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High performance concrete (HPC) provides a long lasting, durable concrete that is 

typically used in bridge decks due to its low permeability, high abrasion 

resistance, freeze-thaw resistance and strength.  However, this type of concrete is 

highly susceptible to the deleterious effects of both autogenous and drying 

shrinkage.  Both types of shrinkage occur when water leaves small pores , (< 50 

nm) in the paste matrix to aid in hydration or is lost to the surrounding 

environment.  Autogenous deformation (self-desiccation) occurs as the internal 

relative humidity decreases due to hydration of the cementitious material.  Drying 

(and subsequent shrinkage) occurs when water is lost to the environment and 

continues until the internal relative humidity is equivalent to the ambient relative 

humidity.  Typically, the magnitude of autogenous shrinkage is less than that of 

drying shrinkage.  These two types of shrinkage do not act independently, and the 

total shrinkage is the aggregation of the two shrinkage mechanisms.  It is 

imperative to minimize the amount of shrinkage in restrained members, such as 

bridge decks, to reduce the cracking potential.  Various methods have been 

researched to minimize both types of shrinkage.  Two methods to that have been 

reported to reduce shrinkage were selected for further research; internal curing 

using pre-soaked lightweight fine aggregate (LWFA) and shrinkage reducing 

admixtures (SRAs).  The purpose of this study was to determine the long-term 

 



 

 

drying shrinkage performance of these two methods while reducing the external 

curing duration of 14 days for new bridge deck construction as specified by the 

Oregon Department of Transportation.  In addition to monitoring drying 

shrinkage, durability testing was performed on concrete specimens to ensure these 

shrinkage mitigation methods performed at levels similar to concrete with the 

current mixture design.  Freeze-thaw testing, permeability testing and restrained 

drying shrinkage testing were conducted.  It was concluded that the combination 

of SRAs and pre-soaked LWFA was the most effective method to reduce long-

term drying shrinkage for all curing durations (1, 7, and 14 day).   Additionally, 

for durability testing, it was found that the use of SRAs performed the best in 

freeze-thaw testing, chloride permeability and restrained shrinkage. 
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1 General Introduction and Literature Review 

1.1 Scope and Layout of this Thesis 

This Master of Science thesis follows the manuscript option described in the OSU 

Graduate School Thesis Guide 2011-2012.  It outlines a series of tests to monitor 

the potential reduction in drying shrinkage of high performance concrete (HPC) 

while meeting or exceeding durability requirements through means of pre-soaked 

lightweight fine aggregate (LWFA), shrinkage reducing admixtures (SRAs) and 

combinations of the two.  Two technical papers with original content were 

prepared and are introduced below.  These documents and the corresponding 

research provide background on methods to reduce drying and autogenous 

shrinkage in HPC.  Concrete incorporating methods to reduce such shrinkage 

were tested for long-term performance including freezing and thawing and 

chloride permeability.  This thesis is structured as follows: 

Chapter 1:  General Introduction – In this chapter, a brief overview of the 

research performed, as well as the importance and methods to reduce shrinkage in 

concrete.  Furthermore, this chapter describes the concepts of autogenous 

deformation, chemical shrinkage and drying shrinkage.  Two methods to help 

reduce shrinkage (investigated in this project) are described in detail, as well as 

other options to reduce shrinkage.  The methods investigated include the use of 

pre-soaked LWFA and SRAs.  Additionally, the deleterious effects of freeze-thaw 

and chloride ingress are discussed. 

Chapter 2:  Manuscript 1 – The first technical paper entitled “Evaluation of 

LWFA and SRAs on Drying Shrinkage of High-Performance Concrete” discusses 

the long-term performance of per-soaked LWFA, SRAs and the combination of 

the two on reducing drying shrinkage.  Five different concrete mixtures were cast 

to determine long-term drying shrinkage values of HPC.  Two different LWFAs 

with drastically different absorption and desorption values were tested.  

Additionally, one mixture with SRA and one mixture with the combination of 

SRA and pre-soaked LWFA were tested and compared to a control mixture  
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without any shrinkage mitigation techniques.  Drying shrinkage tests were 

performed on concrete prisms using a modified American Society of Testing and 

Materials (ASTM) C157 standard.  Four different curing durations (1-, 3-, 7- and 

14-day external wet cure) were conducted to assess the ability of the shrinkage 

mitigation techniques to reduce drying shrinkage. Furthermore, compressive 

strength, splitting tensile strength and elastic modulus testing were conducted on 

the different mixtures.  This manuscript will be part 1 of a two part submission to 

ACI Materials Journal in early 2012. 

Chapter 3:  Manuscript 2 – The title of the second technical paper is “Durability 

Assessment of High-Performance Concrete with SRAs and LWFA,” discusses 

durability concerns about HPC mixtures that incorporate shrinkage mitigation 

techniques.  In this manuscript, freeze-thaw resistance, permeability and cracking 

risk were studied.  Six different mixtures were tested for freeze-thaw resistance 

and permeability.  Two sources of LWFA, one expanded clay and one expanded 

shale, with different replacement levels were used as an internal curing source.  

Additionally, one mixture incorporating SRA was tested.  ASTM C666 – Method 

A was used for freeze-thaw testing.  In this method, the specimens were subjected 

to 6 cycles of freezing and thawing in water per day.  Permeability of the concrete 

mixtures was tested using ASTM C1202 (rapid chloride permeability test).  

Furthermore, candidate mixtures from results in manuscript 1 were selected for 

restrained drying shrinkage testing according to ASTM C1581 (restrained 

shrinkage).  This test method determined time to cracking, corresponding 

shrinkage strain and compressive strength of the concrete at the time of cracking.  

This manuscript will be part 2 of a two part submission to ACI Materials Journal 

in early 2012. 

Chapter 4:  General Conclusions – This chapter summarizes the work performed 

for this research project and provides overall conclusions and future 

recommendations from the two manuscripts. 
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1.2 Background and 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 Construction1.  The current mixture 

design incorporates a low water to cementitious material ratio (w/cm) and a 

ternary blend of 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 which can result in stress build-up that 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 or 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 shrinkage2.  In this type of shrinkage, water is not 

lost to the ambient environment.  Autogenous shrinkage, also known as self-

desiccation, 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 particles3.  This 

primarily occurs in HPC with a w/cm less than 0.40 due to the inability of 

external curing water to replenish voids due to the 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%4.  The rate and amount of drying shrinkage that may occur is 

dependent on specimen size and environmental conditions5, 6. 
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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%7.  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) Committee 308, Curing Concrete, defines 

internal curing as “the process by which the hydration of cement occurs because 

of the availability of additional internal water that is not part of the mixing 

water8”.  Internal curing sources can be either a pre-soaked, lightweight fine 

aggregate, super absorbent polymer or any other highly absorptive material that 

can readily give off imbibed water.  The additional internal curing water is 

supplied through one of the sources by 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 durability8. 

1.3 Chemical Shrinkage 

1.3.1 Introduction 

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.  Chemical shrinkage was 

first investigated by Le Chatelier as a measurement of the degree of chemical 

reaction that had occurred in a hydrating cement paste9.  Since then, chemical 

shrinkage has been frequently used as an indicator of the progression of hydration 

reactions in cementitious systems. 

1.3.2 Test Methods 

There are three principal measurement methods of chemical shrinkage: 

dilatometry, pycnometry and gravimetry10. The principles of the three methods 

are shown in Figure 1.1 adapted from Bouasker and co-workers11. 



 

Figure 1.1

Among these test methods, the most wid

adapted as standard test method ASTM C1608

measure this reduction in volume involves casting a small volume of cement paste 

in a rigid vial.  Water is placed above the sample almost i
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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 tim
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1 - Chemical shrinkage measurement methods11 

Among these test methods, the most widely used is dilatometry which has been 

adapted as standard test method ASTM C160812.  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 gram of sorbed water per 

f cement in the paste specimen12.  The mass of cement powder in the vial is 

�	
��������
�
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                                             Equation 1.
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where: 

������� = mass of cement in the vial, 

��� !�" #�� = 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 1000 kg/m3 (62.4 lb/ft3) is assumed for water 

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

%&��� �
[(����(�)��
��]

�������
                                                  Equation 1.2 

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 days) 

than recommended by ASTM C1608, an automated test set-up has been 

developed and used recently by several researchers13, 14.  The test set-up is shown 

in Figure 1.2.   
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Figure 1.2 - Automated chemical shrinkage test set-up13 

In front of the pipettes, there is a webcam with a resolution higher than 1.3 

megapixels for image acquisition.  Images are taken approximately every 5 

minutes resulting in over 3,000 images which are then analyzed using computer 

software program developed in the Laboratory of Construction Materials (LMC) 

at École Polytechnique Fédérale de Lausanne (EPFL) in Lausanne, Switzerland, 

determines the total water uptake by the hydrating cement paste and provides 

significant enhancement to the accuracy of chemical shrinkage results13, 14. 

Figure 1.3 shows typical chemical shrinkage results for an ordinary portland 

cement (0.32 w/cm) assessed with the automated image analysis system.   
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Figure 1.3 - Typical Chemical Shrinkage Results for OPC mixtures at 20 oC15 

Furthermore, a method developed by Peethamparan et al.16 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 1.4. 
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Figure 1.4 - Pressure method device to measure chemical shrinkage: (a) whole 
assembly; (b) main chamber; (c) closure16 

In this setup, three replicates can be concurrently run to measure the chemical 

shrinkage.  An insulated hose is attached to the main chamber which 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 1.5.   
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Figure 1.5 - Comparison of CS results for pressure method and ASTM C160816 

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 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 hr from mixing).  Therefore, it has been 

recommended that the recording start approximately 1 hour after initial contact.  

Other issues include noisy and unreliable data at temperatures greater than 40 oC 

(104 oF)16, 17.   

1.4 Shrinkage 

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 cement paste and are due to a loss of water from 

capillary voids typically less than 50 nm (1.97 x 10-6 in)3.  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 
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(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 concrete18.  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. 

Section 1.5 discusses the autogenous deformation of HPC and methods to 

measure this type of shrinkage in the laboratory.  Section 1.6 discusses drying 

shrinkage in HPC and methods to measure this type of shrinkage in the 

laboratory. 

1.5 Autogenous Shrinkage 

1.5.1 Introduction 

Jensen and Hansen define autogenous deformation as “the bulk deformation of a 

closed, isothermal, cementitious material system not subjected to external 

forces2.”  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 constant2.  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 shrinkage and autogenous expansion.  The 

Japanese Concrete Institute19 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 



12 

 

ingress of substances, temperature variation, application of an external 

force and restraint19.” 

 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 restraint19.” 

Autogenous shrinkage is a phenomenon closely related to changes in internal RH.  

In ordinary portland cement concretes with high w/cm (> 0.42)20, 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 quality21.  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.  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)22.  This means 

that for complete hydration in HPC, more water 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, as a result in this collapse macroscopic shrinkage may 

occur – termed autogenous shrinkage3. 

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 
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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 

LWFA or SAP)23, or to reduce the capillary tension by reducing the water surface 

tension through the incorporation of chemical admixtures such as SRAs23.   

It was observed more than a century ago by Le Chatelier that if a cement paste 

hydrates in saturated conditions, it will expand.  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 expansion24.  One possible explanation given by Powers 25 is 

that 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 Hood26 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.   

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 pushed one method into the forefront for standard testing 

purposes.  Fundamentally, all proposed measurements of autogenous strain of 

cement can be characterized into different categories: measurement of volumetric 

strain and measurement of linear strain.  ASTM C 169827 is a linear shrinkage 

testing method which is further described below in methods for measuring 
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autogenous shrinkage.  The remainder of this section provides a summary of test 

methods for assessing 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 measurement28.  The reason for this 

inconsistency is transport of water through the rubber membrane, particularly 

when the buoyancy liquid is water.  From the point 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 measurement28.  

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. 

1.5.2 Volumetric Measurements of Autogenous Strain 

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 its change in mass 

while the specimen is submersed in liquid. 

1.5.3 Membrane Method 

Typical membrane samples filled with cement paste are shown in Figure 1.6. 
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Figure 1.6 - Polyurethane membrane (left) and latex membrane (right) filled with 
cement paste29 

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 which 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 1.729. 
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Figure 1.7 -  Experimental set-up for membrane method to test autogenous strain  
for cement paste15, 29 

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 the ones of the bulk28.  The entrapped 

air and bleeding water might be absorbed back into the cement paste as a 

consequence of internal volume reduction caused by chemical reactions30.  

Entrapped air can be avoided by mixing under vacuum and using deaired and 

deionized water31.  In addition, the reabsorption of bleeding water might cause 

inaccuracies.  However, if the paste contains silica fume, this effect may be 

insignificant28. 

1.5.4 Discussion of Results 

The fundamental elements of the volumetric method as it is used today were 

initiated by Yates32; using a rubber membrane containing cement paste submerged 

in water.  Figure 1.8 shows a typical result using such a setup.  Figure 1.8 also 

demonstrates the deviation of autogenous shrinkage from chemical shrinkage due 

to the formation of a rigid microstructure which can resist macroscopic volume 

change.  However, it is important to note that in a hardened microstructure even 
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relative small changes in strain can result in significant stress build-up which may 

result in cracking, especially at early ages.   

 

Figure 1.8 - Typical results of autogenous and chemical shrinkage tests33 

However, recent research has elucidated some of the challenges with this testing 

method.  A thorough investigation of issues related to osmosis was conducted by 

Lura et al.28.  They proved that the water uptake of the samples is a significant 

artifact of the membrane method.  Therefore, proper considerations should be 

given to:  

• Types of membrane used 

• Buoyancy liquid used 

• Temperature control 

Figure 1.9 and Figure 1.10 show typical results with different cement types and 

different curing temperatures. 
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Figure 1.9 - Autogenous deformation vs. age of portland and two replicates of blast 
furnace slag (BFS) cement paste21 

 

Figure 1.10 - Autogenous deformation of blended cement paste cured at different 
temperatures21 

1.5.5 Linear Measurements of Autogenous Strain 

Linear measurement of autogenous strain is usually performed by placing the 

cement paste in a rigid mold with low friction29.  The change in length can be 

recorded by a linear variable differential transformer (LVDT) at the end of a 

specimen.  Several different types of linear measurements are outlined below.   
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1.5.6 Corrugated Tube Method  

A specially designed corrugated tube is used in the corrugated tube method.  This 

method has recently been adopted as ASTM C 1698.  The cement paste 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 10-4 lb), corresponding to a stress of 0.001 MPa(0.15 psi)30.  

