (2002) determined how to obtain ɖ = 1 by using 

a minimum amount of lightweight aggregate and without sacrificing strength.  The 

lightweight aggregate used was Pumice sieved into three different sizes: Pumice0 ï 

No. 100 to No. 16 (0.15 to 1.18mm), Pumice1 ï No. 16 to No. 8 (1.18mm to 2.36mm) 

and Pumice2 ï No. 8 to No. 4 (2.36mm to 4.75mm).  Two variables were then studied 

with the aggregates: aggregate size and aggregate replacement level.  First, three 

mixes were developed with the three different aggregate sizes proportioned so that 

they provided the amount of water calculated from Eq.  (1-1).  The degree of 

hydration of the cement was determined to be 65% [Ŭmax = 0.65].  The chemical 

shrinkage, based on literature, was estimated at 0.06 lb water/lb cement hydrated 

(0.06 kg water/kg cement hydrated) [CS = 0.06], and the cement content was 853 

lb/yd
3
 (506 kg/m

3
)
 
[C = 506].  This resulted in a required amount of internal water of 

34 lb/yd
3
 (20 kg/m

3
) to offset autogenous shrinkage.  All mixes used fully saturated 

aggregates [S = 1] and the absorption varied based on the amount of internal water 
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that was needed.  All mixes had 853 lb/yd
3
 (506 kg/m

3
) of ASTM Type I cement and 

a w/c ratio of 0.33. 

Using the larger-sized aggregate (Pumice2), three more mixes were developed 

such that 50%, 100% and 150% of the required water for internal curing to offset 

autogenous shrinkage was provided.  Two reference mixes were also cast without any 

lightweight aggregate; the first using air-dried aggregates and the second using 

saturated-surface-dried (SSD) aggregates.  Free shrinkage specimens were used to 

compare the results.   

 
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 ɖ = 1, and this was likely because almost all of the autogenous 

shrinkage was eliminated.  Little change was noted in the amount of shrinkage from 

increasing the provided water from 100% (Pumice2(20)) to 150% (Pumice2(30)), 

indicating that the extra water was not needed for internal curing.  When comparing 

the amount of free shrinkage from mixes with 50% (Pumice2(10)) to 100% 

(Pumice2(20)), a large difference can be noted because there was not enough water to 
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overcome autogenous shrinkage with the 50% aggregate volume level.  WSAREF in 

Figure 1-4 was the control mix with aggregates that were presoaked to the SSD 

condition without any lightweight aggregate.  The WSAREF mix had the most 

amount of free shrinkage (contraction) even though the absorbed water content in the 

normal weight aggregate was 32 lb/yd
3
 (19 kg/m

3
)
 
and was close to the calculated 

required internal water content.   

Overall, test results proved the benefits of using lightweight aggregate to 

supply internal curing.  An efficiency factor of ɖ = 1 is achievable using a larger-sized 

lightweight aggregate. 

1.2.3 Influence of Pore Structure on Internal Curing  

Hammer et al. (2004) evaluated the efficiency of lightweight aggregates to 

provide internal curing by examining three factors through the review of published 

papers:  (1) Total amount of water in the LWA, (2) the LWA particle spacing factor 

and (3) the LWA pore structure.  The literature review included a number of studies 

with w/cm ratios that ranged from 0.2 to 0.4.  The three factors were examined by 

first considering the autogenous shrinkage that occurs in concrete as estimated with 

Eq. (1-3): 

0.058sd csV V ca= = ³ ³ 

where Vsd is the volume of self-desiccated pores which is the same as Vcs or the 

volume of chemical shrinkage (autogenous shrinkage), Ŭ is the degree of hydration  

of the cement and c is the cement content.  For example, if the cement content is 674 

(1-3) 



 

11 

lb/yd
3
 (400 kg/m

3
) and the degree of hydration is 65%, the resulting volume of self-

desiccation (and therefore the amount of water that must be replaced) is close to 25 

lb/yd
3
 (15 liters/m

3
) of concrete.  

The volume of pore space that is estimated using Eq. (1-3), however, is 

usually less than the amount of water that can be supplied by lightweight aggregates.  

Hammer et al. (2004) found that there 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 to Vcs. 

(2) The aggregate spacing. 

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

paste. 

Desorption experiments were used to determine the pore structure of the 

lightweight aggregate.  An experiment that examined two different lightweight 

aggregates was completed to evaluate the desorption. The first aggregate was Leca, 

evaluated at two total water contents: 7.0% (where the aggregate was initially dry) 

and 29.0% (where the aggregate was pre-saturated for one day and pressurized at 

0.735 ksi (50 atm)).  The second aggregate was Stalite and the corresponding total 

water contents that were evaluated were 3.0% and 10.6%.  The rest of the concrete 

was comprised of sand, a low-alkali pure Portland cement, and 5% silica fume.  The 

w/cm was 0.40.  The results of the tests showed that the aggregate with a 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 evaluated by a series of free shrinkage specimens that 

had a range of size fractions of No. 100 to No. 16, No. 16 to No. 8, No. 8 to No. 4  

(0.15 - 1.2 mm, 1.2 - 2.4 mm, and 2.4 - 4.8 mm) so that when the mixes were 

proportioned they yielded the same total absorbed water.  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 efficient because the series of free 

shrinkage specimens with the largest size fraction shrank the least.   

