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TEMPERATURE (exact) TEMPERATURE (exact) 

 °F Fahrenheit (F-32)/1.8 Celsius °C  °C Celsius 1.8C+32 Fahrenheit °F 
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1.0 INTRODUCTION 

Currently, the Oregon Department of Transportation (ODOT) specifies a high performance 
concrete (HPC) for all new bridge deck applications.  This HPC is designed to meet strength and 
durability requirements outlined by ODOT in the 2008 Oregon Standard Specifications for 
Construction (ODOT 2008).The current mixture design incorporates a low water to cementitious 
material ratio (w/cm) of no more than 0.40 and consists of a ternary blend with two 
supplementary cementing materials (SCMs):  fly ash and silica fume.  While the low w/cm and 
incorporation of silica fume increase strength and densify the paste matrix, the combination of 
the two can exacerbate shrinkage strains that result in stress build-up and can ultimately lead to 
cracking in a restrained specimen, such as a bridge deck.  While cracking may not reduce the 
strength of the bridge deck, it can lead to premature deterioration through freeze-thaw cycles and 
an increase in chloride penetration causing corrosion of steel reinforcement.  It also represents an 
undue burden on maintenance and repair budgets to rout and seal the cracks and to monitor for 
long term effectiveness of the repair strategy.  Even if this is done successfully, the longevity of 
the bridge deck and substructure may be compromised.   

Two primary types of shrinkage that can lead to a reduction in service life are autogenous 
shrinkage and drying shrinkage.  Autogenous shrinkage (the shrinkage component of autogenous 
deformation) occurs in a sealed cementitious material when water (e.g. pore solution) is 
consumed by the hydrating cement paste and is driven by chemical shrinkage(Jensen and 
Hansen 2001).  In this type of shrinkage, water is not lost to the ambient environment.  
Autogenous shrinkage occurs when water leaves capillary pores that are less than 50 nm (1.97 x 
10-6 in) in diameter to aid in hydration of cement particles (Mehta and Monteiro 2006).  This 
primarily occurs in HPC with a w/cm less than 0.40 due to the inability of external curing water 
to replenish these created voids, due to the extreme densification of the paste matrix.   

Drying shrinkage occurs when internal water is lost to the environment.  This occurs when the 
concrete is exposed to an external relative humidity less than 100% (Al-Manaseer and 
Ristanovic 2004).  The rate and amount of drying shrinkage that may occur is dependent on 
specimen size and environmental conditions (Bissonnette et al. 1999; Huo and Wong 2000). 

Various methods have been developed to help reduce shrinkage in concrete.  Shrinkage reducing 
admixtures (SRAs) were developed in the 1980s to reduce drying shrinkage.  The reduction in 
drying shrinkage in concretes incorporating SRAs can be as high as 50% (Kosmatka 2008).  
Additionally, the use of an SRA may help reduce the autogenous shrinkage due to the reduction 
in capillary tension in the pore solution.  Another method to help reduce shrinkage is called 
internal curing.  The American Concrete Institute (ACI) (ACI Committee 308 2011)defines 
internal curing as “supplying water throughout a freshly placed cementitious mixture using 
reservoirs, via pre-wetted lightweight aggregates, that readily release water as needed for 
hydration or to replace moisture lost through evaporation or self-desiccation”. Internal curing 
sources can be either a pre-soaked, fine lightweight aggregate (FLWA), super absorbent 
polymers (SAPs) or any other highly absorptive material that can readily give off imbibed water.  
Many times the additional internal curing water is supplied through one of the sources by 
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replacing part of the normal weight sand with a pre-soaked internal curing agent.  Benefits from 
internal curing include increased hydration and strength development, reduced autogenous 
shrinkage and cracking risk, reduced permeability and increased durability(Bentz et al. 2005). 
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2.0 SHRINKAGE MECHANISMS 

Unsealed concrete specimens experience various types of shrinkage including plastic shrinkage, 
internal desiccation (autogenous deformation), drying shrinkage (loss of moisture to the 
environment) and thermally-induced shrinkage.  These phenomena occur mainly in the cement 
paste and are due to a loss of water from capillary voids typically less than 50 nm (1.97 x 10-6 in) 
(Mehta and Monteiro 2006).  Liquid-vapor interfaces (menisci) develop in the pores of the 
cement paste.  The formation of the menisci occurs due to a reduction of the internal relative 
humidity of the cement paste.  As fresh concrete is exposed to an environment less than 100% 
relative humidity (RH), menisci develop on the surface due to the loss of moisture to the 
environment, as well as within the cement paste matrix due to autogenous shrinkage.  This 
results in capillary tension that can lead to shrinkage throughout the entire paste matrix.  Factors 
leading to this loss of moisture do not act independently, but rather the aggregation of their 
effects is what ultimately results in shrinkage and subsequent stress generation in 
concrete (Radlinska et al. 2008).  Due to the aggregation of these shrinkage mechanisms, it 
becomes impossible to isolate only the drying shrinkage component in the laboratory 
environment. Therefore, it is important to perform autogenous testing in conjunction with drying 
shrinkage to determine the magnitude of each mechanism. 

2.1 CHEMICAL SHRINKAGE 

The absolute volume of cement and water is greater than eventual hydration products due to 
chemical reactions forming new products.  This reduction in volume is commonly referred to as 
chemical shrinkage.  Furthermore, chemical shrinkage is an indicator of how much water is 
needed per unit weight of cementitious material to achieve 100% hydration.  While 100% 
hydration is rarely, if ever possible, this number is used to determine the amount of additional 
water that may need to be supplied by internal curing agents.  Chemical shrinkage was first 
investigated by Le Chatelier as a measurement of the degree of chemical reaction that had 
occurred in a hydrating cement paste (La Chatelier 1900).  Since then, chemical shrinkage has 
been frequently used as an indicator of the progression of hydration reactions in cementitious 
systems. 

2.2 AUTOGENOUS DEFORMATION 

Jensen and Hansen define autogenous deformation as “the bulk deformation of a closed, 
isothermal, cementitious material system not subjected to external forces (Jensen and Hansen 
2001).” The word “closed” signifies that no exchange of matter takes place between the 
cementitious material and the surroundings.  The word “isothermal” signifies that the 
temperature is kept constant (Jensen and Hansen 2001).  However, this is a strict reference to 
testing conditions in the laboratory and autogenous deformation will take place in the field under 
any temperature condition.  Autogenous deformation should be divided further into autogenous 
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shrinkage and autogenous expansion.  The Japanese Concrete Institute (Tazawa 1999) defines 
autogenous shrinkage as: 

“Autogenous shrinkage is the macroscopic volume reduction of cementitious materials 
when cement hydrates after initial setting.  Autogenous shrinkage does not include 
volume change due to loss or ingress of substances, temperature variation, application of 
an external force and restraint (Tazawa 1999).” 

 Similarly, the autogenous expansion is defined as: 

“Autogenous expansion is the macroscopic volume increase of cementitious materials 
when cement hydrates after initial setting.  Autogenous expansion does not include volume 
change due to loss or ingress of substances, temperature variation, application of an 
external force and restraint (Tazawa 1999).” 

Autogenous shrinkage is a phenomenon closely related to changes in internal RH. In ordinary 
portland cement concretes with high w/cm (>0.42) (Holt 2001), autogenous shrinkage is 
negligible when compared to drying shrinkage.  While in HPC with low w/cm with the addition 
of silica fume, autogenous shrinkage can be significant enough to induce micro- or macro-
cracking and may reduce the concrete quality (Lura 2003).  While the mechanisms leading to 
autogenous shrinkage are not yet fully understood, it is generally agreed upon that a relationship 
exists between autogenous shrinkage and changes in relative humidity of capillary pores in the 
cement paste.  This relationship can be explained by the difference in chemical shrinkage 
between cementitious materials in HPC.  For instance, the chemical shrinkage of ordinary 
portland cement is typically around 0.07, which means a 7% mass of water per mass of cement is 
needed to complete the hydration process and maintain saturation of the capillary pores.  While 
in an HPC system, the same coefficients for silica fume, slag and fly ash are 0.22, 0.18 and 0.10 
to 0.16 (range for fly ash) (Bentz 2007).  This means that for complete hydration in HPC, more 
water to compensate for chemical shrinkage is required.  In HPC, as the internal RH decreases 
due to increasing water demand, the resulting capillary pressure arising from water leaving small 
capillaries can be high enough to cause these pores to collapse and/or to exert shrinkage stresses 
on the system, as a result macroscopic shrinkage may occur – termed autogenous shrinkage 
(Mehta and Monteiro 2006). 

The critical factor controlling autogenous shrinkage is the supply of water.  Simply increasing 
the w/cm is not an option as a low w/cm is what leads to high strength, low permeability and 
increased durability in HPC.  As a result, several innovative shrinkage mitigation strategies have 
been developed to provide water from a source other than the original mixing water (e.g. internal 
water curing by FLWA or SAP)(Kovler and Jensen 2005), or to reduce the capillary tension by 
reducing the water surface tension through the incorporation of chemical admixtures such as 
SRAs (Kovler and Jensen 2005).   

It was observed more than a century ago by Le Chatelier that if a cement paste hydrates in 
saturated conditions, it will expand (La Chatelier 1900).  Recently, Le Chatelier’s experiment 
was reproduced with modern cements at the University of Sherbrooke where cracks were 
observed on the surface of flasks containing cement paste as a result of autogenous expansion 
(Durán-Herrera et al. 2008).  One possible explanation given by Powers(Powers 1935) is that 
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the expansion is due to the fact that in a hardening paste cured in saturated conditions, no 
capillary pressure develops to oppose the expansion of the solid phases.  Recent work by Mohr 
and Hood (Mohr and Hood 2010) observed autogenous expansion in pastes.  It was determined 
that the expansion was caused by bleed water reabsorption in autogenous testing in the 
"corrugated tube method.”  This test method is discussed later.  However, the expansion in these 
pastes was eliminated by rotating the specimens during testing to eliminate early bleeding of the 
paste.   

2.3 DRYING SHRINKAGE 

According to Radlinska et al., drying shrinkage is the “shrinkage that is caused by the loss of 
water to the surrounding environment (i.e., external drying)(Radlinska et al. 2008).”  This type 
of shrinkage occurs when hardened concrete is exposed to air that has less that 100% relative 
humidity(Al-Manaseer and Ristanovic 2004).  Many factors affect the drying shrinkage of 
concrete that will occur until the internal RH of the cement paste reaches equilibrium with the 
atmospheric relative humidity(Radlinska et al. 2008).  These factors include the type of cement, 
type of aggregate, aggregate size, w/cm, relative humidity, admixtures, duration of curing and 
the size of the concrete specimen(Huo and Wong 2000). 

Drying shrinkage may continue for many years depending on the mass and shape of the concrete 
and can be detrimental to the concrete by creating unexpected cracks in restrained slabs and 
walls.  Additionally, in structures, large stresses may form that can be detrimental(Kosmatka 
2008; Nilson et al. 2004).  Tests performed by Bissonnette et al.(Bissonnette et al. 1999) have 
shown that the rate of drying is much slower for a larger specimen (50 x 50 x 400 mm or 2 x 2 x 
15.75 in) compared to a smaller specimen (4 x 8 x 32 mm or 0.16 x 0.32 x 1.25 in).  Hygrometric 
equilibrium had not been reached on some of the larger specimens even after 500 d.   

Methods to reduce the amount of drying shrinkage have been established.  One method to reduce 
drying shrinkage is the use of fibers.  Research by Chen and Chung(Chen and Chung 1996) 
determined that the amount of drying shrinkage could be reduced by up to 84% in concretes with 
a 0.5% addition (of cement weight) of carbon fibers, when compared to a similar mixture 
without fibers.  Similar trends in the reduction of drying shrinkage were found in concrete 
incorporating steel fibers in research by Chern and Young(Chern and Young 1990).  It was also 
concluded that the steel fibers were more effective at reducing drying shrinkage at later ages due 
to an improved interfacial bond between the fibers and the cement paste matrix.  Additionally, 
with the advent of SRAs, it has been found that drying shrinkage in concrete can be reduced by 
as much as 50%(Bentz 2006; Kosmatka 2008; Shah et al. 1992).  Furthermore, internal curing 
using pre-soaked FLWAs has been effective at reducing drying shrinkage in mortars up to 28 d 
of curing(Schlitter et al. 2010).  A more detailed discussion on how SRAs and pre-soaked 
FLWA mitigate shrinkage is provided below in sections 2.4.3 and2.4.4.  

2.4 SHRINKAGE MITIGATION TECHNIQUES 

2.4.1 Water to cementitious material ratio 

“The most important controllable factor affecting drying shrinkage is the amount of water per 
unit volume of concrete(Kosmatka 2008).”  At a lower w/cm, there is less evaporation after 
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curing.  Generally at a lower w/cm the elastic modulus of the material is also higher thereby 
resulting in better resistance to shrinkage forces.  Therefore, there should be less drying 
shrinkage caused by a decrease in w/cm and thus permeability.  The decrease in permeability is 
attributed to a denser cement paste matrix that develops in low w/cm concrete.  Fresh concrete 
requirements can have an effect on drying shrinkage as well.  The need for a high slump for 
workability, having high fresh concrete temperatures, high fine aggregate contents and/or using 
small maximum size coarse aggregate can increase the water requirements, resulting in an 
increase in drying shrinkage (Kosmatka 2008).  It is estimated that the drying shrinkage is 
reduced by up to 30 microstrain per 5.9 kg/m3 (10 lb/yd3) of water removed from the mix 
design (Babaei and Fouladgar 1997).  A lower w/cm ratio results in less capillary porosity, 
which helps minimize the drying shrinkage of a specimen (Kosmatka 2008).   

2.4.2 Curing 

High performance concrete has a greater potential for cracking at an early age if not properly 
cured, because of the combination of drying shrinkage, autogenous shrinkage and plastic 
shrinkage that are typically exacerbated in this type of concrete.  Therefore, appropriate 
mitigation methods to reduce shrinkage in combination with careful curing practices should be 
used to minimize and control shrinkage (Huo and Wong 2000).  The curing methods may be an 
external or internal source.  The external curing should be prolonged long enough to eliminate 
evaporation during the curing process (Nilson et al. 2004).  There are various methods to 
provide external curing for the concrete.  However, with the development of HPC it may not 
always be practical to implement an adequate external wet cure due to time or densification of 
the cement paste matrix that prevents the ingress of external water to complete hydration (Bentz 
and Jensen 2004).  Therefore, other options to reduce shrinkage or improve curing need to be 
explored for these types of mixtures. Some methods trap the moisture, i.e. curing compounds, 
sealers, and coatings, and delay the shrinkage.  Fogging or wet burlap holds off shrinkage until 
the concrete has hardened.  After hardening and the external curing source has been removed, 
the concrete will shrink when exposed to a relative humidity of less than 100% and have the 
potential for cracking caused by stress generation during shrinkage (Kosmatka 2008).  While 
shrinkage will occur in all concrete mixtures, it does not necessarily result in cracking.  
Variables including the degree of restraint, stress development and strength development all are 
important to consider when assessing cracking potential.  Once the tensile stress exceeds the 
tensile strength of the concrete, cracking will be imminent. 

2.4.3 Admixtures 

Shrinkage reducing admixtures (SRAs) have been shown to be successful in reducing both 
autogenous and drying shrinkage, as well as the potential for cracking due to the corresponding 
shrinkage.  SRAs reduce the capillary tension by as much as 50% and likewise the corresponding 
tensile forces that occur in hardening concrete (Bentz 2006; Shah et al. 1992).  Research 
performed by Bentz (Bentz 2006)analyzed the effects of SRAs on cement pastes with a w/cm of 
0.35 when exposed to a drying environment of 23 °C (73 oF) and 50% relative humidity.  Results 
indicated the addition of SRAs reduce drying shrinkage in cement paste specimens, when there is 
a potential for drying shrinkage.  Bentz concludes SRAs are successful at reducing plastic 
shrinkage and autogenous deformation due to the reduction in capillary tension.  Additionally, 
“the addition of an SRA should also significantly increase the pore solution viscosity, which 
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could potentially have beneficial implications for reducing the diffusion coefficients of 
deleterious ions (chloride, sulfate, etc.) in cement-based materials (Bentz 2006).”   

Similarly, a reduction in autogenous shrinkage has also been shown.  The amount of autogenous 
shrinkage is related to the stress in the capillaries.  Therefore, a reduction in capillary tension 
will result in a reduction in shrinkage (Bentz and Jensen 2004).  Research performed by Tazawa 
and Miyazawa (Tazawa and Miyazawa 1995) found that the reduction in autogenous shrinkage is 
related to the reduction in the surface tension of the pore solution.  Concrete mixtures with SRA 
have exhibited a reduction in autogenous shrinkage when tested in a free-deformation 
frame (Slatnick et al. 2011). 

While the use of SRAs is effective at reducing shrinkage, they have been shown to reduce 
strength(Bentz and Jensen 2004; Folliard and Berke 1997; Shah et al. 1992; Slatnick et al. 
2011).  Research performed by Rajabipour et al. has shown that the set time of cement paste 
incorporating SRA could result in a two hour delay.  It was determined that the addition of SRAs 
decreases the alkalinity of the pore solution, and directly impacts the rate of hydration.  This 
retardation in hydration adversely affects strength development.  A delayed addition of the SRA, 
such as adding the SRA on site and not at the mixing plant, was found to reduce the set time 
delay (e.g. less of a negative impact).  The reduction in delay was attributed to the dissolution of 
alkalis into the mixing water from the portland cement before the addition of the 
SRA(Rajabipour et al. 2008). 

Some chemical admixtures do not have much effect on shrinkage.  However, using an 
accelerator can actually increase shrinkage.  This is caused by a rapid increase in the heat of 
hydration and can promote drying shrinkage.  Air entrainment typically has little or no effect 
on drying shrinkage (Kosmatka 2008).  However, some research has shown that the addition of 
superplasticizer in concrete mixtures can increase shrinkage even though the water content is 
less.  Research performed by Atiş showed with the use of a superplasticizer could increase the 
concrete shrinkage by up to 50%.  It was claimed by Atiş that the increase in shrinkage was 
attributed to the reduction in surface tension in the pore water (Atiş 2003).  However, further 
research on SRAs has shown that a reduction in surface tension typically reduces the amount of 
shrinkage (Bentz 2006; Bentz and Jensen 2004; Shah et al. 1992).   

2.4.4 Internal curing 

Since the early 1990s,research has shown that lightweight aggregates (LWA) pre-soaked with 
water could provide internal water reservoirs to aid in curing that can help mitigate autogenous 
shrinkage in concretes incorporating silica fume, thereby reducing shrinkage-related stresses and 
the potential for early-age cracking (Hammer 1992).  Momentum in the area of internal curing 
using saturated LWAs has increased since 2000 with increasing evidence of application of 
internal curing in field concretes (Friggle and Reeves 2008; Roberts 2004; Villarreal 2008).    

Research by Bentz and co-workers has led to the development of an equation for predicting the 
amount of lightweight saturated fine aggregate needed to protect concrete from the potentially 
deleterious effects of autogenous shrinkage (Bentz et al. 2005; Bentz and Snyder 1999).  The 
equation is as follows: 
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Where: 

MLWA = mass of (dry) fine LWA needed per unit volume of concrete 
             (kg/m3 or lb/yd3), 
Cf = cement factor (content) for concrete mixture (kg/m3 or lb/yd3), 
CS      = chemical shrinkage of cement (g of water/g of cement or lb/lb), 
αmax     = maximum expected degree of hydration of cement, 
S         = degree of saturation of aggregate (0 to 1), 
ΦLWA  = absorption of lightweight aggregate (kg water/kg dry LWA or  

lb/lb). 

For w/cm less than 0.36, the maximum expected degree of hydration can be taken as 
(w/cm)/0.36.  For mixtures with a w/cm greater than 0.36, the maximum expected degree of 
hydration can be taken as 1 to be conservative (Bentz et al. 2005).  This equation takes into 
account several important parameters including the chemical shrinkage of the cement, degree of 
saturation of the FLWA and the absorption of the FLWA.  However, there is still a need to verify 
and extend this equation to high performance concrete incorporating supplementary cementing 
materials such as fly ash and silica fume, due to their different chemical shrinkage coefficients.   
Additionally, the use of FLWA has been shown to be more effective at supplying the internal 
water than a coarse LWA.  This is due to the fact that the FLWA is more dispersed throughout 
the mixture.  Therefore, the internally absorbed water does not have to travel as far to further 
hydrate cement, as suchwater migration may be difficult in low permeability, high-performance 
concretes (Schlitter et al. 2010). 

The application of using LWA as a replacement to normal weight aggregate to reduce the effects 
of self-desiccation was proposed by Philleo, which was later termed internal curing (Philleo 
1991).  Recent research investigating free and restrained shrinkage of high performance concrete 
prism test samples incorporating internal curing showed that the reduction in autogenous 
shrinkage corresponded to a reduction in the generation of tensile stresses (Cusson and 
Hoogeveen 2008; Slatnick et al. 2011).  Further research has shown that the incorporation of pre-
wetted FLWA has reduced autogenous shrinkage (Espinoza-Hijazin and Lopez 2010; 
Henkensiefken et al. 2009; Lura 2003; Paul and Lopez 2011; Schlitter et al. 2010; Slatnick et al. 
2011).  In some instances, autogenous expansion was observed up to 7 days from initial mixing 
of cement and water (Henkensiefken et al. 2009; Schlitter et al. 2010; Slatnick et al. 2011).  
These authors also showed that for optimum partial replacements of fine aggregate with pre-
soaked FLWA that the early-age strength and modulus, desirable in high-performance concrete 
mixtures, could indeed be retained.    

Research performed by Henkensiefken et al. (Henkensiefken et al. 2009) determined that 
cracking could be eliminated in mortars with a w/cm = 0.30 in the restrained ring test.  Mortars 
were tested in both sealed and unsealed conditions.  For the mortars that were tested in sealed 
conditions, a replacement of the normal weight fine aggregate with 14.3% of an expanded shale 
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effectively eliminated cracking during the test.  For the unsealed conditions, when the mortar 
was exposed to a drying environment of 23.0 ± 0.1 oC (73.4 ± 0.2 oF) and 50 ± 0.1% RH, the 
replacement level of the expanded shale FLWA needed to be as high as 33.0% in order to 
eliminate cracking.  Cusson and Hoogeveen (Cusson and Hoogeveen 2008) also showed that the 
risk of concrete cracking could be conservatively estimated using free shrinkage strain data.  
They also demonstrated that the early-age autogenous expansion which pushed elastic and creep 
strains into a zone of compression allowed for tensile strength development in the concrete to 
occur ahead of the development of tensile stresses due to shrinkage, which also reduced the risk 
of early-age cracking.   However, the concrete mixtures investigated by both of these researchers 
did not incorporate supplementary cementing materials, such as fly ash or silica fume, and as a 
result it will be necessary to further this work by demonstrating the efficacy of internal curing 
applied to systems capable of generating higher autogenous shrinkage strains (Cusson and 
Hoogeveen 2008; Slatnick et al. 2011).   

Research performed by Zhang (Zhang et al. 2005) investigated the effects of pre-soaked LWA 
on drying shrinkage.  In this study normal coarse aggregate was replaced with expanded clay 
LWA and compared with a control mixture with normal-weight crushed granite as the sole 
coarse aggregate.  Specimens were tested for two years to analyze short-term and long-term 
effects of pre-soaked LWA on drying shrinkage.  Prior to mixing, the LWA aggregate was 
soaked for one hour, and the free surface water was deducted from the total mixing water.  
However, further research on implementing saturated LWA suggests soaking the aggregate for 
24 h prior to mixing to allow the saturated LWA to be properly conditioned (Bentur et al. 2001; 
Bentz et al. 2006).  The specimens were moist cured for 7 d, then exposed to a temperature of 30 
± 1 oC(86 ± 1.8 oF) and a relative humidity of 65%.  These specimens were monitored for 2 
years.  Test specimens were also cast to determine the compressive strength, tensile strength and 
modulus of elasticity. 

Results from this study indicated that concrete with pre-soaked LWA resulted in a slightly higher 
tensile strength, but lower modulus of elasticity.  The shrinkage was less than half at 28 d and 
40% lower at 91 d for the pre-soaked LWA concrete compared to conventional concrete.  This 
may have occurred due to replacement of hydration water from the LWA, as well as the water 
lost from being exposed to a dry environment.  However, after one year the LWA concrete had a 
higher shrinkage than the normal weight aggregate concrete (Zhang et al. 2005).   Zhang 
suspected that this was due to the lower modulus of elasticity and the lower ability to restrain 
shrinkage in the saturated LWA concrete.  Even though the saturated LWA concrete exhibited 
more shrinkage, it may still be less susceptible to cracking due to its lower modulus of elasticity 
(Zhang et al. 2005).   

The incorporation of FLWA has also been shown to reduce the effects of drying shrinkage on 
mortars.  With low replacements (< 11%) of normal weight fine aggregate with FLWA, little 
change in drying shrinkage results was found.  However, with higher replacements (33%) of 
FLWA, expansion was observed up to 28 d (Henkensiefken et al. 2009; Schlitter et al. 2010). 