A cross section of this mold is shown in Figure 1.11. 

 

 

Figure 1.11 - Special corrugated plastic mold for autogenous deformation 
measurements21 

The sample usually has a length-to-diameter ratio of approximately 30:1.  The 

specimens are placed in a dilatometer and immersed into a glycol bath at an 

isothermal temperature of 20 ± 0.1 °C (68 ± 0.4 oF).  A top view of the 

dilatometer is shown in Figure 1.12a, and an actual set-up is shown in Figure 

1.12b. 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 
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LVDT, and the results may be recorded automatically through appropriate data 

acquisition devices21. 

 

      

a)  Schematic30                                              b)     Representative picture29 

Figure 1.12 - Dilatometer with corrugated molds for measurements of linear 
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 

test28.  Additionally, issues with bleed water reabsorption affecting the overall 

magnitude of autogenous shrinkage have been seen in work by Mohr and Hood26.  

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 1.13. 
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Figure 1.13 - Comparison of rotated and non-rotated autogenous testing26 

The larger corrugated tube (as shown in Figure 1.14) 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 1.14 - Larger corrugated tubes for testing autogenous strain of concrete34 

1.5.7 Modified ASTM C157 

The standard ASTM C15735 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 
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behavior (e.g., shrinkage or expansion) are not captured as seen in Figure 1.15.  

While this method does capture shrinkage after the specimens have been 

demolded, much of the total autogenous shrinkage is missed in the first 24 hours.  

It can be seen that with a 24 hour offset, the amount of shrinkage measured in this 

version of the modified ASTM C157 matches well with results from the 

corrugated tube method. 

 

Figure 1.15 - Comparison of autogenous shrinkage measured in sealed specimens 
using ASTM C 157 procedure (beginning at 24 h) and corrugated mold 

procedure (beginning immediately after mixing) for a w/c=0.30 mixture33 

Other modified methods have been proposed to test autogenous shrinkage of 

concrete by using the ASTM C157 concrete prism specimens.  Figure 1.16 shows 

the standard experiment set-up for testing autogenous strain by the Japanese 

Concrete Institute (JCI)19.  Similar equipment has been evaluated at the Virginia 

Polytechnic Institute and State University by the Virginia Transportation 

Research Council36 and also in Ottawa by the National Research Council 

Canada’s Institute for Research in Construction37.  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 
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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 active temperature 

control.   

 

 

 

Figure 1.16 - JCI standard autogenous strain test set-up19 

1.5.8 Comparison and Summary 

A thorough review of testing protocols and interpretation of results in terms of 

measurement of early-age volume change in cement pastes was provided by Sant 

et al33.  They summarized the membrane method, the linear method and the 

modified ASTM C157 method as follows: 

• The “blind application” of ASTM C157 cannot capture a significant 

amount of shrinkage before the beginning of the test (Figure 1.15), 

concrete setting time should be included in interpreting the results 

(especially if modifications are made to capture measurements prior to 

demolding); 

• The volumetric method (membrane method) and the linear method 

(corrugated tube) show very similar results provided that osmosis is 

prevented by choosing a proper membrane and buoyancy liquid.   
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Provided the precautions outlined in this section are accounted for, all of the test 

methods show a reasonable correlation after setting on neat pastes with w/cm = 

0.30, as shown in Figure 1.1733. 

 

Figure 1.17 - Comparison of different autogenous deformation testing methods33 

Within this literature review, a variety of methods to test autogenous deformation 

of cementitious systems were identified.  While a detailed summary of all 

available test methods is beyond the scope of this literature review, those 

methodologies with the most promise for successful identification of autogenous 

deformation characteristics were given.  Through highlighting the methodologies 

which are most feasible and reliable, a sufficient reference is provided for the 

current research project in order to properly select or modify existing methods to 

test autogenous deformation.  All methods identified within this study are 

summarized in Table 1.1 with remarks provided on the efficacy of each testing 

methodology. 
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Table 1.1 - Comparison of unrestrained autogenous strain test methods 

Test Method Material  Advantages Disadvantages 

Membrane Method Paste Good temperature control 

Easy to interpret  results 

Captures expansion  

Challenging for initial setup 

Issues with bleeding 

Selection of testing procedures 
critical 

Corrugated Tube 
Method 

Paste 

Mortar 

Concrete 

Temperature control 

Captures expansion 

Equipment commercially available36 

Easy to perform and repeat 

Method adopted as ASTM C 1698-0927 

Length undefined before setting 

Friction/locking of sample in mold, 
especially when testing concrete 
using large corrugated tube 

Difficult sealing 

Issues with bleeding at early ages 

Modified ASTM  

C157 

Concrete Possible temperature control 

Easy to perform and repeat 

Temperature variation/control 

Friction of sample in mould 

Questionable expansion 
measurement in some versions 

Does not capture early-age behavior 

1.6 Drying Shrinkage 

1.6.1 Introduction 

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)18.”  This 

type of shrinkage occurs when hardened concrete is exposed to air that has less 

that 100% relative humidity4.  Many factors affect drying shrinkage of concrete.  

Drying shrinkage will occur until the internal RH of the cement paste reaches 

equilibrium with the atmospheric relative humidity18.  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 specimen5. 

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 slabs and walls.  Additionally, in structures, large stresses may form that 
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can be detrimental38, 39.  Tests performed by Bissonnette et al.6 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 days.   

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 

Chung40 determined the amount of amount of drying shrinkage could be reduced 

up to 84% in concretes with 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 Young41.  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%7, 42, 43.  Furthermore, internal curing using pre-

soaked LWFAs has been effective at reducing drying shrinkage in mortars up to 

28 days of curing44.  A more detailed discussion on how SRAs and pre-soaked 

LWFA is discussed below in section 1.9.   

1.7 Test Methods 

1.7.1 ASTM C157 

The ASTM C15735 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. 
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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 the all the aggregate passes a 50 mm (2 in) sieve.  

However, if all the aggregate 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 to be placed in a moist room in accordance with ASTM 

C 511.  The specimens are removed from the molds at an age of 23½ +/- ½ hours 

after mixing.  Upon demolding, the specimens are placed in a lime-saturated 

solution maintained at 73 +/- 1 °F for a minimum of 30 minutes.  The specimens 

are removed from the solution at 24 +/- ½ hour after water-cement contact and an 

initial comparator reading is taken.  After taking the initial reading, specimens are 

to be cured for 28 days at 23 ± 2 oC  (73 ± 3 °F) according to ASTM C51145.   

When curing has commenced, 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 days, and after 8, 16, 32, and 64 weeks.  The length change of the 

specimen is given by the following equation: 

∆Lx = CRD – initial CRD x 100   Equation 1.3 
        G 

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

  CRD  = difference between the comparator reading of the 

               specimen and 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 of < 

0.4246.  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 hours before the specimen has been demolded33.  Since autogenous 
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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 on high performance concretes.  Methods to 

determine autogenous deformation are outlined in section 1.3.  

Modifications to this test method have shown to effectively measure the effects of 

autogenous deformation after concrete specimens have been demolded44.  

Samples are cast according to ASTM C192 and then demolded at 24 hours.  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.  Therefore, other 

methods must be used to determine the total amount of autogenous deformation. 

1.7.2 ASTM C1581 

The cracking age and induced tensile stress characteristics of concrete can be 

determined in accordance with the ASTM C1581 test method47.  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 is effective at determining the 

cracking risk of variables such as:  aggregate source, aggregate gradation, cement 

type, cement content, water content, SCMs or chemical admixtures47.  Effects on 

induced tensile stresses caused by variations in concrete composition can be 

easily studied using this method.  Results from this test are useful in determining 

the likelihood of early-age cracking of concrete that is 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.  
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Prior to beginning this test, a steel ring mold needs to be fabricated as seen in 

Figure 1.18.   

 

Figure 1.18 - Restrained ring mold47 

After fabrication, mount two strain gages on the interior surface of the steel ring.  

The gages are to be placed diametrically opposite of each other and oriented to 

measure in the circumferential direction.  The outer ring and inner steel ring are to 

be secured to the base by tightening the bolts with eccentric washers.  Prior to 

placing the concrete in the molds, a releasing agent is to be applied to the inner 

and outer ring.   

Mixing of the fresh concrete is to conform to ASTM C19248 and is to be placed in 

the molds in two layers.  Before placing the subsequent layer, the concrete is to be 

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 to be moved 

to the curing environment within 10 minutes of final casting.  All bolts and 



30 

 

washers are to be loosened and strain gauge wires connected prior to curing.  

Strain intervals are not to exceed 30 minutes.  To ensure adequate curing, the 

specimens are to be wrapped in wet burlap and polyethylene film for 24 hours.  

After the initial 24 hour curing period, the outer ring is to be 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 to be 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 gauges 

indicates the ring has cracked. 

Record the time after terminating the curing process and continue monitoring the 

strain on intervals of 30 minutes or less.  Additionally, record the temperature and 

relative humidity of the testing environment.  Plot the strain in the steel ring for 

each strain gage against the specimen age.  A sudden decrease in strain indicates 

the concrete has cracked.   

Determining the time to cracking and strength of the concrete at cracking is 

important for durability issues.  Once the concrete cracks, there becomes a fast-

path for aggressive agents, such as chloride ions, moisture, air and/or freezing 

water, which can further exacerbate the deterioration 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.49 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 days, 

whereas the mixture incorporating SRA had no cracking at an age of 590+ days.  

Testing by Qiao and co-workers50 showed that cracking had not occurred at 28 

days in mixtures incorporating SRAs.  Additionally, restrained shrinkage 

performed on high-performance mortars with w/cm = 0.30 that incorporated pre-

soaked LWFA indicated that with the addition of more LWFA, the time to 

cracking was reduced.  In fact, with a replacement level of 33.0% of normal 
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weight sand with pre-soaked LWFA, no cracking was observed up to 14 days of 

monitoring44. 

1.8 Predicting Drying Shrinkage 

Various models have been developed to predict drying shrinkage.  It should be 

noted that it is difficult to apply many of these models to concretes used currently.  

With the development of finer cements, use of SCMs, lower w/cm, and chemical 

admixtures many of these models are not applicable due to the fact they were 

developed on historical data.  However, in certain conditions these models may be 

acceptable to use.  A brief summary of each model is presented below. It should 

be noted that predicting drying shrinkage was not a research objective of this 

thesis.  Other methods (B3 model and GL 2000 model) have been developed 

through research to better predict drying shrinkage.  With developments in SRAs, 

correction factors to account for the SRAs have been developed and included in 

another model, ALSN 2004.   

1.8.1 American Concrete Institute 209 Model 

The ACI 209 model51 is predominately used in the United States.  The ACI 209 

model is recommended by the American Concrete Institute and has been 

incorporated into many of the building codes in the United States.  This model 

was developed empirically based on shrinkage data obtained prior to 196852.  The 

equations can be used to predict the shrinkage of normal weight, lightweight sand 

and all lightweight concrete.   

1.8.2 Comité Euro-International du Béton 90 Model 

European code specifies the prediction of drying shrinkage using the method 

developed in 1990 by the Comité Euro-International du Béton (CEB).  The CEB 

90 model53 was derived using mathematical functions instead of tables and 

figures, and has been optimized from information from a data bank of structural 

concrete.  This model predicts the time dependent deformation of ordinary normal 

weight concrete exposed to a temperature range of 5 °C and 30 °C and a relative 

humidity of 40 to 100%.   
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1.8.3 B3 Model 

The B3 model was developed by Bažant and Baweja and was “calibrated by a 

computerized data bank comprising practically all the relevant test data obtained 

in various laboratories throughout the world54.”  Bažant and Baweja state the 

coefficient of variations for the B3 model are much lower than the CEB 90 model 

as well as the ACI 209 model.  The B3 model prediction equations were designed 

under certain concrete conditions.  These conditions are restricted to portland 

cement concrete.  Other conditions include the w/cm ratio, the aggregate to 

cementitious ratio and the compressive strength of the concrete at 28 days54. 

1.8.4 GL 2000 Model 

The GL 2000 was developed by Gardner and Lockman55.  They developed this 

method since there was not a widely accepted method in existence at the time.  

This model is effective at predicting shrinkage in normal strength concrete with a 

28-day compressive strength less than 82 MPa (11,900 psi) and a w/cm between 

of 0.4 to 0.6.  Gardner and Lockman state that the GL 2000 method can be used to 

accurately predict the shrinkage regardless of which admixtures, mineral by-

products, curing regime or casting temperature55. 

1.8.5 ALSN 2004 Model 

With the introduction of SRAs the GL 2000 equations have become less useful at 

predicting shrinkage since there is no provision for admixtures.  Al-Manaseer and 

Ristanovic4 have modified the GL 2000 equations to more accurately predict 

shrinkage of concrete containing SRA.  The ALSN 2004 predicts the shrinkage of 

concrete containing a SRA dosage between 0 and 2.5%4. 

1.8.6 Evaluation of Prediction Models 

A study by Al-Manaseer and Lam52 compared the ACI 209 mode, the CEB 90 

model, the B3 model, and the GL 2000 model to determine the accuracy of each.  

The prediction models were compared to the RILEM experimental data bank with 

w/cm ranging from 0.35-0.80.  Some data points were eliminated because they 
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did not fall into the criteria for the prediction model.  Results from this study 

indicate that ACI 209 and GL 2000 overestimate shrinkage, whereas the CEB 90 

and B3 models underestimate shrinkage.  Al-Manaseer states that the CEB 90 

underestimates because it was designed using finer European cements.  When 

comparing these four methods to the data bank, the B3 and GL 2000 methods 

performed the best at predicting the shrinkage52.  These prediction models are 

valid for portland cement concrete with limited w/cm ratio ranges.   Further 

research needs to be performed to determine whether these shrinkage prediction 

equations are agreeable with other types of cementitious materials and low w/cm 

ratios.  

