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Abstract 

 
Role of Relative Humidity in Concrete Expansion due to Alkali-Silica Reaction 

and Delayed Ettringite Formation: Relative Humidity Thresholds, Measurement 

Methods, and Coatings to Mitigate Expansion 

 

by 

Charles Karissa Rust, M.S.E. 

The University of Texas at Austin, 2009 

Supervisor: Kevin Folliard 

 

 Premature concrete deterioration due to alkali-silica reaction (ASR) and delayed 

ettringite formation (DEF) is a significant problem all over the world.  In cases where 

these mechanisms were not initially prevented, mitigation is critical to halt expansion and 

cracking.  The main objectives of the research presented herein were to study the effect of 

ambient relative humidity (RH) on rates of concrete expansion, to determine RH 

thresholds below which expansion due to ASR and/or DEF may be suppressed, and to 

evaluate coatings intended to lower the internal RH of concrete and thus minimize future 

potential for damage.  Results from testing showed that the RH threshold for ASR was 

below 82%, the RH threshold for DEF was below 92%, and the RH threshold for 

combined ASR and DEF could be about 83% for the materials tested.  Furthermore, it 

was shown that some coatings are effective in reducing ASR- and DEF-related expansion 

by lowering the internal RH of concrete. 
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Chapter 1: Introduction 

 

 For many years, concrete structures in Texas have been experiencing premature 

deterioration that results in reduction of service life and costly repairs.  Each year more 

bridges and roads are found to be affected by internal reactions which produce heavy 

cracking, leading to severe damage if left untreated.  There is an urgent need for research in 

combating the effects of these deterioration mechanisms. 

 One of the most common internal mechanisms that leads to loss of service life is 

alkali-silica reaction (ASR), a chemical reaction between certain aggregates and cement 

alkalis that produces a highly expansive gel.  In more recent years, a second and more severe 

internal mechanism that has been observed is delayed ettringite formation (DEF).  In the 

worst case, in which a combination of these two mechanisms is at play, the rate of 

deterioration of a concrete structure can be extremely fast and the extent of cracking can be 

significant. 

 The project presented herein was initiated in September 2006 and was motivated by 

the need for a long-term solution for premature deterioration in concrete.  Perhaps the most 

promising solution is a topical coating to the affected structure that helps to lower internal 

relative humidity and thus greatly hinder or stop further expansion due to ASR, DEF, or a 

combination of the two.  This project was initiated specifically with research of potentially 

promising coatings and sealants in mind.  The project is a joint effort by researchers at the 

University of Texas at Austin (UT) and the University of New Brunswick (UNB).  Set to be 

completed in 2010, the ultimate goal of the project is to develop a recommended practice for 

effectively treating structures plagued by ASR and DEF. 

 Because research for this project is ongoing, this thesis will present only a portion of 

the findings associated with the project.  A previous thesis was published by Lute (2008) 

summarizing a significant amount of preliminary findings.  Future publications, including a 

final project report, will provide a comprehensive summary of all the work done on the 

project, providing specific recommendations for contractors in the treatment of prematurely 

deteriorating concrete structures. 
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1.1 Introduction to ASR and DEF 

 An introduction to alkali-silica reaction (ASR) and delayed ettringite formation 

(DEF) is presented next. 

 

1.1.1 Alkali-Silica Reaction 

 Alkali-silica reaction is a deleterious chemical reaction between alkalis and siliceous 

aggregates in concrete.  It has been well documented that ASR results in expansion and 

cracking, leading to premature deterioration of concrete structures around the world.  The 

first case of ASR as a cause of cracking in concrete was documented by Stanton (1940).  

Currently ASR is recognized as the one of the most common causes of deterioration of 

highway concrete structures and pavements in the United States (Tuan et al. 2005). 

 Three essential components must be present for ASR to begin and proliferate in 

concrete: high alkali concentration, reactive silica, and adequate moisture.  Alkalis and 

hydroxyl ions in pore fluid of concrete react with certain siliceous aggregates to produce a 

highly absorptive and expansive alkali-silica gel.  With availability of moisture, this gel 

expands and can cause extensive damage in the form of cracking and spalling, potentially 

leading to complete premature deterioration of a concrete structure if the reaction is not 

controlled. 

 The most significant contribution of alkalis in concrete comes from ordinary portland 

cement, which provides alkalis in the form of sodium and potassium.  Other sources of 

alkalis include aggregates, chemical admixtures, mixing water, unwashed sea dredged sands, 

and supplementary cementitious materials such as fly ash (Fournier and Bérubé 2000).  A 

direct result of high alkali contents in concrete is high amounts of hydroxyl ions in the pore 

fluid, which first attack reactive silica and prompt the formation of a hygroscopic alkali-silica 

gel. 

 The reactivity of a siliceous aggregate depends on the atomic structure of its 

constituent minerals.  The most reactive forms tend to have an amorphous, or highly 

disordered and poorly crystalline, structure.  It is well-known that some aggregates and 
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minerals are potentially reactive.  These include but are not limited to opal, chert, greywacke, 

quartz, granite, shale, flint, slate, hornfels, gneiss, rhyolite, obsidian, volcanic glass, arenite, 

arkose, perlite, andesite, cristobalite, and tridymite (Folliard et al. 2006b). 

 When sufficient alkalis and reactive siliceous aggregates combine in concrete, alkali-

silica gels begin to form.  In order for the gels to expand and cause cracking, moisture must 

reach the gels, whether in the form of liquid water or water vapor.  This internal moisture can 

be quantified in terms of internal relative humidity, which can be correlated to expansion 

potentials.  ASR can be controlled by preventing ingress of external moisture and by 

lowering the internal relative humidity of concrete.  However, if all three essential 

components are present, it can be guaranteed that ASR will initiate and proceed to cause 

major damages in concrete.  A discussion of the different theories proposed to explain the 

mechanism behind ASR is beyond the scope of this thesis. 

 

1.1.2 Delayed Ettringite Formation 

 Delayed ettringite formation is a deleterious chemical reaction resulting from the 

formation of ettringite in hardened concrete, with none of the ettringite coming from external 

sources (Taylor et al. 2001).  Like ASR, DEF can lead to extensive damage of concrete in the 

form of expansion and cracking. 

 DEF is known to occur typically in concrete elements that were exposed to curing 

temperatures exceeding 70°C (158°F) during the first 24 hours following casting (Taylor et 

al. 2001).  Temperatures this high are not uncommon, especially in the precast concrete 

industry in which many measures are taken to quickly produce concrete elements.  Even cast-

in-place elements can experience temperatures high enough to trigger DEF, given high 

cement contents and high ambient temperatures.  Under such temperatures, the rate of cement 

hydration rapidly increases causing dissolution of ettringite that normally forms in fresh 

concrete, in turn leading to encapsulation of alumina and sulfate ions in the rapidly forming 
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C-S-H, a normal hydration product1.  If concrete is cured under normal temperatures, 

ettringite formation occurs as usual during curing and does not undergo this incongruous 

dissolution. 

 Like ASR, a necessary component for DEF to cause expansion in concrete is the 

presence of moisture.  For concrete that was exposed to excessive temperatures during 

curing, ettringite forms from the migration of alumina and sulfate from C-S-H and reaction 

with monosulfate hydrate.  Ettringite formed in the hardened state absorbs moisture and 

expands significantly, and rigid concrete cannot handle the expansive reaction without 

expanding and cracking. 

 

1.1.3 Combined ASR and DEF 

 Delayed ettringite formation is far less common than alkali-silica reaction as a cause 

of deterioration in concrete.  In fact, DEF is often found to have been triggered by ASR 

(Ramlochan 2003).  The relationship between ASR and DEF is related to the pH inside 

concrete.  As the internal pH of concrete is directly related to the concentration of hydroxyl 

ions, and a high concentration of hydroxyl ions is associated with formation of ASR gel, 

concrete susceptible to ASR typically has a very high pH, around 13.5.  Once ASR proceeds, 

the pH of concrete drops as a result of the ASR gel imbibing hydroxyl and alkali ions from 

the pore fluid.  Since large ettringite crystals that lead to cracking are usually found in 

concrete with pH between 10 and 12, DEF may start to play a role following the initiation of 

ASR (Ramlochan 2003).  While ASR does not cause DEF, it does provide a suitable 

environment for DEF.  Whether ASR, DEF, or a combination is at play in concrete, it is 

likely that deterioration will commence if measures are not taken to mitigate the deleterious 

reactions. 

 

                                                 
1
 C-S-H is the shorthand notation used by cement chemists to refer to calcium silicate hydrate, a normal 

cement hydration product.  C-S-H has no assigned stoichiometry because the silica to calcium ratio is 

variable.  Other hydration products include CH (calcium hydroxide), ettringite, and monosulfate. 
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1.1.4 Mitigation Techniques 

 Once it is apparent that ASR and/or DEF are occurring in a concrete structure, a 

number of mitigation techniques exist to minimize further damage and maximize the service 

life of the affected structure.  Structural confinement is one such mitigation technique.  

Examples of materials used for structural confinement are fiber-reinforced polymer (FRP) 

wraps and steel jackets.  FRP wraps are a common repair technique for structures showing 

deterioration due to corrosion, overloading, internal reaction, and so on.  They are typically 

available in the form of procured strips or uncured sheets.  FRP wraps are bonded to the 

concrete structure with a high-performance epoxy and provide confinement when the primary 

fiber direction is circumferential (Bakis et al. 2002).  Though FRP wraps do nothing to slow 

or stop the internal deleterious reaction from continuing, they do create compressive stresses 

which help control expansion and cracking caused by the reaction. 

 Another option for mitigating ASR- and DEF-affected structures is through the use of 

lithium compounds.  Research has shown that employing a lithium-based admixture in fresh 

concrete may effectively prevent ASR, if sufficient dosages are used (Tremblay et al. 2007).  

Lithium may also be used as a surface treatment for ASR-damaged structures, though 

research in this area is somewhat limited.  Some studies have shown that lithium-based 

products effectively reduce ASR-related expansion when laboratory specimens are fully 

immersed in the solution, but little data exist regarding the use of lithium as a topical 

application to mitigate ASR (Barborak 2005; Stark et al. 1993; Stokes et al. 2000).  Lithium 

nitrate, when used as a chemical admixture, has also been found to suppress DEF in heat-

cured concrete (Folliard et al. 2006a). 

A third option for mitigating expansion due to ASR or DEF is through the use of 

surface treatments with the goal of essentially drying out concrete.  As moisture is a major 

driving force behind ASR- and DEF-induced expansion, eliminating or minimizing available 

moisture can effectively stop expansion.  Several types of surface treatments have been used 

to attempt to reduce the amount of moisture allowed to react inside concrete.  Epoxies are 

waterproof coatings that repel water from the concrete surface.  Because they do not allow 

for the movement of water vapor out of the concrete, in some cases the use of epoxies may 
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actually worsen the situation by trapping unwanted moisture inside the concrete.  Other types 

of coatings are more effective in drying out concrete.  These coatings are typically 

compounds that physically penetrate into the concrete substrate and create a hydrophobic yet 

breathable (permeable to movement of water vapor) barrier on the concrete surface.  Silanes 

and siloxanes are the most common types of surface treatments used on concrete structures 

affected by ASR today.  Other surface treatments that have been studied and implemented are 

silane cream plus resin paint system, acrylic coatings, polymer cements, lithium nitrate, and 

linseed oil.  The research presented in this thesis focuses on the use of surface treatments to 

hinder ASR- and DEF-induced expansion by reducing the internal moisture in concrete. 

 

1.2 Organization of Thesis 

 Chapter 1 has provided a background of the research project and a review of ASR, 

DEF, and mitigation techniques. 

 Chapter 2 covers an introduction to the chemistry and properties of silicone-based 

coatings.  Then, an experiment to determine how a particular silicone-based coating works is 

reviewed and the findings are discussed. 

 Chapter 3 focuses on the effect of relative humidity on rate of expansion due to ASR, 

DEF, or both.  First, a substantial literature review is presented of case studies that have 

examined coatings and sealants to treat structures affected by ASR or DEF.  Then, a series of 

experiments is discussed that were aimed at evaluating the effect of relative humidity on 

expansion. 

 Chapter 4 summarizes the different methods of measuring internal relative humidity 

in concrete and their advantages and drawbacks.  An experiment was conducted to compare 

two methods of measuring relative humidity to determine whether there is a single, most 

reliable way to measure relative humidity in concrete. 

 Chapter 5 introduces a bridge in Houston, Texas, that is suspected to be affected by 

ASR.  Petrographic evaluation and expansion testing of extracted cores were implemented to 

determine whether there are internal expansion mechanisms at play.  This bridge structure 
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has been treated with various waterproofing coatings and is still being monitored by the UT 

research team under this project. 