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 by the sand and coarse aggregate in the mix was also shown to have a 

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 (that part of the mix requiring the water) 

to the surface of the lightweight fine aggregate.  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 bubble.  The distribution was considered by looking at a 3-D 

model of the microstructure of concrete that had previously been developed by Bentz, 

Garboczi and Snyder (1999).  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 different aggregate gradations based on the limits set 
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forth in ASTM C33.  The simulation results showed that, similar to well-dispersed air 

voids, well-dispersed 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 supplied from 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 in low w/c ratio mixtures): 

maxf

wat

C CS
V

a

r

³ ³
=  

where Vwat (m
3
 water/m

3
 concrete or ft

3
 water/yd

3 
concrete)  is the volume of water 

that is ñconsumedò during the hydration process due to chemical shrinkage, Cf is the 

cement content, CS is the chemical shrinkage of the concrete that occurs during the 

hydration process (usually about 0.06 lb H2O per lb of cement hydrated or kg of H2O 

per kg of cement hydrated), Ŭmax represents the maximum degree of hydration and can 

be estimated as (w/c)/0.40 for w/c ratios below 0.40, and ɟ is the density of water.  

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

equation: 

wat
LWFA

LWFA

V
V

S f
=
³

 

(1-4) 

(1-5) 
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where VLWFA is the total volume fraction of the lightweight fine aggregate that is 

needed, S is the degree of saturation of the lightweight fine aggregate (relative to the 

absorption of the aggregate), and fLWFA is the porosity of the lightweight fine 

aggregate (a porosity of 0.15 was used as an example in the research).  It is important 

to note that this equation assumes that all available water 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 work (Bentz and Snyder, 2005) with 

the following equation to estimate how much lightweight aggregate is needed to 

supply enough water for internal curing in mix design: 

maxf

LWA

LWA

C CS
M

S

a

f

³ ³
=

³
 

where MLWA is the mass of the dry fine lightweight aggregate per unit volume of the 

concrete, Cf is the cement factor (content) for the concrete mixture, CS is the 

chemical shrinkage of the concrete (in this study 0.07 lb of water/lb of cement or g/g), 

Ŭmax is the maximum expected degree of hydration of the cement, S is the degree of 

saturation of the aggregate (ranging from 0 to 1), and fLWA is the absorption (total 

moisture content) of the lightweight aggregate.  When the w/c ratio is less than 0.36, 

the maximum expected degree of hydration can be estimated as (w/c)/0.36.  When the 

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

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

value of S equal to one. 

(1-6) 
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Refinements to the parameters in Eq. (1-6) 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 the lightweight aggregate, as described next.    

The amount of chemical shrinkage that is necessary to balance the hydration 

reaction is related to the cement phase, as shown in Table 1-2.  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, chemical shrinkage 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 in Table 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. (2005)] 

Cement Phase Coefficient 

 [lb water/lb solid cement phase or g/g] 

C3S 0.0704 

C2S 0.0724 

C3A 0.171
*
 0.115

À 

C4AF 0.117
*
 0.086

À
 

Silica Fume 0.20 
*Assuming sufficient sulfate to convert all of the aluminate phases to ettringite 
ÀAssuming total conversion 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 aggregate to release all of the absorbed water.  
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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 can occur.  A desorption (amount of water an 

aggregate releases over 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 condition similar 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 water can be released over 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 Curing in 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 aggregates is also examined.   

A total of seven mortar mixes were designed to evaluate the 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 the mix proportions for the tests.  The effective w/c 

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 and unsealed 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 (lb/yd
3
 (kg/m

3
)) [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 2,390 (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 reduce self-desiccation 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 shrinkage as 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 sufficiently supply internal curing.  The unsealed specimens 

showed that (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 28 days, 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 internal curing to reduce the amount of autogenous shrinkage cracking 

in high-performance concrete (HPC).  Four concrete mixes were tested.  The study 

included a reference mix (Mix-0) that contained no lightweight aggregate, a mix 

containing a low amount of pre-soaked lightweight aggregate (Mix-L), a mix 

containing a medium amount of pre-soaked lightweight aggregate (Mix-M), and a 

mix containing a high amount of pre-soaked lightweight aggregate (Mix-H).  Pre-

soaked expanded shale lightweight aggregate sand was used to replace part of the 

normal-density sand for each mix. The lightweight aggregate had a dry-bulk density 

of 1,551 lb/yd
3
 (920 kg/m

3
) and a water content of 15% by mass of dry material.  The 

lightweight aggregate was slightly bigger than the normal-density sand that was used, 

which helped improved the combined gradation of the mix.  Each mix contained 758 

lb/yd
3
 (450 kg/m

3
) of ASTM Type I cement, a 0.34 w/c ratio, and a cement-sand-

coarse aggregate ratio of 1:2:2 by mass.   