1.9 Mitigation Strategies for Reducing Shrinkage 

1.9.1 Water to Cementitious Material Ratio 

“The most important controllable factor affecting drying shrinkage is the amount 

of water per unit volume of concrete38.”  At a lower w/cm, there is less 

evaporation after curing.  Therefore, there should be less drying shrinkage caused 

by a decrease in 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 size coarse aggregate can increase the water 

requirements, resulting in an increase in drying shrinkage38.  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 design56.  A lower w/cm ratio results in less 

cement paste, which helps minimizes the drying shrinkage of a specimen38.   

1.9.2 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 



34 

 

combination with careful curing practices should be used to minimize and control 

shrinkage5.  The curing methods may be external or internal source.  The external 

curing should be prolonged long enough to eliminate drying shrinkage during the 

curing process39.  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 

hydration57.  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 shrinkage38.  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 eminent. 

1.9.3 Admixtures 

Shrinkage reducing admixtures (SRA) have been shown to be successful in 

reducing both autogenous and drying shrinkage, as well as the potential for 

cracking related due to the corresponding shrinkage.  SRAs reduce the capillary 

tension by as much as 50% and the corresponding tensile forces that occur in 

hardening concrete42, 43.  Research performed by Bentz 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 indicate 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 
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capillary tension.  Additionally, “the addition of an SRA should also significantly 

increase the pore solution viscosity, which could potentially have beneficial 

implications for reducing the diffusion coefficients of deleterious ions (chloride, 

sulfate, etc.) in cement-based materials43.”   

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 shrinkage57.  Research 

performed by Tazawa and Miyazawa58 found that the reduction in autogenous 

shrinkage is related to the reduction in the surface tension of the pore solution.  

Concrete mixtures with SRA exhibited a reduction in autogenous shrinkage when 

tested in a free-deformation frame59. 

While the use of SRAs is effective at reducing shrinkage, they have been shown 

to reduce strength42, 57, 59, 60.  Research performed by Rajabipour et al has shown 

that the set time of cement paste incorporating SRA resulted in a two hour delay 

in set time.  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 SRA61. 

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 shrinkage38.  However, some 

research has shown that the addition of superplasiticizer in concrete mixtures can 

increase shrinkage even though the water content is less.  Research performed by 

Atiş showed that concrete with superplasticizer could increase the shrinkage by 

up to 50%.  It was claimed by Atiş that the increase in shrinkage was attributed to 
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the reduction in surface tension in the pore water62.  However, further research on 

SRAs has shown that a reduction in surface tension typically reduces the amount 

of shrinkage42, 43, 57.   

1.9.4 Lightweight Aggregates 

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 

cracking63.  Momentum in the area of internal curing using saturated LWAs has 

increased since 2000 with increasing evidence of application of internal curing in 

field concretes64-66.    

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 

high performance concrete from the potentially deleterious effects of autogenous 

shrinkage8, 67.  The equation is as follows: 
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Equation 1.4 

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.  Mixtures with a w/cm greater than 0.36, the maximum expected 
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degree of hydration can be taken as 1 to be conservative8.  This equation takes 

into account several important parameters including the chemical shrinkage of the 

cement, degree of saturation of the LWFA and the absorption of the LWFA.  

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.   Additionally, the use of LWFA has been shown to be 

more effective at supplying the internal water than a coarse LWA.  This is due to 

the fact that the LWFA is more dispersed throughout the mixture.  Therefore, the 

internally absorbed water does not have to travel as far to further hydrate cement, 

in which water migration may be difficult in low permeable, high-performance 

concretes44.   

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 curing68.  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 stresses69, 70.  Further research has shown 

that the incorporation of pre-wetted LWFA has reduced autogenous shrinkage21, 

44, 59, 71-73.  In some instances, autogenous expansion was observed up to 7 days 

from initial contact44, 59, 73.  These authors also showed that for optimum partial 

replacements of fine aggregate with pre-soaked LWFA that the early-age strength 

and modulus, desirable in high-performance concrete mixtures could be retained.   

Cusson and Hoogeveen70 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 be demonstrating the efficacy of internal 
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curing applied to systems capable of generating higher autogenous shrinkage 

strains69, 70.   

Research performed by Zhang74 investigated the effects of pre-soaked LWA on 

drying shrinkage.  In this study normal coarse aggregate was replaced with 

expanded clay LWA, and a control mixture with normal-weight crushed granite as 

the 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 conditioned75, 76.  The 

specimens were moist cured for 7 days, 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 days and 40% lower at 91 days 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 concrete74.   Zhang 

suspected that this was due to the lower modulus elasticity and the lower ability to 

restrain shrinkage in the saturated LWA concrete.  Even though the saturated 

LWA concrete exhibited more shrinkage, it may be less susceptible to cracking 

due to its lower modulus of elasticity74.   

The incorporation of LWFA has also been shown to reduce the effects of drying 

shrinkage on mortars.  With low replacements (< 11%) of normal weight fine 

aggregate with LWFA, little change in drying shrinkage results was found.  
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However, with higher replacements (33%) of LWFA, expansion was observed up 

to 28 days44. 

In addition to reducing the effects of autogenous and drying shrinkage, the use of 

pre-wetted LWFA has been shown to improve mechanical properties of concrete.  

The incorporation of LWFA reduced long-term creep that was 10% lower than 

when compared to a control HPC mixture77.  Benefits to mechanical property 

development have been shown using internal curing with LWFA under poor 

curing conditions.  Concrete cylinders were cast with and without pre-soaked 

LWFA and were subjected to 23 oC (73 oF) and 50% RH after 24 hours and then 

tested at 90 days.  The concrete made with the LWFA exhibited 16% higher 

hydration, 19% higher compressive strength, and 30% lower permeability when 

compared to the concrete made without LWFA71.  However, some research has 

been shown that the compressive strength of concrete incorporating LWFA was 

20% lower at 7 days when compared to a mixture without LWFA78.  The lower 

compressive strength was attributed to a lower intrinsic strength of the LWFA44, 

78.  However, when tested at 28 days, the compressive strength of concrete 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 LWFA78, 79.  

While the incorporation typically increases strength, modulus of elasticity 

development is usually lower than mixtures without LWFA.  This is due to the 

LWA being weaker than normal weight fine aggregate44.  However, this may 

provide benefits as to the reduction in early-age cracking.   

Additional benefits of pre-soaked LWFA in HPC have shown that permeability is 

decreased when compared to a mixture without LWFA resulting in a reduction in 

chloride ingress 80.  Furthermore, freeze-thaw testing on concrete made with 

coarse LWA met performance standards outlined by the Kansas Department of 

Transportation81.  Additional research on mortars with LWFA has shown that 

there were not any negative effects when compared to a mortar made with normal 

weight sand.  The relative dynamic modulus was lower for the mixtures with 
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LWFA, and can be attributed to the decrease in modulus of elasticity due to the 

lower density of the LWFA44. 

1.9.5 Super Absorbent Polymers 

Research on super absorbent polymers (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 the self-weight.  

This reduction in absorption occurs because the cement paste is highly ionic.  As 

the concrete mixes, the SAPs form macro-inclusions that contain free water.  The 

excess water in these inclusions is consumed as the cement hydrates23.   

Research performed by Wang82 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 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 days of curing.  After 7 days, the majority of the water had 

been released by the small particles, and some larger particles still retained water.  

As the water was released from the SAPs, they decreased in size with a decrease 

in water content.  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 controlled82. 

1.9.6  Type of Cement 

Different types of cement have varying chemical compositions, which influence 

the drying shrinkage of the constructed concrete56.  The use of Type K cement can 
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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 days after concrete placement to allow the concrete to properly cure84. 

1.9.7 Fly Ash 

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 1.20, results from research 

performed by Kumar and associates demonstrated the positive effects of fly ash 

on reducing drying shrinkage85.  Research performed by Atiş62 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 was 30 % lower than ordinary portland cement62.   

 

Figure 1.20 - Variation of Drying Shrinkage of Concrete with Fly-Ash Content85 
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1.9.8 Silica Fume 

The use of silica fume in the U.S. for concrete bridge deck overlays began the 

mid-1980s86.  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 total mass of cementitious material in w/cm ratios 

varying from 0.30 to 0.40.  Research done by Whiting87 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 days of 

drying when tested on concretes with a w/cm = 0.40.   During the curing process 

of concrete incorporating silica fume, the “silica fume quickly reacts with the 

calcium hydroxide produced by the hydration of cement, forming calcium silicate 

hydrate87.”  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 concrete87. 

Conclusions by Whiting indicate that silica fume had little effect on the long term 

shrinkage of normal weight aggregate concrete74, 87.  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%74.  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 performance87.” 

1.9.9 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 
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have smaller coarse aggregate, rough texture, and/or flat and elongated water 

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 concrete56.”   

 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 dries56.  

“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 past88.” 

The shape of the aggregate is an important factor when determining drying 

shrinkage.  Crushed aggregates provide better restraint to shrinkage because of the 

rough surface.  The rough surface provides an increased surface area, which 

results in higher restraint against the shrinkage of the cement paste89. 

However, according to Radlinska et al., most aggregates do not change 

volumetrically, and shrinkage is generally considered a paste property18.  

Additionally, increasing the aggregate content with competent aggregates in a mix 

design can significantly decrease shrinkage as aggregates generally resist 

shrinkage forces from the paste39. 

1.9.10 Reinforcement 

As water is lost to the environment during the curing process, concrete can shrink.  

If the concrete is not restrained, the mass will move freely and no stresses will 

develop and therefore no cracking will occur.  However, tensile stresses form if 

the mass is restrained.  If the tensile stress exceeds the tensile strength of the 
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concrete cracking may occur.  These stresses can be accounted for by placing 

steel reinforcement in the concrete39. Reinforcement in concrete restricts drying 

shrinkage, but does not prevent it.  Shrinkage in reinforced concrete may be less 

than unreinforced.  The amount of shrinkage depends on the quantity of steel 

placed in the concrete38.  If the concrete does crack, reinforcement is beneficial 

for reducing the size of the cracks.  By placing smaller bars in the concrete to 

achieve the needed requirement of steel will perform better at controlling crack 

width than utilizing larger bars56.   

Fibers can also be used in concrete to help minimize drying shrinkage.  From 

previous research, drying shrinkage strains were lower in cement paste containing 

at least 1 % fibers by volume when compared to cement paste without fibers.  A 

more thorough discussion on previous research can be found in work by Chen and 

Chung40.  Research performed by Chen and Chung40 analyzed concrete containing 

a carbon fiber content 0.19% by volume with a nominal length of 5 mm (0.19 in).  

Additionally, specimens of ordinary portland cement concrete, portland cement 

concrete with fibers, portland cement concrete with silica fume (silica 

fume/cement = 0.15), and portland cement concrete with fibers and silica fume.  

Results indicate the drying shrinkage at 14 days was 84% lower for the concrete 

with fibers and silica fume when compared to ordinary portland cement concrete.  

Furthermore, when comparing the effects of silica fume and fibers, the drying 

shrinkage for the concrete with fibers was lower by approximately 35%.  

However, the compressive strength of fiber reinforced concrete is lower due to the 

increase in air voids.  Therefore, it is important to control the amount of fibers in a 

mixture to achieve specified compressive strengths40. 

1.10 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 
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resistance.  For the purpose of this study, freeze-thaw resistance and permeability 

were studied. 

1.11 Freeze-thaw 

1.11.1 Introduction 

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 action7.  Proper spacing of air voids is also 

important.  The void spacing should not be greater than 0.2 mm (7.9 x 10-3 in)3.  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%90.  A critical 

saturation point of 90% or higher internal relative humidity has been determined 

for damage to occur91. This is due to the fact that water expands approximately 

9% during the transformation between liquid and solid92. 

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 producing a stable 

air void system93, 94 in early production runs of SRA.  A reduction in surface 

tension in the pore solution95 can have an effect on the formation of an adequate 

air void system to provide protection against freezing and thawing cycles93, 94, 96.  

Developments in the past 10 years in the formulation of SRAs have shown that a 

stable air void system in concretes can be achieved95, 96.  Previous research has 

shown conflicting results in the freeze-thaw performance of concretes 

incorporating SRAs.  Research performed by Berke et al96 and Bae and co-

workers95 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 mass change of less than 0.25% could be achieved 

in concrete incorporating a glycol ether SRA after 300 cycles of freezing and 
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thawing.  Research performed by Cope and Ramey94 showed that the 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 mixture94-96. 

Early research on the use of pre-soaked LWAs reduced the durability of concretes 

when subjected to freezing and thawing cycles made with no air-entrainment and 

in concretes made with moderate air entrainment97.  Further research performed 

by Pfeifer showed little change in performance in concretes made with air dried 

LWAs when subjected to freezing and thawing98.  More current research 

performed by Grotheer et al81 showed the use of LWFA in HPC mixtures 

performed well when subjected to freezing and thawing environments.  Three 

sources of LWFA 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%, 

which were wet cured for 67 days and then placed in a drying environment for 21 

days 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-workers44 on high-

performance mortars incorporating pre-soaked LWFA.  Mortars were cast with a 

w/cm of 0.30 and had no entrained air.  The mortars were allowed to cure for 14 

days 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. 

1.11.2 Test Method - ASTM C666 

To determine the resistance of concrete when subjected to a rapid continuation of 

freezing and thawing cycles, ASTM C666 is to be used99.  This test method can 

be performed in two different ways.  In Procedure A, the concrete is subjected to 

rapid freezing and thawing in water.  Whereas, in Procedure B, the concrete is 

subjected to rapid freezing in air and rapid thawing in water.  These two 
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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 shall be cast according to ASTM C192, and demolded at an age of 

24 +/- ½ hour after initial contact.  Cored samples may also be taken in 

accordance with ASTM C42.  The specimens are then allowed to cure for a 

minimum of 14 days, 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 specimen shall be cooled 

to a temperature within -1 oC (-2 oF) and +2 oC (+4 oF) of the target thaw 

temperature.  During the cooling of the specimens, moisture loss shall be 

protected from moisture loss until the freeze-thaw testing begins.  Prior to the 

initial cycle the mass and initial fundamental transverse frequency.  ASTM C215 

outlines the procedures for determining the fundamental transverse frequency.  