The benefit of using pre-wetted FLWA has also been shown to reduce plastic shrinkage.  
Concretes made with a w/cm = 0.55 were cast and placed in a controlled environment of 36 ± 
3oC (97 ± 5oF), RH of 30 ± 5%, and wind velocity of 24 ± 2 km/h (14.7 ± 1.2 mph) for 6 h at 25 
min after initial contact of water and cement.  It was discovered that replacing 18.0% of the 
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normal weight fine aggregate with a pre-soaked expanded shale FLWA could eliminate plastic 
shrinkage cracking (Henkensiefken et al. 2010). 

In addition to reducing the effects of autogenous and drying shrinkage, the use of pre-wetted 
FLWA has been shown to improve mechanical properties of concrete.  The incorporation of 
FLWA reduced long-term creep, by 10% when compared to a control HPC mixture(Lopez et al. 
2008).  Benefits to mechanical property development have been shown using internal curing with 
FLWA under poor curing conditions.  Concrete cylinders were cast with and without pre-soaked 
FLWA and were subjected to 23 oC (73 oF) and 50% RH after 24 h and then tested at 90 d.  The 
concrete made with the FLWA exhibited 16% higher hydration, 19% higher compressive 
strength, and 30% lower permeability when compared to the concrete made without FLWA 
(Espinoza-Hijazin and Lopez 2010).  However, some research showed that the compressive 
strength of mortar incorporating FLWA was 20% lower at 7 d when compared to a mixture 
without FLWA (Geiker et al. 2002).  The lower compressive strength was attributed to a lower 
intrinsic strength of the FLWA(Geiker et al. 2002; Schlitter et al. 2010).  However, when tested 
at 28 d, the compressive strength of the mortar using internal curing with FLWA was 19% higher 
than the control mixture.  The higher later age strength was attributed to the continuation of 
hydration by water supplied by the pre-soaked FLWA (Geiker et al. 2002; Weber and Reinhardt 
1997).  While the incorporation of pre-wetted FLWA typically increases strength, modulus of 
elasticity development is usually lower than mixtures without FLWA.  This is due to the LWA 
being weaker than normal weight fine aggregate(Schlitter et al. 2010).  However, thelower 
modulus of elasticity may provide benefits as to the reduction in early-age cracking.   

Additional benefits of pre-soaked FLWA in HPC include that permeability is decreased when 
compared to a mixture without FLWA, resulting in a reduction in chloride ingress (Thomas 
2006).  Furthermore, freeze-thaw testing on concrete made with coarse LWA met performance 
standards outlined by the Kansas Department of Transportation (Grotheer and Peterman 2009).  
Additional research on mortars with FLWA has shown that there were no negative effects when 
compared to a mortar made with normal weight sand.  The relative dynamic modulus was lower 
for the mixtures with FLWA, which can be attributed to the decrease in modulus of elasticity due 
to the lower density of the FLWA(Schlitter et al. 2010).  A summary of the benefits of using pre-
wetted FLWA can be found in a paper by Henkensiefken and co-workers (Henkensiefken et al. 
2009) 

In addition to FLWA, it has been found that super absorbent polymers (SAPs) are also effective 
as an internal curing agent.  Research on SAPs has primarily focused on autogenous shrinkage.  
An SAP is a cross-linked polyelectrolyte that has an ionic nature and interconnected structure.  
As a result, SAPs have the ability to imbibe a significant amount of liquid, and retain it without 
dissolving.  The water absorbed in SAPs is loosely held, and all the water can be considered as 
bulk water.  Theoretically, the absorption of SAPs is 5000 times their self-weight.  However, in 
cement paste the absorption of SAPs may only be 20 times their self-weight.  This reduction in 
absorption occurs because the cement paste is highly ionic (alkaline).  As the concrete mixes, the 
SAPs form macro-inclusions that contain free water.  The excess water in these inclusions is 
consumed as the cement hydrates (Kovler and Jensen 2005).   

Research performed by Wang (Wang et al. 2009) analyzed SAPs as internal curing agents. The 
SAP size used was no larger than 0.5 mm (0.0197 in) with a maximum absorption rate in 
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distilled water of 400 g water/g SAP.  Cement paste was mixed with saturated SAPs and placed 
on a clear plate and observed in a cracking viewer to study the water release process.  The SAPs 
were mixed with red ink to better examine the water release process.  Part of the water in the 
saturated SAPs had been released after 3 d of curing.  After 7 d, the majority of the water had 
been released by the small particles, but some larger particles still retained water.  As the water 
was released from the SAPs, they decreased in size.  This left behind honeycombed pores in the 
hardened cement paste.  The honeycombed pores could have an effect on the compressive 
strength as well as the long-term performance (e.g. durability) of the concrete if the SAP dosage 
is not properly controlled (Wang et al. 2009). 

2.4.5 Type of cement 

Different types of cement have varying chemical compositions, which influence the drying 
shrinkage of the constructed concrete (Babaei and Fouladgar 1997).  For example, the use of 
Type K cement can be used to reduce drying shrinkage cracking.  As Type K cement hydrates, it 
forms an expansive material called ettringite.  The ettringite expands during the first few days of 
curing.  After the maximum amount of expansion has occurred, the Type K cement concrete will 
shrink at a rate similar to that of portland cement concrete.  If the specimen is reinforced, the 
expansion of Type K cement may cause compressive stresses in the concrete due to the restraint 
of the reinforcement.  When the concrete shrinks, the internal compressive stresses decrease. 
Since the concrete is already in an expanded state (e.g. pre-compression), the shrinkage may not 
be enough to induce tensile stresses that are greater than the tensile capacity of the concrete.  
Figure 2.1displays the length change characteristics of Type K cement concrete compared to 
ordinary portland cement concrete (Gruner and Plain 1993). 

Figure 2.1:  Typical length change characteristics of shrinkage compensating and portland cement 
concretes (Gruner and Plain 1993) 

Type K cement has been extensively used by the Ohio Turnpike Commission (OTC) since 1984.  
They have approximately 520 bridge decks in place using Type K cement.  The OTC has had 
satisfactory results with Type K cement reducing shrinkage cracking on bridge decks.  While it 
has been effective at reducing shrinkage cracks, extra care is needed during the batching, 
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placement and curing of Type K bridge decks.  This type of bridge deck is less robust than 
common portland cement concrete decks.  Type K cement concrete has a shorter working time 
and the curing requirements are more demanding.  Phillips, Ramey and Pittman recommend that 
the delivery time, with an approved retarder, be limited to 75 minutes or less.  With regard to 
curing, they propose that two layers of wet burlap be placed shortly after texturing.  The wet 
burlap should be maintained for 7 d after concrete placement to allow the concrete to properly 
cure (Phillips et al. 1997). 

2.4.6 Supplementary cementitious materials (SCMs) 

The addition of fly ash has been shown to reduce the amount of drying shrinkage in concrete 
specimens.  Increasing the amount of fly ash as an SCM in a concrete mixture has been observed 
to decrease the amount of drying shrinkage.  The drying shrinkage decreases with the addition of 
fly ash because there is an overall reduction in the amount of portland cement.  Incorporating fly 
ash with a lower w/cm reduces the amount of cement paste.  In Figure 2.2, results from research 
performed by Kumar and associates demonstrated the positive effects of fly ash on reducing 
drying shrinkage (Kumar et al. 2007).  Research performed by Atiş (Atiş 2003) further supports 
that large amounts (between 50% and 70% replacement of cement) of fly ash as a supplementary 
cementing material can reduce the drying shrinkage.  In experiments conducted by Atiş, 
shrinkage in concrete containing these high volumes of fly ash was 30% lower than that 
measured in ordinary portland cement concrete (Atiş 2003).   

Figure 2.2:  Variation of drying shrinkage of concrete with varying fly ash content (Kumar et al. 2007) 

The use of silica fume in the U.S. for concrete bridge deck overlays began in the mid-1980s 
(Bunke 1988).  Although it has been used for over two decades, there has not been a consensus 
on an optimum percentage in a concrete mixture.  Typical contents have ranged from 4% to 15% 
of the total mass of cementitious material in w/cm ratios varying from 0.30 to 0.40.  Research 
done by Whiting (Whiting et al. 2000) looked at determining an optimum amount of silica fume 
for bridge decks.  Results indicated that an increase in silica fume produced a slight decrease in 
shrinkage at 500 d of drying when tested on concretes with a w/cm = 0.40.   During the curing 
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process of concrete incorporating silica fume, the “silica fume quickly reacts with the calcium 
hydroxide produced by the hydration of cement, forming calcium silicate hydrate(Whiting et al. 
2000).”  The calcium silicate hydrate fills the voids creating a relatively impermeable material.   
The impermeability decreases the rate and the total amount of bleed water.  However, the 
decreased bleed water can lead to cracking at early-ages in the concrete(Whiting et al. 2000). 

Conclusions by Whiting indicate that silica fume had little effect on the long term shrinkage of 
normal weight aggregate concrete (Whiting et al. 2000; Zhang et al. 2005).  However, according 
to research performed by Zhang, adding 5% silica fume to a concrete mix with saturated LWA 
as the coarse aggregate can decrease shrinkage up to 20% (Zhang et al. 2005).  The factor that 
contributes the most to shrinkage is the w/cm with silica fume in concrete.  This is critical to 
construction practices since water may be intentionally added.  If the silica fume content is high, 
it may lead to a large increase in shrinkage.  Whiting suggests “unless there is a specific reason 
for using high levels of silica fume, a range of 6 to 8% should yield the desired levels of 
performance(Whiting et al. 2000).” 

2.4.7 Aggregate selection 

The selection of aggregate can affect drying shrinkage in several ways.  Certain aggregate types 
need additional water to create a proper slump for workability.  “Aggregates that need more 
water in the mix to produce the same workability have smaller coarse aggregate, rough texture, 
and/or flat and elongated particles.  However, since the water content of the concrete is measured 
and controlled through its maximum allowable w/cm, this characteristic of aggregate cannot 
unexpectedly increase the shrinkage of concrete(Babaei and Fouladgar 1997).”   

Another way is that some aggregates do not provide enough restraint against the pressure from 
the paste shrinking, therefore causing the aggregate to compress.  This factor is attributed to the 
mineralogy and porosity of the aggregate.  The porosity of the aggregate can make it become 
more compressible.  Also, as higher porosity aggregates lose moisture, it may have the tendency 
to shrink as it dries (Babaei and Fouladgar 1997).  “In general, concretes low in shrinkage 
often contain quartz, limestone, dolomite, granite, or feldspar, whereas those high in shrinkage 
often contain sandstone, slate, basalt, trap rock, or other aggregates which shrink considerably 
of themselves or have low rigidity to the compressive stresses developed by the shrinkage of 
paste(Troxell and Davis 1956).” 

The shape of the aggregate is an important factor when determining drying shrinkage.  Crushed 
aggregates provide better restraint to shrinkage because of their rough surface.  The rough 
surface provides an increased surface area, which results in higher restraint against the 
shrinkage of the cement paste (RILEM Committee 119 1998). 

However, according to Radlinska et al., most aggregates do not change volumetrically, and 
shrinkage is generally considered a paste property(Radlinska et al. 2008).  Additionally, 
increasing the aggregate content with competent aggregates in a mix design can significantly 
decrease shrinkage as aggregates generally resist shrinkage forces from the paste(Nilson et al. 
2004). 
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3.0 DURABILITY 

While the primary focus of this research project is to reduce long-term drying shrinkage, it is 
imperative that a change in mixture design will not have any negative effects on the long-term 
durability of the concrete.  Durability factors of concern are freeze-thaw resistance, permeability 
and chloride ingress and abrasion resistance.  For the purpose of this study, freeze-thaw 
resistance and rapid chloride permeability were studied. 

3.1 FREEZE-THAW 

In environmental conditions where concrete is subjected to freezing and thawing cycles, it is 
imperative to provide adequate protection.  The most effective method to provide protection is 
through the addition of an air entraining admixture.  Air entraining admixtures purposefully add 
uniformly distributed air voids into the cement paste during the mixing action (Kosmatka 2008).  
Proper spacing of air voids is also important.  The void spacing factor should not be greater than 
0.2 mm (7.9 x 10-3 in)(Mehta and Monteiro 2006).  It should be noted that for damage to occur 
from freezing and thawing, the concrete must have an internal relative humidity higher than 75- 
80% (ACI Committee 201 2008).  A critical saturation point of 90% or higher internal relative 
humidity has been determined for damage to occur(MacInnis and Beaudoin 1968). This is due to 
the fact that water expands approximately 9% during its transformation between liquid and solid 
(Powers 1958). 

While the use of SRAs has been effective at reducing both autogenous and drying shrinkage in 
concretes, the use of SRAs had been limited to environments where freezing and thawing cycles 
were limited due to difficulties in ensuring a stable air void system(Cope and Ramey 2001; 
Schemmel et al. 1999) in early production runs of SRA.  A reduction in surface tension in the 
pore solution(Bae et al. 2002) can have an effect on the formation of an adequate air void system 
to provide protection against freezing and thawing cycles(Berke et al. 2003; Cope and Ramey 
2001; Schemmel et al. 1999).  Developments in the past 10 years in the formulation of SRAs 
have shown that a stable air void system in concrete can be achieved (Bae et al. 2002; Berke et 
al. 2003).  Previous research has shown conflicting results in the freeze-thaw performance of 
concretes incorporating SRAs.  Research performed by Berke et al.(Berke et al. 2003) and Bae 
and co-workers (Bae et al. 2002) demonstrated that a stable air void system can be achieved to 
provide freeze-thaw resistance.  Results indicated that a relative dynamic modulus of elasticity 
(RDME) of 99% and a mass change of less than 0.25% could be achieved in concrete 
incorporating a glycol ether SRA after 300 cycles of freezing and thawing.  Research performed 
by Cope and Ramey(Cope and Ramey 2001) showed that an adequate RDME could be achieved 
in concrete mixtures incorporating SRAs, but the concrete exhibited significant scaling 
throughout the testing.  Furthermore, it has typically been found that the incorporation of SRAs 
required higher dosages of air-entraining admixture to obtain an adequate volume of air into the 
mixture (Bae et al. 2002; Berke et al. 2003; Cope and Ramey 2001). 
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Early research on the effects of pre-soaked LWAs on the durability of concretes when subjected 
to freezing and thawing cycles focused on concretes made with no air-entrainment and on 
concretes made with moderate air entrainment (Klieger and Hanson 1961).  Further research 
performed by Pfeifer showed little change in performance in concretes made with air dried 
LWAs when subjected to freezing and thawing (Pfeifer 1967).  More current research 
performed by Grotheer et al (Grotheer and Peterman 2009) showed the use of FLWA in HPC 
mixtures performed well when subjected to freezing and thawing environments.  Three sources 
of FLWA were tested for freeze-thaw performance in concretes with a w/cm = 0.38 using 
ASTM C666 Procedure B (freezing in air and thawing in water).  The specimens were cast with 
an air content ranging from 6.0-7.5%, were wet cured for 67 d, and then placed in a drying 
environment for 21 d prior to testing.  Results indicated that a durability factor ranging from 
96.5 to 100 could be obtained in these mixtures after 300 cycles of freezing and thawing.  
Similar results were found by Schlitter and co-workers (Schlitter et al. 2010) on high-
performance mortars incorporating pre-soaked FLWA.  Mortars were cast with a w/cm of 0.30 
and had no entrained air.  The mortars were allowed to cure for 14 d before being subjected to 
freezing and thawing.  It was found that an increase in RDME was achieved and no mass 
change was observed after beyond 300 cycles indicating that no freeze-thaw damage was 
observed in these mortars. 
3.2 CHLORIDE INGRESS 

Two important factors affecting the porosity of concrete are the w/cm and the water content of 
the mixture.  As the w/cm decreases, the concrete becomes less porous.  The connectivity of the 
pores is important when considering durability.  Ingress of moisture may increase the effects of 
freeze-thaw cycles or contain aggressive chemicals that can cause corrosion and thereby lead to 
a decreased service life (Mindess et al. 2003).  Work by Powers (Powers and Brownyard 1944) 
proved that the porosity of cement paste decreased with a decrease in the w/cm.  Furthermore, 
the porosity is also dependent on the degree of hydration.  As the degree of hydration approaches 
100%, the porosity continually decreases.   

Previous research performed by Thomas (Thomas 2006) showed that the use of pre-soaked 
FLWA and lightweight coarse aggregate reduced the chloride penetration of non-air entrained 
HPC incorporating silica fume and fly ash.  A reduction in chloride penetrability of up to 70% 
was found after 1 and 3 years of curing in both the rapid chloride permeability test (ASTM C 
1202) and bulk diffusion testing.  This reduction in penetrability was attributed to the internally 
absorbed water providing moisture for increased hydration of cement particles.  Zhang and 
Gjorv (Zhang and Gjorv 1991)also showed a decrease in permeability in high-strength 
lightweight concrete.  However, it was stated that the permeability of the lightweight concrete 
appeared to depend more on the porosity of the mortar than that of the aggregate.  Results 
indicated that lightweight aggregates with high porosity produced similar results in terms of 
permeability when compared to denser aggregates.  Similarly, research performed by 
Bentz (Bentz 2009) on non-air entrained mortars with a w/cm = 0.40 has shown that the use of 
pre-soaked FLWAproduced a diffusion coefficient for chloride ions that was 55% -75% lower 
than that of the control mixture without FLWA.  Through modeling, the reduction in chloride 
diffusion was credited to a reduced percolated interfacial transition zone (ITZ) and enhanced 
hydration in the mortars incorporating FLWA.  The improved ITZ in and around the pre-soaked 
FLWA can be seen inFigure 3.1. 
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Figure 3.1:  SEM micrographs of mortars incorporating normal weight sand and pre-soaked FLWA 
(Bentz 2009) 

As seen in the top micrograph in Figure 3.1, the ITZ around the FLWA is more refined.  The 
dark areas in the SEM micrograph represent pores in the aggregate and paste.  As seen in the top 
and bottom micrographs, a high porosity was present in the ITZ around the sand, whereas this 
was not seen around the FLWA.  This can be explained by a localized increase in w/cm and 
larger interparticle spacing (Bentz and Garboczi 1991) in the ITZ around the sand.  This 
resulted in greater porosity in the ITZ around the sand. 

Additionally, the use of SRAs has been shown to be effective at reducing chloride ingress in 
concretes.  Research has shown that a 20% -25% reduction in chloride diffusion coefficients in 
concretes with a w/cm of 0.50 (Berke et al. 1997).  Further research by Berke et al. (Berke et 
al. 2003) elucidated that corrosion in concretes caused by chloride ingress was reduced in 
concrete made with SRAs, when compared to a similar concrete mixture without SRA. 
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4.0 METHODS AND MATERIALS 

4.1 TESTING METHODS 

4.1.1 FLWA testing 

During this project there was not an agreed upon method to determine the absorption capacity of 
FLWA, there are various proposed methods to determine this value (Castro et al. 2011; Paul and 
Lopez 2011; Schlitter et al. 2010).  However, in 2012 there was a publication of a new ASTM 
Standard – ASTM C 1761-12 “Standard Specification for Lightweight Aggregate for Internal 
Curing of Concrete”.  This may be referred to for guidance on determining absorption capacity 
of FLWA.  In this research, ASTM C128 (ASTM Standard C128 2007) was used to determine 
the absorption capacity and rate.  Oven dry FLWA was soaked in water for 0.5-, 1-, 24-, 48-, 72-, 
and 168-h to determine the rate of absorption.  The standard cone test was performed, and the 
surface dry condition was determined when the cone of aggregate began to slump.  However, 
there is dispute on using the cone test for FLWA.  Because the FLWA is typically angular, 
particle interlock may occur and the aggregate may be dried beyond the surface dry condition 
before slumping of the cone occurs (Castro et al. 2011).  However, various researchers have 
used the cone test effectively as the method to determine the surface dry condition of FLWA, 
although it may result in underestimation of the absorption capacity due to particle interlock 
(Castro et al. 2011; Schlitter et al. 2010).   

Desorption isotherms were performed on pre-soaked surface dry FLWA to determine the 
potential for the FLWA to give off imbibed water at a high RH (90% or higher).  Modifications 
to ASTM C1498 (ASTM Standard C1498 2004) were used to determine the desorption of the 
FLWA.  The aggregate was allowed to soak until the absorption capacity of the FLWA had been 
achieved, and then brought to a surface dry condition prior to desorption testing.  Approximately 
10 g (0.022 lb) of FLWA was placed in a series of desiccators, each with a known RH.  The 
FLWA was first subjected to a desiccator with a RH of 97% and allowed to desorb the imbibed 
water until hygroscopic equilibrium was achieved.  The mass of the FLWA sample was recorded 
before being placed in the next desiccator.  The aggregate was then placed in a desiccator with 
92% RH; the same procedures above were followed. The sample was then placed in a third 
desiccator at 84% RH and then finally brought back to an oven dry condition.   

4.1.2 Autogenous deformation 

To capture the autogenous deformation or to assess the effectiveness of shrinkage mitigation 
strategies, many measurement techniques and apparatus to assess autogenous deformation have 
been developed.  These measurement techniques have been the highlight of much debate as to 
their accuracy, repeatability, applicability to field concrete and ease of use.    However, until 
2009 no standard test method had been adopted by major standards organizations (ACI, ASTM, 
AASHTO).  The recent adoption of ASTM C1698 for assessing autogenous deformation has 
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pushed one method into the forefront for standard testing purposes.  Fundamentally, all proposed 
measurements of autogenous strain of cement-based materials can be characterized into two 
different categories: measurement of volumetric strain and measurement of linear strain.  ASTM 
C 1698 (ASTM C1698 2009) is a linear shrinkage testing method which is further described 
below in methods for measuring autogenous shrinkage.  The remainder of this section provides a 
summary of test methods for assessing autogenous deformation.  

4.1.2.1 Volumetric measurements of autogenous deformation 

Volumetric measurements of autogenous strain are frequently performed by placing fresh 
cement paste in an elastic rubber membrane immersed in a liquid.  The change in volume 
of the cement paste is measured by the amount of liquid displaced by the immersed 
sample, typically by measuring the specimen’s change in mass while it is submerged in 
liquid. Typical membrane samples filled with cement paste are shown in Figure 4.1. 

Figure 4.1:  Polyurethane membrane (left) and latex membrane (right) 
filled with cement paste (Lura and Jensen 2007) 

A typical testing setup involves casting a total of 100-150 g (0.22-0.33 lb) of fresh 
cement combined with deionized and deaired water into a membrane.  Caution is used to 
avoid entrapping air bubbles which may reduce the accuracy of the buoyancy method.  
The membrane is then tightly closed with a knot and the desired length of a small-gage, 
polyethylene line is affixed to the sample by means of a plastic strap.  The line is tied to a 
stainless steel hook to suspend the sample beneath a weigh-below scale.  The sample is 
submerged in a container containing a liquid other than water that will not penetrate the 
membrane and alter test results (paraffin oil is a typically used submersion media).  A 
container housing this liquid is placed in a water bath.  The test is carried out under 
constant temperature, typically 20 ± 0.2°C (68 ± 0.4 oF).  A representative experimental 
set-up is shown in Figure 4.2 (Fu 2011; Lura and Jensen 2007). 
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Figure 4.2:  Experimental set-up for membrane method to test autogenous strain 
for cement paste (Fu 2011; Lura and Jensen 2007) 

Although the most significant artifacts can be eliminated by using polyurethane 
membranes submerged under paraffin oil, special attention should be given to other 
artifacts which might cause inaccuracies.  The pressure of the membrane and the 
measuring liquid could cause greater deformation on the weak interface layer between 
membrane and pastes than deformations of the bulk system (Lura and Jensen 2005).  The 
entrapped air and bleeding water might be absorbed back into the cement paste as a 
consequence of internal volume reduction (chemical shrinkage) caused by chemical 
reactions (Jensen 1996).  Entrapped air can be avoided by mixing under vacuum and 
using deaired and deionized water(Lura et al. 2009).  In addition, the reabsorption of 
bleeding water might cause inaccuracies.  However, if the paste contains silica fume or 
exhibits minimal bleeding, this effect may be insignificant(Lura and Jensen 2005). 

4.1.2.2 Linear measurements of autogenous deformation 

Linear measurement of autogenous strain is usually performed by placing the cement 
paste in a rigid mold with low friction (Lura and Jensen 2007).  The change in length 
can be recorded by a linear variable differential transformer (LVDT) at the end of a 
specimen. The corrugated tube method and a modified ASTM C157 test are outlined 
below.   