The total w/c ratio was held constant by considering both mix water and water 

within the lightweight aggregate.  This in turn, meant that as the amount of 

lightweight aggregate increased, the effective w/c ratio decreased.  There were two 

primary reasons for calculating the effective w/c ratio.  First, the effective w/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 (with severe self-desiccation 
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as in found in lower w/cm mixes) 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.   

 0.18
ic

w w

c c

å õ å õ
= ³æ ö æ ö

ç ÷ ç ÷
  

where (w/c)ic was the mass ratio of internal curing water to cement and (w/c) was 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% and 120% for mixes Mix-0, 

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

 For each batch, a total of four test samples were cast.  Two large scale 

specimens, 7¾³7¾³39¼ in. (200³200³1000 mm), and 3³3³11½ in. prisms 

(75³75³295 mm) were used to determine the thermal expansion coefficient, and 4 

³8 in. (100³200 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.  Immediately after 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 this shrinkage.  Mix-H was able to provide an internal relative humidity 

similar to that provided by saturated curing.  Mix-L, however, was insufficient for 

providing internal curing by providing 90% internal relative humidity at 7 days (the 

(1-7) 
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control mix provided 92% internal relative humidity at 7 days).  Mix-H almost 

entirely eliminated autogenous shrinkage.  Strength and the modulus of elasticity did 

not decrease with any of the replacement values of lightweight aggregate, as shown in 

Table 1-4.  The specimens that contained the pre-soaked lightweight aggregate 

experienced autogenous swelling that resulted in beneficial compressive stresses.   

Table 1-4:  Hardened Concrete Properties 

Concrete Mix Compressive Strength 

 
ksi (MPa) 

Compressive Modulus of 

Elasticity 
ksi (GPa) 

Mix-0 7.25 (50) 4,580 (31.6) 

Mix -L  7.25 (50) 4,530 (31.2) 

Mix -M 7.83 (54) 4,640 (32.0) 

Mix -H 8.27 (57) 4,550 (31.4) 
*Properties measured at 7 days  

1.3 Applications of Internal Curing  

 The studies discussed in this section investigate practical applications of 

internal curing to reduce shrinkage and improve hardened concrete properties.   

1.3.1 Pavement Application 

Work by Villarreal and Crocker (2007) shows that a ready mix plant 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 and has resulted in improved cement hydration as 

well as an improved aggregate gradation.  The next step was to integrate the 

lightweight aggregate into concrete pavements.  The following describes the research 

that was used to implement the internal curing application in 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 used in the study 

ranging in size between 3/8 in. and No. 8 (9.5 and 2.4 mm).  The pre-wetted bulk 

density of the aggregate was 60 lb/ft
3 

(961 kg/m
3
) with a fineness modulus of 5.51.  

The aggregate was tested in the laboratory by using a replacement of 3, 5 and 7 

ft
3
/yd

3
 (0.11, 0.19 and 0.26 m

3
/m

3
) of the normal weight aggregate.  Workability, 

density and compressive strength were all analyzed as a result of the substitutions.  

The results showed that at the 3 and 5 ft
3
/yd

3 
(0.11 and 0.19 m

3
/m

3
)  replacement 

levels, compressive strength and workability increased while they decreased at the 7 

ft
3
/yd

3 
(0.26 m

3
/m

3
) replacement level.  Some of the test cylinders were air-cured 

while some were standard-cured.  Because the results from these cylinders showed 

that the strengths were similar to each other, it was inferred that internal curing was 

providing adequate water for internal hydration.   

The technology from the preliminary study was adapted to field use by 

developing a mix that contained the 5 ft
3
/yd

3
 (0.19 m

3
/m

3
) replacement level which 

corresponded to 16.0% by volume.  This corresponded to replacing about 300 lb/yd
3
 

(178 kg/m
3
) of the coarse aggregate and 200 lb/yd

3
 (119 kg/m

3
) of the fine aggregate 

with the lightweight aggregate.  The mix has been used in a number of projects in 

Texas and has shown promising results.  The average compressive strength in the 

mixes used in the field was approximately 1,000 psi (6.9 MPa) more than the 

compressive strength of mixtures without lightweight aggregate (as seen in Table 

1-5).  In addition, the amount of cracking caused by plastic or drying shrinkage was 
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minimal.  Class C fly ash was used to replace 20% of the cement in the mixes tested 

by Villarreal and Crocker (2007).  The fly ash addition was implemented because 

pozzolans reportedly increase the efficiency of internal curing (Holm, 1980).   