Once freeze-thaw cycles have begun, the specimens shall be tested for 

fundamental transverse frequency and record the mass during the thawed 

condition.  These parameters need to be tested at intervals not exceeding 36 

cycles.  The specimens are to be 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 its 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 1.5 

Where: 

Pc  = relative dynamic modulus, after c cycles of freezing and thawing, percent, 

n    = fundamental transverse frequency at 0 cycles of freezing and thawing, 

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

1.12.1 Introduction 

The most important factor affecting the porosity of concrete is the w/cm.  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 that can lead to a decreased service life100.  Work by Powers101 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 decreases.   

Previous research performed by Thomas102 showed that the use of pre-soaked 

LWFA and lightweight coarse aggregate reduced the permeability of non-air 

entrained HPC incorporating silica fume and fly ash.  A reduction in permeability 

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.  The reduction in 

permeability was attributed to the internally absorbed water providing moisture 

for increased hydration of cement particles.  Zhang and Gjorv103 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 Bentz104 on non-air entrained mortars with a w/cm = 0.40 have shown that the 

use of pre-soaked LWFA had a diffusion coefficient for chloride ions that was 55-

75% lower than that of the control mixture without LWFA.  Through modeling, 

the reduction in chloride diffusion was credited to a reduced percolated interfacial 

transition zone (ITZ) and enhanced hydration in the mortars incorporating LWFA.  

The improved ITZ in and around the pre-soaked LWFA can be seen in Figure 

1.21.   
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Figure 1.21 - SEM micrographs of mortars incorporating normal weight sand and 
pre-soaked LWFA37 

As seen in the top micrograph in Figure 1.21, the ITZ around the LWFA is more 

refined.  The dark areas in the SEM micrograph represent pores in the aggregate 

and paste.  As seen in the top and bottom micrograph, high porosity was present 

in the ITZ around the sand, whereas this was not seen around the LWFA.  This 

can be explained by a localized increase in w/cm and larger interparticle 

spacing105 in the ITZ around the sand.  This resulted in greater porosity in the ITZ 

around the sand. 
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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 0.50106.  Further research by 

Berke et al.96 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. 

Two test methods have been developed to determine the permeability 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 days107.  While this 

test provides the most accurate representation of the concrete’s permeability, the 

test takes 90 days to run.  A more rapid test method to determine the permeability 

of concrete was developed.  ASTM C1202108 measures the electrical conductance 

of the concrete, and correlates to results from AASHTO T259.  Testing in this 

research implemented ASTM C1202 to determine the permeability of concrete 

specimens and is discussed below. 

1.12.2 Test method - ASTM C1202 

One method to determine concrete’s ability to resist chloride ion penetration is the 

ASTM C1202 test method108.  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 hour 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 becomes less if the sample is 

properly cured. 
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Test samples are to be cast in accordance with ASTM C192, or drilled cores may 

be taken according to ASTM C42.  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 condition the specimens for testing.  Allow the specimen to air 

dry for at least 1 hour before sealing it by applying a rapid setting coating on the 

sides of the specimen.  After the sealant has set, the specimen is to be placed in a 

vacuum dessicator with both ends exposed.  Once the specimens are in the 

desiccator, a vacuum pump is to be started and a pressure of less than 1 mm 

(0.039 in) Hg should be achieved and maintained for 3 hours.  While the vacuum 

pump is still running, de-aerated water is to be introduced to enter through a 

stopcock.  Once the specimens are submerged, close the stopcock and allow the 

vacuum to run for 1 more hour.  At the end of the 4 hour conditioning, allow air to 

enter the dessicator and allow the specimens to soak for 18 +/- 2 hours. 

After completing the conditioning, remove the specimen from the desiccator and 

blot of excess water.  Place a circular vulcanized rubber gasket on each half of the 

test cell and bolt the specimen together.  Fill the one side of the cell with 3% NaCl 

solution.  This will be the negative terminal of the specimen.  Fill the other side 

with 0.3 N NaOH solution.  This will be the positive terminal of the specimen.  

Make the electrical connection with the lead wires and turn the power supply on.  

Set the voltage to 60.0 +/- 0.1 V and record the initial reading.  Read and record 

the current at least every 30 minutes for 6 hours.  Terminate the test at 6 hours, 

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 charged passed during the six hour period, the following 

equation may be used: 

Q = 900(I0 + 2I30 + 2I60+….+2I300 + 2I330 + I360)   Equation 1.6 

Where: 

Q = charge passed, coulombs, 

I0 = current immediately after voltage is applied, amperes, 
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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 qualitative terms outlined in Table 1.2.  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 unrealistic high value of the total charged passed. 

Table 1.2 - Chloride ion penetrability based on charge passed108 

 

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 ions109.  Furthermore, with 

the addition of some SCMs (e.g. silica fume) a false estimate of the chloride 

permeability may result110.  In mixtures that have low porosity, overheating of the 

specimens may occur, causing the test to be ended prematurely111.  Although there 

is dispute to the accuracy of this test method, it is the acceptable test method for 

chloride permeability according to the ODOT1. 

1.13 Summary 

In this chapter, two types of shrinkage that occur in HPC were discussed, 

autogenous deformation and drying shrinkage.  Both types of shrinkage occur due 

to drying (internal or external) caused by water migration from pores < 50 nm 

(1.97 x 10-6 in) in size.  In typical HPC mixture, both types of shrinkage are 

occurring simultaneously.  Therefore, it is important to be able to quantify the 
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magnitude of each through laboratory testing.  Various test methods to quantify 

the magnitude of these types of shrinkage has been discussed.   

Autogenous deformation occurs when in a closed, isothermal condition. 

Autogenous deformation (expansion or shrinkage) becomes a concern in 

concretes with a w/cm < 0.40, typically.  Drying shrinkage occurs when water is 

lost from the paste matrix to the environment.  This type of shrinkage occurs until 

hygroscopic equilibrium has been achieved with the environment.  The rate and 

time to maximum drying shrinkage is dependent on the size of the specimen, 

environmental conditions and mixture constituents.  While shrinkage occurs in all 

concretes, the degree of restraint is also important to consider.  As the concrete is 

being restrained, tensile stresses begin to develop.  If theses stresses exceed the 

tensile strength of the concrete, cracking will occur 

Developments in methods to reduce both types of shrinkage have been developed.  

The use of SRAs have been established to reduce the long-term effect of drying 

shrinkage by reducing the capillary stress in the pore water solution.  Further 

research has also shown that autogenous shrinkage was reduced due to the 

reduced capillary stresses.  Additionally, the use of pre-soaked LWFA has been 

determined to be very effective at reducing, and in some cases eliminating, 

autogenous shrinkage.  However, minimal research has been performed on 

determining the long-term performance of LWFA on drying shrinkage in HPC. 

Furthermore, while much research has been performed on the effectiveness of 

SRAs and pre-soaked LWFA at reducing autogenous shrinkage and drying 

shrinkage, there has been minimal research performed on durability concerns in 

HPC with these shrinkage mitigation techniques.  Freeze-thaw testing and 

chloride ingress are two primary durability concerns that were discussed in this 

chapter.   
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Abstract:   The use of pre-soaked lightweight fine aggregate (LWFA) as a partial 

replacement of the normal weight fine aggregate has been shown to be effective at 

reducing the deleterious effects of autogenous shrinkage in high performance 

concrete (HPC).  However, minimal research has been performed on the long-

term effects of drying shrinkage on HPC made with LWFA.   In this study, free 

shrinkage of HPC prisms externally wet cured for 14 days or less were examined 

when subjected to a drying environment.  Three different methods were evaluated 

to provide a potential reduction in drying shrinkage, including pre-soaked LWFA, 

shrinkage-reducing admixtures (SRAs) and the combination of one pre-soaked 

LWFA and one SRA.  Reducing drying shrinkage was most effective with the 

incorporation of both a LWFA and an SRA.  An average reduction in shrinkage 

when LWFA and SRA used was 29% at 56 days of drying for the various curing 

durations.  Results of mechanical property development will also be shown.  
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2.1  Introduction   

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 cement paste and are due to a loss of water from 

capillary voids typically less than 50 nm (1.9 x 10-6 in)1.  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 concrete2.  Drying shrinkage will 

occur until the internal RH of the cement paste reaches equilibrium with the 

atmospheric RH.2  Factors influencing the amount and rate of drying include the 

type of cement, type of aggregate, aggregate size, water to cementitious material 

(w/cm) ratio, water content, RH (internal and external), admixtures, duration of 

curing, and the size of the concrete specimen.   

High-performance concrete (HPC) has a greater potential for cracking at early 

ages if not properly cured.  This is due to the combination of drying shrinkage, 

autogenous shrinkage and plastic shrinkage that are exacerbated by the use of 

w/cm values typically less than 0.403 and the use of supplementary cementitious 

materials (SCMs) such as silica fume3, 4.  Therefore, appropriate and thorough 

curing practices should be used to minimize and control shrinkage5.  The external 

curing should be prolonged enough to eliminate drying shrinkage during the 

curing process6.  However, it may not always be practical to implement an 

adequate external wet cure due to time or densification of the cement paste matrix 



65 

 

that prevents the ingress of external water required for complete hydration3.  

Therefore, other options to reduce shrinkage or to improve curing are merited. 

One method to help reduce the effects of shrinkage includes the use of pre-soaked 

lightweight aggregates (LWA).  Since the early 1990s research has shown that 

pre-soaking LWA with water could provide internal water reservoirs to aid in 

curing that can help mitigate autogenous shrinkage in concretes, thereby reducing 

shrinkage related stresses and the potential for early-age cracking7.  This method 

is termed internal curing.  Momentum in the area of internal curing using 

saturated LWAs has increased since 2000 with increasing evidence of application 

of internal curing used in field concretes8.   However, the impact of LWFA on 

drying shrinkage in HPC is not well documented.   

Research by Bentz and co-workers has led to the development of an equation for 

predicting the amount of lightweight fine aggregate needed to protect HPC from 

the potentially deleterious effects of autogenous shrinkage9, 10.  The equation is as 

follows: 

max* *

*
f

LWA
LWA

C CS
M

S

α
φ

=
            

Equation 2.1
 

 

 
where, MLWA is the mass of dry LWFA needed per unit volume of concrete (kg/m3 

or lb/yd3), Cf is the cement content for the concrete mixture (kg/m3 or lb/yd3), CS 

is the chemical shrinkage of the cement (mass of water/mass of cement), αmax is 

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

saturation of the aggregate (0 to 1), and φLWA is the absorption capacity of the 

lightweight aggregate (mass water/mass dry)9. 

Recent research investigating free and restrained shrinkage of HPC prism test 

samples incorporating pre-soaked LWA showed that the reduction in autogenous 

shrinkage corresponded to a reduction in the generation of tensile stresses11, 12.  

Further research has shown that the incorporation of pre-soaked LWA has 

reduced autogenous shrinkage12-16.  In some instances, autogenous expansion was 
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observed up to 7 days from initial contact in mortars and 10 days in concretes12, 16.  

It has been demonstrated that the early-age autogenous expansion, which resulted 

in 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 cracking11.   However, 

the concrete mixtures investigated in previous research12,16 did not incorporate 

ternary blends of SCMs such as fly ash and silica fume, and as a result further 

work is necessary to demonstrate the efficacy of internal curing applied to 

systems capable of generating higher autogenous shrinkage strains11, 12.   

Shrinkage reducing admixtures (SRAs) have also 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 have been reported to reduce 

the capillary tension by as much as 50% and the corresponding tensile forces that 

occur in hardening concrete17, 18.  Research performed by Bentz analyzed the 

effects of SRAs on cement pastes with a w/cm of 0.35 when exposed to an 

environment of 23 °C (73 oF) and 50% RH.  Results indicated that the addition of 

SRAs reduce drying shrinkage in cement paste specimens when there is a 

potential for drying shrinkage.  Furthermore, Bentz18 concluded SRAs were 

successful at reducing plastic shrinkage and autogenous deformation due to the 

reduction in capillary tension, and noted “the addition of an SRA should also 

significantly increase the pore solution viscosity, which could potentially have 

beneficial implications for reducing the diffusion coefficients of deleterious ions 

(chloride, sulfate, etc.) in cement-based materials18.”   

A reduction in autogenous shrinkage has also been shown in concretes made with 

SRAs.  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 

shrinkage3.  Research performed by Tazawa and Miyazawa19 found that the 

reduction in autogenous shrinkage was related to the reduction in the surface 

tension of the pore solution.  Additionally, concrete mixtures with SRA exhibited 

early-age expansion and an overall reduction in tensile stress development, 
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compared to a control mixture without SRA, when tested in a free-deformation 

frame12. 

Research has also shown that for optimum partial replacements of normal fine 

aggregate with pre-soaked LWFA that mechanical properties, desirable in HPC 

mixtures, could be retained.   It has been reported that the incorporation of coarse 

LWA reduced the long-term creep by 10% when compared to a control HPC 

mixture20.  Other benefits to mechanical property development have been shown 

using internal curing with LWFA under poor curing conditions.  In research 

performed by Espinoza-Hijan and Lopez13 concrete cylinders were cast with and 

without pre-soaked LWFA and subjected to 23 oC (73 oF) and 50% RH after 24 

hours and then tested at 90 days.  The concrete made with the LWFA (32% 

replacement level) exhibited 16% higher hydration, 19% higher compressive 

strength, and 30% lower permeability when compared to the conventional 

concrete without LWFA13.  However, other researchers have shown that the 

compressive strength of concrete incorporating LWFA was 20% lower at 7 days 

when compared to a mixture without LWFA.  However, when tested at 28 days, 

the compressive strength of concrete was 19% higher than the control mixture21.  

The initial lower compressive strength was reported to be attributed to a lower 

intrinsic strength of the LWFA16, 21. The higher later-age strength was attributed 

to the continuation of hydration by the water supplied by the pre-soaked LWFA21, 

22.  While the incorporation of LWFA typically increases strength, elastic 

modulus development is usually lower than mixtures without LWFA.  The elastic 

modulus was presorted to be reduced due to the lower strength of the LWFA 

compared to a normal weight fine aggregate.  