 Chapter 6 discusses a small study aimed at determining how surface roughness at 

time of coating affects the overall effectiveness of the coating.  This study was motivated by 

the fact that concrete structures will likely be abraded prior to coating, leaving a rough 

surface. 

 Chapter 7 provides a summary and update on some of the research previously 

published by Lute (2008). 

 Chapter 8 concludes the findings presented in this thesis and addresses future 

research related to the research project. 
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Chapter 2: Effectiveness of Silane as a Hydrophobic and Breathable Coating 

 

2.1 Introduction 

 An early objective of this research project was to evaluate the effectiveness of silane 

as a hydrophobic, breathable coating, where “breathable” refers to the ability of a silane-

coated concrete surface to allow water vapor to move through the concrete substrate.  A test 

regime was created to verify firsthand the water-repellent properties of silane, as well as to 

determine the impact of varying certain parameters on the effectiveness of silane.  As silane 

is presently the most commonly used surface coating to treat ASR- and DEF-affected 

concrete structures, it was selected as the representative coating for this test.  Due to the 

growing popularity of silicone-based coatings, including silanes, in the concrete industry, an 

overview of the chemistry, properties, and mechanisms of several pertinent silicone-based 

coatings is presented in the next section. 

For in-depth data and analysis of the effectiveness of many different types of coatings 

in suppressing ASR- and DEF-induced expansion, see Lute (2008).  Coatings detailed therein 

consist of silicone-based breathable coatings in addition to other coatings known for water 

repellency but not necessarily breathability. 

Before proceeding, distinction should be made regarding terminology.  Surface 

treatments of concrete fall into three basic categories: coatings, sealers, and penetrants.  A 

coating is a physical layer on the concrete surface.  A sealer provides a coating but also 

penetrates into the concrete.  A penetrant (e.g., silane, siloxane) penetrates into the concrete 

but does not leave a physical coating on the surface (Tosun et al. 2008).  To avoid confusion, 

all of the surface treatments discussed herein will be referred to simply as coatings, 

regardless of whether they are coatings, sealers, or penetrants according to the above 

definitions. 

 

2.2 Background of Silicone-Based Coatings 

Mayer (1998) published a report on the topic of chemistry and properties of silicone 

products, specifically those used in the construction industry.  The following information 
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regarding silicone chemistry and the properties of silicone-based coatings was obtained 

primarily from Mayer’s report. 

 Silicones exhibit a number of properties which contribute to their usefulness in the 

concrete industry, including 

• strong repellence to liquid water, 

• chemical inertness in most cases, 

• stability in a wide range of temperatures, and 

• excellent insulative properties. 

 

Silicon, the element upon which silicone chemistry is based, can readily bond to four 

other atoms.  Aside from silicon (S), the other essential constituents of silicones are oxygen 

(O) and carbon (C).  Silicone products are composed of one or more of four basic, non-

divisible units: M, D, T, and Q units.  These units are named according to their functionality; 

e.g., the monofunctional unit (M) contains one reactive oxygen atom, whereas the 

quadrifunctional unit (Q) contains four reactive oxygen atoms.  The chemical makeup of each 

of these basic units is shown in Figure 2.1. 
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M D T Q
monofunctional difunctional trifunctional quadrifunctional  

Figure 2.1: Basic silicon units (adapted from Mayer 1998). 

  

 In silicone chemistry, the organic group R refers to the carbon atom bonded to the 

silicon atom, together with any other chemical groups to which it is attached.  Examples of R 

groups are methanol and ethanol. 
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 Silanes, siloxanes, and silicone resins are all similar in that they are comprised of 

silicon T units.  When applied to concrete, a chemical reaction often referred to as 

crosslinking or polycondensation occurs within the concrete substrate or at the surface to 

form a silicone resin network (Figure 2.2), which is responsible for water repellency, 

permeability to water vapor, and durability (Mayer 1998). 

 

O

O

O

O

O

SiO R

SiO R

SiO R

Si R

 

Figure 2.2:  The silicone resin network on the surface of the capillaries of a mineral-based 

construction material (adapted from Mayer 1998). 

 

2.2.1 Introduction to Silanes 

Silanes are currently a popular product for the protection of concrete by water 

repellency.  The term “silane” is often used in the construction industry, and thus will be used 

herein, to refer to alkylalkoxysilane, or more precisely, alkyltrialkoxysilane.  The molecular 

structure of silanes consists of many silicon T units.  A depiction of the chemical structure of 

a typical silane, methyltriethoxysilane, is shown in Figure 2.3.  The following is a limited list 

of silanes classified by their attached R side-groups: 

• Methoxysilane: methanol side-group 

• Ethoxysilane: ethanol side-group 

• Methylsilane: methyl side-group, the shortest possible organic group R 

• Butylsilane and octylsilane: longer alkyl side-chains of four and eight carbon 

atoms, respectively 
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Figure 2.3:  Chemical structure of methyltriethoxysilane (adapted from Mayer 1998). 

 

2.2.2 Characteristics of Silanes  

Silanes are typically clear, low-viscosity liquids.  They incorporate varying 

proportions of bound alcohol and vary in volatility, though compared to other silicon-based 

coatings are generally highly volatile.  Silanes have the smallest molecular structure of all the 

silicon-based coatings discussed herein and thus penetrate most deeply into concrete.  Due to 

their monomeric nature, silanes require long reaction times to form the silicone resin 

network.  If conditions such as high temperature, high-velocity wind, or low relative 

humidity are present, high losses may result during and after application, leading to the 

formation of only negligible quantities of the active network.  To minimize this negative 

effect, silanes are typically not diluted before use (Mayer 1998). 

 The long-term effectiveness of silane coatings is not well documented.  As silanes are 

organic, it is generally agreed that their resistance to such destructive elements as ultraviolet 

(UV) rays, acid rain, and airborne pollutants may be limited.  However, conflicting claims 

were found regarding the durability of silanes.  Barry (2003) reported that silanes are easily 

broken down and cannot be relied upon to provide protection longer than a few years, while 

Nasvik (2003) claimed that silanes are very UV stable.  Aside from UV stability, perhaps 

more critical to the long-term durability of silane coatings is the high concentration of 

hydroxyl ions in concrete pore water, which attack and weaken the siloxane linkage between 

the silane molecules and the substrate.  It has been shown that the alkyl groups with the 

greatest resistance to hydroxyl ions are the branched iso-octyl and iso-butyl, and, to a lesser 

degree, the straight chained n-octyl and n-butyl (McGettigan 1992). 
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2.2.3 Mechanism of Protection by Silanes 

Stated briefly, the mechanism of protection by silane coatings consists of a reaction 

with alkalis in the concrete substrate to form the silicone resin network that is hydrophobic 

yet breathable.  A schematic of the reaction process that takes place when silane coatings are 

applied to concrete is shown in Figure 2.4 (Dow Corning 2005).  Silanes achieve their unique 

properties by chemically bonding a water-repellent hydrocarbon molecule to the substrate.  In 

turn, the critical surface tension of the concrete substrate is reduced, and if the surface tension 

of the substrate falls below that for water, it will be water repellent (McGettigan 1992).   
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Figure 2.4:  Reaction process of silanes (adapted from Dow Corning 2005). 

 

 

2.2.4 Other Silicone-Based Coatings 

 Another silicone-based coating growing in popularity is siloxane.  The term 

“siloxane” may be misleading because it technically refers to the Si-O-Si bond characteristic 

of all silicone products.  However, the term “siloxane” is often used in the construction 

industry, and thus will be used herein, to refer to alkylalkoxysiloxane.  Siloxanes are made 

from the same materials used to make silanes.  The molecular structure of siloxanes differs 

from that of silanes in that siloxanes form molecular chains with several silicon atoms as 

opposed to only one.  The formation of a siloxane as a result of condensation of a silane is 

shown in Figure 2.5 (Mayer 1998). 
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 The chemical and physical properties of siloxanes are similar to those of silanes, but a 

few distinct differences exist.  Siloxanes are typically clear, mobile, and non-volatile liquids.  

Siloxane molecules are much larger than silane molecules and are thus commonly specified 

for more porous concrete, as they fill larger voids than silanes.  The rapid crosslinking 

reaction of siloxanes combined with their low volatility results in negligible losses by 

evaporation, a distinct advantage over silanes.  Siloxanes are commonly used in diluted form.  

The long-term effectiveness of siloxanes is also not well known.  In fact, information is not 

readily available on their resistance to UV rays, acid rain, and airborne pollutants.  Siloxanes, 

having a relatively high percentage of methyl groups, tend to have lower resistance to 

hydroxyl ions and thus lower durability than silanes (McGettigan 1992). 
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Figure 2.5:  Condensation of methyltriethoxysilane to form a siloxane comprised of two T 

units (adapted from Mayer 1998). 

 

 A third type of silicone-based coatings, silicone resins, are polymeric siloxanes that 

have already undergone the crosslinking reaction.  Nearly all silicone resin products are 

composed of methylsilicone resins.  Silicone resins are highly viscous or solid materials, 

soluble in organic solvents.  They have larger molecules than siloxanes, containing between 

30 and 80 silicon T units.  Unlike silanes and siloxanes, they do not penetrate into the 
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concrete substrate, but they do retain the properties of water repellency and breathability.  

The chief application of silicone resins has been in silicone-resin emulsion masonry paints 

and renders.  Until the mid-1980s, pure silicone resins dissolved in organic solvents were 

employed for impregnating exterior masonry.  However, today they are more commonly used 

in a mixture with silanes and siloxanes due to their tendency to concentrate at the substrate 

surface and trigger appearance changes.  Silicone resins have displayed excellent 

performance and resistance to UV rays and other elements for the past several decades.  

However, it is known that silicone resins are rapidly decomposed by concentrated alkalis.  

For this reason, silicone resins may not be the best product for the protection of concrete, a 

highly alkaline material (Mayer 1998). 

 

2.2.5 Benefit of Hydrophobic and Breathable Coatings in the Concrete Industry  

When a concrete structure is coated with a hydrophobic, breathable coating there is 

the potential for long-term reduction in the amount of water vapor, and hence the relative 

humidity (RH), inside the concrete substrate.  Substantial evidence shows that the amount of 

expansion caused by the two modes of premature deterioration at hand, namely ASR and 

DEF, is directly related to internal RH (Graf 2007; Pedneault 1996; Stark 1991).  Thus, 

surface treatments that facilitate the drying of concrete, such as silane coatings, have become 

an attractive option for the treatment of prematurely deteriorating concrete structures. 

 

2.3 Objectives 

 The main objectives of this laboratory testing were to 

• determine the effect of cyclic wetting and drying periods on the effectiveness 

of a silane coating, 

• determine the effectiveness of the coating on concrete continually submerged 

in water, 

• compare the effectiveness of silane on concrete coated at different degrees of 

internal and external moisture, and 

• generally verify that silane is hydrophobic and breathable. 
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These tests were not aimed at determining how well silane reduces expansion due to 

ASR or DEF, but rather at understanding the mechanism of the silane interaction with 

concrete in general.  Test methods and results aimed specifically at determining how silane 

and related coatings reduce expansion due to ASR and/or DEF can be found in Lute (2008). 

 

2.4 Materials and Mixture Proportions 

Following are details regarding materials and mixture proportions used for this study. 

2.4.1 Materials 

 The coarse aggregate used for this test was a non-reactive (with respect to ASR) 

dolomitic limestone.  The fine aggregate used was a non-reactive natural sand from San 

Marcos, Texas.  These aggregates were the same aggregates as those used for the NCHRP 

244 Series II testing (Pfeifer and Scali 1981) as discussed in Lute (2008).  The cement used 

for this test was a Type I cement conforming to ASTM C 150 (2007).  The chemical 

composition of this cement determined using ASTM C 114 (2008) is given in Table 2.1. 

 

Table 2.1: Chemical composition of the Type I cement used in the silane effectiveness test. 

Oxide % by Weight

SiO2 19.46

Al2O3 5.27

Fe2O3 3.37

CaO 60.06

MgO 2.94

SO3 4.11

Note: Na2Oeq = 0.82%.  

 

2.4.2 Mixture Proportions 

 Mixture proportions conforming to ASTM C 1293 (2008) were used, consisting of a 

cement content of 420 kg/m3 (708 lb/yd3) and water-to-cement ratio (w/c) of 0.42 by mass. 
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2.5 Experimental Procedure 

 Following are details regarding mixing, casting and curing, testing scenarios, and 

monitoring. 