Currently, the use of lightweight aggregates as an internal curing agent has 

significantly improved concrete performance in the Dallas-Fort worth area.  Cement 

hydration and concrete compressive strength have increased.  This has resulted in a 

reduction 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 lbs/yd
3
 (119 kg/m

3
) of concrete, which increases the amount of 

concrete that can be carried by a single truck and reduces the number of trips, 

increases fuel savings, and decreases equipment wear.   

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

Mixture*  

 

Cementitious 

material 

content 

 

Average 

Slump 

 

 

fôc at 28 

Days 

 

 

No. 

of 

field 

tests 

Average 

Compressive 

Strength 

 

% of 

Reference 

Difference 

 

 

 

 lb (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 (235) 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) 
*Mixtures denoted with an óXô designate a mixture that used lightweight aggregate. 
 

1.3.2 Field Application Challenges 

 Villarreal (2008) reviews previous work 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 
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aggregate.   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 saturated.  If the 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 and the absorption of the lightweight aggregate has accurately been 

accounted for, concrete mixtures are noted to pump easily, have increased workability 

and are placed 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) notes several of the 

problems that may arise from improper use and handling of lightweight aggregate: 

¶ If the aggregate is not completely saturated or the total moisture 

content of the aggregate is not accurately calculated, the yield of the 

lightweight aggregate will be over estimated.  This results in concrete 

batches with more lightweight aggregate than required. 

¶ Lightweight aggregate that is dry will absorb mix water and result in 

slump loss for the concrete.   

¶ Lightweight aggregate that is not properly saturated can result in 

difficulty with pumping.  The high pressure of the concrete pump may 
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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. 

¶ Due to the lower density of the dry aggregate, the aggregate can 

segregate from a concrete mixture and float to the back of the mixing 

truck.  This results in the last portion of concrete in a truck having a 

disproportionately large amount of lightweight aggregate. 

¶ The lower density of lightweight aggregate can result in the 

lightweight aggregate floating to the top of a concrete, which happens 

more often with high-slump concrete. 

¶ 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 the purpose 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 Bureau.  This requires the amount of 

aggregate finer than the No. 100 (150 ɛm) sieve of the combined aggregate gradation 

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 of Transportation Specification outline the use of lightweight 

aggregate for internal curing.  The specification requires 30% of the normal-weight 

fine aggregate is to be replaced by lightweight aggregate by volume.   

 The lightweight aggregate is conditioned for high moisture content prior to 

batching.  The lightweight aggregate is kept wet using soaker hoses or sprinklers for 

48 hours or until the moisture content is at least 15% by weight.  After a sufficient 

moisture content has been achieved, the hoses are turned off for 12 to 15 hours and 

the material is retested for moisture prior to batching.  Test method NY 703-19E was 

developed by the New York State Department of Transportation Materials Bureau to 

test the moisture content of the lightweight aggregate.    

 Mix proportioning, including the approximate amount of lightweight 

aggregate, are determined using an automated batching system.  The system bases the 

amount of lightweight aggregate for the mix on the SSD condition of the aggregates 

and compensates for 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 higher w/cm 

ratios, the benefits of internal curing are realized through a reduction of free 

shrinkage. 

  A free shrinkage test series at the University of Kansas by Lindquist (2008) 

evaluated six test programs with 56 individual concrete batches.  The test program, 

part of a larger study evaluating various mix designs that would result in lower 

cracking potential, evaluated the addition of mineral admixture replacements for Type 
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I/II cement.  The admixtures that were examined included silica fume, Class F fly 

ash, and Grade 100 and 120 slag cement.   

 G120 slag cement was used in three batches as a partial replacement for Type 

I/II Portland cement: one batch with limestone and a 60% G120 replacement (by 

volume) and two batches (one repeated batch) with quartzite and 60% G120 

replacement (by volume).  Each batch had a 0.42 w/cm ratio and a 23.3% paste 

content.   

 Figure 1-5 shows the results of the free shrinkage tests using G120 slag 

replacement 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 

plotted include a 7-day and 14-day cure for a 60% G120 slag replacement with 

quartzite (plotted twice for a repeated batch) and a 7-day and 14-day cure for a 60% 

G120 slag replacement with limestone.  

 From Figure 1-5, the average 30-day shrinkage for the 7-day cured 60% G120 

slag with limestone was 193 microstrain and was 163 microstrain for the 14-day 

cured specimens.  The average 30-day shrinkage for the 7-day cured 60% G100 batch 

with quartzite was 330 microstrain and was 247 microstrain for the 14-day cured 60% 

G100 batch with quartzite.  The average 30-day shrinkage for the 7-day cured 60% 

G100 repeated batch with quartzite was 307 microstrain and was 247 microstrain for 

the 14-day cured 60% G100 repeated batch with quartzite.   
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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 days.  The vertical axis 

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

in days.  The batches plotted include both a 7-day and 14-day cure for a 60% G120 

slag replacement with quartzite (twice for a repeated batch) and both a 7-day and 14-

day cure for a 60% G120 slag replacement with limestone.  