While the use of SRAs has been shown to be effective at reducing shrinkage, they 

have also been shown to reduce strength3, 12, 17, 23.  Research performed by 

Rajabipour et al. has shown that both the initial and final setting time of cement 

paste incorporating SRA resulted in a 1.5 and 2 hour delay respectively.  It was 

determined that the addition of SRAs decreased the alkalinity of the pore solution, 

and directly impacted the rate of hydration.  This retardation in hydration 
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adversely affected 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 

setting time delay.  The reduction in delay was attributed to the dissolution of 

alkalis into the mixing water before the addition of the SRA24. 

While the benefits of SRA on drying shrinkage in concretes has been established, 

there is little information on the effectiveness of pre-soaked LFWA, or the 

combination of SRA and LWFA on reducing drying shrinkage in concrete.  

However, research has shown that pre-soaked LWFA was effective in reducing 

drying shrinkage in mortars16.  The goal of this paper is to provide information on 

long-term drying shrinkage of HPC made with pre-soaked LWFA, SRAs and the 

combination of a LWFA and an SRA.  Additionally, the mechanical properties of 

concrete cylinders were also determined. 

2.2  Research Significance 

SRAs have been shown to effectively reduce autogenous and drying shrinkage in 

concrete; however reductions in strength development has been observed.  While 

LWFA has also been shown to reduce autogenous deformation, especially in 

mortars, little information exists on the potential reduction in long-term drying 

shrinkage for high performance concrete (HPC) incorporating LWFA.  

Furthermore, the use of pre-soaked LWFA has shown improvements in long-term 

strength development.  The purpose of this study is to evaluate the effectiveness 

of LWFA, SRAs, and the combination of a LWFA and an SRA on long-term 

drying shrinkage and mechanical properties in HPC.   

2.3  Experimental Procedure  

2.3.1 General Information 

The experimental program investigated the effect of SRAs, LWFA, and the 

combination of a LWFA and an SRA on reducing drying shrinkage in HPC.  To 

utilize the equation developed by Bentz and co-workers9 and to determine the 

optimal replacement level of LWFA for normal weight fine aggregate, the LWFA 
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needed to be classified based on its water absorption and desorption.  Two 

different LWFAs, one expanded shale and one expanded clay, were compared for 

absorption rate, absorption capacity and desorption.   

2.3.2 Absorption/Desorption Testing of LWFA 

While there currently is not an agreed upon method to determine the absorption 

capacity of LWA, there are various proposed methods to determine this value14, 16, 

25.  In this research, ASTM C12826 was used to determine the absorption capacity 

and rate.  Oven dry LWFA was soaked in water for 30 minutes, 1-, 24-, 48-, 72-, 

and 168-hours 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 

LWFA.  Because the LWFA is typically angular, particle interlock may occur and 

the aggregate may be dried beyond the surface dry condition before slumping of 

the cone occurs25.  However, various researchers have used the cone test 

effectively as the method to determine the surface dry condition of LWFA, 

although it may result in an underestimate of the absorption capacity due to 

particle interlock16, 25.   

Desorption isotherms were performed on pre-soaked surface dry LWFA to 

determine the potential for the LWFA to give off imbibed water at a high RH 

(90% or higher).  Modifications to ASTM C149827 were used to determine the 

desorption of the LWFA.  The aggregate was allowed to soak until the absorption 

capacity of the LWFA had been achieved, and then brought to a surface dry 

condition prior to desorption testing.  Approximately 10 g (0.022 lb) of LWFA 

was placed in a series of desiccators, each with a known RH.  The LWFA 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 

LWFA sample was recorded before being placed in the next desiccator.  The 

aggregate was then placed in a desiccator with 92% RH, the same procedures 
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above were followed.  The sample was then placed in a desiccator at 84% RH and 

then brought back to an oven dry condition.   

2.3.3 Modified ASTM C 157 – Drying Shrinkage of Concrete Prisms 

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 

C19228 and ASTM C15729.  The specimens were covered with wet burlap and 

wrapped with plastic sheeting and allowed to cure for 24 hours 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-days.  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 and length change recordings were performed three 

times a week for the first 28 days, and then weekly until 56 days. 

2.3.4 Mechanical properties 

In addition to drying shrinkage, the mechanical properties of the HPC mixtures 

were tested.    Concrete cylinders were cast according to ASTM C19228 and 

allowed to cure for 24 ± ½ hours before being removed from the molds.  After 

removing the concrete from their molds, they were placed in a 100% RH curing 

room.  For compressive strength tests, three cylinders were each tested according 

to ASTM C3930 at 7 and 28 days.  Modulus of elasticity tests were performed 

according to ASTM C46931 on two cylinders at 28 days.  Two cylinders were 

tested for splitting tensile strength according to ASTM C49632. 

2.4  Materials and mixture proportions 

Five different concrete mixtures were tested.  All concrete mixtures were mixed 

according to ASTM C19228.  A target specified compressive strength was set at 
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34.4 MPa (5000 psi) at 28 days following local Department of Transportation 

guidelines.  A Type I/II portland cement (meeting ASTM C15033), one Class F fly 

ash (meeting ASTM C61834) and one silica fume (meeting ASTM C124035) were 

used in the study.  Table 2.1 shows the chemical composition of the cementitious 

materials used. 

Table 2.1 - Oxide analysis of cementitious materials 

      Cement Fly Ash 
Silica 
Fume 

  SiO2, %   20.51 55.24 > 85.0 

  Al 2O3, %   4.72 15.77 - 

  Fe2O3, %   3.23 6.27 - 
  CaO, %   64.21 10.2 - 
  MgO, %   0.8 3.64 - 

  K2O, %   0.29 2.08 - 

  Na2O Eq., %   0.49 1.51 < 1.5 

  SO3, %   2.7 0.7 < 3.0 
  LOI, %   2.62 0.23 < 6.0 

  C3S, %   61.51 - - 

  C2S, %   12.4 - - 

  C3A, %   7.03 - - 

  C4AF, %   9.84 - - 
 

A local siliceous river gravel, with a maximum size of 19 mm (3/4 in), was used 

as the coarse aggregate in all mixtures.  A local natural siliceous sand was used as 

the normal weight fine aggregate in all mixtures.  The LWFA used in the concrete 

mixtures met ASTM C33036.  Determination of the LWFA properties is discussed 

below. 

Table 2.2 shows the mixture proportions used in this study.  All mixtures had a 

w/cm of 0.37.  Each mixture was proportioned with 375 kg/m3 (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 
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cement by mass.  The SRA was added at 2% of the cementitious material by 

mass, replacing an equal amount of water that was contributed by the SRA.  An 

ASTM C 49437 Type F polycarboxolate-based high-range water reducing 

admixture was used to improve workability of the mixtures.  Dosage rates of the 

superplasticizer varied in order to produce similar workabilities in the fresh 

concrete.  An air-entraining admixture was also added with a target air content of 

6 ± 1%.  

Table 2.2 - Concrete mixture designs 

Name and 
description 

I I-SRA I-Shale I-Clay  I-SRA+Shale 

HPC 
control 

HPC w/ 
SRA 

HPC w/ Shale 
LWFA (CS = 

0.07 g/g) 

HPC w/ Clay 
LWFA (CS = 

0.07 g/g) 

HPC w/ 
SRA+Shale 
(CS = 0.07 

g/g) 

Cement, kg/m3 
(lb/yd3) 

248 (419) 248 (419) 248 (419) 248 (419) 248 (419) 

Fly Ash, kg/m3 
(lb/yd3) 

112 (189) 112 (189) 112 (189) 112 (189) 112 (189) 

Silica Fume, kg/m3 
(lb/yd3) 

14.8 (25.0) 14.8 (25.0) 14.8 (25.0) 14.8 (25.0) 14.8 (25.0) 

Water, kg/m3 
(lb/yd3) 

139 (234) 131 (221) 139 (234) 139 (234) 131 (221) 

Coarse Aggregate, 
kg/m3 (lb/yd3) 

1074 
(1810) 

1074 
(1810) 

1074 (1810) 1074 (1810) 1074 (1810) 

Fine Aggregate, 
kg/m3 (lb/yd3) 

659 (1110) 659 (1110) 400 (674) 482 (812) 400 (674) 

LWFA, kg/m3 
(lb/yd3) 

0.00 0.00 164 (277) 77 (130) 164 (277) 

SRA, kg/m3 (lb/yd3) 0.00 7.5 (12.7) 0.00 0.00 7.5 (12.7) 

AE, mL/cwt (fl 
oz/cwt) 

16.3 (0.55) 31.9 (1.08) 12.7 (0.43) 12.7 (0.43) 35.5 (1.20) 

HRWR, mL/cwt (fl 
oz/cwt) 

240 (8.10) 275 (9.30) 240 (8.10) 240 (8.10) 245 (8.30) 
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For mixture I-Shale, I-Clay and I-SRA+Shale, the equation developed by Bentz9 

was used to determine the amount of LWFA to use.  The following assumptions 

were made for the equation, the degree of hydration was assumed to be 1 since the 

w/cm was higher than 0.36, and the degree of saturation of the LWFA was 1.  The 

absorption capacity used will be discussed in the results section.  This value was 

measured through desorption isotherms, and was taken as the amount of water 

released from 100% RH to 84% RH as recommended by Bentz et al.9  The value 

for chemical shrinkage of 0.07 g water/g cement (lb water/lb cement) was used 

based on research performed by Fu38 on ternary blended cementitious materials.  

These parameters produced a replacement level of 25% of normal weight fine 

aggregate with the shale LWFA for mixture I-Shale and a 12% replacement level 

for the clay LWFA for mixture I-Clay which provided the same amount of 

internally stored water in the aggregates.  For mixture I-SRA+Shale, a 25% 

replacement of normal weight fine aggregate with fine LWA was used.  Prior to 

casting concrete, all LWFA was pre-soaked to ensure the moisture content of the 

fine LWA was at or above the absorption capacity.  

2.5  Experimental Results and Discussion 

2.5.1 Aggregate classification 

The absorption rate and capacity of two LWFAs is shown in Figure 2.1. 
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Figure 2.1 - Absorption testing of LWFA 

It can be seen that the absorption capacity of the shale LWFA was achieved after 

the oven dry aggregate was submerged in water for 48 hours.  The absorption 

capacity for this aggregate was taken as 17.5%.  The clay LWFA exhibited 

different water uptake when compared to the shale LWFA.  After soaking for 168 

hours, the absorption capacity was not yet reached.  Absorption tests with a 6 

month soak time were performed on the clay LWFA, and the absorption capacity 

was still not fully obtained.  However, the slope of the absorption curve had 

decreased substantially between the tests between 168 hours and 6 months 

indicating that the aggregate was not absorbing much additional water.  A value 

of 34.1% was assumed as the absorption capacity.  

When comparing the two LWFAs, the shale LWFA had imbibed 89.6% of its 

absorption capacity after being submerged for 24 hours.  The clay LWFA had 

imbibed 65.1% of its assumed absorption capacity after being submerged for 24 

hours.  It should be noted that certain previous research has been performed with 

LWFAs that have been soaked for only 24 hours prior to being used16, 39.  

Therefore, care must be taken to ensure that the aggregates have reached an 

appreciable amount of their absorption capacity prior to use as internal curing 
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agent.   From the measured absorption capacity, adjustments to the degree of 

saturation of the LWFA in the equation developed by Bentz et al. can account for 

the LWFA not being at its full absorption capacity.  In the concrete mixtures used 

for testing, the shale LWFA was allowed to have a minimum soak time of 3 days 

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 absorption capacity.  For mixture proportioning in this research, the degree of 

saturation of the LWFA was taken as 1. 

Results from desorption testing can be seen in Figure 2.2.  Both LWFAs exhibited 

the ability to readily give off absorbed water at a high RH.  The shale LWFA gave 

off 94% of the absorbed water when subjected to an RH of 84%.  The clay LWFA 

gave off 98% of the absorbed water when subjected to an RH of 84%.  It is of 

importance for the LWFA 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%40.  These results have indicated that these particular LWFA 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 2.2 - Desorption of LWFA 

2.5.2 Compressive strength 

Compressive strength of the five concrete mixtures is shown in Table 2.3.  The 

control mixture (I) had a compressive strength of 36.8 MPa (5340 psi) at 28 days.  

The addition of LWFA improved the compressive strength of the concrete, as 

seen in mixture I-Shale and I-Clay.  In mixture I-Shale, the compressive strength 

was 39.2 MPa (5680 psi) at 28 days.  This is an increase of 6% when compared to 

mixture I.  For mixture I-Clay, the 28 day compressive strength was 38.0 MPa 

(5520 psi).  This is an increase of 3% when compared to mixture I.  These results 

show that replacing a portion of the normal weight fine aggregate with pre-soaked 

LWFA can slightly improve the compressive strength of the concrete at 28 days.  

This could be a result of increased hydration of portland cement leading to 

improved paste strength and integrity in normal strength concrete mixtures.  

Previous research has indicated that the addition of LWFA into concrete can 

adversely affect the compressive strength of concrete at early ages due to the low 

intrinsic strength of the LWFA in high-strength concretes16, 20, 22.  However, in 

this research the target compressive strength was less than that of previous 

research where a decrease in compressive strength was observed.  This may 
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indicate that the including lightweight aggregate on higher strength concrete may 

have more of a detrimental impact than on 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 LWFA on compressive strength of high strength concrete.   

Table 2.3 - Mechanical properties of concrete cylinders 

  
Compressive strength, 

MPa (psi) 
Tensile strength, KPa (psi) Elastic Modulus, 

GPa (ksi) 
Mixture 7 day 28 day 7 day 28 day 28 day 

I 26.0 (3770) 36.8 (5340) 3240 (470) 4100 (595) 35.2 (5100) 
I-SRA 20.9 (3040) 33.2 (4820) 2860 (415) 3960 (575) 31.4 (4550) 
I-Shale 25.4 (3680) 39.2 (5680) 3070 (445) 3720 (540) 27.2 (3950) 
I-Clay 28.1 (4080) 38.0 (5520) 3410 (495) 4170 (605) 28.8 (4170) 

I-SRA+Shale 22.8 (3300) 35.0 (5080) N/A N/A N/A 
 

For mixture I-SRA, it can be seen that with the addition of SRA, the 7 and 28 day 

compressive strengths were 20.9 MPa (3040 psi) and 33.2 MPa (4820 psi), 

respectively.  These values were lower than mixture I that had a compressive 

strength of 26.0 MPa (3370 psi) and 36.8 MPa (5340 psi) at 7 and 28 days 

respectively.  At 28 days, the compressive strength of the mixture I-SRA was 

10% lower than mixture I.  The reduction in strength can be explained by the 

decrease in pore solution alkalinity causing a delay in the formation of hydration 

products24.  Since this mixture does not meet the desired 34.4 MPa (5,000 psi) at 

28 days it may be necessary to decrease the w/cm slightly, increase the 

cementitious content or test strength at 56 days to ensure adequate strength for 

design was achieved.  For mixture I-SRA+Shale, the addition of pre-soaked LWA 

to the mixture was able to negate some of the effects of the strength reduction.  