To run the corrugated tube method, a specially designed corrugated tube is used.  This 
method has recently been adopted as ASTM C 1698 (ASTM C1698 2009).  The cement 
paste or mortar is cast under vibration into tight corrugated plastic molds (low density 
polyethylene plastic, LDPE).  For a deformation of 10,000 µε, the restraint force on the 
paste is less than 0.5 N (5.6 x 10-4lb), corresponding to a stress of 0.001 MPa (0.15 psi) 
(Jensen 1996).  A cross section of this mold is shown in Figure 4.3. 
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Figure 4.3:  Special corrugated plastic mold for autogenous deformation measurements(Lura 2003) 

The sample usually has a length-to-diameter ratio of approximately 30:1.  The specimens are 
placed in a dilatometer placed in a temperature controlled environment at an isothermal 
temperature of 20 ± 0.1°C (68 ± 0.4 oF).  A top view of the dilatometer is shown in Figure 4.4.a, 
and an actual set-up is shown in Figure 4.4.b. The dilatometer frame consists of two steel plates 
joined rigidly by four solid invar steel rods.  Each specimen is supported longitudinally by two 
smaller parallel rods attached to the steel plates.  The specimens are typically fixed at one end, 
and the sample can thus move freely on the support rods.  The entire set-up is immersed into a 
glycol bath (to prevent any water transport through the sealed end caps should a leak occur), 
which can also function as lubricant to reduce frictional forces.  The longitudinal deformation is 
measured at the free end by an LVDT, and the results may be recorded automatically through 
appropriate data acquisition devices (Lura 2003). 

a) Schematic(Jensen 1996) b) Representative picture(Lura and Jensen 2007)

Figure 4.4:  Dilatometer with corrugated molds for measurements of linear and autogenous strain 

Although the corrugated tube method is easy to perform and repeat, some considerations should 
be given in application.  Air entrapped within the tube might cause inaccuracies, which can be 
insignificant when special attention is given to preparing the specimen.  Due to the fact that the 
test specimens are submerged under a glycol bath, proper sealing is very important and should be 
checked by monitoring the weight change of each sample before and after the test(Lura and 
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Jensen 2005).  Additionally, issues with bleed water reabsorption affecting the overall magnitude 
of autogenous shrinkage have been seen in work by Mohr and Hood (Mohr and Hood 2010).  In 
this research it was found that autogenous expansion was observed in testing using the 
corrugated tube method, and that shrinkage began once the bleed water was reabsorbed.  The 
data were normalized using maximum strain differential (difference between maximum 
expansion and shrinkage).  To account for the bleed water, additional replicates were made and 
were rotated at 45-60 rpm to minimize bleeding in the sample.  It was found that even with 
normalizing the non-rotated specimens, an underestimate of the total autogenous shrinkage was 
found as seen in Figure 4.5. 

Figure 4.5:  Comparison of rotated and non-rotated autogenous testing(Mohr and Hood 2010) 

A larger corrugated tube (as shown in Figure 4.6) may be used to test autogenous strain of 
concrete.  In this case, temperature control becomes more critical, and the friction and locking in 
the mold might affect the accuracy of the results. 

Figure 4.6:  Larger corrugated tubes for testing autogenous strain of concrete(Bentz et al. 2009) 
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4.1.2.3 Comparison of linear and volumetric measurements for autogenous 
deformation 

The results of volumetric and linear measurements of autogenous strain should be 
identical.  However, it is common that the test results of the membrane method can be 
three times higher than the linear measurement(Lura and Jensen 2005).  The reason for 
this inconsistency is often transport of liquid through the rubber membrane, particularly 
when the buoyancy liquid is water.  From the point in time that the sample is submerged 
under water, osmosis through the membrane can initiate.  The self-desiccation due to the 
process of hydration and the salts dissolved in the water inside will provide a driving 
force (osmosis) to draw more water through the membrane, which in turn causes a mass 
gain which significantly alters the testing results.  It has been shown that if the buoyancy 
liquid is changed from water to paraffin oil, the water absorption though the membrane 
can be eliminated.  The results using this modified procedure show strong agreement with 
the linear measurement (Lura and Jensen 2005).  Another challenge in this testing 
method is the selection of the membrane material.  Since latex membranes can dissolve 
in paraffin oil, polyurethane membranes are recommended for testing autogenous strain 
for cement paste. 

4.1.2.4 Other methods for autogenous deformation 

Another method to measure the autogenous deformation linearly is to use a modified 
ASTM C157 test method.  The standard ASTM C157 (ASTM Standard C157 2008) 
unrestrained length change procedure is performed to test drying shrinkage.  By 
completely sealing these standard specimens, autogenous shrinkage may also be 
measured.  This method usually starts at an age of 24 h after casting.  As a result a 
majority of characteristics of the early-age behavior (e.g., shrinkage or expansion) are not 
captured as seen in Figure 4.7.  While this method does capture shrinkage after the 
specimens have been demolded, much of the total autogenous shrinkage is missed in the 
first 24 h.  It can be seen that with a 24 h offset, the amount of shrinkage measured in this 
version of the modified ASTM C157 matches well with results from the corrugated tube 
method.  

Figure 4.7:  Comparison of autogenous shrinkage measured in sealed specimens 
using ASTM C157 (beginning at 24 h) and corrugated mold procedure  

(beginning immediately after mixing) for a w/cm = 0.30 mixture(Sant et al. 2006) 
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Other modified methods have been proposed to test autogenous shrinkage of concrete by 
using the ASTM C157 concrete prism specimens. Figure 4.8 shows the standard 
experiment set-up for testing autogenous strain by the Japanese Concrete Institute 
(JCI)(Tazawa 1999).  Similar equipment has been evaluated at the Virginia Polytechnic 
Institute and State University by the Virginia Transportation Research Council 
(Ramniceanu et al. 2010) and also in Ottawa by the National Research Council Canada’s 
Institute for Research in Construction (Cusson 2008).  The basic concept behind the 
modified method is to monitor the concrete prisms shortly after casting under a constant 
room temperature.  A petroleum gel and thin plastic film are applied to reduce friction 
between the specimen and the steel walls of the molds.  The longitudinal length changes 
are recorded by LVDTs at both ends, which are fixed to the steel base of the equipment.  
Especially at early ages, temperature variations within the specimen may result in 
inaccurate readings due to thermal deformations.  Temperature control is possible by 
applying a circulating water system to the specimen extremities.  However, restraint 
caused by the steel forms is still of significant concern with this testing method as well as 
the challenges arising from modifications made to the system to include the active 
temperature control.   

Figure 4.8:  JCI standard autogenous strain test set-up(Tazawa 1999) 

The corrugated tube method for pastes and mortars has been adopted as ASTM C1698. 
However, due to numerous disadvantages this was not selected as the measurement 
method for this research. One disadvantage is the temperature control. Due to the size of 
the specimen (approximately 600g is needed for a paste sample), adequate temperature 
control is required to exclude the confounding factor of temperature variation due to heat 
of hydration in the paste samples.  To perform temperature control for a 600g paste 
specimen, at a minimum a static water bath is usually required.  For systems which 
evolve heat more rapidly, active temperature control water baths may be necessary.  The 
ASTM C 1698 standard  specifies: “Do not store specimens in a water bath due to 
possible water transport through the corrugated molds” (ASTM C1698 2009), which 
means it is quite challenging to achieve satisfactory sealed curing conditions for the 
specimen.  Since sealed curing conditions and temperature control are vital for 
measurement of autogenous deformation, the membrane method was selected in this 
research. 
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4.1.3 Chemical shrinkage 

There are three principal measurement methods of chemical shrinkage: dilatometry, pycnometry 
and gravimetry (Justnes et al. 2000). The principles of the three methods are shown in Figure 4.9 
adapted from Bouasker and co-workers(Bouasker et al. 2008). 

Figure 4.9:  Chemical shrinkage measurement methods(Bouasker et al. 2008) 

Among these test methods, the most widely used is dilatometry which has been adapted as 
standard test method ASTM C1608 (ASTM Standard C1608 2007).  In short, the standard way to 
measure this reduction in volume involves casting a small volume of cement paste in a rigid vial.  
Water is placed above the sample almost immediately after mixing the paste.  A pipette fitted 
through a rubber stopper is fitted through the top of the vial so that water rises into the pipette to 
an initial level.  The quantity of water “absorbed” by the paste is monitored over the course of 
time by monitoring the decrease in height of the water in the pipette.  Samples are placed in a 
water bath to maintain isothermal conditions typically at or near 20 °C (68 oF). 

The chemical shrinkage is computed as the measured grams of absorbed water per gram of 
cement in the paste specimen(ASTM Standard C1608 2007).  The mass of cement powder in the 
vial is given by: 

Equation 2 

where: 

= mass of cement in the vial, 
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= mass of the glass vial with the added cement paste, 

= mass of the empty vial, 

w/cm = water to cement ratio by mass of the prepared paste, and a density of 

1000kg/m3(62.4 lb/ft3) is assumed for water 

The chemical shrinkage per unit mass of cement at time (t) is computed as: 

 Equation 3 

where:  

CS(t) =chemical shrinkage at time,t (mL/g cement), 

h(t)  =water level in capillary tube at time,t (mL) 

To monitor chemical shrinkage for a longer period of time (e.g. up to 14 d) than recommended 
by ASTM C1608, an automated test set-up has been developed and used recently by several 
researchers (Costoya 2008; Ideker 2008).  The test set-up is shown in Figure 4.10.   

Figure 4.10:  Automated chemical shrinkage test set-up(Ideker 2008) 

In front of the pipettes, there is a webcam with a resolution greater than 1.3 megapixels for 
image acquisition.  Images are taken approximately every 5 min resulting in over 3,000 images, 
which are then analyzed using a software program developed in the Laboratory of Construction 
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Materials (LMC) at École Polytechnique Fédérale de Lausanne (EPFL) in Lausanne, 
Switzerland.  This method determines the total water uptake by the hydrating cement paste and 
provides significant enhancement to the accuracy of chemical shrinkage results (Costoya 
2008; Ideker 2008). Figure 4.11 shows typical chemical shrinkage results for a series of 
different cement pastes assessed with the automated image analysis system.   

Figure 4.11:  Typical chemical shrinkage results for OPC mixtures at 20 oC (Fu 2011) 

Furthermore, a method developed by Peethamparan et al. (Peethamparan et al. 2010) to 
measure the chemical shrinkage of cementitious systems has been shown to be an effective 
alternative to ASTM C1608.  The apparatus to measure the chemical shrinkage is shown in 
Figure 4.12. 
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Figure 4.12:  Pressure method device to measure chemical shrinkage:  (a) whole assembly; (b) main 
chamber; (c) closure(Peethamparan et al. 2010) 

In this setup, three replicates can be concurrently run to measure the chemical shrinkage.  An 
insulated hose supplies the chamber with temperature controlled water from a remote water bath.  
The lids on the sample vials are closed with a two hole rubber stopper.  One hole holds a glass 
tube that supplies the hydrating cementitious system with an “infinite” supply of curing water.  
The other hole holds a highly accurate (±0.1% to the full scale pressure) temperature 
compensated silicon pressure sensor.  As the cement hydrates, the water level in the glass tube 
drops which changes the pressure in the vial.  The change in pressure is detected with the 
pressure sensor and is indicated as an equivalent output voltage.  The voltage is then converted to 
a volume change through a calibration constant.  Results from the pressure method have 
correlated well with results from ASTM C1608 as seen in Figure 4.13.   
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Figure 4.13:  Comparison of CS results for pressure method and ASTM C1608(Peethamparan et al. 2010) 

While this method has been shown to be an adequate alternative to ASTM C1608, there have 
been some issues with this test method.  The most significant issue with this method is the 
electromagnetic interference on the pressure sensor from the surroundings, especially the water 
bath.  Therefore, the testing apparatus needed to be moved  ~1 m (~3.3 ft) from the water bath to 
reduce interference.  Additionally, it was found that viscoelastic relaxation of the rubber stopper 
affects the accuracy of the initial readings (<1 h from initial mixing).  Therefore, it has been 
recommended that the recording start approximately 1 h after initial contact, the same reading 
time delay as suggested in the existing ASTM C1608 standard (ASTM Standard C1608 2007).  
Other issues include noisy and unreliable data at temperatures greater than 40 oC (104 
oF)(Peethamparan et al. 2010; Zhang et al. 2010).   

4.1.4 Drying shrinkage – free shrinkage 

The ASTM C157(ASTM Standard C157 2008) test is one common method to determine the 
change in length of hardened concrete specimens prepared in the laboratory due to drying 
shrinkage.  These specimens are exposed to controlled temperature and moisture.  The length 
change is caused by forces other than externally applied forces or temperature changes.  
Measuring the change in length allows for the assessment of expansion or contraction of 
different concrete or mortar mixtures.  Also, this test method may be useful for testing samples 
that require nonstandard mixing or curing conditions. 

To perform this test, concrete specimens measuring 100 x 100 x 285 mm (4 x 4 x 11.25 in)in size 
are used if all the aggregate passes a 50 mm (2 in) sieve.  However, if all the aggregate instead 
passes a 1 in. sieve, a specimen of 75 x 75 x 285 mm (3 x 3 x 11.25 in) may be used.   After 
mixing and placing concrete in the molds, the specimens are placed in a moist room in 
accordance with ASTM C 511.  The specimens are removed from the molds at an age of 23½ +/- 
½ h after mixing.  Upon demolding, the specimens are placed in a lime-saturated solution 
maintained at 73 +/- 1 °F for a minimum of 30 min.  The demolded specimens are removed from 
the lime-saturated solution after 30 min and an initial comparator reading is taken.  After taking 
the initial reading, specimens are cured for 28 d at 23 ± 2 oC  (73 ± 3 °F) according to ASTM 
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C511(ASTM Standard C511 2009).   When curing has completed, the specimens are placed in a 
drying room that is maintained at 23 ± 2 oC  (73 ± 3 °F) and at a relative humidity of 50 +/- 4 %.  
It is important to provide adequate spacing to allow even drying.  The spacing requirement 
recommended by the ASTM standard is a minimum of 25.4 mm (1 in) on all sides of the 
specimen.  Comparator readings should take place at 4, 7, 14, and 28 d, and after 8, 16, 32, and 
64 weeks.  The length change of the specimen is given by the following equation: 

ΔLx = CRD – initial CRD x 100 Equation 4 
        G 

Where:  ΔLx =   length change of a specimen at any age, %; 

CRD  = difference between the comparator reading of the 

             specimen and the reference bar at any age; 

G  =   gage length (250 mm [10 in]) 

This test is effective for the determination of free shrinkage of concretes with a high w/cm ratio, 
but problems can arise when testing concrete with a w/cm < 0.42 (Aitcin 1998).  The problems 
can be attributed to the self-desiccation of the cement paste.  In return, the self-desiccation leads 
to autogenous shrinkage that develops in the first 24 h before the specimen has been demolded 
(Sant et al. 2006).  Since autogenous deformation is a cement paste phenomena, different studies 
need to be performed to quantify the amount of deformation that occurs in early ages in high 
performance concrete.  The amount of autogenous shrinkage should be accounted for in using 
the ASTM C157 test method on high performance concretes.  Methods to determine autogenous 
deformation are outlined in section 4.1.2.  

Modifications to this test method have been shown to effectively measure the effects of 
autogenous deformation after concrete specimens have been demolded (Schlitter et al. 2010).  
Samples are cast according to ASTM C192 and then demolded at 24 h.  Upon demolding, the 
specimen is then taped with a waterproof, aluminum tape on all sides to eliminate moisture 
movement.  While this test method is effective at measuring autogenous deformation after the 
concrete has hardened, it is missing the initial autogenous deformation that is occurring in the 
paste during the first 24 h.  Therefore, other methods must be used to determine the total amount 
of autogenous deformation. 

Modifications to ASTM C157 were made in order to account for a reduced external wet cure.  
The curing duration performed in this research was 1-, 3-, 7- and 14-day external wet cure.  
Concrete prisms were cast according to ASTM C192 (ASTM Standard C192 2007)and ASTM 
C157(ASTM Standard C157 2008).  The specimens were covered with wet burlap and wrapped 
with plastic sheeting and allowed to cure for 24 h before being removed from their respective 
molds.  Upon removal from the molds, three concrete prisms were placed in a drying 
environment of 23 ± 2 oC (73 ± 3oF) and 50 ± 4% RH and the initial mass and length were 
recorded.  The other prisms were wet cured in a 100% RH curing room, and allowed to cure for 
either 3-, 7- or 14-d.  After the specified curing duration, three concrete prisms were transferred 
to the drying environment and an initial measurement for mass and length were recorded.  Mass 
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and length change recordings were performed three times a week for the first 28 d, and then 
weekly until 56 d, then periodically until 1 year. 

4.1.5 Drying shrinkage - restrained shrinkage 

In addition to measuring the free shrinkage of concrete, restrained drying shrinkage testing can 
be performed to determine the time to cracking and cracking potential of concrete.  The cracking 
age and induced tensile stress characteristics of concrete can be determined in accordance with 
the ASTM C1581 test method (ASTM C1581 2004).  This method has the potential to determine 
variations in proportions and material properties of concrete due to drying shrinkage and 
deformations caused by autogenous shrinkage and heat of hydration.  This method has been 
shown to be effective at determining the cracking risk of variables such as:  aggregate source, 
aggregate gradation, cement type, cement content, water content, SCMs or chemical 
admixtures(ASTM C1581 2004).  Effects on induced tensile stresses caused by variations in 
concrete composition can be easily studied using this method.  Results from this test have been 
useful in determining the likelihood of early-age cracking of concrete that was subjected to 
restrained shrinkage.  Although this method can determine this likelihood, it should be noted that 
the actual cracking tendency depends on many factors.  These factors include the type of 
structure, degree of restraint, rate of property development, construction and curing methods, and 
environmental conditions.  

Prior to beginning this test, a steel ring mold needs to be fabricated as shown in Figure 4.14. 

Figure 4.14:  Restrained ring mold(ASTM C1581 2004) 
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After fabrication, two strain gages are mounted on the interior surface of the steel ring.  The 
gages are placed diametrically opposite of each other and oriented to measure in the 
circumferential direction.  The outer ring and inner steel ring are secured to the base by 
tightening the bolts with eccentric washers.  Prior to placing the concrete in the molds, a 
releasing agent is applied to the inner and outer rings.   

Mixing of the fresh concrete conforms to ASTM C192(ASTM Standard C192 2007) and the 
mixed concrete is placed in the molds in two layers.  Before placing the subsequent layer, the 
concrete is rodded 75 times with a 9.5 mm (⅜-in) diameter rod, and vibrated on a vibrating table 
to ensure adequate consolidation.  The same procedures for the second layer should follow the 
placement of the first.  After all the concrete is in the molds, spilled concrete should be removed.  
After casting, the specimens are moved to the curing environment within 10 min of final casting.  
All bolts and washers are loosened and strain gage wires connected prior to curing.  Strain 
measurement intervals are not to exceed 30 min.  To ensure adequate curing, the specimens are 
wrapped in wet burlap and polyethylene film for 24 h.  After the initial 24 h curing period, the 
outer ring is removed.  If additional curing is required, re-wrap the specimens with wet burlap 
and continue the curing process.  Once the specified curing duration is complete, the top of the 
specimen is sealed with either molten paraffin wax or adhesive aluminum foil tape.  The 
continuation of strain monitoring should occur until the specimens have cracked.  A sudden 
decrease in strain (~30 µε) recorded by the strain gages indicates the ring has cracked. 

Determining the time to cracking and strength of the concrete at cracking is important for 
durability issues.  Once the concrete cracks, a fast-path for aggressive agents such as chloride 
ions, moisture, air and/or freezing water is established that can further exacerbate the 
deterioration of the concrete.  Research has shown that with the addition of SRAs to typical 
concrete bridge deck mixtures, the time to cracking is prolonged.  Research performed by 
Folliard et al. (Folliard et al. 2003) showed that the addition of SRAs to HPC mixtures greatly 
prolongs the time to cracking.  It was found that the control mixture had an average time to 
cracking of 39 d, whereas the mixture incorporating SRA had no cracking at an age of 590+ d.  
Testing by Qiao and co-workers (Qiao et al. 2010) showed that cracking had not occurred at 28 
d in mixtures incorporating SRAs.  Additionally, restrained shrinkage performed on high-
performance mortars with w/cm = 0.30 that incorporated pre-soaked FLWA indicated that with 
the addition of more FLWA, the time to cracking was reduced.  In fact, with a replacement level 
of 33.0% of normal weight sand with pre-soaked FLWA, no cracking was observed up to 14 d of 
monitoring (Schlitter et al. 2010). 

Restrained shrinkage testing was performed on selected HPC mixtures.  Concrete was mixed 
according to ASTM C192 (ASTM Standard C192 2007) and cast according to ASTM 
C1581 (ASTM C1581 2004).  A 16 in. concrete ring (outer diameter) with a thickness of 1.5 in. 
was cast around a 0.5 in. thick steel ring with an outer diameter of 13 in.  The height of the rings 
used was 6 in.  Minor modifications to ASTM C1581 were made on the testing apparatus.  Four 
strain gages were mounted 90o apart and placed at mid-height on the steel ring; instead of the 
specified two diametrically opposed gages.  Three different mixtures were cast, and three 
replicates of each mixture were performed.  Upon finishing the specimens, the strain gages were 
connected to a data acquisition system and the specimens were wrapped in wet burlap and 
covered with plastic sheeting.  The strain was recorded at 5 min intervals throughout the testing.  
At 24 h of age, the outer PVC ring was removed and the specimens were wrapped in wet burlap 
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and covered with plastic sheeting until the specified curing duration had been achieved.   The 
burlap was re-wetted with water using an agricultural type sprayer every 48 h to provide 
adequate moisture for external curing.  Upon removal of the burlap, the top of the concrete was 
sealed using a flexible, waterproof sealant to allow drying to only occur circumferentially.  
Additionally, match-cured cylinders were cast to determine the corresponding mechanical 
properties at the time of cracking.  The cylinders were demolded at 24 h from initial contact, and 
placed in a 100% RH curing environment.  When the burlap on the restrained rings was 
removed, cylinders were moved from their curing environment to the drying environment.  
Testing of the concrete cylinders occurred when at least two of the three rings cracked.  
Additional specimens were cured in 100% RH for 28 d and tested for mechanical properties.   

4.1.6 Chloride ingress 

Two test methods have been developed to determine the chloride penetrability of concrete.  In 
the American Association of State Highway and Transportation Officials (AASHTO) T259 
standard, a concrete slab is cast and is ponded with a salt solution.  The depth of chloride 
penetration is measured at 90 d (AASHTO 2002).  While this test provides the most accurate 
representation of the concrete’s penetrability, the test takes 90 d to run.  A more rapid test 
method to determine the permeability of concrete was developed.  ASTM C1202 (ASTM 
Standard C1202 2010) measures the electrical conductance of the concrete, and correlates to 
results from AASHTO T259.  Testing in this research implemented ASTM C1202 to determine 
the rapid chloride permeablity of concrete specimens and is discussed below. 

4.1.6.1 ASTM C1202 

One method to determine concrete’s ability to resist chloride ion penetration is the ASTM 
C1202 test method (ASTM Standard C1202 2010).  This rapid test method determines the 
electrical conductance of concrete to determine the ability of concrete to resist the 
penetration of chlorides.  A constant potential difference of 60 V is applied to the ends of 
the specimen.  One end is immersed in a 3% sodium chloride solution, while the other 
end is immersed in a 0.3 N sodium hydroxide solution.  The total charge passed through a 
50 mm (2-in) thick, 100 mm (4-in) diameter piece of concrete during a 6 h period 
provides an indication of the permeability.  Additionally, the sample age may have a 
significant effect on the results.  Typically, in most concrete, the permeability value 
becomes less if the sample is properly cured. 

Test samples are cast in accordance with ASTM C192 (ASTM Standard C192 2007), or 
drilled cores may be taken according to ASTM C42 (ASTM Standard C42 2012).  At the 
desired duration of curing, 50 mm (2-in) thick slices of concrete are cut using a water-
cooled diamond saw or silicon carbide saw, and the specimens are conditioned for 
testing.  The specimens are allowed to air dry for at least 1 h before sealing it by applying 
a rapid setting coating on the sides of the specimen.  After the sealant has set, the 
specimen is placed in a vacuum dessicator with both ends exposed.  Once the specimens 
are in the desiccator, a vacuum pump is started, and a pressure of less than 1 mm (0.039 
in) Hg should be achieved and maintained for 3 h.  While the vacuum pump is still 
running, de-aerated water is introduced through a stopcock.  Once the specimens are 
submerged, the stopcock is closed, and the vacuum is applied for 1 more h.  At the end of 
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the 4 h conditioning, air is allowed into the dessicator, and the specimens soak in this 
condition for 18 +/- 2 h. 

After completing the conditioning, the specimens are removed from the desiccator and 
excess water is removed.  A circular vulcanized rubber gasket is placed on each half of 
the test cell and the halves are bolted together.  One side of the cell is filled with a 3% 
NaCl solution and is connected to the negative side of the power supply.  The other side 
is filled with a 0.3 N NaOH solution and is connected to the positive side of the power 
supply.  The power supply is turned on with the voltage set to 60.0 +/- 0.1 V, and the 
initial current is recorded.  The current is recorded at least every 30 min for 6 h.  The test 
is terminated after 6 h, unless the temperature of the solutions reaches 88 oC (190 oF).  If 
the solutions exceed this temperature, boiling of the solutions or damage to the cell may 
occur.  To determine the total charge passed during the six hour period, the following 
equation (trapezoidal rule for integration) may be used: 

Q = 900(I0 + 2I30 + 2I60+….+2I300 + 2I330 + I360) Equation 5 

Where: 

Q = charge passed, coulombs, 

I0 = current immediately after voltage is applied, amperes, 

It = current at t min after voltage is applied, amperes. 

While correlation between this test and the chloride ponding test (AASHTO T 259) is 
generally good, caution must be taken when reporting values.  It is recommended to use 
the qualitative terms outlined in Table 4.1.  Additionally, care must be taken when 
interpreting results in concretes with certain admixtures, such as calcium nitrate, or 
embedded electrically conductive materials, such as reinforcing steel.  Results from 
concretes with these materials typically produce an unrealistically high value of the total 
charged passed. 