From Figure 1-6, the average 365-day shrinkage for the 7-day cured 60% 

G120 slag with limestone was 413 microstrain and was 393 microstrain for the 14-

day cured specimens.  The average 365-day shrinkage for the 7-day cured 60% G100 

batch with quartzite was 437 microstrain and was 373 microstrain for the 14-day 

cured 60% G100 batch with quartzite.  The average 365-day shrinkage for the 7-day 
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cured 60% G100 repeated batch with quartzite was 420 microstrain and was 377 

microstrain for the 14-day cured 60% G100 repeated batch with quartzite.   

 Error!  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6:  60% G120 Slag - 365-day Free Shrinkage Results [Lindquist (2008)] 
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limestone, which lengthened the curing period of the slag.   
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w/cm ratio and a 23.3% paste content.   
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 Figure 1-7 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 plotted include a limestone control, 60% G100 slag 

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

plotted results are for a 14-day cure only. 

 
Figure 1-7:  G100 Slag - 30 day Free Shrinkage Results [Lindquist (2008)] 
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with granite and 60% G100 slag replacement with limestone.  The plotted results are 

for a 14-day cure only. 

 
Figure 1-8:  G100 Slag - 365-day Free Shrinkage Results [Lindquist (2008)] 
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available from moisture in the limestone, which lengthened the curing period of the 

slag.   

 Three batches with different replacement levels of G100 slag and containing 

granite were studied: a granite control mix, granite with 30% G100 replacement (by 

volume), and a granite with 60% G100 replacement (by volume).  Each batch had a 

0.42 w/cm ratio and a 23.3% paste content.   

 Figure 1-9 shows the results of the free shrinkage tests through the first 30 

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

horizontal axis plots time in days.  The three batch results plotted include a control, 

30% G100 slag replacement and a 60% G100 slag replacement.  Both 7-day and 14-

day curing times were evaluated. 

 
Figure 1-9:  Granite - 30 day Free Shrinkage Results [Lindquist (2008)] 
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 From Figure 1-9, the average 30-day shrinkage for the 7-day cured control 

batch was 277 microstrain and was 260 microstrain for the 14-day cured control.  The 

average 30-day shrinkage for the 7-day cured 30% G100 batch was 303 microstrain 

and was 230 microstrain for the 14-day cured 30% G100 batch.  The average 30-day 

shrinkage for the 7-day cured 60% G100 batch was 287 microstrain and was 190 

microstrain for the 14-day 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.  

 
Figure 1-10:  Granite - 365-day Free Shrinkage Results [Lindquist (2008)] 
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average 365-day shrinkage for the 7-day cured 30% G100 batch was 403 microstrain 

and was 377 microstrain for the 14-day cured 30% G100 batch.  The average 365-day 

shrinkage for the 7-day cured 60% G100 batch was 383 microstrain and was 347 

microstrain for the 14-day cured 60% G100 batch.   

  The results show that the addition of G100 slag, when cured for 14 days, 

reduced the amount of shrinkage when compared with the control batch shrinkage 

(without slag).  The reduction was more pronounced for early age shrinkage (30 

days).  When the specimens were cured for only 7 days, however, an increase in 

shrinkage was seen when compared with the control batch shrinkage (without slag).   

1.5 Summary 

Upon review of various methodologies for lightweight aggregate replacement 

to provide internal curing, the literature is in agreement for predicting the required 

amount of replacement, and the mechanism of internal curing is well understood.  

One simplified equation may be used as follows: 

LWA

C CS
V

S SG

a

f r

³ ³
=
³ ³ ³

 

where VLWA is the volume of the lightweight aggregate (ft
3
/yd

3 
or m

3
/m

3
), C is the 

cement content (lb/yd
3 

or kg/m
3
), Ŭ is the degree of hydration (1.0), CS is the 

chemical shrinkage (0.07 lb water/lb of cement or kg water/kg of cement), S is the 

saturation (1.0), f is the absorption of the lightweight aggregate, SG is the specific 

gravity of the lightweight aggregate, and r is the density of water (62.4 lb/yd
3 

or 

(1-8) 
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1000 kg/m
3
).  The amount of water, W (lb/yd

3
 or kg/m

3
),  that is available for internal 

curing is defined by (1-9): 

W C CSa= ³ ³ 

The percentage of aggregate replacement (RLWA ) can then be calculated as follows: 

100LWA
LWA

Total

V
R

V
= ³  

where VTotal is the total volume of aggregate (ft
3
/yd

3 
or m

3
/m

3
).  The amount of 

aggregate defined using Eq. (1-10) is intended to provide enough absorbed water in 

the mix to compensate for the negative effects of autogenous shrinkage at low w/cm 

ratios.  This water should also help provide better hydration of the cementitious 

material and thus reduce shrinkage in mixes with higher w/cm.  The purpose of this 

study is to evaluate the benefits of using lightweight aggregate for internal curing of 

concrete with higher w/cm (0.44) that will also result in reduced cracking when used 

in concrete bridge decks. 