The 28 day compressive strength of mixture I-SRA+Shale was 35.0 MPa (5080 

psi).  The minimum 28 day compressive strength of 34.4 MPa (5000 psi) for the 

concrete was met, but was still 5% lower than mixture I.  Again, modifications to 
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this mixture may be necessary to ensure full strength gain of 34.4 MPa (5,000 psi) 

or greater at 28 days.  

2.5.3 Modulus of elasticity 

The modulus of elasticity of the concrete mixtures is shown in Table 2.3 - 

Mechanical properties of concrete cylinders 

.  The elastic modulus of mixture I was 35.2 GPa (5100 ksi) at 28 days.  The 

elastic modulus of mixture I-Shale was 27.2 GPa (3950 ksi) at 28 days.  The 

reduction in elastic modulus was 22.5% compared to mixture I. The elastic 

modulus for mixture I-Clay was 28.8 GPa (4170 ksi) when tested at 28 days.  This 

mixture exhibited an 18.2% reduction in the elastic modulus when compared to 

mixture I. The reduction in elastic modulus in the mixtures incorporating LWFA 

can be attributed to the lower strength of the LWA compared to the normal weight 

fine aggregate.  The elastic modulus of mixture I-SRA was 31.4 GPa (4550 ksi) at 

28 days.  This was a reduction of 10.8% compared to mixture I.  The reduction in 

elastic modulus can be attributed to the lower compressive strength of the 

mixture.  It should be noted that the elastic modulus was not tested on mixture I-

SRA+Shale. 

2.5.4 Splitting Tensile Strength 

The splitting tensile strength of the concrete mixtures is shown in Table 2.3 - 

Mechanical properties of concrete cylinders 

.  The splitting tensile strength of mixture I was 3240 KPa (470 psi) and 4100 KPa 

(595psi)  at 7 and 28 days respectively.  The splitting tensile strength of mixture I-

Shale was slightly lower than that of mixture I.  The results were 3070 KPa (445 

psi) at 7 days and 3720 KPa (540 psi) at 28 days.  However, in mixture I-Clay, the 

splitting tensile was higher than that of mixture I.  The measured values were 

3410 KPa (495 psi) at 7 days and 4170 KPa (605 psi) at 28 days.  A decreased 

splitting tensile strength of mixture I-SRA was found.  This is a similar trend to 

the compressive strength.   The 7 day and 28 day results were 2860 KPa (415 psi) 
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and 3960 KPa (575 psi) respectively.  The tensile strength was not tested on 

mixture I-SRA+Shale 

2.5.5 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 four different wet curing durations were used prior to placing the 

concrete into the drying environment according to ASTM C 157.  The results for 

length change from the 1-, 3 - 7- and 14-day curing duration are shown in Figure 

2.3 - Figure 2.6 respectively.  The results for the mass change of the different 

curing durations are found in Figure 2.7 – Figure 2.11.  The external wet curing 

durations were chosen to simulate a reduction in the time the external wet cure is 

required for concrete cast into Oregon DOT high performance concrete bridge 

decks (currently 14 days).  The comparison for these mixtures is thus the 

difference from the 14 day wet cure.   

 

Figure 2.3 - Drying shrinkage results, 1-day cure 
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Figure 2.4 - Drying shrinkage results, 3-day cure 

 

Figure 2.5 - Drying shrinkage results, 7-day cure 
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Figure 2.6 - Drying shrinkage results, 14-day cure 

It can be seen that the control mixture exhibited the most shrinkage (0.076%) at 

56 days after only a 1-day wet cure.   Increasing the wet cure duration to three 

days decreased the overall drying shrinkage.  With the 3-day external wet cure, 

the shrinkage was reduced to 0.067%.   However, increasing the curing duration 

beyond 3 days had minimal impact in reducing drying shrinkage in the five 

concrete mixtures tested.  For the mixtures that incorporated only LWFA the 1-

day wet cure was the most effective curing duration for reducing the drying 

shrinkage.  Mixture I-Shale (25% replacement of LWFA) and mixture I-Clay 

(12% replacement of LWFA) were most effective at reducing the drying 

shrinkage after a 1-day wet cure (a reduction of approximately 15%).  However, 

at longer curing times the drying shrinkage in this mixture was virtually identical 

to the control.   This can be attributed to the internally absorbed water in the 

LWFA that would likely to have been consumed during the hydration process 

owing to autogenous shrinkage. The reduction of drying shrinkage for the 1-day 

cure was 14.8%, compared to the 7-day and 14-day cure with a reduction in 

drying shrinkage of 1.5% and 2.8% respectively.  
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Figure 2.7 - Mixture I, mass change 

The addition of an SRA greatly reduced the drying shrinkage of the concrete.  

Mixture I-SRA was the second most effective method at reducing the drying 

shrinkage.  The reduction in drying shrinkage was 24%, 23%, 24% and 27% at 1-, 

3-, 7-, and 14-days respectively at 56 days.  However, the combination of shale 

LWFA (25%) and SRA was the most effective method at reducing drying 

shrinkage, which reduced the drying shrinkage by 34% when compared to 

mixture I for the 1-day cure.  The 7- and 14-day external wet cure drying 

shrinkage values were reduced by 27% and 32% respectively.  The reduction in 

drying shrinkage can be attributed to the ability of both the LWFA 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 LWFA 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. 
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Figure 2.8 - Mixture I-SRA, mass change 

 

Figure 2.9 - Mixture I-SRA+Shale, mass change 

While the incorporation of LWFA was shown to be the least effective at reducing 

the drying shrinkage, the compressive strength gain was the highest when 
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compared to mixture I.  Although a higher amount of shrinkage was observed 

compared to the other methods of mitigation, the concrete was shown to gain the 

most strength.  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 LWA concretes could allow 

for more deformation to occur before cracking occurs.  In the second part of this 

publication the impact on cracking risk using the ASTM C1581, restrained 

shrinkage test for these different methodologies as well as durability 

considerations are explored. 

 

Figure 2.10 - Mixture I-Shale, mass change 
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Figure 2.11 - Mixture I-Clay, mass change 
2.6  Conclusions  

Long-term drying shrinkage and mechanical properties of concretes made with an 

SRA, LWFA and the combination of a SRA and LWFA were presented in this 

paper.  The results give insight to which method was the most effective at 

reducing the long-term drying shrinkage, while still meeting compressive strength 

requirements.  The addition of SRA reduced the compressive strength slightly 

below the target strength, while the addition of pre-soaked LWFA increased the 

compressive strength compared to the control.  Minimum strength requirements 

were met in mixtures with the SRA when pre-soaked LWFA was added to the 

mixture.  The increase in strength can be attributed to the higher degree of 

hydration as a result of the internally stored water that was given off from the 

LWFA to further hydration.  

Additionally, all four methods were effective at reducing the drying shrinkage in 

the concrete using the ASTM C157 test.  The mixtures with SRA were the most 

effective at reducing the drying shrinkage.    In fact the incorporation of pre-

soaked fine LWFA and SRA showed the largest reduction in drying shrinkage 
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with an average reduction of 31% at all curing durations.  Furthermore, in 

mixtures that only incorporated pre-soaked LWFA, it was found that the LWFA 

provided protection against drying shrinkage most effectively at a 1 day cure.  At 

longer curing durations, the mixtures with LWFA performed similarly to the 

control mixture.  Incorporating more pre-soaked LWFA than determined from 

Equation 1 in concrete mixtures may further reduce the drying shrinkage.  From 

this research it was shown that increased wet curing times beyond 7 days were not 

effective in further reductions in drying shrinkage.  Therefore it is recommended 

that external wet curing may only be effective up to 3 days, for the HPC mixtures 

investigated in this study, after this time the use of LWFA and SRA can provide 

internal protection against further drying shrinkage. 
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Abstract:  The use of pre-soaked lightweight fine aggregate (LWFA) and 

shrinkage reducing admixtures (SRAs) have been shown as effective means to 

reduce deleterious effects of autogenous and in limited studies, drying shrinkage.  

However, minimal research has been performed on the durability performance of 

concretes made with these materials.   In this study, freeze-thaw resistance, 

permeability and time to cracking of high-performance concrete (HPC) were 

determined.  Two methods to reduce shrinkage, pre-soaked LWFA and SRAs, 

were studied in this research.  It was found that no reduction in freeze-thaw 

performance was found in mixtures incorporating SRA.  Additionally, with an 

adequate air void system, saturated concrete mixtures with pre-soaked LWFA 

performed similarly to the control mixture. The addition of SRAs and LWFA also 

reduced the permeability of HPC up to 23%.  Furthermore, time to cracking was 

prolonged in both shrinkage mitigation techniques with a reduced external wet 

cure. 

 

Keywords:  internal curing, shrinkage-reducing admixtures, lightweight 

aggregate, freeze-thaw, chloride ingress, restrained shrinkage 
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3.1  Introduction   

A reduction in shrinkage in high-performance concrete (HPC) has been achieved 

through the use of shrinkage reducing admixtures (SRAs) and internal curing with 

the use of pre-soaked lightweight fine aggregate (LWFA), cellulose fibers and 

super absorbent polymers as the internal curing agent.  Both of these methods 

have been shown to effectively reduce the amount of autogenous and drying 

shrinkage in HPC1-10.  Additionally, it has been found that internal curing with 

pre-soaked LWFA typically increased the 28-day compressive strength while 

decreasing the elastic modulus4, 7, 11.  The reduction in modulus of elasticity has 

been attributed to the lower intrinsic strength of the LWFA7, 12.  The use of SRAs 

has been shown to decrease the 28-day compressive strength8, 13, 14 due to delayed 

hydration caused by a decrease in the alkalinity of the pore solution15.  While it is 

known that these two methods have been effective at reducing shrinkage in 

concrete, other factors contributing to the long-term performance of concrete need 

to be studied to ensure long lasting, durable concrete (e.g. other attributes of 

HPC).  These factors include freeze-thaw resistance, reduced permeability and 

cracking potential.    

3.1.1 Freeze-thaw resistance 

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 producing a stable 

air void system16, 17 in early production runs of SRA.   A reduction in surface 

tension in the pore solution18 can have an effect on the formation of an adequate 

air void system to provide protection against freezing and thawing cycles16, 17, 19.  

Developments in the past 10 years in the formulation of SRAs have shown that a 

stable air void system in concretes can be achieved18, 19.  Previous research has 

shown conflicting results in the freeze-thaw performance of concretes 

incorporating SRAs.  Research performed by Berke et al19 and Bae and co-

workers18 demonstrated that a stable air void system can be achieved to provide 
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freeze-thaw resistance.  Results indicated that a relative dynamic modulus of 

elasticity (RDME) of 99% and 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 Ramey17 showed that the 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 mixture17-19. 

Early research on the use of pre-soaked LWAs reduced the durability of concretes 

when subjected to freezing and thawing cycles made with no air-entrainment and 

in concretes made with moderate air entrainment20.  Further research performed 

by Pfeifer showed little change in performance in concretes made with air dried 

LWAs when subjected to freezing and thawing21.  More current research 

performed by Grotheer et al22 showed the use of LWFA in HPC mixtures 

performed well when subjected to freezing and thawing environments.  Three 

sources of LWFA 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%, 

which were wet cured for 67 days and then placed in a drying environment for 21 

days 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-workers7 on high-

performance mortars incorporating pre-soaked LWFA.  Mortars were cast with a 

w/cm of 0.30 and had no entrained air.  The mortars were allowed to cure for 14 

days 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. 
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3.1.2 Permeability  

In addition to freeze-thaw performance, it is important for the concrete to have 

low transport properties to reduce the effects of chloride ingress.  The porosity 

and resulting permeability of concrete are important when considering durability.  

The most important factor affecting the porosity of concrete is the w/cm.  As the 

w/cm decreases, the concrete becomes less porous and increasingly impermeable.  

Ingress of moisture may increase the effects of freeze-thaw cycles or contain 

aggressive chemicals that can cause corrosion that can lead to a decreased service 

life23.  Work by Powers24 proved that the porosity of cement paste decreased with 

a decrease in the w/cm.  Low w/cm is typically found in HPC mixtures, which 

promotes the formation of a low permeability/low porosity system.  Furthermore, 

the porosity is also dependent on the degree of hydration.  As the degree of 

hydration approaches 100%, the porosity decreases.  The reduction in porosity 

typically leads to a reduction in permeability.  

Previous research performed by Thomas25 showed that the use of pre-soaked 

LWFA and lightweight coarse aggregate reduced the permeability of non-air 

entrained HPC incorporating silica fume and fly ash.  A reduction in permeability 

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.  The reduction in 

permeability was attributed to the internally absorbed water providing moisture 

for increased hydration of cement.   Zhang and Gjorv26 also showed a decrease in 

permeability in high-strength lightweight concrete.  However, they 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 Bentz27 

on non-air entrained mortars with a w/cm = 0.40 have shown that the use of pre-

soaked LWFA had a diffusion coefficient for chloride ions that was 55-75% lower 

than that of the control mixture without LWFA.  Through modeling and the use of 

scanning electron microscopy, the reduction in chloride diffusion was credited to 
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a reduced percolated interfacial transition zone (ITZ) and enhanced hydration in 

the mortars incorporating LWFA. 

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 0.5028.  Further research by 

Berke et al.19 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. 

3.1.3 Restrained shrinkage and cracking risk 

Determining the time to cracking and strength of the concrete at cracking is 

important for durability issues.  Once the concrete cracks, there becomes a fast-

path for aggressive agents, such as chloride ions, moisture, air and/or freezing 

water, which can further exacerbate the deterioration the concrete.  Research has 

shown that the addition of SRAs to typical concrete bridge deck mixtures, the 

time to cracking is prolonged.  Research performed by Folliard et al.29 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 days, 

whereas the mixture incorporating SRA had no cracking at an age of 590+ days.  