Table 4.1:  Chloride ion penetrability based on charge passed (ASTM Standard C1202 2010) 

However, issues have arisen with using ASTM C1202 for determining the chloride 
permeability. During testing, the conductivity of the specimen may change due to the 
migration of chloride and hydroxyl ions(Beaudoin and Liu 2000).  Furthermore, with the 
addition of some SCMs (e.g. silica fume) a false estimate of the chloride permeability 
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may result(Feldman et al. 1999).  In mixtures that have low porosity, overheating of the 
specimens may occur, causing the test to be ended prematurely (Adam 2009).  Although 
there is dispute to the accuracy of this test method, it is the acceptable test method for 
chloride permeability according to ODOT(ODOT 2008). 

The ability for the HPC used in this research to resist chloride penetration was 
determined using the rapid chloride permeability test (RCPT) according to ASTM C1202 
(ASTM Standard C1202 2010).  Cylindrical concrete specimens were demolded at 24 h 
and placed in a 100% RH curing environment.  The specimens were wet cured for 56 and 
90 d prior to testing.  Furthermore, a small study was performed on the same mixtures 
with different air contents to determine the effect of air content on chloride permeability 
of concretes made with pre-soaked FLWA.   

4.1.7 Freeze-thaw 

ASTM C666 (ASTM Standard C666 2003) is used to determine the resistance of concrete to 
freezing and thawing cycles,.  This test method can be performed in two different ways.  In 
Procedure A, the concrete is subjected to rapid freezing and thawing in water.  In Procedure B, 
the concrete is subjected to rapid freezing in air and rapid thawing in water.  These two 
procedures both determine the effects of variations in proportions, curing and soundness of the 
aggregates.  The low temperature of the freeze cycle is -17.8 oC (0 oF) and the target thaw 
temperature is 4.4 oC (40 oF). 

Test specimens are cast according to ASTM C192 (ASTM Standard C192 2007), and demolded 
at an age of 24 +/- ½ h after initial contact of cement and water.  Cored samples may also be 
taken in accordance with ASTM C42 (ASTM Standard C42 2012).  The specimens are then 
allowed to cure for a minimum of 14 d unless specified otherwise.  The additional curing 
duration may be needed to allow mixtures incorporating SCMs to develop an adequate strength 
prior to testing.  Upon completion of curing, the specimens are cooled to a temperature within -1 
oC (-2 oF) and +2 oC (+4 oF) of the target thaw temperature.  The specimens are protected from 
moisture loss during the cooling until the freeze-thaw testing begins.  Prior to the initial cycle, 
the mass and initial fundamental transverse frequency are measured.  ASTM C215 (ASTM 
Standard C215 2008)outlines the procedures for determining the fundamental transverse 
frequency.  Once freeze-thaw cycles have begun, the specimens are tested for fundamental 
transverse frequency and the mass recorded during the thawed condition.  These parameters need 
to be tested at intervals not exceeding 36 cycles.  The specimens are placed back in the chamber 
either randomly or in a predetermined rotation to ensure that the specimens are subjected to all 
conditions throughout the chamber.  The test is continued until the specimens have been 
subjected to either 300 cycles or their relative dynamic modulus has reached 60% of the initial 
modulus.  The relative dynamic modulus can be calculated as follows: 

Pc = (n1
2/n2) x 100 Equation 6 

Where: 

Pc  = relative dynamic modulus, after c cycles of freezing and thawing, percent, 
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n    = fundamental transverse frequency at 0 cycles of freezing and thawing, 

n1   = fundamental transverse frequency after c cycles of freezing and thawing. 

ASTM C666 (ASTM Standard C666 2003) Method A, rapid freezing and thawing in water, was 
used to test the ability of the concrete to resist freezing and thawing cycles.  The specimens were 
allowed to cure for 28 d prior to testing.  A longer curing duration was selected to allow for the 
concrete to gain adequate strength, e.g. 34.4 MPa (5000 psi), due to the high amount of 
supplementary cementitious materials (SCMs) used as a replacement for portland cement (34% 
replacement) with class F fly ash as a 30% replacement and silica fume as 4% replacement.  The 
specimens tested were 76 mm x 102 mm x 406 mm (3”x4”x16”).  Prior to placing the specimens 
in the freeze-thaw chamber, they were cooled to within 1 oC (1.8 oF) of the thaw temperature of 
4.4 oC (40 oF).  The initial mass and transverse frequencies were recorded prior to being 
subjected to freezing and thawing at a rate of 4 cycles per day.  The temperature cycled from -
17.8 to 4.4 oC (0 to 40 oF). The transverse frequency was measured according to ASTM C215 
(ASTM Standard C215 2008).  Testing of the concrete specimens was performed approximately 
every 36 cycles.  Testing occurred until either failure or until 300 cycles of freezing/thawing 
were reached.   

All mixtures, including those incorporating FLWA, were tested under the same curing conditions 
as the mixtures that did not have FLWA.  ASTM C330 (ASTM Standard C330 2009) specifies 
wet curing for 14 d, but in this research, all specimens were tested with a 28 d wet cure prior to 
freeze-thaw testing.  This provided a worst case scenario for the mixtures incorporating the pre-
soaked FLWA due to the aggregates potentially having internally absorbed water.  According to 
ASTM C330, after the curing duration of 14 d, the concrete specimens are moved to a drying 
environment at 23 oC (73 oF) and 50% RH for 14 d, and prior to testing the specimens are soaked 
for 24 h prior to testing.   

4.1.8 Mechanical properties 

The mechanical properties of all of the HPC mixtures were tested.    Concrete cylinders were cast 
according to ASTM C192 (ASTM Standard C192 2007) and allowed to cure for 24 ± ½ h before 
being removed from the molds.  After removing the concrete specimens from their molds, they 
were placed in a 100% RH curing room.  For compressive strength tests, three cylinders were 
each tested according to ASTM C39 (ASTM Standard C39 2009) at 7 and 28 d.  Modulus of 
elasticity tests were performed according to ASTM C469 (ASTM Standard C469 2002) on two 
cylinders at 28 d.  Two cylinders were tested for splitting tensile strength according to ASTM 
C496 (ASTM Standard C496 2004) at 7 d and 28 d. 

4.2 MATERIAL DESCRIPTIONS 

4.2.1 Aggregates 

A local siliceous river gravel, with a maximum nominal size of 3/4 in, was used as the coarse 
aggregate, and a local natural siliceous sand was used as the normal weight, fine aggregate in all 
mixtures.  Four different sources of FLWA were initially studied to determine their absorption 
capacity and desorption rate.  However, only two sources were chosen for further testing. All 
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FLWA used met ASTM C330 (ASTM Standard C330 2009).  Determination of the absorption 
capacity and desorption of the FLWA is discussed in section 0.  Properties of the aggregates are 
found in Table 4.2. 

Table 4.2:  Aggregate properties 

4.2.2 Cementitious materials 

ASTM C150 (ASTM Standard C150 2009)Type I/II cement was used for all mixtures.  The 
cement was supplied by Lafarge North America and was received from their Seattle, Washington 
plant.  Test results of the physical and chemical composition of the cement are summarized in 
Table 4.3. 

Two supplementary cementitious materials were used for all of the concrete mixtures.  A Class F 
fly ash, supplied from Lafarge North America from their Centralia plant, was used in this study.  
The fly ash met the requirements of ASTM C618 (ASTM Standard C618 2008).  Rheomac 100 
silica fume was supplied from BASF.  The silica fume met the requirements of ASTM C1240 
(ASTM Standard C1240 2005).  Physical and chemical composition results for the fly ash and 
silica fume are given in Table 4.3. 

Table 4.3:  Oxide analysis of cementitious materials 

Absorption 
Capacity (%)

Bulk 
Specific 
Gravity

Bulk SSD 
Specific 
Gravity

Apparent 
Specific 
Gravity

Finess 
Modulus

Coarse Aggregate 2.64 2.56 2.62 2.74 -
Fine Aggregate 3.08 2.52 2.49 2.61 3.02
Shale FLWA-1 17.50 1.59 1.90 2.29 2.73
Shale FLWA-2 16.10 1.42 1.71 2.01 3.20
Shale FLWA-3 17.80 1.55 1.90 2.37 2.76
Clay FLWA-1 34.10 1.08 1.47 1.78 3.94

Cement Fly Ash Silica Fume
20.51 55.24 > 85
4.72 15.77 -
3.23 6.27 -

64.21 10.2 -
0.80 3.64 -
0.29 2.08 -
0.49 1.51 < 1.5
2.70 0.70 < 3.0
2.62 0.23 < 6.0

61.51 - -
12.4 - -
7.03 - -
9.84 - -

C3A, %
C4AF, %

K2O, %
Na2O Eq., %

SO3, %
LOI, %
C3S, %
C2S, %

Composition
SiO2, %

Al2O3, %
Fe2O3, %
CaO, %
MgO, %
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4.2.3 Chemical admixtures 

An ASTM C494 (ASTM Standard C494 2010) Type F polycarboxolate-based high-range 
water reducing admixture (HRWRA) supplied by Grace Construction Products was used to 
improve workability in all of the mixtures.  Dosage rates of the HRWRAvaried in order to 
produce similar workabilities in the fresh concrete.  An air-entraining admixture supplied by 
Grace Construction Products was also added to achieve a target air content of 6 ± 1% for all 
concrete mixtures.  Additionally, an SRA supplied by Grace Construction Products was used 
in certain concrete mixtures.  The SRA was added at 2% of the total cementitious material by 
mass, replacing an equal amount of water that was contributed by the SRA.   

Concrete mixture design Table 4.4 shows the mixture proportions used in this study.  All 
mixtures had a w/cm of 0.37.  Each mixture was proportioned with 633 lb/yd3 of cementitious 
material.  The fly ash used for the mixture design was a 30% replacement of cement by mass, 
and the silica fume was a 4% replacement of cement by mass.  For mixtures HPC w/ Clay-1 and 
HPC w/ Shale-1, chemical shrinkage values of 0.056 ml/g were used in equation 1(Bentz et al. 
2005) to get replacement levels of normal weight fine aggregate with FLWA of 9% and 20% 
respectively.  For mixtures HPC w/ Clay-2, HPC w/ Shale-2, and HPC w/ Shale+SRA, a 
chemical shrinkage value of 0.07 ml/g was used in equation 1 to get replacement levels of 
normal weight fine aggregate with FLWA of 12%, 25%, and 25% respectively.  For mixture 
HPC w/ Shale-3, 100% of the normal weight fine aggregate was replaced with FLWA.  A 
detailed discussion on determining the proper CS value for us in equation 1 can be found in 
section 5.3. 
Table 4.4:  Concrete mixture designs 

Name and 
description

HPC 
control

HPC w/ 
SRA

HPC w/ 
Clay-1

HPC w/ 
Clay-2

HPC w/ 
Shale-1

HPC w/ 
Shale-2

HPC w/ 
Shale-3

HPC w/ 
Shale+SRA

Cement, lb/yd3 419 419 419 419 419 419 419 419

Fly Ash, lb/yd3 189 189 189 189 189 189 189 189
Silica Fume, 

lb/yd3 25 25 25 25 25 25 25 25

Water, lb/yd3 234 221 234 234 234 234 234 221
Coarse 

Aggregate, 
lb/yd3

1810 1810 1810 1810 1810 1810 1810 1810

Fine Aggregate, 
lb/yd3 1110 1110 872 812 761 674 - 674

FLWA, lb/yd3 - - 104 130 222 277 785 277

SRA, lb/yd3 - 12.70 - - - - - 12.70
AE, fl oz/cwt 0.55 1.08 0.55 0.55 0.55 0.55 0.55 1.08

HRWR, fl 
oz/cwt

8.10 9.30 8.10 8.10 8.10 8.10 8.10 9.30

% replacement 
of FLWA

- - 9% 12% 20% 25% 100% 25%
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5.0 RESULTS AND DISCUSSION 

5.1 FLWA CLASSIFICATION 

In order to appropriately use equation1 (Bentz et al. 2005), the absorption capacity and 
desorption of the FLWA needed to be determined.  First, the absorption capacity of the FLWA 
was determined.  Oven dry FLWA was soaked in water for 0.5-, 1-, 24-, 48-, 72-, 168-, and 504-
h(the last time for clay FLWA only) to determine the rate of absorption, as well as the absorption 
capacity.  The standard cone test was performed, and the surface dry condition was determined 
when the cone of aggregate began to slump.  The absorption rate and capacity of four FLWAs is 
shown in Figure 5.1.  Tabulated values of the absorption capacity for the four sources of FLWA 
can be found in Table 4.2. 

Figure 5.1:  Absorption capacity of FLWAs 
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It can be seen that the ultimate absorption capacity of the three sources of shale FLWA were 
achieved after the oven dry aggregate was submerged in water for 48-72 h.  Similar absorption 
capacities and rates were observed for the three sources of shale FLWA.  The absorption 
capacity for these aggregates ranged from16.1-17.8%.  The clay FLWA exhibited a different 
water uptake when compared to the shale FLWAs.  After soaking for 168 h, the absorption 
capacity was not yet reached.  Absorption tests with a 6 month soak time were performed on the 
clay FLWA, and the absorption capacity was still not fully obtained.  However, the slope of the 
absorption curve had decreased to nearly flat for the tests between 168 h and 6 months, 
indicating that the aggregate was absorbing minor amounts of additional water.  A value of 
34.1% was assumed as the absorption capacity with a soak time of 504 h.  

When comparing the two types of FLWAs, the shale FLWAs had imbibed 89.6% of its 
absorption capacity after being submerged for 24 h.  The clay FLWA had imbibed 65.1% of its 
assumed absorption capacity after being submerged for 24 h.  It should be noted that certain 
previous research has been performed with FLWAs that have been soaked for only 24 h prior to 
being used(Schlitter et al. 2010; Thomas 2006).  Therefore, care must be taken to verify the 
moisture content of the aggregates to be used as an internal curing agent, and make proper 
adjustments for the degree of saturation of the aggregate in the equation developed by Bentz et 
al. (Bentz et al. 2005). In the concrete mixtures used for testing, the shale FLWA was allowed to 
have a minimum soak time of 3 d prior to testing to ensure the absorption capacity had been 
achieved.  The expanded clay had a soak time of 3 weeks before casting of concrete to achieve 
the requisite absorption capacity.  For mixture proportioning in this research, the degree of 
saturation of the FLWA was therefore taken as 1. 

It is also important to know how readily the internally absorbed water in the FLWA can be 
released into the paste matrix as the concrete begins to cure.  Desorption isotherms were 
performed on the four FLWA sources in order to determine how much water could be released at 
different RHs.  The FLWA was pre-soaked, then brought to SSD conditions, and then placed in a 
series of desiccators of known RHs (97%, 94%, and 84%) at 23 oC.  The aggregate was kept in 
the desiccator until hygroscopic equilibrium had been achieved, and then moved to a desiccator 
with the next lowest RH.  Results from desorption testing can be seen in Figure 5.2.  Both types 
of FLWA exhibited the ability to readily give off absorbed water at a high RH.  The shale 
FLWAs gave off 94% of its absorbed water when subjected to an RH of 84%.  The clay FLWA 
gave off 98% of its absorbed water when subjected to an RH of 84%.  It is important for the 
FLWA to be able to give off the absorbed water to aid in the hydration and fill capillary voids 
that are being depleted, especially in the early stages of hydration.  Research has shown that in 
sealed concrete mixtures with a w/cm = 0.33, the internal relative humidity of the concrete may 
be as low as 72%at 28 d (Jun et al. 2011).  These results have indicated that these particular 
FLWAs will readily give off the absorbed water when the internal RH of the concrete begins to 
drop due to hydration, as well as internal and external drying.   
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Figure 5.2:  Desorption testing of FLWA 

It should be noted that only two sources of FLWA were used for further study in concrete 
specimens.  Shale FLWA-1 and clay FLWA-1 were used for further testing.  Only one source of 
shale FLWA was chosen due to all of the sources exhibiting similar absorption and desorption. 
Research performed by Castro and co-workers (Castro et al. 2011) also showed similar 
desorption isotherms for shale FLWAs.  Shale FLWA-1 was selected because it was the most 
locally available source of FLWA.  Clay FLWA-1 was chosen due to the drastic difference in the 
absorption capacity and rate.  With the higher absorption capacity, a smaller quantity of FLWA 
would be in the concrete mixture according to equation  1 (Bentz et al. 2005), while providing 
the same amount of internally absorbed water.   

5.2 AUTOGENOUS DEFORMATION 

Five OPC mixtures were tested in this research to determine the effect of SCMs and SRA on 
autogenous deformation.  For each mixture, two samples were tested to ensure repeatability and 
the results shown below are the average of two test results. Vicat setting time according to 
ASTM C191 (ASTM Standard C191 2008) was also performed in an attempt to provide the 
proper zero starting strain point to better interpret the results.  
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5.2.1 Setting time 

Figure 5.3shows a summary of OPC systems setting time test result using Vicat needle 
apparatus. The tests were performed on cement pastes of specific w/cm for alignment with the 
chemical shrinkage and autogenous deformation tests. 

Figure 5.3:  Vicat setting time results for OPC systems (w/cm = 0.37, 20 oC) 

Generally, the final setting time is between 7 to 9 h. It is noted that the presence of fly ash and 
SRA prolonged the setting process by approximately 2 h and 30 min when compared to the 
control paste. This was also reflected in autogenous deformation testing and chemical shrinkage 
testing. Conversely, silica fume shortened the setting process by approximately 30 min when 
compared to the control paste.  

Time of setting, especially for final setting time, plays an important role in interpreting the 
autogenous deformation results. Most researchers agree on setting the zero strain at final setting 
time (Lura and Jensen 2007; Sant et al. 2006), because it is believed that from this point the 
stress in the specimen starts to build up and translates to autogenous deformation (Jensen and 
Hansen 2001).The final set point as determined by the Vicat test should also be similar to the 
point that the chemical shrinkage and autogenous shrinkage begin to diverge (Sant et al. 2006). 
However, the setting time measured in this research does not correlate as well to the setting time 
observed in the autogenous deformation specimen, especially in the specimens with addition of 
fly ash and SRA due to the delay in setting time of mixtures incorporating these admixtures. 
Several reasons are believed to cause this disagreement: 

• The determination of final set depends on the judgment of an individual operator for
“when the needle does not sink visibly into the paste”;
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• During the Vicat test, moisture loss during testing is inevitable and drying at the surface
of the setting time sample might reduce the setting time, and;

• As a destructive test method, the Vicat test measures setting time by intruding the needle
into the paste repeatedly.This might cause a difference from the pastes in autogenous
sample which remain unspoiled. A non-destructive Vicat test was proposed recently
(Sleiman et al. 2010). Incorporation of this testing is beyond the scope of this research.

5.2.2 Autogenous deformation – Effect of SCMs 

In this research, two SCMs, a Class F fly ash and silica fume, were replaced for OPC at mass 
percentages of 30% and 4%, respectively. Figure 5.4shows the results of paste samples(0.37 
w/cm)incorporating different SCMs at 20 °C isothermal.  

Figure 5.4:  Effect of SCMs on autogenous deformation (w/cm = 0.37 w/cm, 20 oC) 

It was observed that the autogenous shrinkage increased significantly with the presence of silica 
fume. In general, silica fume increases the water demand in a concrete mixture and contributes to 
a stiffened and sticky consistency of the concrete mixture (Thomas et al. 2002).  This is because 
the surface area of silica fume particles is nominally 50 times larger than cement particles. This 
also causes an increased capillary tension in the paste matrix. The silica fume particles are also 
much finer (Φ<0.1μm) than cement and other SCMs; therefore, much smaller pores are created 
in mixtures with silica fume. As discussed previously, pores with a radius less than 50 nm can 
have a tensile stress develop due to a full collapse of the pore or partial emptying of the pore that 
generates menisci as the pore solution leaves during hydration to hydrate adjacent cement grains. 
Therefore, more autogenous shrinkage was observed. This was also reported by several other 
researchers (Jensen  and Hansen 1996; Lura and Jensen 2005; Slatnick et al. 2011). 
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Figure 5.4 also shows that the presence of fly ash decreases the autogenous shrinkage, in fact 
showing a slight expansion at 2 days from initial contact.  In general, due to its spherical particle 
shape and glassy texture, the addition of fly ash reduces the water demand for a given concrete 
consistency (Mehta and Monteiro 2006).  This effect is similar to the effect of mixtures with 
higher w/cm. The expansion is likely due to the fact that the weak solid paste skeleton that 
cannot withstand expansion produced by the formation of increased ettringite coming from the 
hydration of the fly ash (Tishmack et al. 1999).  Others have reported that the expansion is due to 
the presence of MgO in the fly ash (Liu and Fang 2006).  However, according to ACI Report on 
Early-Age Cracking(ACI Committee 231 2010), in previous research, fly ash has been found to 
have a variable influence on autogenous deformation. An investigation by Setter and Roy (Setter 
and Roy 1978) showed that fly ash has no significant effects on the autogenous shrinkage. 
However, other research showed that the influence of fly ash depends on the fineness and 
replacement ratio of fly ash. Larger autogenous shrinkage was found with a lower replacement 
ratio of the fly ash (25%), and Blaine fineness higher than OPC resulted in higher autogenous 
shrinkage than the control mixture.  Furthermore, a higher replacement level (50%) resulted in 
lower autogenous shrinkage, regardless of the Blaine fineness, when compared to the control 
mixture (Termkhajornkit et al. 2005).Recent research performed by De la Varga et al. (De la 
Varga et al. 2012)has also confirmed that higher autogenous strains were found in mortars with a 
w/cm = 0.30 using lower replacements of fly ash (40%) than mortars using higher replacements 
of fly ash (60%). 

5.2.3 Autogenous deformation – Effect of SRA 

Generally, the application of  SRAs reduces strain related to shrinkage in concrete, thereby 
reducing the risk for early-age cracking. SRAs work by reducing the surface tension of free 
water in pores, resulting in the reduction of the capillary pressure, which is believed to be the 
most influential mechanism of SRAs. Therefore, autogenous shrinkage is mitigated due to a 
lower capillary pressure in the partially-filled pores.  Figure 5.5shows that with the addition of 
2% SRA, an autogenous expansion was registered up to 50 h.  

Figure 5.5:  Effect of SRAs on autogenous deformation (w/cm = 0.37, 20 oC) 
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Other researchers also demonstrated that HPC containing an SRA showed a reduction in 
autogenous shrinkage (Bentz et al. 2001; Rongbing and Jian 2005; Slatnick et al. 2011; Weiss 
1999). In addition, it was observed that the combination of fly ash and SRA delayed the 
autogenous shrinkage even further than fly ash alone.  

To better interpret and compare results, the zero strain for all autogenous deformation curves 
were set to be the point where they diverge from the chemical shrinkage curves. All tests for 
OPC systems were performed under 20°C isothermal conditions. Table 5.1gives a summary of 
autogenous deformation testing results at the age of 50 h for OPC systems cured at a 20°C 
isothermal condition.   

Table 5.1:  Autogenous strains of OPC systems (µm/m) at 50 h from initial contact 

20 ºC 
Isothermal Neat FA SF FA+SF FA+ SF+

SRA 

w/cm=0.37 -205 142 -629 -168 526 

The negative values represent shrinkage and positive values represent expansion. Only FA and 
FA+SF+SRA mixtures showed autogenous expansion, and the most severe shrinkage recorded 
was for the paste incorporating only silica fume and OPC.  

5.3 CHEMICAL SHRINKAGE 

Modifications to ASTM C1608 (ASTM Standard C1608 2007)were used as the standard testing 
procedure to investigate the chemical shrinkage of cement pastes. To prepare the paste sample, 
the standard procedure outlined in ASTM C305 (ASTM Standard C305 2006)was used. Cement 
paste (with or without SCMs)was mixed with de-aerated, de-ionized water at room temperature, 
and was carefully placed to the desired height of 3 mm (0.12 in) in a 25 mL (0.85 oz) vial, with 
dimensions of 50mm (~2 in) in height and 25mm (~1 in) in diameter. After placing the paste in 
the vial, additional de-aerated, de-ionized water was used to fill the vial to the top without 
disturbing the paste. A one-hole rubber stopper with an inverted glass pipette (1mL) passing 
through it, was placed on top of the vial to make sure no air bubbles were trapped. Additional 
water was filled from the top of the pipette to bring the water level close to the highest reading in 
the pipette. Then a few drops of red color indicating dye (transmission fluid) were added by a 
syringe to the top of the column of water in the pipette in order to prevent evaporation and also 
to provide the reference for the automated data acquisition system. The mass of each pipette-vial 
setup was measured before they were placed in the specifically designed rack, which allowed all 
vials to be submerged in the water bath for temperature control at 23 °C.  Testing occurred for 14 
d before the test was ended.  At the end of the 14 d testing period, the mass was measured again. 
A test was considered successful when there was no leakage in the system (complete pipette-vial 
setup), and this was achieved when there was no more than 0.02 g change in mass from the 
beginning to the end of the test.  

To monitor chemical shrinkage for a longer period of time (e.g. up to 14 d and beyond) than 
recommended by ASTM C1608, which is currently “at least 24 h” (ASTM Standard C1608 
2007), an automated test regime was developed.  Still images of the pipettes are taken by a 
webcam at a 10 min interval for 14 d.  The thousands of images are then analyzed using a 
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computer software program developed in the Laboratory of Materials of Construction (LMC) at 
EPFL in Lausanne, Switzerland, to determine the total water uptake by the hydrating cement 
paste (Bishnoi 2009). Similar experimental setups have been used by several other researchers 
(Costoya 2008; Fu et al. 2012; Ideker 2008; Jaouadi 2008).   