2.5.1 Mixing 

 Prior to mixing, the highly absorptive coarse aggregate was soaked in water for a 

minimum of 24 hours, then allowed to drain for an additional 24 hours before batching.  This 

practice was employed to minimize the amount of mixing water absorbed by the coarse 

aggregate during curing.  Upon batching the aggregate, cement, and water, the constituent 

materials were mixed using a rotating concrete mixer with a capacity of approximately 0.25 

m3 (9 ft3).  The following mixing procedure was used: 

• Wet interior of mixer 

• Let drain 1 minute 

• Add all of aggregate and half of mixing water 

• Mix 1 minute 

• Stop mixer and add all of cement 

• Mix 30 seconds 

• Continue mixing and add remaining water over 30-second period 

• Mix 2 minutes 

• Stop mixer and cover opening of mixer 

• Rest 3 minutes 

• Mix 2 minutes 

• Discharge mixture into wheelbarrow 

• Sample for quality control 

 

2.5.2 Casting and Curing 

 Two replicate concrete specimens were cast for each of 20 unique scenarios, for a 

total of 40 concrete specimens cast.  Following mixing, the concrete was cast into cylindrical, 

plastic molds measuring 100 mm in diameter and 200 mm in length (4 x 8 in) and 
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subsequently consolidated according to ASTM C 31 (2008).  The cylinders were stored at 

23°C (73°F) for 24 hours then demolded and placed in a wet-cure environment at 23°C 

(73°F) for seven days. 

 

2.5.3 Testing Scenarios 

 For this testing, three parameters were varied: degree of moisture at the time of 

coating, storage conditions, and coating conditions.  The degree of surface moisture at the 

time of coating was either wet/saturated, dry/saturated, or dry/non-saturated.  The terms wet 

or dry qualitatively refer to approximate exterior moisture conditions of the concrete 

specimen at the time of coating; the terms saturated or non-saturated refer to the respective 

interior moisture conditions.  The wet/saturated condition was obtained by lightly patting the 

surface of the specimen with a towel to remove excess surface moisture, immediately 

following removal from the wet-cure environment.  The dry/saturated condition was 

obtained by letting the specimen air-dry at 23°C (73°F) for three hours.  Lastly, the dry/non-

saturated condition was obtained by storing the specimen in a climate-controlled 

environment at 50% RH and 23°C (73°F) for one week.  The purpose of varying moisture 

level at the time of coating was to determine the optimal time to implement the coating in 

field structures (e.g., anytime following a rainstorm, three days following a rainstorm, etc.).  

In a recent study on the effectiveness of silane in mitigating ASR, it was shown that the 

amount of time between casting and coating had a direct impact on the effectiveness of 

treatment; shorter waiting periods reduced effectiveness due to inadequate penetration depth 

and dehydrolysis, or wash out (Tosun et al. 2008).  Because longer waiting periods 

correspond to dryer concrete, it can be concluded that the effectiveness of treatment at least 

partly depends on moisture level at the time of coating. 

 To establish how silane-coated concrete is affected by environmental conditions, 

concrete specimens were subjected to four different storage conditions, the primary 

difference among them being cyclic wetting and drying periods versus a continual wet 

period:  
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• 100% RH at 23°C (73°F), at all times 

• Submerged in water at 23°C (73°F), at all times 

• Weekly cycle between 100% RH at 23°C (73°F), and 50% RH at 23°C (73°F) 

• Weekly cycle between submerged in water at 23°C (73°F), and 50% RH at 

23°C (73°F) 

  

Some specimens in this test were coated with a 40% solvent-based silane and some 

were left uncoated.  For the groups wet/saturated and dry/non-saturated, companion 

uncoated specimens were included.  However, no companion uncoated specimens were 

included for the group dry/saturated simply to reduce the total number of specimens cast in 

the test. 

The notation used for each condition is summarized in Table 2.2.  For instance, the 

label “W/S-100-C” represents the specimens that were coated at a moisture condition of wet 

exterior and saturated interior and stored at 100% RH throughout the duration of the test 

 

Table 2.2: Notations used throughout the silane effectiveness test. 

Parameter Notation Description

W/S wet exterior; saturated interior

D/S dry exterior; saturated interior

D/N dry exterior; non-saturated interior

100 100% RH

Sub submerged in water

100/50 weekly cycle: 100% RH and 50% RH

Sub/50 weekly cycle: submerged in water and 50% RH

C coated

U uncoated

*All specimens stored at a temperature of 23°C (73°C).

Coating 

Condition

Storage 

Condition*

Moisture 

Condition at 

Time of Coating

 

 

2.5.4 Monitoring  

For wet/saturated and dry/saturated specimens, initial mass measurements were 

recorded following removal from the wet-cure environment.  Testing began in the dry 
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environment for cycling specimens and wet environment for non-cycling specimens.  For 

dry/non-saturated specimens, initial mass measurements were recorded at the end of the 7-

day initial drying period.  Testing began in the wet environment for cycling and non-cycling 

specimens.  Mass measurements were taken weekly for all cylinders for approximately 250 

days.  Any changes in mass were assumed to be attributed to a loss or uptake of water. 

 

2.6 Results and Discussion 

 Results from this study testing the effectiveness of silane as a hydrophobic, 

breathable coating are presented in Figures 2.6-2.8.  Data for specimens coated at a moisture 

condition of wet exterior and saturated interior are presented in Figure 2.6.  Data for 

specimens coated at a moisture condition of dry exterior and saturated interior are presented 

in Figure 2.7.  Data for specimens were coated at a moisture condition of dry exterior and 

non-saturated interior are presented in Figure 2.8. 

 The most pronounced trend, evident in all three figures, is the difference in behavior 

between specimens stored in a constantly wet environment and those stored in an 

environment of cyclic wetting and drying periods.  Specimens constantly exposed to liquid 

water or water vapor, whether coated or uncoated, experienced a gradual increase in mass, 

with the mass change from week to week approaching zero by the time the test was 

terminated.  This result indicates long-term absorption of water.  Contrarily, specimens 

exposed to cyclic wetting and drying periods experienced a cyclical mass change from week 

to week.  This behavior was anticipated, as at the end of the wetting period the specimens 

should have absorbed some water, and at the end of the drying period they should have lost 

some of this water to the drier ambient air. 

The more interesting observation is the long-term mass change for these specimens.  

With the exception of the uncoated specimens in the group of dry/non-saturated, all 

specimens subjected to cyclic wetting and drying periods experienced an overall reduction in 

mass, indicating long-term loss of water, or drying out.  Further, specimens coated with 

silane experienced greater long-term mass loss than uncoated specimens.  It can be concluded 

from these results that silane-coated concrete is indeed breathable, but that the benefits of 



20 

silane can only be seen in concrete subjected to cyclical changes in ambient humidity, as 

opposed to constantly humid environments.  In a constantly humid environment, there is 

essentially no incentive for the water inside concrete to escape; in a drier environment, the 

near-saturated interior of concrete preferentially dries out to the outside air in an attempt to 

achieve equilibrium. 
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Figure 2.6: Mass change data for specimens in the group wet/saturated. 
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Figure 2.7: Mass change data for specimens in the group dry/saturated. 
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Figure 2.8: Mass change data for specimens in the group dry/non-saturated. 
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The data clearly show that behavior of specimens stored in 100% RH environment 

almost exactly coincided with behavior of specimens submerged in water.  Likewise, the 

behavior of specimens subjected to cyclic periods of 100% RH and 50% RH coincided with 

behavior of specimens subjected to cyclic periods of being submerged in water and in 50% 

RH.  This similarity was observed for both coated and uncoated specimens.  Although this 

result may suggest that silane is not hydrophobic, since it evidently allowed for the 

absorption of liquid water, one should keep in mind that the parameters of this test do not 

fully correspond to actual field conditions.  In other words, concrete structures are rarely 

continually submerged in water.  The idea that silane-coated concrete repels all liquid water 

is not fully true, as proven in this test; however, silane-coated concrete may indeed repel 

liquid water to a limited extent.  To better investigate the claim of hydrophobicity in field 

concrete, a test could be designed that involves exposing silane-coated concrete to liquid 

water for a limited period of time, rather than keeping it underwater at all times. 

 When comparing coated specimens to uncoated specimens, it is evident from mass 

change data that coated specimens consistently absorbed less water (or lost more water), 

clearly indicating the benefits of silane.  In the case of specimens coated in their driest 

condition and subjected to cyclic wetting and drying periods (Figure 2.8), the difference in 

overall mass reduction was much more significant.  In fact, by the end of the test, these 

specimens had still not quite leveled off.  These data suggest that allowing concrete to dry out 

somewhat before applying a silane coating may result in more significant loss of internal 

moisture.  However, there were no discernible differences between the effectiveness of silane 

applied on wet/saturated and dry/saturated specimens; therefore, there is still not a clear 

answer as to the effect of moisture condition at time of coating.  It can be concluded that 

silane may still be effective even if it is applied on concrete that is damp and saturated at the 

time of coating. 

 

2.7 Summary 

 This chapter presented results of a study designed to evaluate the effectiveness of 

silane, a coating commonly used to treat ASR- and DEF-affected concrete structures.  First, a 
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review of silicone chemistry was presented.  Then, objectives of the study were outlined and 

materials and experimental procedure were described.  Data were presented showing that 

silane-coated concrete performed better than uncoated concrete regarding water uptake.  The 

benefits of silane were evident when concrete was subjected to cyclic wetting and drying 

periods; no benefits were seen when concrete was exposed to a constantly humid 

environment.  Silane did not have an effect on concrete continually submerged in water; in 

this case, concrete still gained a significant amount of moisture.  It should not be concluded 

without further research that this result disproves the claim that silane is hydrophobic.  

Lastly, it was seen that the degree of moisture at the time of coating likely has some impact 

on the effectiveness of silane as a breathable coating, but this impact could not be quantified 

from the data obtained in this study.  It can be concluded that silane is still effective when 

applied to damp and saturated concrete. 
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Chapter 3: Effect of Relative Humidity on Expansion due to ASR and DEF 

 

3.1 Introduction 

 The study presented in this chapter was conducted to attempt to conclusively 

determine the critical ambient relative humidity values that correspond to significant 

suppression of ASR, DEF, or combined ASR and DEF.  Test methods were designed to 

trigger either or both reactions in mortar specimens and determine how ambient RH affects 

expansion of the specimens.  Saturated salt solutions were used to achieve distinct ambient 

RH condition within each RH chamber. 

 

3.2 Background 

The following sections contain a discussion of the role of RH in expansion due to 

ASR and DEF and a review of pertinent case studies regarding the use of coatings to reduce 

expansion and internal RH in concrete. 

 

3.2.1 Role of Relative Humidity in Expansion due to ASR and DEF 

 A number of studies have shown that potential for expansion due to ASR or DEF is 

directly related to relative humidity inside concrete, which is greatly influenced by ambient 

relative humidity (Graf 2007; Pedneault 1996; Stark 1991).  Because expansion by ASR and 

DEF is driven by the availability of water, the reactions will be halted if the RH, and thus 

availability of water, inside concrete becomes low enough.  Many coatings under 

investigation in this project prevent penetration of liquid water into the concrete while 

allowing movement of water vapor out of the concrete, which results in changes in the RH 

inside the concrete (see the numerous case studies presented in the next section).  If the RH 

of the ambient air decreases, the RH inside concrete treated with hydrophobic and breathable 

coatings will in turn tend to decrease.  Therefore, in an environment that experiences cycles 

between high RH and low RH, it is possible for the concrete to essentially dry out enough to 

suppress ASR or DEF.  It is important to note that there is a distinct difference between 

ambient RH and internal RH.  The goal of the studies presented herein was to vary ambient 
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RH and determine the effect on expansion levels, rather than to directly measure or otherwise 

control internal RH.   

To date, few experimental studies have quantified the critical ambient RH below 

which expansion by ASR and DEF is significantly hindered.  The RH threshold value for 

ASR is generally accepted to be 80%, and a few studies have reached this conclusion 

(Pedneault 1996; Stark 1991).  Pedneault (1996) found that expansion levels due to ASR at 

two years did not exceed 0.1% for concrete prisms stored in an environment at 80% RH and 

below.  Stark (1991) conducted a series of measurements on pavements in different 

geographical locations and found the threshold RH value for ASR to be 80%.  An important 

finding by both Pedneault and Stark that should be stressed is that the critical RH for ASR is 

highly dependent upon the aggregate used in the concrete mixture.  In fact, Pedneault saw 

that ambient RH as low as 65% is sufficient to obtain expansion over 0.04% per year in some 

specimens.  Pedneault concluded that the more reactive the aggregate used, the lower the 

critical external humidity level required for significant expansion to occur. 