Additionally, testing by Qiao and co-workers30 showed that cracking had not 

occurred at 28 days in mixtures incorporating SRAs.  Additionally, restrained 

shrinkage performed on high-performance mortars with w/cm = 0.30 that 

incorporated pre-soaked LWFA indicated that with the addition of more LWFA, 

the time to cracking was reduced.  In fact, with a replacement level of 33.0% of 

normal weight sand with pre-soaked LWFA, no cracking was observed up to 14 

days of monitoring7.  

While significant research has been performed on the reduction of shrinkage of 

concretes incorporating SRAs and pre-soaked LWFA, there is a need to further 

study the durability aspect of HPC made with these shrinkage mitigation 

techniques.  The purpose of this study is to determine the chloride permeability, 
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freeze-thaw resistance and time to cracking of air-entrained HPC incorporating 

LWFA, SRA or combinations of both.   

3.2  Research Significance 

Typically, the use of SRAs and LWFAs are used to minimize the deleterious 

effects of autogenous and to a lesser extent, drying shrinkage.  While previous 

research has shown the effectiveness of these methods to reduce shrinkage, there 

is limited and conflicting information on the impact on long-term performance, 

e.g. durability.  It is imperative to ensure that these methods do not have a 

negative effect on durability parameters.  In this research, freeze-thaw resistance, 

chloride penetration and time to cracking using restrained drying shrinkage were 

studied on air-entrained HPC that incorporate these shrinkage mitigation 

techniques.   

3.3  Experimental Procedure  

3.3.1 General Information 

The experimental program investigated the effect of SRAs, LWFAs and 

combinations of both on durability properties including:  freeze-thaw resistance, 

permeability, and time to cracking.  Two sources of LWFA and one SRA were 

studied.  Both LWFAs met specifications described in ASTM C33031.  The two 

sources of LWFA used exhibited drastically different properties in terms of 

absorption capacity and rate.  Research performed by Deboodt and co-workers11 

showed that a source of expanded shale had an absorption capacity of 17.5% and 

achieved this value in 3 days.  The expanded clay had an absorption capacity of 

34.1%, and it was presumed to have reached its absorption capacity in 7 days.  

The amount of LWFA to use in the concrete mixtures was determined using the 

equation developed by Bentz and co-workers32, 33.   

Concrete specimens were cast according to ASTM C19234 for all testing.  The 

concrete specimens were cast and wrapped in wet burlap and covered with plastic 
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sheeting until they were demolded at 24 hours from initial contact.  Upon removal 

from the molds, the specimens wet cured in a 100% RH curing environment.  

3.3.2 Freezing-Thaw Testing 

ASTM C66635 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 days 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 C21536.  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 LWFA, were tested under the same 

curing conditions.  According to ASTM C33031, concrete mixtures containing 

lightweight aggregate to be tested for freeze-thaw resistance should be externally 

wet cured for 14 days.  After the curing duration, the concrete specimens are to be 

moved to a drying environment at 23 oC (73 oF) and 50% RH for 14 days.  Prior 

to testing the specimens are to be soaked for 24 hours prior to testing.  In this 

research, in order to compare the different concrete mixtures, all specimens were 

tested with a 28 day external wet cure prior to freeze-thaw testing.  This would 

provide a worst case scenario for the mixtures incorporating the pre-soaked, 

LWFA due to the aggregate having potentially internally absorbed water. 



98 

 

3.3.3 Rapid Chloride Permeability Testing 

The HPC’s ability to resist chloride penetration was determined using the rapid 

chloride permeability test (RCPT) according ASTM C120237.  Cylindrical 

concrete specimens were demolded at 24 hours and placed in a 100% RH curing 

environment.  The specimens were wet cured for 56- and 90-days 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 permeability of concretes made 

with pre-soaked LWFA.  Two mixtures of with the same proportions that 

incorporated LWFA were cast with different amounts of entrained air. 

3.3.4  Restrained Drying Shrinkage 

Restrained shrinkage testing was performed on selected HPC mixtures.  Concrete 

was mixed according to ASTM C19234 and cast according to ASTM C158138.  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 gauges were mounted 90o apart and placed at mid-height 

on the steel ring; instead of the specified two diametrically opposed gauges.  

Three different mixtures were cast, and three replicates of each mixture were 

performed.  Upon finishing the specimens, the strain gauges 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 minute intervals 

throughout the testing.  At 24 hours of age, the outer PVC ring was removed and 

the specimens were wrapped in wet burlap 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 hours to provide adequate 

moisture for external curing.  A variety of curing durations were utilized for the 

concrete specimens based on results from part 1 of this research11.  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-
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cured cylinders were cast to determine the corresponding strength at the time of 

cracking.  The cylinders were demolded at 24 hours from initial contact, and 

placed in a 100% RH curing environment.  When the burlap on the restrained 

rings was removed, three cylinders were moved from the 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 days and tested for compressive strength.   

3.4 Materials and mixture proportions 

Six different concrete mixtures were tested using the procedures described below.  

A Type I/II portland cement (meeting ASTM C15039), one Class F fly ash 

(meeting ASTM C61840) and one silica fume (meeting ASTM C124041) were 

used in the study.  Table 3.1 shows the chemical composition of the cementitious 

materials used.   

Table 3.1 - Oxide analysis of cementitious materials 

      Cement Fly Ash 
Silica 
Fume 

  SiO2, %   20.51 55.24 > 85.0 

  Al 2O3, %   4.72 15.77 - 

  Fe2O3, %   3.23 6.27 - 
  CaO, %   64.21 10.2 - 
  MgO, %   0.8 3.64 - 

  K2O, %   0.29 2.08 - 

  Na2O Eq., %   0.49 1.51 < 1.5 

  SO3, %   2.7 0.7 < 3.0 
  LOI, %   2.62 0.23 < 6.0 

  C3S, %   61.51 - - 

  C2S, %   12.4 - - 

  C3A, %   7.03 - - 

  C4AF, %   9.84 - - 

A local, siliceous river gravel was used as the coarse aggregate, with a maximum 

size of 19 mm (3/4 in.) used in all mixtures.  A local, natural siliceous sand was 
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used as the normal weight fine aggregate in all mixtures.  Two different LWFAs 

were used in the concrete mixtures.  One LWFA was an expanded shale aggregate 

and the other was an expanded clay meeting ASTM C33031.  The expanded shale 

had a bulk specific gravity of 1.59 and an absorption capacity of 17.5%.  The 

expanded clay had a bulk specific gravity of 1.08 and had an absorption capacity 

of 34.1%11.  The mixture proportions used in this study are shown in Table 3.2.  

All mixtures had a w/cm of 0.37.  Each mixture was proportioned with 375 kg/m3 

(633 lb/yd3) of cementitious material.  A Class F fly ash was used as a 30% 

replacement of cement by mass, and the silica fume used as a 4% replacement of 

cement by mass.  Where used, the SRA was added at 2% of the cement by mass, 

replacing an equal amount of water that was supplied by the SRA.  Two different 

values of chemical shrinkage (CS) were used to determine the amount of LWFA 

to be used in the mixtures.  Based on initial testing using ASTM C160842, a value 

of 0.056 g water/g cement was used as the CS value.  However, based on further 

research performed by Fu43, modifications were made to ASTM C1608 to use a 

smaller sample size to account for depercolation of the paste due to the low w/cm.  

This produced a CS value of 0.07 g water/g cement.  Results of both replacements 

however, will be shown to demonstrate the results in an underproportioned 

LWFA mixture.  A Type F polycarboxolate-based high-range water reducing 

admixture was used meeting ASTM C49444.  Dosage rates for the high-range 

water reducing admixture varied in order to produce similar workabilities in the 

fresh concrete, which remained within the manufacturers recommended dosage.   

A commercially available air entraining admixture meeting ASTM C26045 was 

also added to obtain a target air content of 6 ± 1% (which meets local department 

of transportation design specifications).  
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Table 3.2 – Concrete mixture proportions 

Name and 
description 

I I-SRA I-Clay 1 I-Clay 2 I-Shale 1 I-Shale 2 

HPC 
control 

HPC w/ 
SRA 

HPC w/ 
clay LWFA 
(CS = 0.056 

g/g) 

HPC w/ 
clay LWFA 
(CS = 0.070 

g/g) 

HPC w/ 
shale LWFA 
(CS = 0.056 

g/g) 

HPC w/ 
shale LWFA 
(CS = 0.070 

g/g) 

Cement, kg/m3 
(lb/yd3) 

248 (419) 248 (419) 248 (419) 248 (419) 248 (419) 248 (419) 

Fly Ash, kg/m3 
(lb/yd3) 

112 (189) 112 (189) 112 (189) 112 (189) 112 (189) 112 (189) 

Silica Fume, 
kg/m3 (lb/yd3) 

14.8 (25.0) 14.8 (25.0) 14.8 (25.0) 14.8 (25.0) 14.8 (25.0) 14.8 (25.0) 

Water, kg/m3 
(lb/yd3) 

139 (234) 131 (221) 139 (234) 139 (234) 139 (234) 139 (234) 

Coarse 
Aggregate, 

kg/m3 (lb/yd3) 

1074 
(1810) 

1074 
(1810) 

1074 (1810) 1074 (1810) 1074 (1810) 1074 (1810) 

Fine Aggregate, 
kg/m3 (lb/yd3) 

659 (1110) 659 (1110) 517 (872) 482 (812) 451 (761) 400 (674) 

LWFA, kg/m3 
(lb/yd3) 

0.00 0.00 61.7 (104) 77.1 (130) 132 (222) 164 (277) 

SRA, kg/m3 
(lb/yd3) 

0.00 7.5 (12.7) 0.00 0.00 0.00 7.5 (12.7) 

AE, mL/cwt (fl 
oz/cwt) 

16.3 (0.55) 31.9 (1.08) 12.7 (0.49) 14.5 (0.49) 12.7 (0.49) 12.7 (0.49) 

HRWR, mL/cwt 
(fl oz/cwt) 

240 (8.10) 275 (9.30) 240 (8.10) 240 (8.10) 240 (8.10) 240 (8.10) 

Fresh Concrete 
Air Content (%) 

6.00 5.00 7.00 6.25 6.25 8.00 

 

For all mixtures using LWFA, the equation developed by Bentz32 was used to 

determine the amount of LWFA to replace the normal weight fine aggregate.  

Equation 3.1 shows the Bentz equation: 

max* *

*
f

LWA
LWA

C CS
M

S

α
φ

=                                                                            Equation 3.1 
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where, MLWA is the mass of dry, fine LWA needed per unit volume of concrete 

(kg/m3 or lb/yd3), Cf is the cement content for the concrete mixture (kg/m3 or 

lb/yd3), CS is the chemical shrinkage of the cement (g of water/g of cement or 

lb/lb), αmax is the maximum expected degree of hydration of cement, S is the 

degree of saturation of the aggregate (0 to 1), and φLWA is the absorption of the 

lightweight aggregate (kg water/kg dry or lb/lb)32. 

The following assumptions were made for the equation, the degree of hydration 

was assumed to be 1 since the w/cm was higher than 0.36, and the degree of 

saturation of the LWFA was assumed to be 1.  The absorption capacities for the 

expanded clay was 34% and the expanded shale was 16% were used, respectively.  

These values were determined through previous work by Deboodt et al11.   

Replacement levels of normal weight sand with LWFA for the mixtures with 

expanded clay were 9.4% and 12% respectively (based on the aforementioned 

chemical shrinkage values used in the Bentz equation).  For the mixtures 

incorporating expanded shale, the replacement levels of normal weight sand with 

LWFA were 20% and 25% respectively.  Prior to mixing, the shale LWFA was 

pre-soaked for a minimum of 3 days and the clay LWFA was pre-soaked for a 

minimum of 7 days to ensure the moisture content of the LWFA was at or above 

the absorption capacity.  For the mixtures with CS = 0.056 g water/g cement, the 

aggregate absorbed 21.0 kg/m3 (35.4 lb/yd3) of water for internal curing based on 

the absorption capacity.  The mixtures with CS = 0.07 g water/g cement had 

absorbed 26.3 kg/m3 (44.3 lb/yd3) of water for internal curing based on the 

absorption capacity.  

3.5  Experimental Results and Discussion 

3.5.1 Freeze-thaw 

The six different HPC mixtures were tested for freeze-thaw resistance according 

to ASTM C666.  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 3.1.   
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Figure 3.1- Freeze-thaw testing, relative dynamic modulus 

Table 3.3 - Mass loss and relative dynamic modulus of elasticity after 300 cycles 

Mixture ID Mass change (%) RDME 

I -0.799 90% 
I-SRA -2.50 91% 

I-Clay 1  -3.52 81% 
I-Clay 2 N/A N/A 
I-Shale 1 -1.81 80% 
I-Shale 2 -1.25 90% 

 
Tabulated values for the RDME and mass change are found in Table 3.3.  Mixture 

I, the control, had a RDME of 90% and mass loss of 0.80% at 300 cycles.  This 

indicates that the mixture would be said to pass based on ASTM C666.  The 

incorporation of SRA (Mix I-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 water46.  However, the mass loss was much more 

profound.  The mass loss of Mixture I-SRA was 2.50% at the close of the test.  It 

was observed during testing that surface of the mixture began scaling off around 
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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 mixture17.   

For mixtures containing expanded clay, the change in RDME and the mass loss 

were the highest of all mixtures tested.  For mixture I-Clay 1 the RDME at 300 

cycles was 81%.  The mass loss of mixture I-Clay 1 was 3.52%, and was 77% 

greater than mixture I.  Testing on mixture I-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 LWFA during the freezing cycle.   