A review of the literature reveals several primary lessons for efficient use of 

lightweight aggregates to provide internal curing: 

Á There is an optimal amount of aggregate replacement that will 

ensure that internal curing can occur.  Increasing the aggregate 

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 

resistance) (Ye et al., 2006).   

(1-10) 

(1-9) 
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Á Lightweight aggregate replacement beyond 20% by volume of the 

total aggregate may significantly reduce strength (Ye et al., 2006).   

Á The efficiency of the aggregate is dependent upon the aggregate 

pore structure.  Generally, larger aggregates have a larger pore 

structure, which results in more efficient internal curing (Hammer 

et al., 2004).  

Á Similar to the idea that properly dispersed air bubbles improves 

durability, properly dispersed lightweight aggregate improves 

internal curing.  Smaller aggregate sizes are better dispersed than 

larger aggregates (Bentz and Snyder, 2005). 

Á The desorption property of the lightweight aggregate indicates the 

ability of the aggregate to release water back into the concrete for 

internal curing.  This is a measure of both the efficiency of the 

aggregate and can be related to absorption (Zhutovsky et al., 2002). 

Á Beneficial compressive stresses results from the swelling of 

concrete specimens that contain pre-soaked lightweight aggregate 

(Cusson and Hoogeveen, 2008). 

Á Consideration to the amount of water that is available from the 

aggregates that are not lightweight aggregate may need to be 

considered (Hammer et al., 2004). 

Á Proper handling in the field is an important consideration that 

influences the estimation of the LWA moisture content, even 
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saturation of the LWA, and contamination of the aggregate.  

Attention to proper handling techniques must be provided to avoid 

problems with yield, slump loss, pumping, and finishing (Villarreal, 

2009).  

Therefore, moderately sized aggregates (aggregates with large pores that can be well 

dispersed) at an optimal replacement level (preferably less than or equal to 20% by 

volume) is needed to ensure proper internal curing.  It is also important to determine 

how the amount of aggregate replacement will affect the strength and durability of the 

concrete.  

1.6 Scope 

 This research includes the evaluation of several mixes to determine the 

effectiveness of lightweight aggregates as an internal curing agent.  Free shrinkage 

specimens and strength cylinders are evaluated to determine the effects of the 

lightweight aggregates.  The mixes have a cement content of 540 lb/yd
3
, a 0.44 

water/cement ratio, 24.7% paste content and 8% air content.  Both a 7-day and 14-day 

curing period are evaluated for the free shrinkage specimens.  

 Two programs are described.  A total of six mixes are included in Program I: 

two control mixes and four mixes to evaluate lightweight aggregate for internal 

curing.  Three mixes are used to evaluate three different replacement levels of the 

intermediate lightweight aggregate: a low, medium and high level of replacement.  A 

total of eight mixes are included in Program II: 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 describes the 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 water-cementitious material (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 evaluated.  Test Program I evaluated different amounts of lightweight aggregate 

replacement for internal curing.  Test Program II evaluated the use of lightweight 

aggregate with ground granulated blast furnace slag (slag).  Both test programs 

included two control mixes; one granite mix and one limestone mix.  The limestone 

mix was used to compare the effects of internal curing on reducing shrinkage between 

batches with lightweight aggregate and batches with limestone.  The free shrinkage 

test results from the mixes using lightweight aggregates are compared to standard LC-

HPC mixes with granite to evaluate the performance with the addition of the 

lightweight aggregate for internal curing.   

2.2 Materials 

The materials used in this study include granite, limestone, pea gravel, sand, a 

lightweight expanded shale, slag, Type I /II cement, water reducing admixture and air 
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entraining agent.  Each time a new aggregate sample was obtained, a new sieve 

analysis and specific gravity test were performed.  The following sections describe 

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

Table 2-1. 