A study by Graf (2007) addressed the critical ambient RH for DEF.  This study was 

similar to the research presented herein, where mortar bars were stored in environments of 

varying RH, and showed that the threshold RH value for DEF appears to be between 90% 

and 92%. 

 

3.2.2 Case Studies of Coatings Used to Mitigate ASR and DEF 

 Clearly, expansion potential of ASR- and DEF-affected concrete is directly related to 

internal relative humidity.  Case studies of coatings and sealants used to mitigate ASR and 

DEF are presented next.  Case studies on treatment of actual field structures are discussed 

first, followed by case studies of treatment of laboratory specimens.  Evaluation of the 

performance of different coatings consisted of one or more of the following techniques: 

internal relative humidity measurements, expansion measurements, mass change 

measurements, and visual assessment. 
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3.2.2.1 Elgeseter Bridge, Trondheim, Norway 

 Elgeseter Bridge was constructed between 1949 and 1951 over Nidelva River in 

Trondheim, Norway.  It is a continuously reinforced concrete bridge, 200 m (650 ft) in 

length, with two abutments and eight rows of four columns each.  ASR was first discovered 

in the bridge structure in 1991.  Three types of silanes were tested on columns in Elgeseter 

Bridge beginning in 1999 and 2000: 100% isobutyltriethoxysilane, 40% organosilane ester in 

isopropanol, and 80% unspecified silane of creamy consistency (Jensen 2004). 

 Internal relative humidity measurements were taken periodically between the time of 

coating application and three years after application.  Results from these tests indicate that 

after three years, the silane coatings had significantly reduced the internal RH at a depth of 

50 mm (2.0 in) by roughly 5%-15%.  Less significant reduction in RH was noted up to about 

a 200 mm (7.9 in) depth inside the concrete.  More specifically, the 80% unspecified silane of 

creamy consistency performed best as indicated by the most drastic reduction in RH.  The 

100% isobutyltriethoxysilane and 40% organosilane ester in isopropanol performed 

comparably well.  Such reductions in RH will theoretically retard the expansive reactions that 

have caused damage to Elgeseter Bridge. 

 Further repair and renovation work is ongoing. 

  

3.2.2.2 Veritas House, Oslo, Norway 

 Veritas House was built between 1974 and 1976 in Oslo, Norway.  It consists of 

several reinforced concrete buildings covering a total area of 1400 m2 (15000 ft2).  ASR was 

confirmed by microstructural analysis in 1996.  Five coatings were tested on the structure in 

1998 and 1999: elastic acrylic coating, oligomer siloxane/silane, 100% 

isobutyltriethoxysilane with catalysator, 100% isobutyltriethoxysilane, and 40% organosilane 

ester in isopropanol (Jensen 2000b). 

 Internal relative humidity measurements were conducted between the time of coating 

application and approximately three years after application.  At a depth of 50 mm (2.0 in), the 

internal RH was reduced by 10%-15 % for the first three coatings.  The internal RH at a 

depth of 50 mm (2.0 in) for the 100% isobutyltriethoxysilane and 40% organosilane ester in 
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isopropanol actually increased slightly by 1%-5%.  However, it should be noted that the 

initial RH for these two coatings, since they were applied at a different time than the first 

three, was significantly lower (around 80% initially compared to 90%-95% for the first three 

coatings).  One possible explanation for this behavior could be that the effectiveness of the 

coatings is partly dependent on the RH at the time of application; i.e., applying a coating to 

concrete already at a relatively low RH, say around 80%, may not have as great an effect as 

applying it to concrete at a much higher initial RH. 

 In 2001, all buildings of Veritas House were treated with the 100% 

isobutyltriethoxysilane.  The effectiveness of this silane type is being monitored periodically. 

  

3.2.2.3 Hanshin Expressway, Japan 

 Hanshin Expressway was constructed in the 1950s and officially opened in 1962.  It 

is a network of expressways made of reinforced concrete surrounding the cities of Kobe, 

Kyoto, and Osaka, Japan.  ASR was discovered in the concrete piers of Hanshin Expressway 

in the 1980s.  It is known that 18% fly ash was used in an attempt to combat potential 

durability problems; however, this replacement level was not enough to offset the abnormally 

high alkali levels in the concrete.  Four coatings were tested on the concrete piers beginning 

in 1983: acrylic, epoxy, polymer cement, and silane (Mizumoto et al. 1987). 

 Relative humidity measurements were not conducted as part of repair of Hanshin 

Expressway.  Rather, direct expansion measurements were taken on a yearly basis beginning 

in 1983.  A reference pier was not included in the test, so expansion data among the different 

coatings can only be compared relatively, not directly to the expansion of a pier with no 

treatment.  Silane coating performed best, keeping expansion to less than 0.03% after eight 

years.  Polymer cement was second in performance, with expansion levels nearing 0.05% 

after eight years.  Acrylic and epoxy coatings did not perform nearly as well, with expansion 

levels reaching 0.10% or more after eight years (Imai et al. 1987). 

 Other repair efforts have included crack filling with epoxy resin injection followed by 

various coatings.  Portions of Hanshin Expressway were damaged and collapsed during the 

1995 Kobe earthquake and have been repaired. 
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3.2.2.4 Highway median barriers, Montmorency and Sainte-Foy, Quebec, Canada 

 Several sections of highway median barriers in Montmorency and Sainte-Foy, 

Quebec, have been subject to experimentation on the effectiveness of coatings in combating 

ASR.  These reinforced concrete median barriers were constructed in 1970 and 1982, 

respectively.  At the time of treatment, median barriers in Montmorency showed severe map 

cracking, while those in Sainte-Foy showed moderate map cracking.  ASR was discovered in 

the median barriers prior to 1991.  Four coatings were tested beginning in 1991: two silane 

(S1and S6), oligosiloxane, and polysiloxane (Bérubé et al. 2002b). 

 Aesthetic observations, internal RH measurements, and expansion measurements 

were conducted periodically following coating application.  Regarding aesthetic 

observations, after one month map cracking was much less apparent for barriers treated with 

silane S1.  Those treated with oligosiloxane or polysiloxane still had a wet appearance, while 

barriers treated with silane S6 looked basically identical to the untreated concrete.  Ten years 

after application, silane S1 exhibited superior performance aesthetically.  The two siloxanes 

were comparable and map cracking was significantly less apparent. 

 Internal relative humidity measurements were conducted beginning in 1994 for 

barriers treated with silane S1.  From three years after coating to six years after coating, the 

internal RH at an unspecified depth was significantly less than that of untreated sections for 

both Montmorency and Sainte-Foy.  The RH differential was quite different between barriers 

in Montmorency and barriers in Sainte-Foy; in the older concrete of Montmorency, the RH 

differential between untreated and treated concrete decreased with time, whereas in Sainte-

Foy, the RH differential increased with time.  These trends suggest that although silane S1 

was effective in both cases, it reached its maximum effectiveness in Montmorency in the first 

three years after coating, while the maximum effectiveness point had not yet been reached in 

Sainte-Foy in the first six years after coating.  It was suggested that for higher degrees of 

deterioration at the time of treatment, the period of maximum effectiveness will be shorter. 

 Expansion measurements were taken between three years and six years after 

application for barriers treated with silane S1, oligosiloxane, and polysiloxane (silane S6 was 
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excluded).  The silane S1 was able to stop expansion and even produced contraction in both 

severely deteriorated and moderately deteriorated concrete.  Oligosiloxane and polysiloxane 

were able to produce contraction in moderately deteriorated concrete; in severely deteriorated 

concrete, these coatings were effective but not nearly so compared to their effectiveness on 

moderately deteriorated concrete. 

  

3.2.2.5 Highway A26, France 

 Highway A26 was constructed during the 1970s in northeastern France.  Scanning 

electron microscope (SEM) studies on samples from piles and bridge decks showed evidence 

of ASR and possible DEF.  A coating system consisting of silane plus a thin cement-polymer 

coating was applied to certain structural members of Highway A26 in 1998 (Baillemont et al. 

2000). 

 Sensors were installed in various locations to measure further expansion of existing 

cracks.  After one year, members treated with the coating system showed no significant 

increase in expansion, indicating that the system is working well.  However, expansion 

should be monitored for longer than one year due to the slow kinetics of the reaction. 

  

3.2.2.6 Eastern Goldfields Railway, Australia 

 The Eastern Goldfields Railway (EGR) runs from Perth to Kalgoorlie in Western 

Australia.  Prestressed concrete sleepers were introduced after initial construction of EGR, 

between 1978 and 1982.  Shortly after their installation, several sleepers began to exhibit 

cracking, and the cause was found to be ASR.  A field trial was begun in 1992 on the 

prestressed concrete sleepers to test the effectiveness of silane in mitigating damage due to 

ASR.  Half of the tested concrete sleepers were treated with isobutyltriethoxysilane, while the 

other half were left untreated (Salome 1996). 

 Monitoring of the condition of the concrete sleepers consisted of visual assessment 

and rating over a period of approximately three years.  Qualitative assessments showed that 

for the treated sleepers, deterioration continued to occur but at a reduced rate compared to the 

untreated sleepers.  Results suggest that the rate of deterioration was reduced by nearly one-
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sixth.  It was also concluded that the untreated sleepers developed cracks at twice the rate of 

the treated sleepers. 

 

3.2.2.7 Laboratory Study: TxDOT Study 4069 

 TxDOT project 0-4069, titled “Mitigation Techniques for In-Service Structures with 

Premature Concrete Deterioration” and sponsored by the Texas Department of 

Transportation, focused on developing techniques to mitigate damage due to ASR, DEF, or 

both.  Concrete prisms measuring 75 x 75 x 305 mm (3 x 3 x 12 in) with materials 

conforming to ASTM C 1293 (2008) were used for the experiments.  Specimens were 

demolded, water-cured, then treated with the applicable mitigation treatment.  The specimens 

were then subjected to a period of drying followed by a period of wetting.  The effectiveness 

of six mitigation treatments was determined indirectly by measuring internal relative 

humidity at depths of 13 mm (0.5 in) and 38 mm (1.5 in).  Following are the treatments and 

the respective notations used in the study (Eskridge et al. 2005): 

• M1: TxDOT type I silane, followed by TxDOT type 742 appearance coat 

paint (thinned) 

• M2: TxDOT type I silane 

• M3: TxDOT type I silane, followed by class B type II latex paint 

• M4: TxDOT type I silane, followed by opaque concrete sealer 

• M5: Lithium nitrate, followed by type I silane 

• M6: Penetrating epoxy 

• M7: Control; no mitigating treatment applied 

 

 As expected, during the drying period, all of the specimens experienced a decrease in 

internal RH.  In fact, the internal RH of control specimens decreased at a greater rate than 

that for any of the treated specimens.  Upon initiation of the wetting period, the control 

specimens generally underwent an increase in internal RH at a rate greater than, or in some 

cases equal to, that of the treated specimens.  However, a couple of mitigation treatments 

stood out with their superior effectiveness.  First, M1 specimens treated with silane followed 
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by paint, had an internal RH at 13 mm (0.5 in) about 8% lower than the control specimens at 

the end of the 40-day wetting period.  At 1.5 in depth, the internal RH was about 4% lower 

than control specimens.  M4 specimens performed similarly well, with a reduction in internal 

RH of 7% at 13 mm (0.5 in) depth and 5% at 38 mm (1.5 in) depth.  The other four 

mitigation treatments were effective in reducing internal RH at 13 mm (0.5 in) depth, but less 

significantly.  In fact, at a depth of 38 mm (1.5 in), the internal RH of M2 and M6 specimens 

was actually greater than that of the control specimens by the end of the wetting period. 

 It was concluded from the results of TxDOT Study 4069 that two treatments are 

effective and thus were recommended for the mitigation of premature concrete deterioration: 

silane followed by TxDOT appearance coat paint, and silane followed by opaque concrete 

sealer.  The other mitigation treatments tested did not perform nearly as well, and in some 

cases performed worse than untreated specimens.  It is interesting to note that for treatment 

M2, consisting only of silane, specimens underwent changes in internal RH nearly identical 

to the untreated specimens.  This result is surprising given the effectiveness and prevalence 

of silane in mitigating damage in field structures. 