5.3.1 Depercolation study 

As per ASTM C1608 (ASTM Standard C1608 2007), the thickness should be 5mm to 10mm for 
a nominal w/cm of 0.4, which is approximately 5g to 10g of paste in the vial used in this testing. 
Boivinand co-workers have shown that for a low w/cm sample with thickness less than 10mm, 
the influence of sample height was insignificant (Boivin et al. 1998). However, recent work by 
Sant and co-workers has shown a thickness (size) dependent deviation on chemical shrinkage 
measurements (Sant et al. 2011; Sant et al. 2006).  It should be noted that the influence was 
investigated based on a test period of 24 h to 48 h in both studies. 

In this research, four different thicknesses were selected, 3 mm, 5 mm, 7mm and 10 mm, to be 
tested for up to 14 d, to investigate the long-term effect of sample size dependence. Note that the 
unit of chemical shrinkage is g/g, which indicates water consumed (g) by unit mass (g) of 
cement. The results (average of three tests per thickness) show that the 14 d chemical shrinkage 
systematically increased with a decrease of sample thicknessas seen in Figure 5.6. 

Figure 5.6:  CS depercolation study(Fu et al. 2012) 
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One possible explanation of the sample size dependence would be that the SCMs and low w/cm 
densify the paste so that the water cannot penetrate through the thicker section. Sant and co-
workers describe this phenomenon as “with increasing hydration in the thick section, a 
combination of effects due to a global porosity decrease and a decrease in connectivity of the 
capillary pores due to hydration impedes the movement of water (Sant et al. 2011)”.  Therefore, 
a sample thickness of 3 mm (approximately 3 g of paste) was selected to better quantify the 
water demand for proportioning the pre-wetted lightweight fine aggregate. This sample thickness 
was also justified by another recent work using neutron tomography indicating that water can 
travel up to 3 mm 20 h after casting from lightweight aggregate particle to the surrounding paste 
with a w/cm of 0.25 (Trtik et al. 2011). 

5.3.2 Long-term chemical shrinkage 

Tests were performed on OPC neat paste, binary and ternary systems, as well as systems with 
SRA under 23 ºC isothermal conditions. By applying the automated logging system, the shape of 
the chemical shrinkage curve can also be precisely illustrated, representing the reaction rate of 
each mixture. The shape of the curve is affected by influential factors such as type of cement, 
curing temperature, w/cm, fineness of cement, and SCMs or SRA additions in the mixture (Xiao 
et al. 2009). Xiao and co-workers also proposed a mathematical model to describe and predict 
the long-term chemical shrinkage (Xiao et al. 2009). To use this model, a chemical shrinkage test 
up to a certain age needs to be done first. Then, a hyperbolic-like function converging to an 
asymptote (Equation 7) is fit to describe and predict the measured CS development curve.  

Equation 7 

Where: 

CS(t) = chemical shrinkage value at age of t (day);  
CS∞= long-term chemical shrinkage value; 
a,b=hydration constants related to cementitious materials properties. 

A non-linear Levenberg-Marquardt least squares fitting tool was used to determine the three 
parameters (a,b, CS∞). More detailed information about this method can be found in other 
literature (Fu et al. 2012; Xiao et al. 2009). Figure 5.7 shows the chemical shrinkage curves for 
the ODOT HPC mix.  A brief summary of the 14 day/predicted long-term chemical shrinkage 
values are listed in Table 5.2.  Each measured value in Table 5.2 is the average of three samples. 

Table 5.2:  Chemical shrinkage (ml/g), HPC w/cm = 0.37 at 23 oC isothermal 
Neat SF FA SF+FA SRA 

14 day 0.0552 0.0550 0.0588 0.0547 0.0599 
Predicted 
long-term 0.0670 0.0693 0.0796 0.0676 0.0671

Another study on the stability of predicted long-term CS based on data from Xaio et al. showed 
that beyond the 14 d testing period, the predicted long-term CS is stable (within 3% difference) 

49 



(Fu 2011). Therefore, a 14 d testing period should be acceptable to obtain reasonable long-term 
CS using the mathematical model.  

Figure 5.7:  CS development curve, HPC w/cm = 0.37 at 23 oC isothermal (Fu et al. 2012) 

In this research, the long-term CS value was used in equation 1 to determine the FLWA 
replacement level. Therefore, a CS of 0.0676 mL/g was first measured. In addition, with a safety 
factor of 5% applied to account for possible testing variability, a CS of 0.070 mL/g was finally 
used for the mixtures HPC w/ Shale-2 and HPC w/ Clay-2. Table 5.2 shows that although the 
SRA mix showed a higher measured CS value in the early age, the long-term CS value was 
almost identical with the HPC mix. Thus, a CS of 0.070 mL/g was also applied to the mixture 
HPC w/ Shale+SRA. In a previous test performed at 20°C under isothermal conditions (3 mm 
thickness sample), a lower long-term CS of 0.056 mL/g was obtained and applied to the mixtures 
HPC w/ Clay-1 and HPC w/ Shale-1. This represents a possible condition of under-
proportionated FLWA for internal curing. It also provides information on the influence and 
relative effectiveness of the FLWA replacement level.  

5.4 FRESH PROPERTIES 

Fresh concrete properties of the concretes can be found in Table 5,3 - Table 5.6.  A target slump 
of 5.5 ± 2.5 inches and fresh air content of 6 ± 1.5% were specified (ODOT 2008).   
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Table 5.3:  Fresh concrete properties, mechanical property and drying shrinkage testing 

Table 5.4:  Fresh concrete properties, restrained shrinkage 

Table 5.5:  Fresh concrete properties, RCPT 

Table 5.6:  Fresh concrete properties, freeze-thaw 

Mixture ID Slump (in) Air (%) Unit weight (pcf)
HPC control 5 6 143.5
HPC w/ SRA 8 4 142.7

HPC w/ Clay-1 8.25 9 N/A
HPC w/ Clay-2 5.5 4.25 140.5
HPC w/ Shale-1 8 9 135.8
HPC w/ Shale-2 6.25 8.5 136.8
HPC w/ Shale-3 4.25 5.25 131.6

HPC w/ Shale+SRA 8.5 5.5 139.3

Mixture ID Slump (in) Air (%) Unit weight (pcf)
HPC control - 14 day 4 5 142.2

HPC w/ SRA - 14 day 5.5 4.5 145.4
HPC w/ Shale-2 - 14 day 8 3 143.9

HPC control - 3 day 5 6 144.1
HPC w/ SRA - 3 day 9 5.5 141.4

HPC w/ Shale-2 - 3 day 8.5 7.5 138.4

Mixture ID Slump (in) Air (%) Unit weight (pcf)
HPC control 5.75 6.25 141
HPC w/ SRA 5 5 141.3

HPC w/ Clay-1 6.75 7 137.9
HPC w/ Clay-2_4 5.5 4.25 143.2
HPC w/ Clay-2_6 7.25 6.25 138.1
HPC w/ Shale-1 4.5 6.25 140.6

HPC w/ Shale-2_4 6 4.5 141.1
HPC w/ Shale-2_8 7 8 135.3

Mixture ID Slump (in) Air (%) Unit weight (pcf)
HPC control 5 6 143.5
HPC w/ SRA 5 5 141.3

HPC w/ Clay-1 6.75 7 137.9
HPC w/ Clay-2 7.25 6.25 138.1
HPC w/ Shale-1 4.5 6.25 140.6
HPC w/ Shale 7 8 135.3
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5.5 MECHANICAL PROPERTIES 

5.5.1 Compressive strength 

Compressive strength of the five concrete mixtures is shown in Table 5.7.  A target compressive 
strength of 5,000 psi at 28 d was desired based on recommendations from ODOT to create the 
HPC5000 concrete mixture (ODOT 2008).   

Table 5.7:  Compressive strength of concrete cylinders 

The control mixture (HPC control) had an average compressive strength of 5,120 psi at 28 d.  
The addition of FLWA improved the compressive strength of the concrete, as seen in mixtures 
HPC w/ Clay-2, HPC w/ Shale-2, and HPC w/ Shale-3.  In mixture HPC w/ Clay-2, the 
compressive strength was 5,560 psi at 28 d.  This is an increase of 8.6% when compared to the 
control mixture.  For mixture HPC w/ Shale-2, the 28 d compressive strength was 5,680 psi.  
This is an increase of 10.9% when compared to the control mixture.  Mixture HPC w/ Shale-3 
had a compressive strength of 6,450 psi at 28 d, which was a 25.9% increase in strength 
compared to the control mixture.  These results show that replacing a portion, or all, of the 
normal weight fine aggregate with pre-soaked FLWA may improve the compressive strength of 
the concrete at 28 d.  Further analysis on a larger sample set with the same FLWA replacement 
levels would need to be performed to determine if the increase is statistically significant.  
Previous research has indicated that the addition of FLWA into concrete can adversely affect the 
compressive strength of concrete at early ages due to the low intrinsic strength of the FLWA in 
high-strength concretes(Geiker et al. 2002; Lopez et al. 2008; Schlitter et al. 2010; Weber and 
Reinhardt 1997).  However, in this research the target compressive strength was less than the 
ultimate strength of previous research, where a decrease in compressive strength was observed.  
This may indicate that including lightweight aggregate in higher strength concrete may have 
more of a detrimental impact than in normal strength concrete mixtures.  In this testing, typical 
cracking due to compressive loading to failure was observed in the paste rather than in the 
aggregates.  In high strength concrete, the aggregate typically becomes the limiting factor for 
strength and hence the presumed larger impact of FLWA on compressive strength of high 
strength concrete.   

Mixture 7 day Standard 
deviation

28 day Standard 
deviation

HPC control 3,460 365 5,120 345
HPC w/ SRA 3,040 90 5,080 370

HPC w/ Clay-1 3,040 310 4,410 505
HPC w/ Clay-2 4,080 305 5,520 390
HPC w/ Shale-1 3,280 20 5,000 510
HPC w/ Shale-2 3,460 320 5,680 530
HPC w/ Shale-3 4,600 230 6,660 260

HPC w/ Shale+SRA 3,330 275 5,080 60

Compressive strength, psi
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Furthermore, it can be seen that an increase in FLWA content, both clay and shale, resulted in 
increased compressive strength.  This further supports that an increase in hydration of the cement 
could be occurring in mixtures that incorporate pre-soaked FLWA. 

For mixture HPC w/ SRA, it can be seen that with the addition of SRA, the 7 and 28 d 
compressive strengths were 3,040 psi and 5,080 psi, respectively.  These values were lower than 
the HPC control that had compressive strengths of 3,460 psi and 5,120 psi at 7 and 28 d, 
respectively.  At 28 d, the compressive strength of HPC w/ SRA was slightly lower than that of 
the HPC control.  The slight reduction in strength can be explained by the decrease in pore 
solution alkalinity causing a delay in the formation of hydration products (Rajabipour et al. 
2008).  While the mixture met the desired 5,000 psi strength requirement, changes in the mixture 
design may need to be performed to guarantee the minimum strength requirements.  These 
changes may include decreasing the w/cm slightly, increasing the cementitious content, or testing 
strength at 56 d to ensure that adequate strength for design was achieved.  For mixture HPC w/ 
Shale+SRA, the addition of pre-soaked LWA to the mixture was able to negate some of the 
effects of the strength reduction at early ages.  The 7 and 28 d compressive strengths of mixture 
HPC w/ Shale+SRA were3,330 psi and 5,080 psi, respectively.  There was a slight increase in 
strength at 7 d when comparing HPC w/ Shale+SRA to HPC w/ SRA, but the 28 d strength was 
similar.  The minimum 28 d compressive strength of 5,000 psi for HPC w/ Shale+SRA was met, 
but was still slightly lower than the HPC control mixture.  Again, modifications to this mixture 
may be necessary to ensure a full strength gain of 5,000 psi or greater at 28 d.  

5.5.2 Modulus of elasticity 

The modulus of elasticity of the concrete mixtures is shown in Table 5.8.  

Table 5.8:  Elastic modulus of concrete cylinders 

The elastic modulus of HPC control was 5,100 ksi at 28 d.  The elastic modulus for mixtures 
HPC w/ Clay-1 and HPC w/ Clay-2 was 4,150 psi at 28 d.  A reduction in elastic modulus of 
18.6% was observed when compared to the HPC control mixture.  The elastic modulus for 
mixtures HPC w/ Shale-1 and HPC w/ Shale-2 were 3,550 and 3,950 ksi at 28 d respectively.  
This was a decrease in elastic modulus of 30.6% and 22.5% respectively. The 28 day elastic 

Mixture 28 day Standard 
deviation

HPC control 5,100 325
HPC w/ SRA 4,550 40

HPC w/ Clay-1 4,150 40
HPC w/ Clay-2 4,150 295
HPC w/ Shale-1 3,550 125
HPC w/ Shale-2 3,950 185
HPC w/ Shale-3 3,810 325

HPC w/ Shale+SRA N/A N/A

Elastic Modulus, ksi
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modulus for mixture HPC w/ Shale-3 was 4,100 ksi, which was 19.6% lower than the HPC 
control mixture. The reduction in elastic modulus in the mixtures incorporating FLWA can be 
attributed to the lower density of the FLWA compared to the normal weight fine aggregate.  The 
elastic modulus of mixture HPC w/ SRA was 4,550 ksi at 28 d.  This was a reduction of 10.8% 
compared to the mixture HPC Control.  The reduction in elastic modulus can be attributed to the 
lower compressive strength of mixture HPC w/ SRA.  It should be noted that the elastic modulus 
was not tested on mixture HPC w/ Shale+SRA due to a lack of samples. 

5.5.3 Splitting tensile strength 

The splitting tensile strength of the concrete mixtures is shown in Table 5.9.  

Table 5.9:  Splitting tensile strength of concrete cylinders 

The splitting tensile strength of the HPC control mixture was 470 psi and 595psi at 7 and 28 d, 
respectively.  The splitting tensile strength of mixtures incorporating shale FLWA was slightly 
lower than that of mixture HPC control.  The results for mixture HPC w/ Shale-1 were 410 psi 
and 475 psi at 7 and 28 d.  The results for HPC w/ Shale-2 were 445 psi at 7 d and 540 psi at 28 
d. Similar trends were observed in the mixture HPC w/ Clay-1 with a 28 day splitting tensile
strength of 485 psi at 28 d.  However, in mixture HPC w/ Clay-2, the splitting tensile was higher 
than that of mixture HPC control.  The measured values were 495 psi at 7 days and 605 psi at 28 
d. An increase in the splitting tensile strength for mixture HPC w/ Shale-3 was observed at 7 and
28 d with strengths of 530 psi and 640 psi, respectively.  A decreased splitting tensile strength of 
mixture HPC w/ SRA was found.  This is a similar trend to the compressive strength.   The 7 day 
and 28 d results were 415 psi and 575 psi, respectively.  The tensile strength was not tested on 
mixture HPC w/ SRA+Shale due to a lack of samples. 

5.6 DRYING SHRINKAGE 

Drying shrinkage prisms were cast according to ASTM C 157 for all concrete mixtures in the 
study.  However, modifications to the curing regime were used and in total five different wet 
curing durations were used prior to placing the concrete into the drying environment according to 
ASTM C 157.The external wet curing durations were chosen to simulate a reduction in the time 

Mixture 7 day Standard 
deviation

28 day Standard 
deviation

HPC control 470 0 595 20
HPC w/ SRA 415 5 575 5

HPC w/ Clay-1 N/A N/A 485 25
HPC w/ Clay-2 495 10 605 40
HPC w/ Shale-1 410 10 475 0
HPC w/ Shale-2 445 20 545 20
HPC w/ Shale-3 530 20 640 25

HPC w/ Shale+SRA N/A N/A N/A N/A

Tensile strength, psi
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the external wet cure is required for concrete cast into Oregon DOT high performance concrete 
bridge decks (currently 14 d).  The curing durations studied were 1, 3, 7, 10, and 14 d external 
wet cure prior to being subjected to a drying environment of 23 ± 1.5 oC (73 ± 3 oF) and 50 ± 4% 
RH.  Three different shrinkage mitigation techniques were used; pre-wetted shale FLWA or pre-
wetted clay FLWA, SRA, or a combination of SRA and pre-wetted shale FLWA.  Figure 5.8 - 
Figure 5.16 displays the drying shrinkage curves for 1, 7 and 14 d external wet cure.  Additional 
drying shrinkage curves (3 and 10 d external wet cure) can be seen in Appendix A. Mass loss 
curves for all mixtures and curing durations can be seen in Appendix B: Mass Loss. Tabulated 
values for drying shrinkage and mass loss for all mixtures can be seen in Appendix C. 

5.6.1 Pre-wetted clay FLWA 

The results for length change of concrete prisms incorporating pre-wetted clay FLWA  and 
exposed to a drying environment are found in Figure 5.8 - Figure 5.10.  The results for the mass 
change of concrete prisms using the pre-wetted clay are found in Appendix B: Mass Loss.   
Mixtures noted by HPC w/ Clay-1 represents the lower chemical shrinkage value of 0.056 g/g, 
while mixture HPC w/ Clay-2 represents the higher chemical shrinkage value of 0.07 g/g.  
These chemical shrinkage values were used in equation 1 to produce replacement levels of 9% 
and 12% of the normal weight fine aggregate with clay FLWA, respectively. 

Figure 5.8:  Drying shrinkage results, 1 day cure (clay FLWA mixtures) 
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Figure 5.9:  Drying shrinkage results, 7 day cure (clay FLWA mixtures) 

Figure 5.10:  Drying shrinkage results, 14 day cure (clay FLWA mixtures) 
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It can be seen that with a 1-day cure, both replacement levels using the pre-wetted clay were 
effective at reducing the amount of drying shrinkage when compared to the control mixture.  
Mixture HPC w/ Clay-1 had a shrinkage value of 0.079%, and reduced the drying shrinkage by 
9% at 168 d from initiation of drying.  Mixture HPC w/ Clay-2 had a shrinkage value of 0.076%, 
and thus reduced the drying shrinkage by 13% at 168 d from initiation of drying when compared 
to the HPC control mixture.  However, once the curing duration was extended longer than 1 day, 
the pre-wetted clay FLWA was not as effective at reducing the overall drying shrinkage 
compared to the control.  In most instances, the length change was similar for all the curing 
durations (3-d to 14-d) at up to 180 d of drying, and 365 d in the case of the 14 d cure.  This 
could be attributed to the majority of the internally absorbed water being consumed in hydration 
or replenishing voids during autogenous deformation in the first 24 to 48 h after casting.  The 
drying shrinkage for a 14 d external wet cure for the HPC control mixture was 0.085% at 365 d.  
Mixtures HPC w/ Clay-1 and HPC w/ Clay-2 with a 14 d cure exhibited identical shrinkage 
values at 365 d from initiation of drying of 0.082%. 

5.6.2 Pre-wetted shale and SRA 

The results for length change of concrete prisms incorporating pre-wetted shale FLWA and the 
combination of pre-wetted shale FLWA with SRA are found in Figure 5.11 - Figure 5.13.  The 
results for the mass change of concrete prisms using the pre-wetted shale are found in Appendix 
B: Mass Loss. Mixtures noted by HPC w/ Shale-1 represent the lower chemical shrinkage value 
of 0.056 g/g, while mixture HPC w/ Shale-2 and HPC w/ Shale+SRA represent the higher 
chemical shrinkage value of 0.07 g/g.  These chemical shrinkage values were used in equation 1 
to produce replacement levels of 20% and 25% of the normal weight fine aggregate with shale 
FLWA, respectively.  Mixture HPC w/ Shale-3 used a 100% replacement level of normal weight 
fine aggregate with pre-wetted shale FLWA. 

Figure 5.11:  Drying shrinkage results, 1 day cure (shale FLWA mixtures) 
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Figure 5.12:  Drying shrinkage results, 7 day cure (shale FLWA mixtures) 

Figure 5.13:  Drying shrinkage results, 14 day cure (shale FLWA mixtures) 
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It can be seen that with a 1-day cure, both replacement levels of 20% and 25%, using the pre-
wetted shale (HPC w/ Shale-1 and HPC w/ Shale -2), were effective at reducing the amount of 
drying shrinkage, but little additional benefit was observed at longer curing durations.  Mixture 
HPC w/ Shale-1 had a shrinkage value of 0.078%, and this was reduced by 10% at 168 d from 
initiation of drying compared to the HPC control mixture. Mixture HPC w/ Shale-2 had a 
shrinkage value of 0.076%, and this reduced the drying shrinkage by 12% at 168 days from 
initiation of drying when compared to the HPC control mixture.  However, mixture HPC w/ 
Shale-3 that had a 100% replacement of normal weight fine aggregate with FLWA showed a 
reduced amount of drying shrinkage even further than the mixtures with only a partial 
replacement as seen in Figure 5.11.  The additional pre-wetted shale FLWA provided more 
internally absorbed water to provide protection against drying shrinkage which reduced the 
shrinkage by 19.7% at 365 d of drying when compared to the control. 

However, once the curing duration was extended longer than 1 day, the mixtures with dosage 
rates of 20% and 25% using pre-wetted shale FLWA were not as effective at reducing the overall 
drying shrinkage.  In most instances, the length change was similar for all the curing durations 
(3-d to 14-d) at up to 180 d of drying, and 365 d in the case of the 14 d cure.  Similar to the 
mixtures with clay FLWA, this could be attributed to the majority of the internally absorbed 
water being consumed in hydration or autogenous deformation in the first 24 to 48 h after 
casting.  The mixture HPC w/ Shale-3 still reduced the overall drying shrinkage at extended 
curing durations.  This could be attributed to the extra internally absorbed water in the FLWA 
that was not consumed by hydration or autogenous deformation in the mixture containing 100% 
replacement of the normal weight fine aggregate with pre-wetted shale FLWA.  Therefore, in 
mixtures prone to high drying shrinkage, more FLWA may be needed than prescribed by 
equation 1.  This was also confirmed in work by Henkensiefken and co-workers on mortars 
incorporating saturated FLWA and subjected to external drying conditions (Henkensiefken et al. 
2009) 

The incorporation of SRA with pre-wetted FLWA, proved to be the most effective method to 
reduce drying shrinkage at all curing durations when comparing the shale FLWA method to 
reduce shrinkage.  This mixture reduced the drying shrinkage by 27.9% for a 1 d cure and 20.5% 
for a 14 d cure at 365 d of drying when compared to the HPC control mixture.  The reduction in 
drying shrinkage can be attributed to the reduction in capillary tension in the pore solution from 
the SRA, and the ability of the internally absorbed water of the FLWA to replenish voids during 
drying.  

5.6.3 Shrinkage reducing admixtures 

The results for length change of concrete prisms incorporating SRA and the combination of pre-
wetted shale FLWA and SRA are found in Figure 5.14 - Figure 5.16.  The results for the mass 
change of concrete prisms using SRAs are found in Appendix B: Mass Loss. Mixtures noted by 
HPC w/ Shale+SRA represent the higher chemical shrinkage value of 0.07 g/g.  This chemical 
shrinkage value was used in equation 1 to produce a replacement a level of 25% of normal 
weight fine aggregate with FLWA.   
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Figure 5.14:  Drying shrinkage results, 1 day cure (SRA mixtures) 

Figure 5.15:  Drying shrinkage results, 7 day cure (SRA mixtures) 
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Figure 5.16:  Drying shrinkage results, 14 day cure (SRA mixtures) 

The addition of an SRA reduced the drying shrinkage of the concrete.  Mixture HPC w/ SRA 
was the second most effective method at reducing the drying shrinkage.  The reduction in drying 
shrinkage was 17.1%, 16.7%, and 17.9% at 1, 7, and 14 d, respectively at 365 d from initiation of 
drying.  However, the combination of shale FLWA (25%) and SRA was the most effective 
method at reducing drying shrinkage, which reduced the drying shrinkage by 27.9% when 
compared to the HPC control mixture for the 1d cure.  The 7 and 14d external wet cure drying 
shrinkage values were reduced by 19.9% and 20.5%, respectively at 365 d of drying.  The 
reduction in drying shrinkage can be attributed to the ability of both the FLWA and the SRA to 
reduce the autogenous and drying shrinkage of the concrete.  The SRA reduced the capillary 
stress of the pore solution, while the pre-soaked FLWA may have been effective at replenishing 
water in voids less than 50 nm that typically cause shrinkage.  In essence, the synergy between 
the two different shrinkage reducing methods resulted in the most dramatic overall decrease in 
drying shrinkage. 

5.6.4 Overall discussion of drying shrinkage 

While the incorporation of FLWA, was shown to be the least effective at reducing the drying 
shrinkage, the compressive strength gain for the higher replacement levels were the highest when 
compared to the HPC control mixture.  Although a higher amount of shrinkage was observed 
compared to the other methods of mitigation, the concrete was shown to gain the most strength 
which could provide a reduction in cracking potential.  Once the induced tensile stresses 
overcome the tensile capacity of the concrete, cracking will occur which can lead to premature 
deterioration.  Additionally, the reduced modulus of elasticity in the FLWA concretes could 
allow for more deformation to occur before cracking occurs.   
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5.7 RESTRAINED SHRINKAGE 

Two shrinkage mitigation techniques were studied further based on results from the free 
shrinkage data that was presented in section 5.6.  The mixtures HPC control, HPC w/ SRA, and 
HPC w/ Shale-2 were tested in the restrained shrinkage test.  Two different curing durations were 
selected for testing of each mixture.  These curing durations were 3 and 14 d external wet cures.  
The results for the standard curing duration specified by ODOT will be presented first, and then 
results from a shortened wet cure time of 3 d will be presented. 