Table 2-1:  Material Summary 

Batch 

No. 
Description Cement1 Slag2  

Coarse 

Aggregate3 
Pea 

Gravel4 Sand5 LWA 6 

PROGRAM I              

#619 Granite Control Type I/II #7 N/A G-15 (a/b) PG-14 S-15 N/A 

#620 Limestone Control Type I/II #7 N/A LS-9 PG-14 S-15 N/A 

#622 LWA (Low)
7 

Type I/II #7 N/A G-15 (a/b) PG-14 S-15 LW-A2 

#628 LWA (Medium)
8 

Type I/II #7 N/A G-20 (a/b) PG-14 S-15 LW-A2 

#654 FLWA (Medium)
9 

Type I/II #8 N/A G-20 (a/b) PG-14 S-16 FLW-A1 

#634 LWA (High)
10 

Type I/II #7 N/A G-20 (a/b) PG-14 S-15 LW-A2 

PROGRAM II              

#639 Granite Control Type I/II #8 N/A G-20 (a/b) PG-14 S-16 N/A 

#640 30% G100 Slag, LWA Type I/II #8 G100 Slag G-20 (a/b) PG-14 S-16 LW-A3 

#655 30% G100 Slag, FLWA Type I/II #8 G100 Slag G-20 (a/b) PG-14 S-16 FLW-A1 

#642 60% G100 Slag, LWA Type I/II #8 G100 Slag G-20 (a/b) PG-14 S-16 LW-A3 

#648 60% G100 Slag II , LWA  Type I/II #8 G100 Slag G-20 (a/b) PG-14 S-16 LW-A3 

#645 Limestone Control Type I/II #8 N/A LS-9 PG-14 S-16 N/A 

#646 30% G100 Slag, Limestone Type I/II #8 G100 Slag LS-9 PG-14 S-16 N/A 

#647 60% G100 Slag, Limestone Type I/II #8 G100 Slag LS-9 PG-14 S-16 N/A 
Notes: 

 1 ï Table 2-2 

2 ï Table 2-3 
3 ï Table 2-5 

 4 ï Table 2-4 

 5 ï Table 2-4 
 6 ï Lightweight Aggregate Table 2-6 and Table 2-8 

 7 ï Low replacement amount of lightweight aggregate 

 8 ï Medium replacement amount of lightweight aggregate 
 9 ï Fine lightweight aggregate 

 10 ï High replacement level of lightweight aggregate 

2.2.1 Cement 

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

The cement was produced by Ashgrove in Chanute, Kansas.  The first sample, 

denoted as Type I/II #7, had a specific gravity of 3.20 and a Blaine fineness of 1,875 

ft
2
/lb (384 m

2
/kg).  Type I/II #7 was used in batches #619, #620, #622, #628 and 
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#634.  The second sample, denoted as Type I/II #8, had a specific gravity of 3.15 and 

a Blaine fineness of 1,655 ft
2
/lb (339 m

2
/kg).  Type I/II #8 was used in batches #639, 

#640, #642, #645, #646, #647, #648, #654 and #655.  The chemical composition of 

each sample of cement is shown in Table 2-2.  The batches containing each cement 

are summarized in Table 2-1. 

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

 Type I/II #7  Type I/II #8  

C3S 55% 54% 

C2S 20% 18% 

C3A 6% 6% 

C4AF 10% 11% 

Blaine (m
2
/kg) 384 339 

Specific Gravity (SSD) 3.20 3.15 

 

2.2.2 Mineral Admixtures 

Test Program II used mineral admixture; slag.  The ground granulated blast-

furnace grade 100 slag (G100 Slag) was obtained from Holcim in Theodore, 

Alabama.  The slag had a specific gravity of 2.86 and was used in batches #640, 

#642, #646, #647, #648, and #655.  The chemical composition of the G100 slag is 

shown in Table 2-3.  The batches containing the slag are summarized in Table 2-1. 

Table 2-3:  G100 Slag Characteristics 

 G100 Slag 

SiO2 43.36% 

Al 2O3 8.61% 

Fe2O3 0.37% 

CaO 31.13% 

MgO 12.50% 

SO3 2.24% 

Na2O 0.21% 

K 2O 0.40% 

TiO 2 0.32% 

Mn 2O3 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 used was 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 as S-15, had a saturated surface dry (SSD) specific gravity of 

2.61 and absorption (dry) of 0.33%.  S-15 was used in batches #619, #620, #622, 

#628, and #634.  The second sample, denoted as S-16, had a saturated surface dry 

(SSD) specific gravity of 2.61 and absorption (dry) of 0.33%.  S-16 was used in 

batches #639, #640, #642, #645, #646, #647, #648, #654, and #655.   

Table 2-4:  Fine Aggregate Sieve Analysis, % Retained 

 Sand Pea Gravel 

Sieve Size S-15 S-16 PG-14 

3/8 in. (9.5 mm)   0.00 0.00 0.00 

No. 4 (4,750 ɛm) 1.52 1.20 11.28 

No. 8 (2,360 ɛm) 12.58 6.97 57.36 

No. 16 (1,180 ɛm) 23.85 16.07 29.30 

No. 30 (600 ɛm) 28.15 24.82 1.47 

No. 50 (300 ɛm) 28.09 37.73 0.34 

No. 100 (150 ɛm) 5.55 12.01 0.11 

No. 200 (75 ɛm) 0.20 0.73 0.05 

Pan 0.06 0.47 0.09 

 

One sample of pea gravel was obtained from LRM for this study.  The pea 

gravel was KDOT classification UD-1 from Midwest Concrete Materials in 

Manhattan, Kansas.  The sample, denoted as PG-14, had a saturated surface dry 

(SSD) specific gravity of 2.61 and absorption (dry) of 0.93%.  PG-14 was used in 
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every batch.  A summary of the fine aggregate sieve analyses are shown in Table 2-4.  

The batches containing the fine aggregates are summarized in Table 2-1. 