 

3.2.2.8 Laboratory Study: Studies by Marc Andre Bérubé 

 A laboratory study was conducted regarding the effectiveness of sealers in mitigating 

ASR in laboratory concrete specimens exposed to cyclic wetting and drying periods, freezing 

and thawing, and salt water.   A highly reactive siliceous limestone was used in combination 

with low-alkali and high-alkali cements to trigger ASR in test specimens.  Concrete cylinders 

with a slightly conical shape were used, measuring about 255 mm (10 in) in diameter (at mid-

length) and 310 mm (12 in) in length.  Specimens were demolded and wet-cured, and some 

specimens were initially treated while others were not treated until completing a series of 179 

consecutive freezing and thawing cycles in humid air.  Some specimens still were treated 

after 1 to 1.5 years.  The effectiveness of each coating was measured using expansion 

measurements, mass change measurements, internal relative humidity measurements, and 

visual assessment.  Five types of coatings were included in this study.  Note that the notation 
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of each coating (e.g., S1) corresponds to the coating used for the treatment of highway 

median barriers in the case discussed in Section 3.2.2.4 (Bérubé et al. 2002a): 

• S1: silane 

• S2: oligosiloxane 

• S3: polysiloxane 

• S4: epoxy resin 

• S5: linseed oil 

 

Regarding visual assessment, the specimens with the least amount of map cracking 

were those treated with a silane or siloxane.  Linseed oil somewhat prevented map cracking, 

but to a lesser degree.  Epoxy resin was not effective in preventing map cracking. 

Specimens coated with silane or siloxane also performed best as indicated by mass 

change data.  These specimens experienced a mass loss of over 1% over a period of two 

years, whereas the specimens coated with epoxy resin and linseed oil experienced a mass 

increase. 

Expansion measurements showed that specimens treated with silane or siloxane after 

reaching 0.2% expansion not only stopped expanding, but started contracting.  Specimens 

initially treated with silane and siloxane also saw significant reduction in expansion 

compared to untreated specimens. 

Finally, internal relative humidity measurements were taken for two specimens, one 

untreated and one treated with silane, subjected to identical conditions beforehand.  The 

internal RH values at the center and near surface of the untreated specimen were 95% and 

96%, respectively.  Conversely, internal RH values at the center and near surface of the 

silane-treated specimen were 86% and 81%, respectively, affirming that certain coatings can 

indeed reduce internal RH inside concrete and in turn help to mitigate expansion. 

 

3.2.2.9 Other Case Studies 

 In addition to the aforementioned case studies, numerous other studies exist showing 

the benefits of coatings and sealers for the treatment of ASR- and DEF-affected structures 



33 

and laboratory specimens.  For more case studies, see the proceedings of recent International 

Conferences on Alkali-Aggregate Reaction (Fujii et al. 1989; Miyagawa et al. 1996; 

Takeyoshi and Katawaki 1989).  These studies suggest that application of certain coatings, 

most notably silane and siloxane, effectively reduces ASR and consequent expansion. 

 

3.2.3 Summary 

Considerable evidence indicates that potential for expansion due to ASR or DEF is 

directly related to relative humidity inside concrete.  A review of field and laboratory case 

studies reveals that certain coatings, whose main benefit is to reduce internal RH, can have 

remarkable benefits for concrete affected by ASR or DEF.  Silane and siloxane coatings 

consistently proved to be most effective, while other coatings were either significantly less 

effective or not effective at all.  Silane and siloxane coatings can potentially cause reduction 

in internal relative humidity in concrete and minimize further expansion, while generally 

improving the aesthetic value of concrete. 

 

3.3 Objectives 

 The objectives of the laboratory tests presented herein were to 

• determine the threshold ambient RH below which expansion due to ASR is 

severely hindered, 

• determine the threshold ambient RH below which expansion due to DEF is 

severely hindered, and 

• determine the threshold ambient RH below which expansion due to combined 

ASR and DEF is severely hindered. 

 

As mentioned previously, studies have been conducted to determine the threshold 

ambient RH values below which expansion due to either ASR or DEF is suppressed (Graf 

2007; Pedneault 1996; Stark 1991).  However, the threshold ambient RH below which 

expansion due to combined ASR and DEF has not yet been reported. 
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3.4 Materials and Mixture Proportions 

 Following are details regarding materials and mixture proportions used for this study. 

 

3.4.1 Materials 

 Mortar bar specimens were used for this test.  As such, no course aggregate was used.  

The fine aggregate used was a natural, highly reactive siliceous sand from El Paso, Texas, 

containing major amounts of quartz (64%), chert (17%), and feldspar (12%), and also used 

and referred to as “F1” in a recent TxDOT study regarding the prevention of ASR and 

DEF (Folliard et al. 2006a).  The fine aggregate conforms to the gradation requirements of 

ASTM C 1260 (2007).  Results of ASTM C 1260 and ASTM C 1293 testing have shown that 

this fine aggregate is highly reactive (Folliard et al. 2006a).  It was selected to trigger the 

deleterious reactions as quickly as possible. 

The cement used for this study was a Type III cement conforming to ASTM C 150 

(2007).  A Type III cement was chosen to accelerate the deleterious reactions.  The chemical 

composition of this cement as determined using ASTM C 114 (2008) is given in Table 3.1.  

The alkali content of the cement was boosted to 1.25% (by mass of cement) by the addition 

of liquid NaOH into the mixing water to further facilitate the reactions. 

 

Table 3.1: Chemical composition of the Type III cement used in the RH threshold test. 

Oxide % by Weight

SiO2 19.94

Al2O3 5.28

Fe2O3 3.24

CaO 60.05

MgO 3.14

SO3 4.27

Note: Na2Oeq = 0.82%.  
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3.4.2 Mixture Proportions 

 Mixture proportions for the mortar bars in this test are summarized in Table 3.2.  The 

proportions listed are for a typical 8-bar mix. 

 

Table 3.2: Constituent material content for an 8-bar mix used in the RH threshold test. 

Material Content (g)

Cement 1173

Fine aggregate 2640

Water 660

NaOH 1.44
 

 

3.5 Experimental Procedure 

 Following are details regarding mixing, casting and curing, testing scenarios, and 

monitoring. 

 

3.5.1 Mixing 

A mortar mixer and bowl with capacity of 4.73 L (0.17 ft3) was used.  The following 

mixing procedure conforming to ASTM C 305 (2006) was followed: 

• Place all of mixing water (with NaOH already added) into bowl 

• Add cement 

• Mix 30 seconds at slow speed 

• Continue mixing and add aggregate over 30-second period 

• Stop mixer 

• Mix 30 seconds at medium speed 

• Stop mixer and scrape sides of bowl 

• Cover bowl and rest 1.5 minutes 

• Mix 1 minute at medium speed  
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3.5.2 Casting and Curing 

 Three distinct and separate tests were conducted for this study: one to trigger ASR in 

mortar bars and monitor expansion over time as a function of ambient RH; another to trigger 

DEF in mortar bars and monitor expansion over time as a function of ambient RH; and 

another to trigger both ASR and DEF in mortar bars and monitor expansion over time as a 

function of ambient RH.  These three tests will be referred to hereinafter as ASR test, DEF 

test, and ASR/DEF test, respectively. 

 

3.5.2.1 ASR Test 

 For the ASR test, four replicate mortar bars were cast for each of four unique 

scenarios.  Following mixing, the mortar was cast into rectangular prism molds measuring 25 

x 25 x 285 mm (1 x 1 x 11.25 in) and subsequently consolidated.  The mortar bars were then 

placed in a wet-cure environment at 23°C (73°F) for 24 hours, at which time the mortar bars 

were demolded. 

 

3.5.2.2 DEF Test 

For the DEF test, four replicate mortar bars were cast for each of five unique 

scenarios.  Following mixing, the mortar was cast into rectangular prism molds measuring 25 

x 25 x 285 mm (1 x 1 x 11.25 in) and subsequently consolidated.  The mortar bars were heat-

cured in accordance with the Kelham method (1997), known to cause DEF in test specimens.  

At the end of 24 hours, the mortar bars were demolded.  The procedure for the Kelham heat-

curing method is illustrated in Figure 3.1. 
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Figure 3.1: Kelham method to trigger DEF (1997). 

 

3.5.2.3 ASR/DEF Test  

For the ASR/DEF test, four replicate mortar bars were cast for each of six unique 

scenarios.  Following mixing, the mortar was cast into rectangular prism molds measuring 25 

x 25 x 285 mm (1 x 1 x 11.25 in) and subsequently consolidated.  The mortar bars were heat-

cured in accordance with the Kelham method (1997), as shown in Figure 3.1.  At the end of 

24 hours, the mortar bars were demolded. 

 

3.5.3 Testing Scenarios 

 Each distinct test (ASR test, DEF test, and ASR/DEF test) consisted of two phases: 

the initial expansion phase, during which all mortar bars within that test were subjected to the 

same environmental conditions; and the final expansion phase, during which each set of 

replicate mortar bars within that test was subjected to different ambient RH conditions.  The 

following information describes the procedures followed from the point of demolding of all 

mortar bars, marking the beginning of the initial expansion phase.  The initial expansion 

phase was concluded and the final expansion phase was begun when the average expansion 
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of a set of replicate mortar bars reached approximately 0.1%.  Length measurements were 

obtained by placing the mortar bars in a length comparator (Figure 3.2). 

 

 

Figure 3.2: Comparator used for mortar bar measurements. 

 

In the final expansion phase, different ambient RH conditions were achieved through 

the use of saturated salt solutions.  It has been shown that different salts, when dissolved in 

water to full saturation, have an associated ambient RH that is achieved when the saturated 

salt solution is put into an enclosed space (O'Brien 1948; Young 1967).  Each RH chamber 

consisted of a 5-gallon (19 L) bucket filled with approximately 25 mm (1 in) of a saturated 

salt solution. 
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3.5.3.1 ASR Test: Initial and Final Expansion Phases 

A flow diagram of both phases of the ASR test is presented in Figure 3.3.  For the 

initial expansion phase, zero-day length measurements were recorded upon demolding.  Then 

mortar bars were transferred to 5-gallon (19 L) buckets set up for a standard ASTM C 227 

(2003) test.  Replicate specimens were transferred to each of four buckets, as later these 

would become four distinct RH chambers.  Inside the four buckets the ambient RH remained 

constant at near 100%, and these buckets were stored in a 38°C (100°F) oven to facilitate the 

deleterious reaction.  Length measurements were taken weekly.  Average values of expansion 

were then calculated for each set of mortar bars. 

Once mortar bars reached 0.1% expansion, they were transferred to their respective 

RH chambers, marking the beginning of the final expansion phase.  For the ASR test, the 

buckets of mortar bars remained in a 38°C (100°F) environment.  The only change from the 

initial expansion phase to the final expansion phase was that the water in the bottom of the 

bucket was replaced with a saturated salt solution.  ASR mortar bars were monitored 

periodically over a period of about 15 months and will continue to be monitored.  See Figure 

3.4 for a photo of the apparatus used to vertically suspend the mortar bars during both phases 

of the ASR test. 

 

Bars are Cast

Demolded

Transferred to 38°C, 100% RH Environment

Measured Weekly until 0.1% Expansion

Transferred to Four Distinct RH Chambers at 38°C

Wet-Cured

 

Figure 3.3: Flow diagram of ASR test. 



40 

 

 

Figure 3.4: Mortar bar holding apparatus used during both phases of the ASR test. 

 

A list of the theoretical ambient RH value achieved with each salt used in the ASR 

test is given in Table 3.3 (Lide 2004).  To confirm the actual RH values achieved within each 

bucket of mortar bars, relative humidity sensors were placed in each bucket and allowed to 

equilibrate for approximately 5 days.  These sensors are known as iButtons and are described 

in further detail in Chapter 4.  The results of actual RH values as measured by the iButtons 

are also given in Table 3.3.  While two of the salt solutions achieved the expected RH 

(barium chloride dihydrate and potassium sulfate), the other two achieved an RH 3%-4% 

higher than expected.  As such, the range of RH conditions tested turned out to be more 

limited than anticipated, unfortunately.  An explanation for this discrepancy was found later 

to likely be the method by which the salt solutions were prepared.  The procedure followed 

consisted of dissolving a small amount of salt at a time into room-temperature water using a 

magnetic stirrer.  This process was continued for several hours in some cases, until no 

additional salt could be dissolved and the solution reached full saturation.  However, one 
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source on the use of saturated salt solutions for humidity control describes the procedure as 

follows (Winston and Bates 1960): salt is dissolved to saturation in boiling water, then 

allowed to partially cool, at which time more salt is added.  Upon full cooling, addition salt is 

added to the mixture.  Finally, the mixture is allowed to stand for several days to several 

weeks.  The authors state that using too much liquid initially can result in a layer of 

unsaturated liquid on the surface.  The procedure for making saturated salt solutions 

suggested by Winston and Bates differs substantially from the procedure used herein, which 

could explain the difference between expected and actual RH conditions. 

 

Table 3.3: Theoretical and measured ambient RH conditions for the ASR test (Lide 2004). 