Mixtures containing expanded shale typically performed better than the mixtures 

containing expanded clay.  For the lower replacement level, the performance of 

both LWFAs was similar.  At the end of 300 cycles, mixture I-Shale 1 had a 

RDME of 80% and mixture I-Clay had a RDME of 81% at 300 cycles.  Mixture I-

Shale 1 began to deteriorate rapidly once internal damage had begun, which can 

be seen in the change of slope around 250 cycles in Figure 3.1.   In mixture I-

Shale 2, there was no significant difference in the RDME (91%) when compared 

to mixture I.  This result indicates that with a proper amount of air entrainment, 

mixtures incorporating pre-soaked LWFA can perform similarly to mixtures 

without LWFA 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 I-Shale 1 had a mass loss of 1.81% which 

compared to 3.52% for I-Clay 1.  Mixture I-Shale 2 had a mass loss of 1.21% 

which, whereas the test for mixture I-Clay 2 was ended after 194 cycles.  At the 

end of the 194 cycles, mixture I-Clay 2 had a mass loss of 3.79%. 
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When comparing the two mixtures incorporating LWFA, it was seen that the 

shale LWFA 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 the aggregate.  During the hydration of cement, the LWFA will give 

off much of its absorbed water.  Since the specimens were kept in a 100% RH 

environment until testing, the LWFA could still have some internally absorbed 

water.  Furthermore, in LWFAs 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 I-Shale 2, the higher air content performed better than 

mixture I-Shale 1 which had a lower air content even though there was more 

LWFA present.  The higher air content provided increased freeze-thaw 

performance.  In mixtures incorporating pre-soaked LWFA 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 

LWFA under similar conditions. 

According to ASTM C33031, testing of concretes with LWFA recommends drying 

the specimen for 14 days prior to testing.  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 LWFA.  The densification 

of the ITZ around the aggregate could have made it difficult for the LWFA to re-

absorb water during freeze-thaw testing.  This would have eliminated any 

potentially deleterious effect of the LWFA 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 LWFA.  Once the internal RH of the 

concrete is known, the amount of water in the LWFA can be approximated from 

desorption testing on the LWFA. 



106 

 

3.5.2 Rapid Chloride Permeability Testing 

The 56- and 90-day RCPT results are shown in Figure 3.2.  It can be seen that all 

concrete mixtures had a total charge passed less than 1000 coulombs in 6 hours.  

This meets local department of transportation standards.   According to ASTM 

C120237, all mixtures exhibit very low permeability and thus a low risk of 

chloride ingress due to the total charge passed in 6 hours being less than 1000 

coulombs.   

 

Figure 3.2 - RCPT results 

The control mixture had a 56-day value of 860 coulombs passed in 6 hours.  The 

90-day results produced a value of 635 coulombs passed in 6 hours.  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 I-SRA had a 56-day value of 665 coulombs and 90-day value of 540 

coulombs respectively.  The 56-day value for mixture I-SRA was 23% lower than 

that of mixture I, and the 90-day value 15% lower than mixture 1.  The decreased 

permeability in concrete mixtures incorporating SRAs was also found in research 

performed by Berke et al.19 and Bentz27.  
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Mixtures incorporating lower dosages of LWFA performed similarly to the 

mixture I with a 56-day cure.  It can be seen that with higher dosages of LWFA, 

the permeability of the concrete was higher at 56-days.  However, at 90 days the 

permeability was the same in the mixture incorporating the clay LWFA as the 

control mixture.  However, in the mixture incorporating the shale LWFA, the 

charge passed was reduced from 635 coulombs in mixture I to 490 coulombs in 

mixture I-Shale 2.  The reduction in permeability from 56- to 90-days can be 

attributed to the densification of the improved hydration and densification of the 

ITZ with the LWFA as observed by Bentz27. 

Additional testing to study the impact of air-entrainment on permeability in 

conjunction with LWFA was performed on the LWFA mixtures that were 

proportioned with CS = 0.07 g/g.  It can be seen in Table 3.4 that the amount of 

entrained air has an effect on the permeability of the concrete, especially at 56 day 

testing.   

Table 3.4 - RCPT results, LWFA air study 

Charge Passed (coulombs) 
  56 day 90 day 

I-Clay 2 (4.5% air) 845 540 
I-Clay 2 (6.25% air) 925 635 
I-Shale 2 (4.5% air) 585 490 
I-Shale 2 (8.0% air) 925 490 

At 56 days 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 LWFA.  It was found that with a 3.5% reduction in air content 

resulted in 36.7% reduction in permeability.  These results are supported by 

research by Zhang and Gjorv26.  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-days.  The mixtures 

with the same LWFAs typically exhibited similar permeability regardless of the 
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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 chloride ingress be conducted to confirm this observation.  

However, it should be noted that regardless of the air entrainment, the 

permeability of the concrete 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 LWFA 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 permeability of these mixtures. 

3.5.3 Restrained shrinkage 

The results for restrained shrinkage can be found in Figure 3.3 - Figure 3.5.  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.  As seen in Figure 

3.3, mixture I with a 14 day external wet cure cracked at 4.4 days and had a 

corresponding strength of 32.4 MPa (4700 psi) at the time of cracking.  The 

maximum average strain resulting from drying shrinkage for the three rings was 

30.8 µε. 



109 

 

 

Figure 3.3 – Restrained shrinkage, Mix I, 14 day cure 

Restrained shrinkage data for mixture I-SRA, 3 day external wet cure, is shown in 

Figure 3.4.  The average time to cracking for the three rings was 16.8 days with a 

maximum average strain of -33.4 µε.  The compressive strength at the time of 

cracking was 31.4 MPa (4560 psi).  Cracking was observed on one of the three 

rings at 13.6 days, and cracking was observed in the other two rings at 18.2 and 

18.5 days respectively.  With the addition of SRA, the time to cracking was 

extended to 12.4 days, while reducing the external wet cure duration from 14 to 3 

days.  As expected, the rate of shrinkage was also reduced when compared to 

mixture I.  This corresponds to free shrinkage data reported by Deboodt co-

workers11.  Similar results on the prolonged time to cracking in restrained 

shrinkage on HPC incorporating SRAs were found by Folliard et al.29 

Ring 3 

Ring 1 

Ring 2 
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Figure 3.4 – Restrained shrinkage, Mix I-SRA, 3 day cure 

For Mixture I-Shale 2 with a 3-day external wet cure, it was seen in Figure 3.5 

that cracking occurred in all three rings at approximately the same age.  The 

average time to cracking was 6.9 days with a corresponding average strain of -

43.5 µε.  The average compressive strength of the match cured cylinders was 28.5 

MPa (4150 psi) at the time of cracking.  It can be seen that the addition of pre-

soaked LWFA, and a 3 day external wet cure prolonged the time to cracking by 

2.5 days when compared to the mixture I with commensurate with a reduction in 

external wet cure of 11 days.   

Ring 2 

Ring 1 

Ring 3 
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Figure 3.5 – Restrained shrinkage, Mix I-Shale 2, 3 day cure 

Additionally, the compressive strength was 12% lower at the time of cracking.  

Even though the compressive strength of mixture I-Shale 2, 3 day cure, was lower 

at the time of cracking than that of mixture I, 14 day 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 LWFA in addition to an overall reduction in 

drying shrinkage. Results from Deboodt have shown that elastic modulus 

incorporating this particular LWFA was reduced when compared to the control 

mixture11.  This can be explained by the fact that concretes with lower elastic 

modulus due to incorporation of lightweight fine aggregates offer less restraint to 

time dependent deformations, such as drying shrinkage23.  Therefore, it would be 

expected that more deformation would occur in mixture I-Shale 2, 3 day cure, 

before cracking than that in mixture I, 14 day cure, with a higher elastic modulus.  

Additionally, when comparing the rate of shrinkage, it was found that rate of 

shrinkage was reduced with the incorporation of pre-soaked LWFA. 

Ring 1 

Ring 2 

Ring 3 
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3.6 Conclusions  

Freeze-thaw performance, concrete permeability and restrained shrinkage of air-

entrained HPC made with SRAs and pre-soaked LWFA were presented in this 

paper.  The results provide information on the durability performance of 

shrinkage mitigation techniques used in HPC.  It was found that the addition of 

SRA to the HPC provided the best performance (exceeding even the performance 

of the control) freeze-thaw performance as well as concrete permeability at 56 

days of curing.  However, when the mixture with SRA was tested for freeze-thaw 

resistance according to ASTM C666 – Method A, it was found to scale 

significantly more than the control mixture tested.  Furthermore, after 16.8 days 

of restrained drying shrinkage, cracking was observed in all of the rings.  A 3-day 

external wet cure prolonged the time to cracking by 12.4 days when compared to 

mixture I.   

The incorporation of LWFA also improved the performance of the HPC in terms 

of a potential reduction in chloride ingress according the RCPT test.  It was found 

to have little effect at 56-days of curing, but more profound at 90-days of curing, 

especially in mixtures incorporating the shale LWFA.  Further testing should be 

performed on LWFAs with high porosity (AC > 30%) for chloride ingress to 

determine the effect of aggregate porosity on permeability.   

Conflicting results on the performance of LWFA mixtures was found when tested 

for freeze-thaw resistance.  When an adequate air void system was present in the 

HPC, minimal damage was caused by freezing and thawing cycles.  The air 

content for mixtures incorporating LWFA may need to be higher than a 

comparable mixture without LWFA when the concrete is nearly saturated.  

Additional testing on the freeze-thaw performance of HPC incorporating LWFA 

should be performed following the guidelines of ASTM C330.  Additionally, it 

was found that the incorporation of pre-soaked, expanded shale LWFA could 

prolong the time to cracking by 2.5 days while reducing the external wet cure 

from 14- to 3-days.  Further testing on different external wet cure durations, 
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replacement levels of LWFA and the combination of LWFA and SRAs is 

recommended.   
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4 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 shrinkage reducing admixtures and pre-soaked lightweight 

fine aggregate have been shown to be effective methods to reduce both types of 

shrinkage.  However, a lack of research on the overall performance is lacking in 

regards to long-term drying shrinkage and durability of concrete specimens 

incorporating these mitigation measures.  

The goal of this research project was to determine the ability of SRAs and internal 

curing, using pre-soaked LWFA, 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.  Two 

manuscripts have been created and were included in this thesis.  These 

manuscripts will be a two part submission to ACI Materials Journal.   

The first, titled Evaluation of LWFA and SRAs on Drying Shrinkage of High-

Performance Concrete, discussed the results of mechanical property development 

and drying shrinkage of HPC incorporating SRAs and pre-soaked LWFA.  

Conclusions from this manuscript were: 

• The addition of SRA reduced the compressive strength slightly below the 

target strength, while the addition of pre-soaked LWFA increased the 

compressive strength compared to the control.  Minimum strength 

requirements were met in mixtures with SRA when pre-soaked LWFA 

was added to the mixture. 
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• Reducing drying shrinkage was the most effective with the incorporation 

of LWFA and SRA with an average reduction in shrinkage of 31% at 56 

days of drying for the various curing durations.   

• The incorporation of LWFA reduced the drying shrinkage most effectively 

with a 1 day cure.  At longer curing durations, it was observed that the 

mixtures incorporating LWFA performed similarly to the control mixture.  

This was probably due to most (if not all) of the internally stored water in 

the aggregate being consumed in hydration.  Therefore, no internal water 

was available to provide protection against drying shrinkage.  Additional 

LWFA may need to be added to the mixture design to mitigate drying 

shrinkage. 

• Therefore it was observed that external wet curing may only be effective 

up to 3 days, for the HPC mixtures investigated in this study, after this 

time the use of LWFA and SRA can provide internal protection against 

further drying shrinkage. 

In the second manuscript, Durability Assessment of High-Performance Concrete 

with SRAs and LWFA, freeze-thaw, permeability, and restrained drying shrinkage 

testing was performed on HPC mixtures incorporating pre-soaked LWFA and 

SRAs.  Conclusions from this manuscript were: 

• No reduction in relative dynamic modulus of elasticity in mixtures 

containing SRA when tested for freeze-thaw resistance.  However, it was 

significant scaling was observed in these specimens after 300 cycles of 

testing.  Conflicting results on the performance of LWFA mixtures was 

found when tested for freeze-thaw resistance.  When an adequate air void 

system was present in the HPC, minimal damage was caused by freezing 

and thawing cycles.  The air content for mixtures incorporating LWFA 

may need to be higher than a comparable mixture without LWFA when 

the concrete is nearly saturated.  Additional testing on the freeze-thaw 

performance of HPC incorporating LWFA should be performed following 

the guidelines of ASTM C330.   
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• The incorporation of both shrinkage mitigation techniques reduced the 

permeability of the HPC mixture through testing in ASTM C1202.  The 

56-day value for mixture incorporating SRA was 23% lower than that of 

the control mixture, and the 90-day value 15% lower than the control 

mixture.  Mixtures incorporating lower dosages of LWFA performed 

similarly to the control with a 56-day cure.  It was observed that with 

higher dosages of LWFA, the permeability of the concrete was higher at 

56-days.  However, at 90 days the permeability was the same in the 

mixture incorporating the clay LWFA as the control mixture.  However, in 

the mixture incorporating the shale LWFA, the charge passed was reduced 

from 635 coulombs in the control mixture to 490 coulombs in the mixture 

with a higher dosage of shale LWFA.   

• For the mixture incorporating SRA, cracking was observed in all of the 

rings after 16.8 days of restrained drying shrinkage.  A 3-day external wet 

cure prolonged the time to cracking by 12.4 days when compared to the 

control with a 14-day wet cure.  It was observed that with the 

incorporation of shale LWFA and a 3-day external wet cure, the time to 

cracking was prolonged by 2.5 days.  Further restrained shrinkage testing 

on different external wet cure durations, replacement levels of LWFA and 

the combination of LWFA and SRAs is recommended. 

While the testing herein showed an overall reduction in drying shrinkage for the 

various mitigation methods and similar durability performance, further testing is 

recommended.  It is recommended additional curing durations on restrained 

drying shrinkage for HPC mixtures incorporating LWFA and/or SRA should be 

conducted.  Additionally, freeze-thaw testing meeting ASTM C330 should be 

performed to accurately verify the performance of mixtures incorporating LWFA.  

Finally, it is recommended that small scale bridge decks be cast in an outdoor 

exposure site to ensure performance of a candidate mixture prior to field testing.  

Based on the results in this thesis it is recommended that the external wet cure 

may be reduced from 14 days to either 3 or 7 days in mixtures incorporating SRA 

after further testing of the mixtures has been performed.  However, the 
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recommended work should be conducted prior to implementing these techniques 

in the field. 
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