2.2.5 Coarse Aggregate 

Two coarse aggregates were used in this study, granite and limestone.  Two 

samples of granite were obtained from Fordyce in Kansas City, Kansas.  Each granite 

had a maximum size aggregate (MSA) of 3/4 in. (19 mm).  To aid in the optimization 

process, the granite samples were split on the 3/8 in. (9.5 mm) sieve.  The aggregate 

that was 3/8 in. (9.5 mm) or larger was denoted with an óaô and the aggregate that was 

No.4 (4,750 ɛm) or smaller was denoted with a óbô.  The first granite sample, denoted 

G-15a and G-15b, had an SSD specific gravity of 2.60 and absorption (dry) of 0.76%.  

The second granite sample, denoted G-20a and G-20b, had an SSD specific gravity of 

2.60 and an absorption (dry) of 0.71%.   

Table 2-5:  Coarse Aggregate Sieve Analysis, % Retained 

 Granite Limestone 

Sieve Size G-15a G-15b G-20a G-20b LS-9 

1½ in. (38.1 mm) 0.00 0.00 0.00 0.00 0.00 

1 in. (25.4 mm) 0.00 0.00 0.00 0.00 0.00 

¾ in. (19.0 mm) 0.00 0.00 0.00 0.00 0.00 

½ in. (12.7 mm) 32.50 0.00 36.96 0.00 17.86 

3/8 in. (9.5 mm) 65.93 0.00 59.28 0.00 28.92 

No. 4 (4,750 ɛm) 0.00 92.47 0.00 85.46 46.14 

No. 8 (2,360 ɛm) 0.00 5.38 0.00 10.48 4.58 

No. 16 (1,180 ɛm) 1.57 2.15 3.76 4.06 2.50 

 

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

limestone also had a MSA of 3/4 in. (19 mm).  The sample, denoted as LS-9, had an 

SSD specific gravity of 2.59 and absorption (dry) of 3.07%.  The coarse aggregate 
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sieve analyses are summarized in Table 2-5.  The batches containing the coarse 

aggregates are summarized in Table 2-1. 

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 and New Market, 

Missouri.  Six initial samples were obtained and included three different sizes of 

aggregates from both plants: 

Á ı x ȧ in.  

Á ȧ x 0 in. 

Á ȧ x 0 in., Crushed 

A number of variables were compared before choosing the appropriate 

aggregate for this study.  First, based on the previous work done, larger lightweight 

aggregates have been shown to result in a larger pore structure which improves 

internal curing (Zhutovsky et al., 2002).  Next, a comparison of combined gradation 

using KU Mix (an aggregate optimization 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 amount of water that can be supplied for internal 

curing) of the aggregate; i.e. a higher absorption implies a higher desorption property.  

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

 Marquette, Kansas New Market, Missouri 

Aggregate 

Specific 

Gravity 

 

Density  

 
lb/ft3 (kg/m3) 

Percent 

Absorption 

 

Specific 

Gravity 

 

Density  

 
lb/ft3 (kg/m3) 

Percent 

Absorption 

 

ı x ȧ in. 1.15 42 (25) 16 1.20 44 (26) 12 

ȧ x 0 in. 1.50 47 (29) 10 1.80 58 (34) 8 

ȧ x 0 in., 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 comparing the variables from Table 2-6 and Table 2-7, the ¼³ȧ in. aggregate 

from Marquette, Kansas, had the highest absorption and largest aggregate gradation 

and was used for the primary evaluation of internal curing for this study.   

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

 Marquette, Kansas New Market, Missouri 

Sieve Size ı x ȧ in. ȧ x 0 in. 
ȧ x 0 in., 

Crushed 
ı x ȧ in. ȧ x 0 in. 

ȧ x 0 in., 

Crushed 

3/8 in. (9.5 mm)   0.00 0.00 0.00 0.00 0.00 0.00 

No. 4 (4,750 ɛm) 39.52 0.14 0.03 24.98 0.00 0.00 

No. 8 (2,360 ɛm) 60.05 18.77 18.19 70.52 4.08 3.47 

No. 16 (1,180 ɛm) 0.09 36.19 42.68 4.06 53.95 31.09 

No. 30 (600 ɛm) 0.04 23.87 19.80 0.05 29.20 23.99 

No. 50 (300 ɛm) 0.04 13.40 8.34 0.03 9.32 14.51 

No. 100 (150 ɛm) 0.02 4.87 3.41 0.02 1.25 6.92 

No. 200 (75 ɛm) 0.05 1.29 2.04 0.03 0.49 4.53 

Pan 0.20 1.46 5.51 0.30 1.72 15.49 

 

Two samples of the ¼³ȧ in. from Marquette, Kansas were obtained, denoted 

as LW-A2 and LW-A3.  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 FLW-A1.  The aggregate 

gradations of the delivered materials are shown in Table 2-8.  The batches containing 

the lightweight aggregate and fine lightweight aggregate (abbreviated LWA and 

FLWA, respectively) are summarized in Table 2-1.  Lightweight aggregate total 






















































































































































































