Salt
Theoretical 

RH (%)

Measured 

RH (%)

KBr (potassium bromide) 78 82

KCl (potassium chloride) 82 85

BaCl2·2H2O (barium chloride dihydrate) 89 89

K2SO4 (potassium sulfate) 97 96
 

 

3.5.3.2 DEF Test: Initial and Final Expansion Phases 

 A flow diagram of both phases of the DEF test is presented in Figure 3.5.  For the 

initial expansion phase, zero-day length measurements were recorded upon demolding.  Each 

set of replicate mortar bars was transferred to plastic containers filled with lime-water at 

23°C (73°F).  For the final expansion phase, there were four distinct RH chambers plus the 

fifth set to remain in lime-water.  Length measurements were taken weekly.  Average values 

of expansion were then calculated for each set of mortar bars.  See Figure 3.6 for a photo of 

the setup for DEF mortar bars during the initial expansion phase.   

Once the DEF mortar bars reached 0.1% expansion, they were removed from lime-

water and transferred to their respective RH chambers (not including one set of mortar bars, 

which were kept in lime-water for the duration of the final expansion phase to serve as a 

control set), marking the beginning of the final expansion phase.  The buckets of saturated 

salt solutions were kept at a temperature of 23°C (73°F) for the remainder of the test.  DEF 
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mortar bars were monitored periodically over a period of about 15 months and will continue 

to be monitored.  The apparatus used to vertically suspend the mortar bars during the final 

expansion phase of the DEF test is identical to that shown in Figure 3.4. 

 

Bars are Cast

Transferred to Lime-water at 23°C

Measured Weekly until 0.1% Expansion

All Others Transferred to Four Distinct RH Chambers at 23°C

Cured in Oven

Demolded

1 Set of Bars Remained in Lime-water at 23°C

 

Figure 3.5: Flow diagram of DEF test. 

 

 

Figure 3.6: Mortar bars in lime-water for the initial expansion phase of the DEF test. 

 

A list of the theoretical and measured ambient RH values achieved with each salt 

used in the DEF test is given in Table 3.4 (Lide 2004).  The actual RH values proved to be 
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altogether much greater than expected; the lowest RH condition was 92%, rather than the 

theoretical RH of 81%.  Again, the range of RH conditions tested turned out to be more 

limited than anticipated. 

 

Table 3.4: Theoretical and measured ambient RH conditions for the DEF test (Lide 2004). 

Salt
Theoretical 

RH (%)

Measured 

RH (%)

KBr (potassium bromide) 81 92

KCl (potassium chloride) 85 93

BaCl2·2H2O (barium chloride dihydrate) 90 97

K2SO4 (potassium sulfate) 97 100
 

 

3.5.3.3 ASR/DEF Test: Initial and Final Expansion Phases 

 A flow diagram of both phases of the ASR/DEF test is presented in Figure 3.7.  In 

essence, the ASR/DEF test combines the features of the ASR and DEF tests discussed 

previously.  For the initial expansion phase, zero-day length measurements were recorded 

upon demolding.  The six sets of replicate mortar bars were transferred to plastic containers 

filled with lime-water at 23°C (73°F).  Length measurements were taken periodically.  

Average values of expansion were then calculated for each set of mortar bars.  The setup for 

ASR/DEF mortar bars during the initial expansion phase is identical to that shown in Figure 

3.6. 

Once the ASR/DEF mortar bars reached roughly 0.1% expansion, they were removed 

from lime-water and transferred to their respective RH chambers, including one with pure 

water to theoretically achieve 100% RH.  The RH chambers were kept at a temperature of 

38°C (100°F) for the remainder of the test.  ASR/DEF mortar bars were monitored 

periodically over a period of about 7 months and will continue to be monitored.  The 

apparatus used to vertically suspend the mortar bars during the final expansion phase of the 

ASR/DEF test is identical to that shown in Figure 3.4. 
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Bars are Cast

Transferred to Lime-water at 23°C

Measured Weekly until 0.1% Expansion

Cured in Oven

Demolded

Transferred to Six Distinct RH Chambers at 38°C

 

Figure 3.7: Flow diagram of ASR/DEF test. 

 

A list of the theoretical and measured ambient RH values achieved with each salt 

solution used in the ASR/DEF test is given in Table 3.5 (Lide 2004).  The actual RH 

conditions were generally 5%-7 % higher than expected for most of the salt solutions. 

 

Table 3.5: Theoretical and measured ambient RH conditions for the ASR/DEF test (Lide 

2004). 

Salt
Theoretical 

RH (%)

Measured 

RH (%)

NH4Cl (ammonium chloride) 76 82

KBr (potassium bromide) 78 83

KCl (potassium chloride) 82 87

BaCl2·2H2O (barium chloride dihydrate) 89 96

K2SO4 (potassium sulfate) 97 98

None (pure water) 100 100
 

 

3.6 Results and Discussion 

 Results from this study regarding the critical ambient relative humidity for ASR, 

DEF, and combined ASR and DEF are presented in Figures 3.8, 3.9, and 3.10, respectively. 
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3.6.1 ASR Test 

 Expansion results up to 450 days for mortar bars affected by ASR only are shown in 

Figure 3.8. 
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Figure 3.8: Expansion data for ASR mortar bars. 

 

For ambient RH values ranging from 82% to 89%, expansion was roughly the same 

at about 0.5% by the 450th day of testing.  At an RH of 96%, expansion had just surpassed 

1.0%.  To help quantify the effect of RH on relative expansions of mortar bars, the reduction 

in expansion of a mortar bar set relative to the mortar bar set stored at the highest RH was 

calculated and is given in Table 3.6.  For example, the mortar bars in the ASR test stored at 

85% RH expanded 47% less than those stored at 96% RH. 
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Table 3.6: Relative reduction in expansion of ASR mortar bars at 450 days. 

Relative 

Humidity

Reduction in 

Expansion

82% 57%

85% 47%

89% 59%

96% N/A
 

 

 Although there is clearly an increase in expansion for ASR mortar bars stored at 

the highest RH of 96%, there is not much difference in expansion among mortar bars 

stored at 82%, 85%, and 89% RH.  It appears that none of the tested ambient RH 

conditions prevented or significantly hindered expansion of mortar bars affected by ASR, 

suggesting that the RH threshold for ASR, at least for the reactive aggregate used in the 

test, is less than 82% and indeterminate based on these data.  At 450 days, each set of 

mortar bars is still consistently expanding. 

 

3.6.2 DEF Test 

Expansion results up to 475 days for mortar bars affected by DEF only are shown in 

Figure 3.9. 
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Figure 3.9: Expansion data for DEF mortar bars. 

 

For mortar bars stored in the worst condition (lime-water), expansion was greatest at 

an incredible 2.0%.  Mortar bars stored at 100% RH had reached 1.7% expansion by the 400th 

day of testing, but deterioration prevented further measuring.  Expansion of mortar bars 

stored between 92% and 97% RH was quite variable.  Surprisingly, mortar bars stored at 

97% RH have expanded the least amount (0.5%), whereas those stored at 92% and 93% RH 

have reached similar expansion levels of around 1.1%.  The reduction in expansion of a 

mortar bar set relative to the mortar bar set stored in lime-water was calculated and is given 

in Table 3.7. 
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Table 3.7: Relative reduction in expansion of DEF mortar bars at 475 days. 

Relative 

Humidity

Reduction in 

Expansion

92% 43%

93% 48%

97% 77%

100% 17%

Lime-water N/A
 

 

 A surprising observation is the relatively low expansion level of mortar bars 

stored at an RH of 97%.  One possible reason for this unexpected result could be related 

to the accuracy of the iButton used to measure RH, which is documented to be ± 5% 

(Maxim 2008).  In any case, it appears that none of the tested ambient RH conditions 

prevented or significantly hindered expansion of mortar bars affected by DEF, suggesting 

that the RH threshold for DEF, at least for the reactive aggregated used in the test, is less 

than 92% and indeterminate based on these data.  At 475 days, the mortar bars stored in 

lime-water have reached their expansion potential, while the remaining measurable 

mortar bars are still consistently expanding.  

 

3.6.3 ASR/DEF Test  

Expansion results up to 275 days for mortar bars affected by ASR and DEF are 

shown in Figure 3.10. 
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Figure 3.10: Expansion data for ASR/DEF mortar bars. 

  

 For RH values of 82% and 83%, expansion of ASR/DEF mortar bars has essentially 

stopped.  In fact, these two sets of mortar bars have contracted since the transition to the final 

expansion phase.  Mortar bars stored at 87% and 96% RH have reached expansion levels of 

0.4% and 0.3%, respectively, and have recently seen an increase in the rate of expansion.  

Mortar bars stored at 98% RH are at a much higher expansion level of almost 0.9%, and 

those stored at 100% RH have nearly reached 1.4% expansion.  The reduction in expansion 

of a mortar bar set relative to the mortar bar set stored at the highest RH was calculated and is 

given in Table 3.8. 
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Table 3.8: Relative reduction in expansion of ASR/DEF mortar bars at 275 days. 

Relative 

Humidity

Reduction in 

Expansion

82% 86%

83% 83%

87% 68%

96% 76%

98% 36%

100% N/A
 

 

Most pronounced from the data shown in Figure 3.8 is the effect of the lowest RH 

conditions on expansion.  One can easily say that, thus far, expansion has ceased for RH 

conditions of 82%-83 %.  Recent trends for RH conditions of 87% and 96% suggest that 

these mortar bars may see an increase in expansion in coming weeks.  Although data for 

ASR/DEF mortar bars are only available up to 275 days, as opposed to 450 to 475 days for 

the ASR and DEF tests, expansion levels will continue to be monitored and some preliminary 

conclusions can be stated.  It appears that for ambient RH conditions of 83% and below, 

expansion of mortar bars affected by ASR and DEF has been significantly hindered.  

Therefore, the RH threshold for combined ASR and DEF, at least for the reactive aggregate 

used in the test, is around 83%.  This result should not be considered final until more data are 

collected.  

 

3.7 Summary 

This chapter presented results of a study to determine the effect of ambient relative 

humidity condition on expansion of mortar bars affected by ASR, DEF, or both, and identify 

the critical RH below which expansion is severely hindered.  First, a review of case studies 

regarding the effect of silicone-based and other types of coatings on the progression of ASR 

and DEF was presented, as well as a discussion of recent studies that have attempted to 

identify the RH threshold for ASR and DEF.  Then, objectives of the study were outlined and 

materials and experimental procedure were described.  Data were presented showing that, for 

the particular aggregate used, the RH threshold for ASR is below 82% and the RH threshold 



51 

for DEF is below 92%.  These results do not conflict with results of similar studies by other 

researchers; however, it is not possible to say whether they coincide with previous results 

since lower RH environments were not tested.  To more conclusively determine the RH 

threshold for ASR or DEF for a particular aggregate, more RH conditions should be tested, 

preferably as low as 65% RH.  The RH threshold for combined ASR and DEF could be 

around 83%, but more testing in lower RH environments and with different aggregates is 

needed to confirm this finding.  These are exciting results as the effect of RH on combined 

ASR and DEF has not been previously investigated. 
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Chapter 4: Laboratory Testing of Internal Relative Humidity in Concrete 

 

4.1 Introduction 

 In the previous chapter, case studies were reviewed showing that silane and other 

hydrophobic, breathable coatings can cause a reduction in the internal relative humidity of 

concrete members.  In this chapter, a study is presented investigating the measurement of 

internal relative humidity and how it is affected by the depth of measurement, the type of 

measurement device, and the manner in which the measurement system is installed.  The goal 

was to identify the best method of measuring internal RH so that it could be used in 

subsequent testing in the laboratory and field. 

 

4.2 Background 

 The importance of relative humidity was emphasized in thorough detail in previous 

chapters.  The concepts of ambient relative humidity and internal relative humidity in 

concrete are not as simple as some may believe.  A common understanding of ambient 

relative humidity is that it is the ratio between the amount of water vapor in the air and the 

maximum amount of water vapor that can be contained in the air at a given temperature.  

This basic interpretation of ambient relative humidity is usually true but not completely 

accurate.  While absolute humidity is the amount of water vapor in a unit amount of dry air, 

relative humidity is the ratio of the ambient vapor pressure P to the saturation vapor pressure 

Ps at the ambient temperature Ta and is typically expressed as a percent (Cengel and Turner 

2005; Grasley et al. 2006b).  Ambient relative humidity varies inversely with temperature, as 

the partial pressure of water increases with increasing temperature.  The following equation 

shows how ambient relative humidity is calculated: 

100% x  RH
sP

P
=  

Relative humidity inside concrete is quite a different concept.  While it is a useful 

way to quantify the moisture state of concrete, internal relative humidity should not be 

confused with moisture content.  The idea of internal relative humidity in concrete can be 
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understood by examining concrete pores on the microscopic level.  The concave surfaces of 

menisci in concrete pores, as opposed to the convex surfaces of water droplets in clouds, 

result in lower vapor pressure and relative humidity relative to a flat surface.  When concrete 

loses internal moisture, larger pores empty first.  As smaller pores lose moisture, the 

curvature of menisci becomes more pronounced, causing a drop in relative humidity.  Many 

factors influence the relative humidity inside concrete, such as ambient relative humidity, 

degree of hydration, and internal temperature (Grasley et al. 2006b). 