The results for restrained shrinkage can be found in Figure 5.17 - Figure 5.23.  The zero point for 
these data corresponded to the time when the external cure was removed from the specimens and 
drying was allowed to occur.   

5.7.1 Time to cracking 

As seen in Figure 5.17, mixture HPC control with a 14 d external wet cure (current ODOT 
curing specification) cracked at an average of 4.4 d and had a corresponding compressive 
strength of match cured cylinders of 4700 psi at the time of cracking for the first set of rings.  
The maximum average strain resulting from drying shrinkage for the three rings was 30.8 µε. 

A second set of rings were tested for the HPC control mixture, and the results can be found in 
Figure 5.18.  The average time to cracking was 4.1 d and had a corresponding compressive 
strength of the match cured cylinders of 5490 psi at the time of cracking.  The maximum average 
strain resulting from drying shrinkage of the three rings was 48.8µε. 

Figure 5.17:  Restrained shrinkage, HPC control - 14 day cure (Test 1) 
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Figure 5.18:  Restrained shrinkage, HPC control - 14 day cure (Test 2) 

Figure 5.19 displays the results for mixture HPC w/ SRA, and a 14 d external wet cure.  The 
average time to cracking was 14.2 d and had a maximum strain of 35.0 µε.  Furthermore, the rate 
of strain development was much slower than that of the control mixture, as seen by the slope of 
the curves in Figure 5.19 compared to Figure 5.17 and Figure 5.18.  It can be seen that with the 
addition of SRA, the time to cracking was extended by 9.9 d when compared to the HPC control 
mixture with a 14 d external wet cure for both mixtures.  The corresponding compressive 
strength of the concrete at the time of cracking was 5670 psi. 
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Figure 5.19:  Restrained shrinkage, HPC w/ SRA - 14 day cure 

Mixture HPC w/ Shale-2 with a 14 d cure had an average time to cracking of 7.7 d as seen in 
Figure 5.20.  The time to cracking was extended by 3.4 days when compared to the HPC control 
mixture with the same curing duration.  The corresponding compressive strength at the time of 
cracking for the match cured cylinders was 7170 psi.  The maximum average strain in the 
mixture was 56.8 µε at the time of cracking. 
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Figure 5.20:  Restrained shrinkage, HPC w/ Shale-2 - 14 day cure 

Based on free shrinkage results, a shortened curing duration was studied to determine if reducing 
the external wet cure had an effect on the time to cracking.  In Figure 5.21, results from a 3 d wet 
cure on the HPC control mixture are shown.  The average time to cracking was 4.9 d and had a 
corresponding compressive strength of 3960 psi at the time of cracking on match cured concrete 
cylinders.  The maximum average strain for this mixture was 40.6 µε.  The time to cracking for 
the HPC control mixture with a shortened external wet cure was very similar to the time to 
cracking of the specified 14 d external wet cure; although the match cured compressive strength 
was 22% lower than the average compressive strength of the match cured cylinders for the 14 d 
external wet cure. 
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Figure 5.21:  Restrained shrinkage, HPC control - 3 day cure 

Restrained shrinkage data for mixture HPC w/ SRA, and a 3 d external wet cure, is shown in 
Figure 5.22.  The average time to cracking for the three rings was 16.8 d with a maximum 
average strain of 33.4 µε.  The compressive strength of match cured cylinders at the time of 
cracking was 4560 psi.  Cracking was observed on one of the three rings at 13.6 d, and cracking 
was observed in the other two rings at 18.2 and 18.5 d, respectively.  With the addition of SRA, 
the time to cracking was extended by 12.4 d, for the reduced external wet cure duration of 3 
days.  As expected, the rate of shrinkage was also reduced when compared to the HPC control 
mixture.  This corresponds well to free shrinkage data reported in section 5.6.  Similar results on 
the prolonged time to cracking in restrained shrinkage on HPC incorporating SRAs were found 
by Folliard et al (Folliard et al. 2003). 
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Figure 5.22:  Restrained shrinkage, HPC w/ SRA - 3 day cure 

For mixture HPC w/ Shale-2and a 3d external wet cure, it is seen in Figure 5.23 that cracking 
occurred in all three rings at approximately the same age.  The average time to cracking was 6.9 
d with a corresponding average strain of 43.5 µε.  The average compressive strength of the match 
cured cylinders was 4150 psi at the time of cracking.  It can be seen that the addition of pre-
soaked FLWA, and a 3 d external wet cure prolonged the time to cracking by 2.5 d when 
compared to the HPC control mixture with a reduction in external wet cure of 11 d.   
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Figure 5.23:  Restrained shrinkage, HPC w/ Shale-2 - 3 day cure 

Even though the compressive strength of the HPC w/ Shale-2 mixture with a 3 d cure was lower 
(12%) at the time of cracking than that of the HPC control mixture with a 14 d cure at the time of 
cracking, the time to cracking was prolonged.  This can be attributed to a lower elastic modulus 
of the mixture incorporating FLWA in addition to an overall reduction in drying shrinkage which 
was seen in section 5.5.2. Concretes with lower elastic modulus due to incorporation of 
lightweight fine aggregates offer less restraint to time dependent deformations, such as drying 
shrinkage (Mindess et al. 2003).  Therefore, it would be expected that more deformation would 
occur in the HPC w/ Shale-2 mixture with a 3 d cure before cracking than that in the HPC 
control mixture with a 14 d cure, which had a higher elastic modulus.  Additionally, when 
comparing the rate of shrinkage, it was found that the rate of shrinkage was reduced with the 
incorporation of pre-soaked FLWA which will be discussed in section 5.7.2. 

5.7.2 Stress rate and cracking potential 

In addition to determining the time of cracking to compare different mixture designs and curing 
durations, the cracking potential can be determined based on the stress rate (psi/day) and the time 
of cracking.  According to ACI Committee 231 the cracking potential for concrete can be 
classified based on the following using the ASTM C1581 restrained ring test: 
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• A zone of high potential for cracking, stress rates exceeding 50 psi/day and cracking
occurring within 7 d after the initiation of drying

• A zone of moderate-high potential for cracking, stress rates between 25 and 50 psi/day
and cracking occurring between 7 and 14 d after the initiation of drying

• A zone of moderate-low potential for cracking, stress rates between 15 and 25 psi/day
and cracking occurring between 14 and 28 d after the initiation of drying

• A zone of low potential for cracking, stress rates lower than 15 psi/day and cracking
occurring beyond 28 d from initiation of drying, or no cracking occurring between 28
days and the end of the test(ACI Committee 231 2010)

The stress rate was calculated according to the procedure laid out by See and co-workers (See et 
al. 2004) . A summary of the time of cracking and stress rates for the different concrete mixtures 
is found in Table 5.10. 

Table 5.10:  Summary of cracking potential of different concrete mixtures 

It can be seen that the HPC control mixture, regardless of the curing duration, had a high 
potential for cracking based on both the stress rate generation and the time of cracking.  With the 

Mixture MSA
Curing 

Duration 
(days)

Ring
Time of 

Cracking 
(days)

Stress 
Rate 

(psi/day) at 
ToC

Cracking 
Potential

Average 
ToC 

(days)

Overall 
Evaluation

1 4.0 55 H
2 5.5 46 MH
3 5.2 49 MH
1 2.4 80 H
2 4.4 50 MH
3 6.6 28 MH
4 4.6 41 MH
5 3.6 70 H
1 4.3 38 MH
2 3.5 53 H
3 3.5 51 H
1 6.5 34 MH
2 7.0 31 MH
3 7.3 41 MH
1 7.4 35 MH
2 7.9 38 MH
1 13.9 14 ML-L
2 18.4 11 ML-L
3 18.8 14 ML-L
1 16.1 15 ML
2 14.9 13 ML-L
3 11.6 20 ML

High

High

Moderate-High

Moderate-High

Moderate-Low

Moderate-Low14

Time of Cracking in ASTM Rings (days)

4.9

4.3

3.8

6.9

7.7

17.0

14.2

High3

14

14

3

14

3

HPC w/ SRA

3/4"

3/4"

1/2"

3/4"

3/4"

3/4"

3/4"

HPC Control

HPC Control

HPC Control

HPC w/ Shale-2

HPC w/ Shale-2

HPC w/ SRA
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addition of shale FLWA, the time to cracking was prolonged and the stress rate generation was 
decreased.  This resulted in a moderate-high cracking potential for both curing durations.  In the 
case with the HPC w/ Shale-2 mixture, the longer curing duration of 14 d prolonged the average 
time to cracking by about 1 day, but the stress rate generation was similar.  

For the HPC w/ SRA mixtures, the time to cracking was significantly prolonged compared to the 
HPC control mixture for both curing durations.  Based on the time to cracking, these mixtures 
would be considered to have a moderate-low cracking potential. Additionally the stress rate was 
lower than both the HPC control mixture and the HPC w/ Shale-2 mixture.  Based on the stress 
rate, these mixtures would be considered to have a low cracking potential.  However, the 
concrete still cracked in less than 28 d from the initiation of drying.  Therefore the HPC w/ SRA 
mixtures would be considered to have a moderate-low cracking potential 

5.8 RAPID CHLORIDE PERMEABILITY TEST 

The 56 and 90d RCPT results are shown in Figure 5.24.  It can be seen that all concrete mixtures 
had a total charge passed less than 1000 C in 6 hours.  This meets the specifications prescribed 
by ODOT.   According to ASTM C1202 (ASTM Standard C1202 2010), all mixtures exhibited 
very low permeability and thus a low risk of chloride ingress due to the total charge passed in 6 h 
being less than 1000 C.   

Figure 5.24:  RCPT results 
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The HPC control mixture had a 56-d value of 860 C passed in 6 h.  The 90 d results produced a 
value of 635 C passed in 6 h.  The additional curing thus provided a less permeable concrete and 
one that would be even more resistant to ingress of deleterious chlorides based on this test.   

Mixture HPC w/ SRA had a 56 d value of 665 C and 90 d value of 540 C respectively.  The 56 d 
value for HPC w/ SRA was 23% lower than that of the HPC control mixture, and the 90 d value 
15% lower than the HPC control.  The decreased permeability in concrete mixtures incorporating 
SRAs was also found in research performed by Berke et al.(Berke et al. 2003) and Bentz (Bentz 
2009). 

Mixtures incorporating lower dosages (CS = 0.056 ml/g) of FLWA performed similarly to the 
HPC control mixture with a 56 d cure.  It can be seen that with higher dosages of FLWA, the 
permeability of the concrete was slightly higher at 56 d, as measured by ASTM C1202.  
However, at 90 d the permeability was the same in the mixtures incorporating the clay FLWA as 
in the control mixture.  However, in the mixture incorporating the shale FLWA, the charge 
passed was reduced from 635 C in the HPC control mixture to 490 C in the HPC w/ Shale-2 
mixture.  The reduction in permeability from 56 d to 90 d can be attributed to the improved 
hydration and densification of the ITZ with the FLWA as observed by Bentz (Bentz 2009). 

Additional testing to study the impact of air-entrainment on permeability in conjunction with 
FLWA was performed on the FLWA mixtures that were proportioned with CS = 0.07 g/g.  It can 
be seen in Table 5.11that the amount of entrained air has an effect on the permeability of the 
concrete, especially at 56 d testing.  

Table 5.11:  RCPT results, FLWA air study 

At 56 d it was found that there was a reduction in permeability with a decrease in air content.  
This finding was especially profound in the mixtures incorporating expanded shale FLWA.  It 
was found that with a 3.5% reduction in air content resulted in 36.7% reduction in charge passed.  
These results are supported by research by Zhang and Gjorv (Zhang and Gjorv 1991).  In their 
research, it was found that the porosity of the mortar matrix played a more important role than 
the porosity of the aggregate when determining the permeability of the concrete.  However, the 
same trend was not observed in RCPT results on the mixtures cured for 90 d.  The mixtures with 
the same FLWAs typically exhibited similar permeability regardless of the air content.  The 
mixtures with expanded shale had lower permeability than those with expanded clay.  This 
suggests that aggregates with very high absorption capacities (>30%) may have increased 
permeability.  It is recommended that further research on actual chloride ingress to calculate 
diffusion rates be conducted to confirm this observation.  However, it should be noted that 
regardless of the air entrainment, the permeability of the concrete made with the pre-soaked 

Air content 56 day 90 day
HPC w/ Clay-2_4 4.25% 845 540
HPC w/ Clay-2_6 6.25% 925 635
HPC w/ Shale-2_4 4.50% 585 490
HPC w/ Shale-2_8 8.00% 925 490

Charge Passed (coulombs)
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FLWA was equal to or less than that of the control mixture.  This was likely a result of further 
refinement of the paste matrix through continued hydration with the pre-soaked FLWA and the 
pozzolanic activity of the SCMs.  While results from the ASTM C1202, RCPT test indicated a 
potential for a reduction in permeability, further research on chloride ingress should be 
performed to determine the actual chloride penetrability of these mixtures using more accurate 
test methods that will measure actual chloride ingress. 

5.9 FREEZE-THAW 

The six different HPC mixtures were tested for freeze-thaw resistance according to ASTM C666 
– Method A (ASTM Standard C666 2003).  For this test, the change in relative dynamic modulus
of elasticity (RDME) from just after curing throughout the test is recorded.  This change in 
RDME for the mixtures tested can be seen in Figure 5.25.   

Figure 5.25:  Freeze-thaw testing, relative dynamic modulus 
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Table 5.12:  Mass loss and relative dynamic modulus of elasticity after 300 cycles 

Tabulated values for the RDME and mass change are found in Table 5.12.  Mixture HPC control 
had a RDME of 90% and a mass loss of 0.80% after 300 cycles.  The incorporation of SRA 
(HPC w/ SRA) did not have any significant effect on the RDME and passed the test at 91% after 
300 cycles.  The slight increase in RDME could be attributed to the SRAs ability to keep the 
small capillary pores open that aid in the transport of freezing water (Powers and Helmuth 
1953).  However, the mass loss was much more profound.  The mass loss of mixture HPC w/
SRA was 2.50% at the end of 300 cycles.  It was observed during testing that the surface of the 
specimen began scaling off around 120 cycles.  At the end of 300 cycles, the majority of the 
surface had scaled off approximately 1-2 mm (0.04-0.08 in), but no popouts of aggregates were 
observed.  Work performed by Cope and Ramey also showed that the use of SRAs had minimal 
effect on the RDME, but the scaling on the SRA mixture was more significant when compared 
to the control mixture (Cope and Ramey 2001).   

For mixtures containing expanded clay, the change in RDME and the mass loss were the highest 
of all mixtures tested.  For mixture HPC w/ Clay-1, the RDME after 300 cycles was 81%.  The 
mass loss for this mixture was 3.52%, and was 77% greater than that of the HPC control mixture.  
Testing on mixture HPC w/ Clay-2 was terminated after 194 cycles, when the RDME was 55% 
and the prism was observed to have significant aggregate popouts.  The lower performance for 
the mixture with the higher replacement of expanded clay may be attributed to the expansion of 
the internally stored water in the FLWA during the freezing cycle since the specimens were kept 
at near saturated conditions prior to testing to provide the most aggressive test conditions.   

Mixtures containing expanded shale typically performed better than the mixtures containing 
expanded clay.  For the lower replacement level, the performance of both FLWAs was similar.  
At the end of 300 cycles, mixture HPC w/ Shale-1, had a RDME of 80% and the HPC w/ Clay-1 
had a RDME of 81% after 300 cycles.  The HPC w/ Shale-1 mixture began to deteriorate rapidly 
once internal damage had begun, which can be seen in the change of slope around 250 cycles in 
Figure 5.25.  For mixture HPC w/ Shale-2, there was no significant difference in the RDME 
(91%) when compared to the HPC control mixture.  This result indicates that with a proper 
amount of air entrainment, mixtures incorporating pre-soaked FLWA can perform similarly to 
mixtures without FLWA in terms of RDME, but exhibit larger mass loss, in a worst case 
scenario.  Additionally, the mass change was lower in both mixtures incorporating the shale 
when compared to mixtures incorporating the clay.  Mixture HPC w/ Shale-1 had a mass loss of 
1.81% compared to 3.52% for HPC w/ Clay-1.  Mixture HPC w/ Shale-2 had a mass loss of 
1.21%, whereas the test for the HPC w/ Clay-2 mixture was ended after 194 cycles.  At the end 
of the 194 cycles, mixture HPC w/ Clay-2 had a mass loss of 3.79%. 

Mixture ID Mass change (%) RDME
HPC control -0.799 90%
HPC w/ SRA -2.5 91%

HPC w/ Clay-1  -3.52 81%
HPC w/ Clay-2 N/A N/A
HPC w/ Shale-1 -1.81 80%
HPC w/ Shale-2 -1.25 90%
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When comparing the two mixtures incorporating FLWA, it was seen that the shale FLWA 
performed better than the clay.  One reason for this may be attributed to the absorption capacity 
of the aggregates.  The shale had a lower absorption capacity and therefore a lower amount of 
internally absorbed water would be in each aggregate.  During the hydration of cement, the 
FLWA will give off much of its absorbed water.  Since the specimens were kept in a 100% RH 
environment until testing, the FLWA could still have some internally absorbed water.  
Furthermore, in FLWAs with lower absorption capacity, there would be less expansion in the 
aggregate due to freezing of the internally stored water.  It can be seen that in mixture HPC w/ 
Shale-2, the higher air content performed better than HPC w/ Shale-1 which had a lower air 
content even though there was more FLWA present.  The higher air content provided increased 
freeze-thaw performance.  In mixtures incorporating pre-soaked FLWA that are subjected to 
freezing and thawing conditions in a near saturated condition, a higher air content may be needed 
to provide similar performance to mixtures that do not have FLWA under similar conditions. 

ASTM C330 (ASTM Standard C330 2009), testing of concretes with FLWA ,states to dry the 
specimen for 14 d prior to testing where ASTM C666  states that the specimens should be kept in 
a saturated condition.  This would have allowed the internally absorbed water in the aggregate to 
be released prior to testing.  The release of the water would have produced a refined ITZ around 
the FLWA.  The densification of the ITZ around the aggregate could have made it difficult for 
the FLWA to re-absorb water during freeze-thaw testing.  This would have eliminated any 
potentially deleterious effect of the FLWA expanding during the freezing cycle.  A 
recommended modification would be that the internal RH development of the concrete should be 
determined prior to testing to approximate how much internally absorbed water is left in the 
FLWA.  Once the internal RH of the concrete is known, the amount of water in the FLWA can 
be approximated from desorption testing on the FLWA. 
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6.0 CONCLUSIONS 

High performance concrete is susceptible to the deleterious and combined effects of autogenous 
and drying shrinkage.  If the specimen is restrained, the tensile stress development may exceed 
the tensile strength, leading to premature cracking.  The use of SRAs and pre-soaked FLWA 
have been shown to be effective methods to reduce both types of shrinkage.  However, the focus 
has mainly been on the reduction of autogenous deformation.  Since the magnitude of drying 
shrinkage is typically much higher (5-10 times or more) this is an important area for study.  In 
addition to a lack of information on long-term drying shrinkage the overall performance, 
specifically durability, of concrete specimens incorporating these mitigation measures is also 
lacking.  

The goal of this research project was to determine the ability of SRAs and internal curing, using 
pre-soaked FLWA, to reduce long-term drying shrinkage in HPC prisms.  In addition to 
performing drying shrinkage testing, durability testing was performed to ensure that the neither 
of the shrinkage mitigation techniques had a negative impact on durability.  Freeze-thaw, 
permeability and restrained drying shrinkage testing to determine the cracking potential was also 
performed.   

Overall conclusions from this research were:  

6.1 DRYING SHRINKAGE 

• For the range of external curing durations investigated (1, 3, 7, 10 and 14 d) it was
observed that external wet curing beyond 3 d did not provide any additional protection
against drying shrinkage for the HPC mixtures investigated in this study (compared to the
current 14 d external wet curing duration).

• The use of FLWA, SRA and combinations of both were shown to provide improved
protection against drying shrinkage in particular at shorter external wet curing durations
(up to 3 d of external wet curing).  Beyond three days of external wet curing mixtures
with 2.0% SRA or 25% FLWA + 2.0% SRA (by mass of total cementitious) were the
most beneficial in reducing long-term drying shrinkage.

• The replacement of normal weight fine aggregate with FLWA at percentages ranging
from 10-100% showed a reduction in long-term drying shrinkage compared to a high
performance control concrete mixture (0.37 w/cm, 30% Class F fly ash, 4% silica fume,
633 lb/yd3 total cementitious and natural river gravel).  The reduction in drying shrinkage
was most pronounced for mixtures with a 25 and 100% replacement using an expanded
shale as the FLWA.  This was particularly evident at shorter external wet curing
durations.
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• At longer external wet curing durations (e.g. 7, 10 and 14 d) the use of FLWA on its own
was comparable to the control HPC mixture in terms of the magnitude of drying
shrinkage observed thereafter.  This was likely due to most (if not all) of the internally
stored water in the aggregate being consumed in hydration or to mitigate autogenous
shrinkage during the curing process.  Therefore, no additional internal water was
available to provide protection against drying shrinkage.  Higher replacements of FLWA
may need to be added to the mixture design to mitigate drying shrinkage.  However,
higher percentages were not fully investigated in this project as there was concern about
abrasion of high performance concrete bridge decks since the use of studded tires during
the winter are permitted in Oregon.

• The incorporation of a shrinkage reducing admixture at a standard 2% dosage by mass of
cementitious material was more effective than the FLWA replacements alone.  However,
the addition of SRA reduced the compressive strength slightly below the target strength
(of 5,000 psi at 28 d). The strength was recovered by 56 d of testing.

• The most effective means of reducing drying shrinkage was through the replacement of
normal weight fine aggregate with FLWA (at 25%) and incorporation of SRA where an
average reduction in shrinkage of 23% at 365 d after initiation of drying(various external
wet cure durations) was observed.

6.2 DURABILITY 

• When tested in the ASTM C1581 restrained ring test, the HPC control mixture,
regardless of the curing duration, had a high potential for cracking (ACI 231 Committee
2010) based on both the stress rate generation and the time of cracking.

• With the addition of shale FLWA, the time to cracking was prolonged in the ASTM
C1581 restrained ring test and the stress rate generation was decreased.  This resulted in a
moderate-high cracking potential for both curing durations (3 and 14 d).  In the case with
the HPC w/ Shale-2 mixture, the longer curing duration of 14 d prolonged the average
time to cracking by about 1 day, but the stress generation rate was similar.

• For the HPC w/ SRA mixtures, the time to cracking was significantly prolonged
compared to the HPC control mixture for both curing durations.  Based on the time to
cracking alone, these mixtures would be considered to have a moderate-low cracking
potential. Additionally the stress rate was lower than both the HPC control mixture and
the HPC w/ Shale-2 mixture.  Based on the stress rate alone, these mixtures would be
considered to have a low cracking potential.  However, since the concrete still cracked in
less than 28 d from the initiation of drying, the HPC w/ SRA mixtures would be
considered to have a moderate-low cracking potential

• No reduction in relative dynamic modulus of elasticity in mixtures containing SRA was
observed when tested for freeze-thaw resistance.  However, surface scaling was observed
in these specimens after 300 cycles of testing commensurate with mass loss
measurements.
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• Conflicting results on the performance of FLWA mixtures was found when tested for
freeze-thaw resistance.  When an adequate air void system was present in the HPC, the
mixtures incorporating FLWA maintained a relative dynamic modulus of 90 or higher
(mixtures said to have a high resistance from freeze-thaw attack according to ASTM
C666).  The air content for mixtures incorporating FLWA may need to be higher than a
comparable mixture without FLWA when the concrete is nearly saturated (e.g. worst-
case scenario for freeze/thaw attack).  Additional testing on the freeze-thaw performance
of HPC incorporating FLWA should be performed following the guidelines of ASTM
C330.

• The incorporation of both shrinkage mitigation techniques (SRA or pre-soaked FLWA)
reduced the chloride penetrability of the HPC mixture according to the rapid chloride
permeability test, ASTM C1202.  All mixtures passed the test with total charge passed
less than 1,000 C at 56 d of curing (ODOT required specification).  The 56 d value for
mixture incorporating SRA was 23% lower than that of the control mixture, and the 90 d
value 15% lower than that of the control mixture.

• Mixtures incorporating FLWA (clay and shale)as are placement of the normal weight fine
aggregate performed, in terms of total charge passed in 6 hours ,similarly to the control
with a 56 d cure in ASTM C1202.  At 90 d, the permeability was lower in the mixtures
containing FWLA when compared to the control mixture.  All of the mixtures tested
resulted in a total charge passed less than 1000 C at all ages.  This resulted in the
mixtures being classified as having a very low chloride ion penetrability based on the
parameters in ASTM C1202.

6.3 RECOMMENDATIONS FOR HIGH PERFORMANCE CONCRETE 
BRIDGE DECKS BASED ON THIS RESEARCH 

Based on the results in this research report, it is evident that the high performance concrete 
mixture investigated has a high potential for long-term drying shrinkage and thus a high risk for 
cracking.  Furthermore, it was observed that external wet curing beyond 3 d, compared to the 14 
d control, did not provide any additional reduction in long-term drying shrinkage.   

• For the high performance concrete mixture investigated herein to be effectively used in
concrete bridge deck applications it is recommended that some method of shrinkage
reduction be incorporated.  This may be the use of fine lightweight aggregate (FLWA at
approximately 25%replacement of the normal weight fine aggregate is a good starting
point), shrinkage reducing admixture (SRA) at a 2.0% addition by mass of cement, or a
combination of both techniques.