An interesting difference between ambient relative humidity and relative humidity 

inside concrete relates to the effects of changing temperature.  Ambient relative humidity 

tends to decrease with increasing temperature.  In partially saturated concrete sealed off from 

drying, relative humidity tends to increase with increasing temperature, due to the expansion 

and excitation of water which reduces surface tension and menisci curvature.  However, 

internal relative humidity of concrete measured close to the surface may indeed follow 

changes in ambient relative humidity (Grasley et al. 2006b). 

 

4.2.1 Methods of Measuring Relative Humidity in Concrete 

There exist several different methods by which relative humidity inside concrete is 

measured.  Arguably the most common and simplest method is the measurement kit HM44 

manufactured by Vaisala and specifically marketed for use in concrete.  Additional methods 

discussed herein are the UIUC method, iButton, and wooden stick method.  No one method 

stands out regarding accuracy and versatility, and thus measurement of relative humidity 

inside concrete is a topic in great need of research. 

 

4.2.1.1 Vaisala Method 

The Vaisala measurement kit HM44, which is capable of measuring temperature in 

addition to relative humidity, includes RH probes, an RH indicator, and accessories for 

installing the system (Figure 4.1).  The Vaisala RH probe (approximately 100 mm (25 in) 

long) utilizes the Vaisala HUMICAP® 180 sensor, a type of thin-film, capacitive humidity 

sensor.  Using the Vaisala system is a fairly easy task.  One has the option to embed the 
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system in fresh concrete or to install the system in hardened concrete.  For installation in 

fresh concrete, a hollow, 150-mm (6-in) plastic sleeve and plug (included in the accessories 

of the Vaisala system) are embedded to the desired depth in fresh concrete.  Upon setting of 

the concrete, the plug is removed from the sleeve and a tool is used to crack the concrete at 

the bottom of the sleeve to break the solid surface and ensure fast measuring.  After the hole 

is cleaned of debris, the probe is ready to be used.  For installation of the Vaisala system in 

hardened concrete, a hole is simply drilled to the desired depth and cleaned of debris, then the 

hollow, plastic sleeve is inserted with the aid of a mallet.  To measure relative humidity for 

either case, the Vaisala probe is inserted into the plastic sleeve and sealed while equilibrium 

is achieved.  The RH indicator can then be connected to the Vaisala probe to take a reading 

of the internal relative humidity at the depth of the plastic sleeve (Vaisala 2008a). 

 

 

Figure 4.1: Vaisala RH probe, RH indicator, and accessories. 

 

4.2.1.2 UIUC Method 

A more recently developed system for measurement of internal relative humidity in 

concrete employs the 20-mm (0.8 in) long Sensirion SHT1x sensor (Figure 4.2), a small 

capacitive sensor capable of measuring temperature and relative humidity (Sensirion 2005).  

This system was introduced by Grasley and others at the University of Illinois at Urbana-
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Champaign and will be hereinafter referred to as the UIUC method.  A procedure for setting 

up the system is presented in Grasley et al. (2006a).  Wires are first connected to the sensors 

to later be connected to a development board, then the sensors are placed in small plastic 

tubes with Gore-Tex (breathable fabric) caps.  The tubes can be embedded in fresh concrete 

to the desired depth or installed in a pre-drilled hole in hardened concrete, similar to the 

installation options of the Vaisala system.  To obtain relative humidity measurements, the 

operator connects a computer to the development board, then installs and runs a 

straightforward program developed by Grasley et al. which obtains data from the 

development board wired to each RH sensor.  As stated previously, the UIUC method was 

developed relatively recently but since has been shown to give good results (Grasley et al. 

2006a). 

 

 

Figure 4.2: Sensirion SHT1x sensor (Sensirion 2005). 

 

4.2.1.3 Dallas Semiconductor iButton® 

A third type of device for measurement of internal relative humidity in concrete is the 

DS1923 iButton® manufactured by Maxim (Figure 4.3).  This small sensor, capable of 

measuring both temperature and relative humidity, is attractive because of its durability and 

self-sufficiency.  The small sensor measures approximately 18 mm (0.7 in) in diameter and 6 

mm (0.2 in) in thickness.  The operator can choose the frequency of measurement, and 

readings are stored in the memory system within the iButton.  Though it is possible to install 

it in hardened concrete in a suitable and reliable manner, the iButton is more commonly 

installed in fresh concrete.  In addition to internal RH measurement of concrete, the iButton 
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is useful in many other applications, such as in the food industry, transportation of goods, and 

ambient humidity monitoring (Maxim 2008). 

 

 

Figure 4.3: DS1923 iButton (Maxim 2008). 

 

4.2.1.4 Wooden Stick Method 

The oldest of the methods of measuring internal relative humidity in concrete 

discussed herein is the wooden stick method (Figure 4.4), which utilizes the relationship 

between electrical conductivity and moisture content in wood.  To prepare the wooden stick 

for measurement of relative humidity, two steel needles are pressed into the wood and the 

electrical conductivity between the two needles is measured.  This value can then be 

correlated to the moisture content of the wooden stick.  When installed in concrete and sealed 

from the atmosphere, the moisture content of the wooden stick can be used to determine the 

relative humidity inside concrete (Jensen 2000a).  Studies show that accuracy of results given 

by the wooden stick method are comparable to more modern methods (Jensen 2000a; Jensen 

2000c; Jensen 2002). 

 

4.2.2 Reliability of Methods of Measuring Relative Humidity in Concrete 

The reliability of each of the previously mentioned methods of measuring relative 

humidity in concrete varies depending on the actual relative humidity, with lower accuracy 

generally corresponding to higher values of relative humidity.  As the two methods used in 

the study presented in this chapter included the Vaisala method and the UIUC method, the 

accuracy of these methods is especially significant.  An outline of the stated accuracy of each 

method is given in Table 4.1.  From the information in Table 4.1, it can be seen that the 

reported accuracy of the two methods is comparable. 
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Figure 4.4: Wooden stick method in use (Jensen 2004). 

 

Table 4.1: Accuracy of the Vaisala and UIUC methods of measuring RH inside concrete 

(Sensirion 2005; Vaisala 2008a). 

Method
Humidity Range 

(% RH)

Accuracy 

(% RH)

0 – 90 ± 2

90 – 100 ± 3

0 – 10 ± 3

10 – 90 ± 1.8

90 – 100 ± 3

UIUC

Vaisala

 

 

4.3 Objectives 

 The objectives of the study presented herein were focused on the broad topic of 

internal relative humidity of concrete.  The goals of the study were to compare a new method 

to a more conventional method, investigate the change in internal relative humidity as a 

function of time and depth, and look into the difference between embedding the system in 

fresh concrete and installing it in hardened concrete. 
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4.4 Materials and Mixture Proportions 

Following are details regarding materials and mixture proportions used for this study. 

 

4.4.1 Materials 

 The coarse and fine aggregates used for this test were local, non-reactive aggregates.  

The cement used for this test was a Type I cement conforming to ASTM C 150 (2007).  The 

chemical composition of this cement was given previously in Table 2.1. 

 

4.4.2 Mixture Proportions 

Mixture proportions were consistent with a standard ACI mix design with w/c of 0.68 

and 28-day compressive strength of 3000 psi.  A higher w/c was used for this test to facilitate 

faster loss of moisture as a result of increased permeability.  A cement content of 290 kg/m3 

(490 lb/yd3) was used. 

 

4.5 Experimental Procedure 

Following are details regarding testing scenarios, mixing, casting and curing, 

instrumentation, and monitoring. 

 

4.5.1 Testing Scenarios 

The following parameters were varied for this test: measurement method, manner in 

which the measurement system was installed, and depth of measurement.  As stated earlier, 

the two methods used in this test were the Vaisala method and the UIUC method.  The 

manner in which the measurement system was installed was either by embedding the system 

in fresh concrete or installing it into a drilled hole in hardened concrete.  Finally, the different 

depths of measurement were 13 mm (0.5 in), 25 mm (1 in), and 38 mm (1.5 in).  Thus, there 

were 12 unique scenarios.  The notation used for each condition is summarized in Table 4.2.  

For example, the label “VD-0.5” corresponds to the 0.5 in drilled hole for the Vaisala 

method. 



59 

 

Table 4.2: Notation used throughout the RH test. 

Parameter Notation Description

V Vaisala method

U UIUC method

D
system installed by drilling hole in 

hardened concrete

E
system installed by embedding in 

fresh concrete

0.5 0.5 inch depth

1.0 1.0 inch depth

1.5 1.5 inch depth

Depth of 

Measurement

Measurement 

Method

Method of 

Installation

 

 

4.5.2 Mixing 

The same mixing procedure as outlined in Section 2.4.1 was used for this study. 

 

4.5.3 Casting, Curing, and Instrumentation 

 Two replicate concrete specimens were cast for each scenario.  These scenarios are 

outlined in the next section.  Following mixing, the concrete was cast into steel molds with 

wooden spacers, to give three specimens per steel mold measuring 150 x 150 x 150 mm (6 x 

6 x 6 in), and subsequently consolidated according to ASTM C 31 (2008).  For half of the 

specimens, the RH system was embedded into the fresh concrete; for the other half, the RH 

system was installed into the hardened concrete following curing.  The procedure for 

embedding the Vaisala system in fresh concrete was discussed previously.  The procedure for 

embedding the UIUC system in fresh concrete is as follows.  The Sensirion sensors were 

inserted into the same type of plastic sleeves as used for the Vaisala system.  On the inside of 

the concrete cube, the end of the plastic sleeve was capped with Gore-Tex fabric; on the 

outside, the sleeve was sealed from the atmosphere with rubber tape and waterproofing 

sealant.  The sensor and sleeve were embedded in fresh concrete to the desired depth. 

All of the concrete cubes were demolded after 24 hours and immediately placed in a 

wet-cure environment at 23°C (73°F) and about 100% RH for three days.  Then, for the 
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specimens not already instrumented, three holes (0.5 in, 1.0 in, and 1.5 in) were drilled in 

each of the applicable cubes and cleaned of debris.  The procedure for installing the Vaisala 

system into hardened concrete was described earlier.  The procedure for installing the UIUC 

system into concrete is described next.  As with the embedded installation procedure, the 

Sensirion sensors were inserted into the same type of plastic sleeves as used for the Vaisala 

system.  The end of the sleeve containing the sensor was capped with Gore-Tex fabric; on the 

other end, the sleeve was sealed from the atmosphere with rubber tape and waterproofing 

sealant.  The plastic sleeve containing the sensor was inserted into the drilled hole.  A 

photograph of a specimen instrumented with the Vaisala system is shown in Figure 4.5.  A 

photograph of a specimen instrumented with the UIUC system is shown in Figure 4.6. 

 

 

Figure 4.5: Specimen instrumented with the Vaisala system of RH measurement. 
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Figure 4.6: Specimen instrumented with the UIUC system of RH measurement. 

 

Once all of the cubes were instrumented, each cube was coated on five of its six sides 

with a two-part epoxy system.  The side left uncoated was the side used for RH 

measurements, the goal being to allow one-dimensional drying through one face of the cube.  

To ensure minimal loss of moisture through the drying face from the inner space between the 

plastic sleeve and surrounding wall of concrete, a thick ring of epoxy was applied around the 

rim of the plastic sleeve for all of the concrete cubes.  After about three hours, to allow the 

epoxy to dry, the cubes were placed into a controlled drying environment of 50% RH and 

23°C (73°F), marking day zero when RH measurements began. 

For the Vaisala method, measurements were taken using the Vaisala RH indicator.  

For the UIUC method, measurements were taken by connecting the development board 

(wired to each RH sensor) to a laptop computer and running the UIUC program, which gives 

real-time data.  The UIUC specimens, development board, and protective box are shown in 

Figure 4.7.  RH measurements were recorded periodically for about 4 months.  This test is 

ongoing and data will continue to be taken. 
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Figure 4.7: Setup of the UIUC method. 

 

4.6 Results and Discussion 

 Results from testing of internal relative humidity in concrete are presented next, 

beginning with preliminary testing results of the Vaisala method of measurement. 