• Reducing the external curing duration to less than 3 d is not recommended based on the
results of this research project even when the techniques above are employed.

• Techniques should be investigated to reduce the shrinkage potential in the high
performance concrete mixture investigated in this research project.  These techniques
should be verified to ensure that mechanical and durability requirements are still met
while the drying shrinkage is reduced.  Such improvements may include a slightly higher
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w/cm (0.40 to 0.44), lowered total cementitious content, larger maximum size aggregate 
and/or different supplementary cementitious materials or altered amounts of 
supplementary cementitious materials. 

6.4 FUTURE RESEARCH 

While the testing herein showed an overall reduction in drying shrinkage for the various 
mitigation methods and similar durability performance, further investigations are recommended.  

• Evaluate the baseline high performance concrete mixture for modifications which can
reduce the inherent shrinkage potential.  This may include a lower cementitious content,
different supplementary cementitious materials, a slightly higher water/cement ratio and
larger maximum size aggregate among others.

• Ensure that modifications to the baseline HPC mixture (recommended above) still meet
ODOT specifications.

• It is recommended that restrained ring testing (ASTM C 1581) and drying shrinkage
(ASTM C 157) for HPC mixtures incorporating FLWA and SRA should be conducted
once the base HPC mixture is evaluated and modified.

• The use of synthetic fibers (both uniform size and blended size) should be investigated to
see how mechanical confinement can aid in the reduction of long-term shrinkage of high
performance concrete.  This technique in combination with FLWA and/or SRA may
provide an effective means of reducing shrinkage parameters in the baseline HPC mixture
as well.

• Freeze-thaw testing meeting ASTM C330 should be performed to accurately verify the
performance of mixtures incorporating FLWA.

• Finally, it is recommended that small-scale trial (s) be conducted (field sites preferred but
small scale bridge decks at an outdoor exposure site such as the one at Oregon State
University would be acceptable) to ensure performance of a candidate mixture(s) prior to
full implementation.

There are a number of states that have field trials with fine lightweight aggregate and/or SRA as 
a mitigation technique for shrinkage.  Those states with the most experience include New York, 
Texas, Indiana, and Illinois as well as other limited trials in other states.  Their experience may 
prove useful, as well when moving forward to implement the research findings from this project 
and/or validate additional investigations.   
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APPENDIX A:  
DRYING SHRINKAGE 
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APPENDIX B: MASS LOSS 
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APPENDIX C: 
TABULATED VALUES FOR DRYING SHRINKAGE 

 





 

 
 
 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

1.04 0.00 0.000% 0.0000% 0.00%
2.04 0.99 -0.008% 0.00058% -2.00%
6.01 4.96 -0.028% 0.00115% -2.76%
7.96 6.92 -0.034% 0.00058% -2.91%

10.05 9.01 -0.041% 0.00100% -3.03%
14.96 13.92 -0.048% 0.00058% -3.20%
17.20 16.16 -0.053% 0.00100% -3.24%
22.03 20.98 -0.056% 0.00100% -3.32%
24.00 22.95 -0.061% 0.00208% -3.35%
29.00 27.96 -0.064% 0.00208% -3.41%
36.00 34.95 -0.067% 0.00200% -3.45%
42.98 41.94 -0.071% 0.00404% -3.49%
50.03 48.98 -0.073% 0.00265% -3.50%
57.12 56.07 -0.076% 0.00416% -3.52%
71.15 70.10 -0.078% 0.00404% -3.54%
85.01 83.97 -0.080% 0.00473% -3.58%
98.87 97.82 -0.083% 0.00503% -3.57%
113.19 112.15 -0.083% 0.00473% -3.57%
169.36 168.31 -0.087% 0.00503% -3.54%
201.95 200.91 -0.088% 0.00458% -3.52%
225.29 224.25 -0.089% 0.00416% -3.50%
297.14 296.10 -0.091% 0.00212% -3.79%
367.01 365.97 -0.093% 0.00354% -3.75%

HPC control - 1 day cure data:

C-1 



 

  
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

3.07 0.00 0.000% 0.0000% 0.00%
6.00 2.93 -0.018% 0.00058% -2.10%
7.04 3.97 -0.022% 0.00058% -2.26%
10.00 6.93 -0.031% 0.00058% -2.56%
13.02 9.95 -0.037% 0.00208% -2.75%
17.20 14.13 -0.045% 0.00208% -2.91%
21.02 17.95 -0.049% 0.00208% -3.00%
24.00 20.93 -0.052% 0.00265% -3.07%
27.05 23.97 -0.055% 0.00306% -3.13%
31.01 27.94 -0.056% 0.00321% -3.18%
37.99 34.92 -0.060% 0.00306% -3.24%
45.02 41.95 -0.062% 0.00321% -3.29%
52.14 49.07 -0.065% 0.00265% -3.32%
59.01 55.94 -0.067% 0.00361% -3.35%
72.97 69.90 -0.068% 0.00321% -3.40%
87.20 84.13 -0.070% 0.00321% -3.44%

101.17 98.10 -0.071% 0.00153% -3.45%
115.12 112.05 -0.073% 0.00361% -3.47%
171.22 168.15 -0.077% 0.00436% -3.48%
201.96 198.89 -0.078% 0.00493% -3.48%
227.08 224.00 -0.079% 0.00493% -3.47%
297.14 294.07 -0.081% 0.00577% -3.46%
371.21 368.14 -0.084% 0.00551% -3.43%

HPC control - 3 day cure data:

C-2 



 

 
 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

6.99 0.00 0.000% 0.0000% 0.00%
7.97 0.98 -0.010% 0.00058% -1.18%
10.06 3.07 -0.019% 0.00100% -1.77%
14.27 7.28 -0.031% 0.00058% -2.24%
17.21 10.22 -0.038% 0.00058% -2.42%
21.04 14.06 -0.044% 0.00115% -2.58%
24.00 17.02 -0.048% 0.00100% -2.67%
28.00 21.01 -0.052% 0.00100% -2.79%
31.01 24.02 -0.054% 0.00058% -2.83%
35.01 28.02 -0.056% 0.00115% -2.90%
41.96 34.98 -0.060% 0.00100% -2.98%
49.00 42.01 -0.063% 0.00153% -3.05%
56.00 49.01 -0.064% 0.00115% -3.09%
63.18 56.19 -0.066% 0.00173% -3.12%
77.20 70.21 -0.069% 0.00115% -3.19%
91.29 84.30 -0.071% 0.00173% -3.24%

105.22 98.24 -0.074% 0.00153% -3.27%
119.37 112.38 -0.075% 0.00153% -3.29%
175.30 168.32 -0.078% 0.00208% -3.33%
201.96 194.97 -0.078% 0.00208% -3.34%
231.23 224.24 -0.080% 0.00231% -3.34%
297.14 290.16 -0.081% 0.00208% -3.35%
372.08 365.09 -0.084% 0.00231% -3.34%

HPC control - 7 day cure data:

C-3 



 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

10.00 0.00 0.000% 0.0000% 0.00%
12.03 2.03 -0.017% 0.00058% -1.43%
14.27 4.27 -0.023% 0.00058% -1.68%
17.21 7.20 -0.032% 0.00058% -1.96%
21.03 11.02 -0.039% 0.00058% -2.19%
24.01 14.00 -0.045% 0.00058% -2.31%
27.05 17.05 -0.049% 0.00100% -2.43%
31.01 21.01 -0.053% 0.00208% -2.51%
34.01 24.01 -0.056% 0.00208% -2.57%
38.00 28.00 -0.058% 0.00173% -2.64%
45.02 35.02 -0.063% 0.00208% -2.72%
52.14 42.14 -0.065% 0.00265% -2.79%
59.02 49.01 -0.068% 0.00306% -2.84%
66.25 56.24 -0.069% 0.00321% -2.90%
80.10 70.09 -0.071% 0.00231% -2.96%
94.21 84.21 -0.075% 0.00289% -3.01%

108.03 98.03 -0.077% 0.00289% -3.05%
122.26 112.25 -0.080% 0.00208% -3.07%
201.96 191.96 -0.082% 0.00306% -3.14%
234.27 224.27 -0.083% 0.00416% -3.15%
297.14 287.14 -0.086% 0.00493% -3.16%
377.26 367.26 -0.089% 0.00551% -3.18%

HPC control - 10 day cure data:

C-4 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

14.08 0.00 0.000% 0.0000% 0.00%
14.97 0.89 -0.010% 0.00231% -0.75%
17.21 3.13 -0.020% 0.00231% -1.29%
21.05 6.97 -0.030% 0.00265% -1.68%
24.01 9.94 -0.036% 0.00231% -1.86%
28.00 13.93 -0.043% 0.00208% -2.06%
31.01 16.94 -0.046% 0.00200% -2.14%
35.01 20.93 -0.050% 0.00231% -2.24%
38.00 23.92 -0.052% 0.00208% -2.30%
41.96 27.89 -0.054% 0.00200% -2.37%
49.00 34.93 -0.058% 0.00153% -2.46%
56.00 41.92 -0.061% 0.00200% -2.53%
63.18 49.10 -0.063% 0.00208% -2.59%
70.03 55.95 -0.066% 0.00200% -2.64%
84.02 69.94 -0.069% 0.00200% -2.74%
98.21 84.13 -0.072% 0.00200% -2.78%

112.27 98.19 -0.070% 0.00153% -2.82%
126.06 111.98 -0.074% 0.00200% -2.84%
201.96 187.88 -0.078% 0.00173% -2.92%
238.03 223.95 -0.081% 0.00208% -2.94%
297.15 283.07 -0.082% 0.00153% -2.96%
379.21 365.13 -0.085% 0.00153% -2.99%

HPC control - 14 day cure data:

C-5 



 

 
 
 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

1.02 0.00 0.000% 0.0000% 0.00%
1.90 0.89 -0.008% 0.00265% -1.83%
6.07 5.05 -0.018% 0.00404% -2.77%
7.77 6.75 -0.021% 0.00400% -2.92%
9.88 8.86 -0.025% 0.00379% -3.07%
14.79 13.77 -0.033% 0.00404% -3.29%
16.98 15.96 -0.035% 0.00513% -3.34%
21.94 20.93 -0.041% 0.00529% -3.44%
23.99 22.97 -0.043% 0.00503% -3.48%
28.65 27.63 -0.047% 0.00503% -3.56%
35.82 34.80 -0.050% 0.00513% -3.64%
42.97 41.95 -0.053% 0.00503% -3.70%
49.86 48.84 -0.056% 0.00611% -3.74%
56.76 55.74 -0.058% 0.00603% -3.77%
71.13 70.11 -0.060% 0.00666% -3.81%
85.20 84.18 -0.062% 0.00600% -3.83%
90.99 89.97 -0.063% 0.00557% -3.85%
99.14 98.12 -0.064% 0.00624% -3.86%

225.87 224.85 -0.074% 0.00551% -3.91%
294.04 293.02 -0.076% 0.00577% -3.90%
365.71 364.69 -0.077% 0.00577% -3.89%

HPC w/ SRA - 1 day cure data:

C-6 



 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

3.08 0.00 0.000% 0.0000% 0.00%
6.07 2.99 -0.010% 0.00153% -1.80%
9.88 6.80 -0.015% 0.00058% -2.29%
13.78 10.70 -0.022% 0.00115% -2.57%
19.80 16.73 -0.028% 0.00115% -2.81%
23.99 20.91 -0.033% 0.00100% -2.93%
27.05 23.97 -0.035% 0.00058% -3.00%
30.95 27.88 -0.038% 0.00208% -3.08%
37.81 34.73 -0.043% 0.00115% -3.18%
44.90 41.82 -0.045% 0.00058% -3.27%
52.04 48.96 -0.048% 0.00100% -3.33%
58.95 55.87 -0.051% 0.00153% -3.37%
72.74 69.66 -0.054% 0.00115% -3.45%
83.05 79.98 -0.057% 0.00115% -3.46%
86.90 83.82 -0.056% 0.00058% -3.49%
92.78 89.70 -0.058% 0.00115% -3.52%

101.00 97.92 -0.058% 0.00100% -3.54%
225.87 222.80 -0.066% 0.00153% -3.71%
294.04 290.96 -0.067% 0.00058% -3.76%
368.06 364.98 -0.068% 0.00200% -3.79%

HPC w/ SRA - 3 day cure data:

C-7 



 

 
 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

6.98 0.00 0.000% 0.0000% 0.00%
7.77 0.79 -0.006% 0.00115% -0.74%
9.88 2.90 -0.009% 0.00115% -1.40%
13.80 6.81 -0.016% 0.00100% -1.92%
16.98 10.00 -0.020% 0.00153% -2.14%
21.07 14.09 -0.024% 0.00115% -2.34%
23.99 17.01 -0.029% 0.00115% -2.46%
27.99 21.00 -0.034% 0.00115% -2.59%
30.95 23.97 -0.036% 0.00153% -2.66%
35.00 28.02 -0.040% 0.00100% -2.75%
42.05 35.07 -0.043% 0.00200% -2.87%
49.15 42.17 -0.047% 0.00200% -2.96%
55.84 48.85 -0.050% 0.00208% -3.03%
63.09 56.11 -0.053% 0.00200% -3.09%
77.14 70.16 -0.056% 0.00200% -3.19%
79.04 72.06 -0.056% 0.00200% -3.20%
90.99 84.00 -0.057% 0.00200% -3.25%
97.96 90.97 -0.058% 0.00252% -3.29%

105.08 98.10 -0.060% 0.00252% -3.32%
225.88 218.89 -0.068% 0.00200% -3.56%
294.04 287.06 -0.069% 0.00252% -3.64%
372.00 365.02 -0.070% 0.00252% -3.70%

HPC w/ SRA - 7 day cure data:

C-8 



 

 
 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

9.88 0.00 0.000% 0.0000% 0.00%
11.31 1.43 -0.005% 0.00058% -0.75%
13.80 3.92 -0.010% 0.00058% -1.27%
16.98 7.10 -0.014% 0.00058% -1.63%
19.81 9.93 -0.019% 0.00058% -1.84%
23.99 14.11 -0.025% 0.00100% -2.07%
27.05 17.17 -0.029% 0.00058% -2.20%
30.96 21.07 -0.031% 0.00208% -2.33%
33.79 23.91 -0.036% 0.00058% -2.41%
37.81 27.93 -0.039% 0.00058% -2.50%
44.90 35.02 -0.042% 0.00100% -2.64%
52.04 42.16 -0.045% 0.00115% -2.74%
58.95 49.07 -0.049% 0.00058% -2.82%
66.01 56.13 -0.051% 0.00100% -2.88%
93.83 83.94 -0.057% 0.00153% -3.07%
99.90 90.02 -0.058% 0.00100% -3.10%

225.88 215.99 -0.066% 0.00300% -3.43%
294.04 284.16 -0.069% 0.00115% -3.52%
374.86 364.98 -0.070% 0.00173% -3.60%

HPC w/ SRA - 10 day cure data:

C-9 



 

 
 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

13.80 0.00 0.000% 0.0000% 0.00%
14.80 0.99 -0.006% 0.00058% -0.57%
16.98 3.18 -0.010% 0.00058% -1.05%
21.07 7.27 -0.016% 0.00100% -1.50%
23.99 10.19 -0.020% 0.00100% -1.70%
27.99 14.18 -0.026% 0.00100% -1.92%
30.96 17.15 -0.027% 0.00208% -2.04%
35.01 21.20 -0.033% 0.00100% -2.17%
37.82 24.01 -0.036% 0.00115% -2.25%
42.05 28.25 -0.038% 0.00058% -2.35%
49.15 35.35 -0.043% 0.00058% -2.48%
55.84 42.03 -0.046% 0.00058% -2.57%
63.09 49.29 -0.049% 0.00058% -2.66%
83.98 70.18 -0.053% 0.00058% -2.84%
98.00 84.20 -0.055% 0.00058% -2.94%

225.88 212.07 -0.067% 0.00000% -3.36%
294.04 280.24 -0.069% 0.00071% -3.11%
378.74 364.93 -0.070% 0.00071% -3.20%

HPC w/ SRA - 14 day cure data:

C-10 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

1.07 0.00 0.000% 0.0000% 0.00%
2.07 1.00 -0.007% 0.00000% -2.79%
5.04 3.97 -0.022% 0.00173% -3.71%
8.05 6.98 -0.032% 0.00231% -4.02%
11.00 9.93 -0.039% 0.00231% -4.20%
15.02 13.95 -0.048% 0.00252% -4.34%
18.07 17.00 -0.052% 0.00252% -4.40%
22.06 20.99 -0.056% 0.00252% -4.47%
25.08 24.01 -0.058% 0.00300% -4.51%
30.17 29.10 -0.061% 0.00265% -4.56%
36.01 34.94 -0.064% 0.00252% -4.60%
42.96 41.89 -0.067% 0.00252% -4.63%
49.98 48.92 -0.068% 0.00252% -4.65%
57.00 55.93 -0.069% 0.00265% -4.66%
71.03 69.96 -0.070% 0.00300% -4.68%
85.24 84.17 -0.071% 0.00252% -4.68%
99.23 98.16 -0.075% 0.00306% -4.68%

113.05 111.98 -0.074% 0.00351% -4.67%
169.26 168.19 -0.079% 0.00361% -4.63%
182.01 180.94 -0.081% 0.00379% -4.62%

HPC w/ Clay-1 - 1 day cure data:

C-11 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

3.14 0.00 0.000% 0.0000% 0.00%
4.07 0.93 -0.005% 0.00100% -2.05%
7.05 3.91 -0.016% 0.00058% -3.17%
10.05 6.91 -0.026% 0.00115% -3.56%
13.08 9.94 -0.034% 0.00252% -3.78%
17.04 13.90 -0.041% 0.00100% -3.96%
20.43 17.29 -0.046% 0.00100% -4.07%
24.00 20.86 -0.050% 0.00058% -4.16%
27.06 23.92 -0.052% 0.00153% -4.21%
32.38 29.24 -0.057% 0.00058% -4.28%
37.09 33.95 -0.059% 0.00000% -4.33%
44.06 40.92 -0.061% 0.00058% -4.39%
51.21 48.07 -0.063% 0.00058% -4.43%
58.01 54.87 -0.065% 0.00000% -4.46%
72.00 68.86 -0.066% 0.00000% -4.50%
86.14 83.00 -0.069% 0.00058% -4.53%

100.25 97.11 -0.071% 0.00000% -4.55%
114.10 110.96 -0.070% 0.00058% -4.56%
170.23 167.09 -0.080% 0.00954% -4.57%
184.38 181.24 -0.080% 0.00924% -4.57%

HPC w/ Clay-1 - 3 day cure data:

C-12 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

7.06 0.00 0.000% 0.0000% 0.00%
8.05 0.99 -0.005% 0.00058% -1.58%
11.00 3.94 -0.016% 0.00200% -2.69%
14.03 6.97 -0.024% 0.00200% -3.12%
17.04 9.98 -0.032% 0.00252% -3.37%
21.03 13.98 -0.040% 0.00265% -3.59%
24.01 16.95 -0.045% 0.00300% -3.71%
28.01 20.96 -0.050% 0.00306% -3.81%
32.38 25.33 -0.054% 0.00265% -3.90%
34.99 27.94 -0.056% 0.00306% -3.95%
41.97 34.92 -0.059% 0.00300% -4.04%
48.97 41.91 -0.062% 0.00306% -4.11%
56.03 48.98 -0.063% 0.00306% -4.16%
63.00 55.94 -0.065% 0.00306% -4.21%
76.98 69.93 -0.067% 0.00361% -4.26%
91.12 84.06 -0.069% 0.00351% -4.29%

105.15 98.09 -0.071% 0.00306% -4.32%
119.02 111.96 -0.073% 0.00306% -4.36%
175.35 168.29 -0.075% 0.00351% -4.37%
188.20 181.15 -0.077% 0.00529% -4.36%
194.51 187.46 -0.077% 0.00306% -4.37%
292.93 285.88 -0.078% 0.00361% -4.36%

HPC w/ Clay-1 - 7 day cure data:

C-13 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

10.04 0.00 0.000% 0.0000% 0.00%
11.00 0.96 -0.005% 0.00058% -1.35%
14.03 3.99 -0.016% 0.00058% -2.43%
17.04 7.00 -0.025% 0.00173% -2.85%
20.43 10.39 -0.034% 0.00153% -3.13%
24.01 13.97 -0.042% 0.00208% -3.33%
27.07 17.02 -0.046% 0.00200% -3.44%
32.39 22.34 -0.053% 0.00208% -3.59%
37.09 27.05 -0.056% 0.00208% -3.69%
44.07 34.02 -0.060% 0.00200% -3.81%
48.97 38.93 -0.062% 0.00252% -3.86%
51.21 41.17 -0.064% 0.00200% -3.88%
58.02 47.97 -0.065% 0.00153% -3.94%
65.01 54.97 -0.067% 0.00200% -3.99%
79.02 68.98 -0.071% 0.00153% -4.06%
93.02 82.97 -0.072% 0.00252% -4.10%

106.97 96.93 -0.074% 0.00200% -4.14%
121.20 111.16 -0.075% 0.00200% -4.19%
176.96 166.92 -0.081% 0.00351% -4.24%
191.12 181.08 -0.083% 0.00451% -4.23%
292.94 282.90 -0.085% 0.00400% -4.26%

HPC w/ Clay-1 - 10 day cure data:

C-14 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

14.04 0.00 0.000% 0.0000% 0.00%
15.02 0.99 -0.002% 0.00000% -1.05%
18.07 4.04 -0.013% 0.00058% -2.07%
21.04 7.00 -0.021% 0.00115% -2.53%
24.01 9.97 -0.029% 0.00115% -2.83%
28.01 13.98 -0.035% 0.00000% -3.09%
32.39 18.35 -0.043% 0.00115% -3.28%
34.99 20.96 -0.047% 0.00153% -3.37%
37.09 23.06 -0.049% 0.00115% -3.43%
41.98 27.94 -0.051% 0.00058% -3.54%
48.97 34.94 -0.056% 0.00115% -3.67%
56.03 42.00 -0.059% 0.00115% -3.75%
63.00 48.97 -0.060% 0.00153% -3.83%
70.00 55.96 -0.062% 0.00173% -3.88%
84.03 69.99 -0.065% 0.00115% -3.95%
98.08 84.05 -0.068% 0.00100% -4.01%

112.00 97.96 -0.068% 0.00100% -4.05%
126.16 112.13 -0.070% 0.00153% -4.09%
182.01 167.97 -0.075% 0.00100% -4.14%
194.51 180.47 -0.075% 0.00100% -4.15%
393.01 378.97 -0.082% 0.00153% -4.17%

HPC w/ Clay-1 - 14 day cure data:

C-15 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

1.04 0.00 0.000% 0.0000% 0.00%
1.91 0.87 -0.008% 0.00153% -2.50%
5.07 4.02 -0.021% 0.00058% -3.58%
8.06 7.02 -0.032% 0.00058% -3.88%
11.09 10.04 -0.038% 0.00058% -4.06%
16.17 15.13 -0.045% 0.00115% -4.24%
18.40 17.36 -0.048% 0.00115% -4.28%
22.02 20.98 -0.051% 0.00100% -4.35%
26.00 24.96 -0.054% 0.00115% -4.40%
28.97 27.93 -0.056% 0.00173% -4.43%
35.99 34.95 -0.059% 0.00173% -4.49%
43.00 41.96 -0.062% 0.00173% -4.53%
50.00 48.96 -0.063% 0.00231% -4.56%
57.03 55.99 -0.064% 0.00252% -4.58%
71.24 70.20 -0.066% 0.00265% -4.59%
85.23 84.19 -0.069% 0.00265% -4.62%
99.05 98.01 -0.070% 0.00265% -4.62%

113.03 111.99 -0.070% 0.00231% -4.63%
170.39 169.34 -0.076% 0.00321% -4.64%
181.21 180.17 -0.076% 0.00252% -4.63%
278.95 277.91 -0.079% 0.00300% -4.59%

HPC w/ Clay-2 - 1 day cure data:

C-16 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

3.01 0.00 0.000% 0.0000% 0.00%
4.08 1.06 -0.008% 0.00000% -2.21%
7.04 4.03 -0.019% 0.00058% -3.29%
10.02 7.00 -0.027% 0.00100% -3.68%
13.07 10.06 -0.034% 0.00153% -3.89%
18.39 15.38 -0.043% 0.00200% -4.13%
20.15 17.13 -0.045% 0.00200% -4.18%
23.10 20.08 -0.048% 0.00208% -4.26%
27.05 24.03 -0.052% 0.00252% -4.33%
30.07 27.06 -0.054% 0.00265% -4.38%
37.21 34.20 -0.058% 0.00252% -4.47%
44.02 41.01 -0.059% 0.00306% -4.52%
51.02 48.01 -0.062% 0.00300% -4.57%
58.00 54.99 -0.063% 0.00252% -4.60%
72.15 69.13 -0.066% 0.00300% -4.65%
86.26 83.24 -0.071% 0.00265% -4.69%

100.11 97.09 -0.068% 0.00306% -4.71%
114.22 111.20 -0.071% 0.00300% -4.73%
172.33 169.32 -0.074% 0.00300% -4.74%
183.00 179.99 -0.075% 0.00351% -4.74%
278.95 275.94 -0.078% 0.00351% -4.73%

HPC w/ Clay-2 - 3 day cure data:

C-17 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

6.96 0.00 0.000% 0.0000% 0.00%
8.06 1.10 -0.006% 0.00058% -1.60%
11.09 4.13 -0.017% 0.00058% -2.72%
14.01 7.05 -0.025% 0.00058% -3.12%
18.39 11.43 -0.034% 0.00058% -3.45%
21.00 14.03 -0.039% 0.00115% -3.61%
23.10 16.13 -0.042% 0.00115% -3.66%
27.98 21.01 -0.048% 0.00115% -3.80%
30.08 23.11 -0.050% 0.00153% -3.85%
34.98 28.01 -0.053% 0.00100% -3.94%
42.04 35.07 -0.057% 0.00100% -4.03%
49.01 42.04 -0.059% 0.00153% -4.11%
56.00 49.04 -0.062% 0.00153% -4.16%
62.99 56.02 -0.063% 0.00100% -4.20%
77.13 70.16 -0.066% 0.00100% -4.26%
91.15 84.19 -0.068% 0.00100% -4.31%

105.02 98.06 -0.071% 0.00153% -4.36%
118.87 111.90 -0.073% 0.00058% -4.38%
175.42 168.46 -0.074% 0.00100% -4.41%
188.18 181.21 -0.075% 0.00153% -4.42%
278.95 271.99 -0.078% 0.00058% -4.43%

HPC w/ Clay-2 - 7 day cure data:

C-18 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

10.03 0.00 0.000% 0.0000% 0.00%
11.09 1.06 -0.005% 0.00058% -1.50%
14.01 3.98 -0.016% 0.00100% -2.47%
18.39 8.36 -0.027% 0.00100% -3.00%
20.15 10.12 -0.031% 0.00153% -3.12%
23.10 13.07 -0.036% 0.00153% -3.29%
27.05 17.02 -0.042% 0.00200% -3.44%
30.08 20.05 -0.046% 0.00153% -3.54%
34.28 24.25 -0.048% 0.00208% -3.64%
37.21 27.19 -0.051% 0.00100% -3.68%
44.02 33.99 -0.054% 0.00173% -3.78%
51.02 40.99 -0.056% 0.00208% -3.87%
58.01 47.98 -0.059% 0.00231% -3.92%
65.02 55.00 -0.061% 0.00173% -3.97%
83.18 73.15 -0.064% 0.00252% -4.06%
92.97 82.95 -0.066% 0.00231% -4.09%

107.21 97.18 -0.067% 0.00231% -4.15%
177.12 167.10 -0.073% 0.00231% -4.21%
190.13 180.10 -0.073% 0.00289% -4.22%
278.95 268.93 -0.076% 0.00208% -4.25%

HPC w/ Clay-2 - 10 day cure data:

C-19 



 

 
 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

14.01 0.00 0.000% 0.0000% 0.00%
16.17 2.17 -0.007% 0.00058% -1.64%
18.40 4.39 -0.015% 0.00058% -2.22%
21.00 7.00 -0.024% 0.00115% -2.60%
23.10 9.09 -0.027% 0.00058% -2.80%
27.98 13.98 -0.037% 0.00000% -3.11%
30.09 16.08 -0.040% 0.00058% -3.21%
34.98 20.97 -0.045% 0.00100% -3.37%
37.22 23.21 -0.047% 0.00058% -3.43%
42.04 28.04 -0.051% 0.00000% -3.53%
49.01 35.00 -0.055% 0.00000% -3.66%
56.01 42.00 -0.057% 0.00115% -3.73%
62.99 48.98 -0.060% 0.00058% -3.80%
70.03 56.02 -0.062% 0.00100% -3.85%
84.09 70.08 -0.065% 0.00058% -3.94%
98.00 84.00 -0.066% 0.00058% -3.99%

112.17 98.16 -0.068% 0.00058% -4.05%
126.04 112.03 -0.071% 0.00058% -4.08%
182.25 168.24 -0.073% 0.00115% -4.14%
195.30 181.29 -0.076% 0.00100% -4.16%
379.01 365.00 -0.082% 0.00115% -4.21%

HPC w/ Clay-2 - 14 day cure data:

C-20 



 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass 
Loss

1.03 0.00 0.000% 0.0000% 0.00%
1.99 0.96 -0.008% 0.00058% -2.51%
3.98 2.95 -0.019% 0.00100% -3.26%
5.04 4.01 -0.023% 0.00100% -3.45%
8.00 6.97 -0.033% 0.00115% -3.77%
11.05 10.02 -0.043% 0.00058% -3.95%
15.04 14.00 -0.048% 0.00058% -4.09%
18.06 17.03 -0.052% 0.00058% -4.18%
23.15 22.11 -0.057% 0.00115% -4.26%
25.37 24.34 -0.058% 0.00058% -4.29%
29.00 27.97 -0.060% 0.00173% -4.33%
35.95 34.92 -0.064% 0.00115% -4.37%
42.97 41.94 -0.066% 0.00115% -4.42%
49.99 48.96 -0.068% 0.00115% -4.44%
56.98 55.95 -0.068% 0.00100% -4.46%
70.99 69.96 -0.070% 0.00100% -4.48%
85.23 84.20 -0.072% 0.00058% -4.48%
99.09 98.06 -0.072% 0.00100% -4.48%

112.98 111.95 -0.073% 0.00153% -4.51%
169.29 168.26 -0.078% 0.00100% -4.46%
182.40 181.37 -0.078% 0.00058% -4.44%
285.92 284.88 -0.081% 0.00071% -4.39%

HPC w/ Shale-1 - 1 day cure data:

C-21 



 

 
 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass 
Loss

3.02 0.00 0.000% 0.0000% 0.00%
4.36 1.33 -0.008% 0.00058% -2.25%
7.01 3.99 -0.018% 0.00100% -3.04%

10.02 7.00 -0.026% 0.00058% -3.42%
13.41 10.39 -0.036% 0.00058% -3.67%
16.99 13.97 -0.042% 0.00100% -3.85%
20.05 17.02 -0.047% 0.00115% -3.94%
25.37 22.35 -0.052% 0.00115% -4.06%
27.12 24.10 -0.054% 0.00100% -4.09%
30.08 27.05 -0.057% 0.00058% -4.14%
37.06 34.04 -0.059% 0.00208% -4.22%
44.19 41.17 -0.063% 0.00153% -4.28%
51.00 47.98 -0.064% 0.00153% -4.32%
58.00 54.98 -0.067% 0.00115% -4.36%
72.00 68.98 -0.069% 0.00153% -4.40%
86.00 82.98 -0.070% 0.00200% -4.42%
99.95 96.93 -0.072% 0.00208% -4.44%
114.18 111.16 -0.072% 0.00153% -4.47%
169.94 166.91 -0.076% 0.00200% -4.48%
184.10 181.08 -0.077% 0.00100% -4.47%
285.92 282.90 -0.080% 0.00173% -4.46%

HPC w/ Shale-1 - 3 day cure data:

C-22 



 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass 
Loss

7.02 0.00 0.000% 0.0000% 0.00%
8.00 0.98 -0.007% 0.00058% -1.47%

11.05 4.04 -0.017% 0.00058% -2.47%
14.02 7.00 -0.026% 0.00058% -2.86%
16.99 9.98 -0.034% 0.00058% -3.10%
20.98 13.97 -0.040% 0.00265% -3.30%
25.37 18.35 -0.048% 0.00058% -3.45%
27.98 20.96 -0.050% 0.00000% -3.53%
30.08 23.06 -0.052% 0.00058% -3.57%
34.96 27.94 -0.058% 0.00100% -3.66%
41.96 34.94 -0.060% 0.00115% -3.76%
49.02 42.00 -0.063% 0.00115% -3.82%
55.99 48.97 -0.065% 0.00115% -3.89%
62.98 55.97 -0.066% 0.00100% -3.92%
77.01 69.99 -0.069% 0.00173% -3.98%
91.06 84.05 -0.071% 0.00100% -4.02%
104.98 97.96 -0.072% 0.00115% -4.04%
119.14 112.13 -0.073% 0.00100% -4.08%
174.99 167.97 -0.079% 0.00208% -4.13%
285.92 278.90 -0.081% 0.00173% -4.15%

HPC w/ Shale-1 - 7 day cure data:

C-23 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass 
Loss

9.98 0.00 0.000% 0.0000% 0.00%
11.06 1.07 -0.006% 0.00058% -1.33%
14.02 4.04 -0.017% 0.00115% -2.24%
17.00 7.01 -0.025% 0.00115% -2.63%
20.05 10.07 -0.033% 0.00153% -2.86%
25.37 15.39 -0.042% 0.00208% -3.13%
27.12 17.14 -0.045% 0.00173% -3.19%
30.08 20.10 -0.047% 0.00058% -3.29%
34.02 24.04 -0.052% 0.00173% -3.37%
37.06 27.08 -0.055% 0.00252% -3.44%
44.19 34.21 -0.058% 0.00200% -3.55%
51.00 41.02 -0.061% 0.00153% -3.62%
58.00 48.02 -0.063% 0.00173% -3.68%
64.98 55.00 -0.065% 0.00173% -3.72%
79.12 69.14 -0.068% 0.00208% -3.79%
93.23 83.25 -0.073% 0.00231% -3.85%

107.08 97.10 -0.071% 0.00200% -3.89%
177.36 167.38 -0.078% 0.00153% -3.99%
189.98 180.00 -0.078% 0.00173% -4.00%
285.92 275.93 -0.080% 0.00200% -4.03%

HPC w/ Shale-1 - 10 day cure data:

C-24 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass 
Loss

13.93 0.00 0.000% 0.0000% 0.00%
15.04 1.10 -0.006% 0.00058% -1.17%
18.07 4.13 -0.017% 0.00153% -2.07%
20.98 7.05 -0.026% 0.00265% -2.46%
25.37 11.44 -0.035% 0.00265% -2.81%
27.98 14.05 -0.039% 0.00321% -2.95%
30.08 16.15 -0.043% 0.00321% -3.05%
34.96 21.03 -0.049% 0.00289% -3.21%
37.07 23.13 -0.050% 0.00306% -3.26%
41.96 28.03 -0.054% 0.00321% -3.38%
49.02 35.09 -0.059% 0.00379% -3.49%
55.99 42.06 -0.061% 0.00361% -3.59%
62.99 49.05 -0.064% 0.00306% -3.64%
69.97 56.03 -0.065% 0.00321% -3.70%
84.10 70.17 -0.069% 0.00379% -3.77%
98.13 84.19 -0.071% 0.00379% -3.84%

112.00 98.06 -0.072% 0.00321% -3.90%
121.19 107.26 -0.073% 0.00416% -3.91%
125.84 111.91 -0.075% 0.00436% -3.94%
182.40 168.47 -0.079% 0.00379% -4.01%
195.15 181.22 -0.079% 0.00436% -4.03%
385.98 372.05 -0.085% 0.00566% -4.07%

HPC w/ Shale-1 - 14 day cure data:

C-25 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

1.04 0.00 0.000% 0.0000% 0.00%
2.08 1.04 -0.007% 0.00058% -2.64%
4.92 3.87 -0.020% 0.00153% -3.55%
8.27 7.22 -0.030% 0.00153% -3.93%
11.03 9.99 -0.037% 0.00153% -4.11%
15.05 14.00 -0.044% 0.00173% -4.27%
18.02 16.97 -0.048% 0.00208% -4.35%
21.98 20.94 -0.053% 0.00208% -4.43%
24.92 23.88 -0.054% 0.00252% -4.48%
29.03 27.99 -0.057% 0.00208% -4.52%
36.11 35.07 -0.060% 0.00208% -4.59%
42.88 41.84 -0.062% 0.00208% -4.62%
49.84 48.79 -0.064% 0.00265% -4.66%
56.85 55.80 -0.065% 0.00200% -4.67%
70.84 69.79 -0.067% 0.00208% -4.69%
85.01 83.97 -0.069% 0.00208% -4.70%
99.03 97.99 -0.069% 0.00153% -4.71%

113.13 112.08 -0.070% 0.00153% -4.71%
169.20 168.15 -0.076% 0.00252% -4.71%
175.01 173.97 -0.076% 0.00208% -4.67%
317.93 316.89 -0.085% 0.00569% -4.61%
365.95 364.90 -0.084% 0.00361% -4.59%

HPC w/ Shale-2 - 1 day cure data:

C-26 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

2.97 0.00 0.000% 0.0000% 0.00%
4.02 1.05 -0.008% 0.00115% -2.05%
7.02 4.06 -0.018% 0.00058% -3.24%
10.09 7.13 -0.027% 0.00173% -3.63%
13.08 10.11 -0.035% 0.00173% -3.86%
18.01 15.04 -0.043% 0.00153% -4.09%
20.23 17.27 -0.047% 0.00173% -4.16%
23.86 20.89 -0.052% 0.00265% -4.25%
27.84 24.87 -0.055% 0.00321% -4.32%
30.81 27.84 -0.058% 0.00321% -4.36%
37.83 34.86 -0.063% 0.00666% -4.44%
44.86 41.89 -0.066% 0.00666% -4.50%
51.84 48.88 -0.067% 0.00666% -4.55%
58.87 55.90 -0.069% 0.00693% -4.57%
73.08 70.11 -0.072% 0.00723% -4.62%
87.06 84.10 -0.075% 0.00723% -4.65%

100.89 97.92 -0.076% 0.00814% -4.67%
114.86 111.89 -0.076% 0.00808% -4.69%
171.09 168.13 -0.081% 0.00896% -4.69%
183.04 180.08 -0.081% 0.00866% -4.70%
317.93 314.97 -0.085% 0.00896% -4.68%
367.91 364.94 -0.087% 0.00954% -4.68%

HPC w/ Shale-2 - 3 day cure data:

C-27 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

7.00 0.00 0.000% 0.0000% 0.00%
8.27 1.27 -0.007% 0.00100% -1.70%
11.04 4.03 -0.017% 0.00153% -2.61%
14.00 7.00 -0.025% 0.00153% -3.03%
18.01 11.01 -0.033% 0.00153% -3.36%
20.84 13.84 -0.040% 0.00208% -3.51%
23.86 16.86 -0.044% 0.00173% -3.64%
27.84 20.84 -0.049% 0.00208% -3.75%
30.81 23.81 -0.050% 0.00379% -3.82%
34.86 27.86 -0.053% 0.00153% -3.91%
42.87 35.86 -0.059% 0.00173% -4.01%
48.89 41.89 -0.062% 0.00173% -4.09%
55.86 48.85 -0.063% 0.00173% -4.13%
62.80 55.80 -0.065% 0.00208% -4.18%
76.84 69.84 -0.067% 0.00173% -4.22%
91.85 84.85 -0.070% 0.00173% -4.28%

105.84 98.84 -0.072% 0.00100% -4.34%
119.11 112.10 -0.074% 0.00115% -4.35%
187.97 180.97 -0.078% 0.00153% -4.41%
317.94 310.93 -0.082% 0.00115% -4.44%
371.89 364.89 -0.084% 0.00115% -4.44%

HPC w/ Shale-2 - 7 day cure data:

C-28 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

10.02 0.00 0.000% 0.0000% 0.00%
11.04 1.02 -0.006% 0.00100% -1.36%
14.00 3.98 -0.017% 0.00153% -2.33%
18.01 7.99 -0.027% 0.00153% -2.85%
20.23 10.21 -0.033% 0.00153% -3.02%
23.86 13.84 -0.042% 0.00436% -3.23%
27.84 17.82 -0.046% 0.00153% -3.38%
30.82 20.80 -0.048% 0.00153% -3.47%
34.85 24.82 -0.053% 0.00153% -3.58%
37.83 27.81 -0.054% 0.00265% -3.63%
44.85 34.83 -0.059% 0.00100% -3.74%
51.85 41.83 -0.061% 0.00100% -3.82%
58.87 48.85 -0.063% 0.00153% -3.88%
65.85 55.83 -0.065% 0.00153% -3.92%
80.09 70.07 -0.069% 0.00100% -3.98%
93.95 83.93 -0.072% 0.00100% -4.04%

107.84 97.82 -0.066% 0.00954% -4.10%
121.83 111.81 -0.074% 0.00153% -4.13%
177.96 167.94 -0.078% 0.00153% -4.19%
190.06 180.03 -0.079% 0.00100% -4.21%
317.94 307.92 -0.083% 0.00100% -4.25%
374.90 364.88 -0.084% 0.00100% -4.25%

HPC w/ Shale-2 - 10 day cure data:

C-29 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

13.99 0.00 0.000% 0.0000% 0.00%
15.05 1.06 -0.006% 0.00058% -1.15%
18.02 4.03 -0.017% 0.00000% -2.06%
20.84 6.86 -0.025% 0.00100% -2.44%
23.86 9.88 -0.035% 0.00100% -2.70%
27.84 13.86 -0.038% 0.00058% -2.93%
30.82 16.83 -0.043% 0.00115% -3.05%
34.86 20.87 -0.047% 0.00000% -3.19%
37.83 23.85 -0.050% 0.00058% -3.26%
42.87 28.88 -0.054% 0.00058% -3.36%
48.90 34.91 -0.058% 0.00115% -3.48%
55.86 41.87 -0.060% 0.00100% -3.55%
62.80 48.82 -0.063% 0.00115% -3.62%
69.83 55.85 -0.064% 0.00058% -3.66%
83.80 69.81 -0.068% 0.00115% -3.74%
98.13 84.14 -0.069% 0.00153% -3.80%

111.87 97.88 -0.071% 0.00100% -3.86%
125.84 111.85 -0.075% 0.00100% -3.91%
182.35 168.36 -0.078% 0.00153% -4.00%
193.05 179.07 -0.079% 0.00153% -4.00%
317.94 303.95 -0.083% 0.00208% -4.05%
379.04 365.05 -0.085% 0.00153% -4.06%

HPC w/ Shale-2 - 14 day cure data:

C-30 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

1.03 0.00 0.000% 0.0000% 0.00%
1.38 0.34 -0.007% 0.00058% -2.11%
3.26 2.23 -0.013% 0.00058% -4.09%
4.00 2.97 -0.015% 0.00100% -4.32%
4.99 3.96 -0.019% 0.00058% -4.54%
6.12 5.09 -0.022% 0.00100% -4.73%
7.25 6.22 -0.025% 0.00000% -4.87%
8.01 6.98 -0.025% 0.00000% -4.95%
10.96 9.92 -0.032% 0.00000% -5.18%
15.25 14.22 -0.042% 0.00000% -5.41%
19.01 17.97 -0.044% 0.00058% -5.52%
21.97 20.93 -0.048% 0.00100% -5.58%
25.20 24.17 -0.050% 0.00058% -5.64%
29.10 28.07 -0.052% 0.00153% -5.71%
36.20 35.17 -0.054% 0.00153% -5.80%
43.21 42.17 -0.059% 0.00058% -5.85%
50.17 49.14 -0.060% 0.00153% -5.89%
68.15 67.12 -0.064% 0.00100% -5.95%
91.31 90.28 -0.067% 0.00153% -5.98%

245.11 244.07 -0.072% 0.00200% -5.99%
312.02 310.98 -0.075% 0.00200% -5.99%
366.17 365.13 -0.074% 0.00252% -5.99%

HPC w/ Shale-3 - 1 day cure data:

C-31 



 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

7.018 0.000 0.000% 0.0000% 0.00%
8.017 0.999 -0.005% 0.00100% -1.44%

10.358 3.340 -0.011% 0.00100% -2.64%
10.958 3.940 -0.014% 0.00115% -2.81%
12.170 5.152 -0.015% 0.00100% -3.10%
13.079 6.061 -0.018% 0.00100% -3.28%
14.224 7.206 -0.021% 0.00115% -3.46%
19.010 11.992 -0.029% 0.00115% -3.93%
21.081 14.063 -0.032% 0.00115% -4.07%
25.290 18.272 -0.037% 0.00153% -4.28%
28.047 21.029 -0.040% 0.00153% -4.40%
32.999 25.981 -0.045% 0.00173% -4.58%
35.002 27.984 -0.045% 0.00153% -4.64%
42.026 35.008 -0.050% 0.00173% -4.77%
48.992 41.974 -0.053% 0.00173% -4.87%
56.291 49.273 -0.058% 0.00115% -4.96%
63.292 56.274 -0.058% 0.00173% -5.03%
97.008 89.990 -0.065% 0.00153% -5.23%
245.11 238.090 -0.074% 0.00115% -5.49%
312.02 305.001 -0.077% 0.00173% -5.54%
372.11 365.089 -0.077% 0.00100% -5.57%

HPC w/ Shale-3 - 7 day cure data:

C-32 



 

 
 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

14.08 0.00 0.000% 0.0000% 0.00%
15.23 1.15 -0.004% 0.00100% -0.91%
16.24 2.16 -0.007% 0.00115% -1.34%
19.01 4.93 -0.011% 0.00173% -2.09%
19.03 4.95 -0.012% 0.00173% -2.09%
20.15 6.07 -0.013% 0.00208% -2.31%
21.11 7.03 -0.015% 0.00208% -2.47%
25.29 11.21 -0.020% 0.00208% -2.96%
28.05 13.97 -0.023% 0.00265% -3.21%
33.00 18.92 -0.029% 0.00153% -3.57%
35.00 20.92 -0.030% 0.00208% -3.67%
42.02 27.94 -0.037% 0.00200% -3.91%
48.99 34.91 -0.042% 0.00208% -4.12%
56.29 42.21 -0.047% 0.00153% -4.27%
63.29 49.21 -0.049% 0.00100% -4.38%
70.30 56.22 -0.051% 0.00153% -4.47%

104.42 90.34 -0.059% 0.00058% -4.76%
245.11 231.03 -0.070% 0.00058% -5.15%
312.02 297.94 -0.074% 0.00058% -5.23%
379.22 365.14 -0.075% 0.00058% -5.28%

HPC w/ Shale-3 - 14 day cure data:

C-33 



 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

1.09 0.00 0.000% 0.0000% 0.00%
2.09 1.00 -0.004% 0.00058% -2.06%
6.33 5.24 -0.014% 0.00306% -3.14%
7.93 6.84 -0.017% 0.00208% -3.28%
10.24 9.15 -0.020% 0.00173% -3.44%
15.10 14.01 -0.027% 0.00153% -3.67%
17.09 16.00 -0.028% 0.00115% -3.73%
22.25 21.16 -0.032% 0.00100% -3.87%
24.18 23.09 -0.035% 0.00153% -3.91%
29.14 28.05 -0.039% 0.00153% -3.98%
36.03 34.95 -0.043% 0.00153% -4.06%
44.32 43.23 -0.046% 0.00231% -4.13%
50.41 49.32 -0.047% 0.00200% -4.17%
57.07 55.99 -0.051% 0.00153% -4.20%

111.02 109.93 -0.056% 0.00208% -4.34%
205.18 204.09 -0.062% 0.00346% -4.38%
272.09 271.00 -0.065% 0.00346% -4.39%
302.98 301.89 -0.065% 0.00379% -4.39%
366.13 365.05 -0.067% 0.00379% -4.39%

HPC w/ Shale+SRA - 1 day cure data:

C-34 



 

 
 

 
 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

7.12 0.00 0.000% 0.0000% 0.00%
7.93 0.80 -0.003% 0.00058% -0.95%
10.24 3.11 -0.006% 0.00265% -1.72%
14.29 7.16 -0.013% 0.00000% -2.42%
17.09 9.97 -0.016% 0.00000% -2.66%
21.33 14.21 -0.021% 0.00000% -2.92%
24.18 17.06 -0.024% 0.00000% -3.05%
28.43 21.30 -0.029% 0.00000% -3.20%
31.32 24.19 -0.032% 0.00058% -3.28%
35.11 27.99 -0.036% 0.00058% -3.37%
42.37 35.25 -0.039% 0.00058% -3.51%
56.42 49.30 -0.045% 0.00058% -3.69%
63.26 56.14 -0.048% 0.00058% -3.75%

111.02 103.90 -0.054% 0.00100% -4.04%
205.18 198.05 -0.060% 0.00551% -4.24%
272.09 264.97 -0.066% 0.00200% -4.32%
307.51 300.39 -0.066% 0.00208% -4.36%
372.13 365.01 -0.067% 0.00200% -4.41%

HPC w/ Shale+SRA - 7 day cure data:

C-35 



 

 

Time from 
cast (Days)

Time 
(graph)

Length 
Change

Std. 
Deviation

Mass Loss

14.29 0.00 0.000% 0.0000% 0.00%
15.10 0.81 -0.003% 0.00000% -0.60%
17.10 2.80 -0.006% 0.00000% -1.19%
21.33 7.04 -0.011% 0.00058% -1.80%
24.18 9.89 -0.015% 0.00000% -2.05%
28.43 14.14 -0.020% 0.00058% -2.33%
31.32 17.03 -0.021% 0.00058% -2.47%
35.12 20.83 -0.027% 0.00058% -2.62%
38.22 23.93 -0.029% 0.00058% -2.73%
42.37 28.08 -0.032% 0.00000% -2.84%
70.27 55.98 -0.045% 0.00058% -3.31%

111.03 96.74 -0.051% 0.00100% -3.64%
205.18 190.89 -0.058% 0.00252% -3.97%
272.09 257.80 -0.067% 0.00208% -4.11%
314.06 299.77 -0.067% 0.00265% -4.18%
379.13 364.84 -0.067% 0.00208% -4.24%

HPC w/ Shale+SRA - 14 day cure data:

C-36 
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