 

4.6.1 Preliminary Testing of Vaisala Method 

It should be noted that for the UIUC method, no equilibration time is required as the 

RH sensors are never exposed to the atmosphere once installed in the concrete cubes.  In 

other words, live readings are taken simply by connecting the development board to a 

computer and running a program.  For the Vaisala method, readings are taken by first 

exposing the empty hole to the atmosphere.  Thus, to ensure accurate readings, time is needed 

to allow for equilibration of the air inside the plastic sleeve.  This equilibration time is 

measured from the point of inserting the RH probe into the hole (whether embedded or 

drilled) and the point of taking a measurement with the RH indicator.  Vaisala recommends 

waiting 30 minutes after inserting the RH probe and sealing it from the environment before 
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taking a reading (Vaisala 2008b).  To test this claim and to ensure accurate results, 

preliminary testing of the equilibration time was conducted. 

In hardened concrete, Vaisala recommends waiting three days after drilling a hole 

before beginning to take measurements.  Keeping this suggestion in mind, preliminary testing 

was performed about four days after drilling holes in the concrete cubes.  Two drilled holes 

were tested (at depths of 1.5 inch and 1.0 inch), and one embedded hole was tested (at a 

depth of 0.5 inch).  Testing was conducted as follows.  The Vaisala RH probe was inserted 

into the plastic sleeve of the 1.5-inch drilled hole and sealed from the atmosphere, and the 

Vaisala RH indicator was connected to the probe for several hours.  A reading was recorded 

every five to thirty minutes.  Next, the Vaisala RH probe was inserted into the plastic sleeve 

of the 1.0-inch drilled hole, and measurements were recorded every five to thirty minutes.  

Finally, the Vaisala RH probe was inserted into the plastic sleeve of the 0.5-inch embedded 

hole, and measurements were recorded every five to 30 minutes. 

The results of preliminary testing of the equilibration time of the Vaisala system are 

shown in Figure 4.8.  The dashed lines represent the time to equilibrium for each case.  The 

shallowest hole required the least time to equilibrate – roughly 50 minutes.  The deeper holes 

needed more time, with the 1.5-inch drilled hole requiring about 120 minutes to equilibrate.  

From these results, it is evident that equilibration time varies depending on the depth of the 

hole, and it appears that 30 minutes is not adequate waiting time.  This significant finding 

was used to dictate the length of waiting time (i.e., two hours) for all future measurements 

with the Vaisala system. 
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Figure 4.8: Preliminary testing results of equilibration time for the Vaisala system. 

 

4.6.2 Relative Humidity Testing 

 First, selected data for replicate scenarios are presented in Figures 4.9-4.10 to show 

how RH measurements vary between two identical scenarios (i.e., same measurement depth, 

same measurement method, and same method of installation).  RH data at a 1.0-inch depth 

(for installation in both fresh concrete and hardened concrete) using the Vaisala method are 

shown in Figure 4.9.  RH data at a 1.0-inch depth (for installation in both fresh concrete and 

hardened concrete) using the UIUC method are shown in Figure 4.10.  Note that “A” and “B” 

represent the two replicate specimens. 

 For the Vaisala method, RH measurements varied between replicates, but not by 

much.  For the system installed in hardened concrete, the difference between measurements 

at any point in time ranged from 0.2%-3.0% RH.  The difference between measurements 

ranged from 0.2%-3.7% RH for the installation method of embedding in fresh concrete.  
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These results are satisfactory considering that documentation of the Vaisala system indicates 

potential RH differences of up to 4%-6% solely due to the accuracy of the probe (see Table 

4.1).  Further, it can be seen that the variation in RH values between the two methods of 

installation is minor and likely only due to the limited accuracy of the probe.  It should be 

kept in mind, also, that an additional source of error is related to the exactness of the depth of 

measurement.  In other words, it is difficult to embed two plastic sleeves (or drill two holes) 

to the exact same depth. 
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Figure 4.9: Relative humidity measurements for the Vaisala system only. 

 

 Similarly, for the UIUC method, measurements varied by a relatively minor amount.  

For the system installed in hardened concrete, the difference between measurements at any 

point in time ranged from 0%-3.5% RH.  The difference between measurements ranged from 

0.2%-1.5% RH for the installation method of embedding in fresh concrete.  These are 

satisfactory results given that documentation of the UIUC system indicates potential RH 
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differences of up to 3.6%-6.0% just due to the accuracy of the RH sensor (see Table 4.1).  An 

interesting observation, not seen for the Vaisala method, is the difference between the two 

methods of installation.  Measurements taken for the installation in fresh concrete were 

consistently 2.2%-5.9% below those taken for the installation in hardened concrete.  This 

trend is also evident in data for other depths tested, as presented later. 
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Figure 4.10: Relative humidity measurements for the UIUC system only. 

 

 Looking at the two sets of data from Figures 4.9 and 4.10 as a whole, it is apparent 

that the UIUC method gives significantly higher RH values than the Vaisala method, when 

all other variables are held constant.  In general, UIUC values of RH are around 10% RH 

greater.  A possible explanation for this trend is associated with the air space inside the 

plastic sleeve for the UIUC method.  While both methods utilize the plastic sleeves (14 mm 

or 0.5 in diameter), the Vaisala method also uses rubber plugs that completely fill the hole 

when measurements are not being taken.  On the other hand, for the UIUC method, the hole 
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is filled only by the Sensirion sensor and connecting wire when measurements are not being 

taken.  The tiny Sensirion sensor measures only 5 x 20 mm (0.2 x 0.8 in), therefore leaving a 

considerable amount of air space at all times.  It is possible that the reason for the much 

higher RH values is that the air space collects moisture from the surrounding saturated or 

near-saturated concrete, giving apparently higher RH values.  For the Vaisala method, there 

is never empty air space. 

The results for all testing scenarios, both UIUC and Vaisala, are summarized in 

Figure 4.11.  Each data point was obtained by calculating the average RH for each replicate 

scenario.  In other words, for VD-1.0 in Figure 4.11, data points are an average of the data 

from VD-1.0A and VD-1.0B (from Figure 4.9). 
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Figure 4.11: Relative humidity measurements for the Vaisala and UIUC methods. 

 

 A number of trends are evident in Figure 4.11.  A clear RH gradient as a function of 

time exists for all scenarios, indicating gradual reduction in internal RH as a result of drying.  
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This behavior was expected.  Also anticipated and seen from the data is that internal RH is 

directly related to depth inside concrete.  For deeper measurement locations, greater RH 

values were measured.  As stated previously, the UIUC method generally gave higher RH 

measurements than the Vaisala method.  Moreover, within the UIUC data set, greater RH 

measurements were seen for sensors installed in hardened concrete than sensors installed in 

fresh concrete. 

 The deviation of measurements within one particular set is also interesting to note.  

For the Vaisala method, data points are more scattered, though still generally decreasing with 

time, than the UIUC method.  The UIUC method shows much smoother trend lines.  This 

observation could be related to how each system is used.  It is not surprising that the data for 

the UIUC method are less erratic, as the sensors, sleeves, and air space were not disturbed 

once the system is installed.  The Vaisala method requires the operator to remove the rubber 

plug, insert the probe, seal it from the atmosphere, and return the rubber plug once a 

measurement has been taken, thus disturbing the air space inside the plastic sleeve. 

  

4.7 Summary 

This chapter presented results of a study to investigate measurement of internal 

relative humidity in concrete.  First, a discussion of relative humidity and how it is measured 

in concrete was presented.  Then, objectives of the study were outlined and materials and 

experimental procedure were described.  An important preliminary finding of this study was 

that the recommended 30-minute equilibration time between insertion of the Vaisala RH 

probe and recording of a measurement was insufficient; rather, an equilibration time of two 

hours is more adequate.  Additionally, data were presented showing that, without question, 

there exists much discrepancy among different methods of measuring internal relative 

humidity in concrete.  Even for a single depth, measurements varied a significant amount, 

sometimes up to 10%, between the UIUC method (a new method utilizing small RH sensors) 

and the Vaisala method (a more conventional method employing a large RH probe).  These 

results suggest that measurements should not be compared from method to method.  

Furthermore, there is still no clear answer as to the superior method of measuring internal 



69 

relative humidity in concrete.  Observed trends that were expected include the inverse 

relationship between internal RH and time as well as the direct relationship between internal 

RH and depth of measurement. 
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Chapter 5: Evaluation of Cores Extracted from Houston Bridge Columns 

 

5.1 Introduction 

 In 2006, a segment of an interchange in Houston, Texas, thought to be affected by 

ASR and potentially DEF, was selected to have waterproofing systems applied and evaluated.  

The site is located in southeast Houston at the intersection of Beltway 8 and IH 45, and the 

columns under testing and evaluation are part of the substructure of the overpass from 

eastbound Beltway 8 to southbound IH 45.  A photograph showing the columns under testing 

and evaluation is given in Figure 5.1.  Note that the columns had not yet been coated when 

the photograph in Figure 5.1 was taken; the white coating appearing on the column in the 

foreground is paint as opposed to a waterproof or breathable coating. 

 This chapter reviews the evaluation of cores extracted from the bridge columns 

before coating, including petrographic evaluation and expansion testing to determine whether 

deleterious reactions are present, and if so, to assess the remaining expansion potential.  In 

February 2008, after core extraction, the bridge columns were instrumented to monitor 

expansion, internal relative humidity, and cracking before and after coating application.  As 

the bridge was only recently instrumented, these data will be presented in future publications. 

 

 

Figure 5.1: Bridge columns under testing and evaluation in Houston, Texas. 
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5.2 Background 

 Many concrete structures in Texas, and indeed in the United States, are affected and 

damaged by ASR.  Some structures are also suspected to be damaged by DEF, and even 

some structures are thought to be affected by both.  To scientifically confirm whether these 

deleterious reactions are occurring in a field structure, cores are often extracted from the 

members thought to be in distress.  Microscopic evaluation and expansion testing of concrete 

cores are examples of methods commonly used in an attempt to prove or disprove that a 

deleterious reaction is occurring.  However, the results of these methods are not always 

conclusive, and differences of opinion may exist even from researcher to researcher.  In fact, 

in most of the cases reporting DEF as the cause of distress, an additional deterioration 

mechanism is usually at play (Thomas 2001; Thomas and Ramlochan 2002).  Indeed it is not 

a trivial task to quantify the amount of damage that can be attributed to DEF nor to determine 

whether DEF plays a significant role in the cause of damage altogether.  Recent research has 

been aimed at finding conclusive ways to determine what is actually happening within 

concrete structures exhibiting extensive distress. 

 Expansion testing consists of storing a concrete core in a specific environment known 

to facilitate the reaction or reactions suspected.  One way to determine potential residual 

expansion due to ASR is to store concrete cores in a high-temperature, highly alkaline 

environment and monitor expansion.  Storage in such an environment, typically ASTM C 

1260 (2007) conditions of 1 N NaOH at 80°C (176°F), promotes continued ASR through the 

essentially unlimited supply of alkalis.  This high-temperature, high-pH environment has 

been shown to potentially inhibit DEF-related expansion (Famy et al. 2001; Thomas et al. 

2008).  Contrarily, storage in lime-water at room temperature is thought to be ideal for 

expansion due to DEF, as the alkalis present in the concrete leach out and be unavailable for 

reaction.  Expansion by DEF may even be accelerated in this environment due to the drop in 

pH within the core resulting from alkali leaching (Thomas et al. 2008).  Thirdly, storage in a 

hot and humid environment (e.g., ASTM C 1293 conditions) promotes expansion by both 

reactions.  Although in this case it is not possible to determine the contribution from each 
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reaction, the results do suggest the most realistic remaining expansion potential of a concrete 

structure, whether affected by ASR, DEF, or both.  The cores extracted from the Houston 

bridge columns for this research project were subjected to all three aforementioned 

environments. 

 Petrographic examination of concrete cores can also be conducted to determine 

whether deterioration mechanisms are present.  Visual and microscopic examination of the 

paste, aggregates, and cracks can provide clues as to the state of the concrete structure from 

which the cores were taken.  ASR can be assumed to be occurring if sufficient evidence is 

found in the form of development of reaction rims and gel deposits within aggregate particles 

and significant internal microcracking of aggregates.  On the other hand, DEF is more 

difficult to diagnose.  Because the formation of ettringite occurs in normal concrete 

unaffected by DEF, merely the presence of ettringite in cracks and voids is not ample 

evidence to confirm that DEF is occurring.  In addition to the presence of ettringite, evidence 

must exist that the formation of ettringite is resulting in expansion of the cement paste and 

volumetric increase of the cement paste relative to the aggregates, resulting in the formation 

of gaps between the paste and aggregate (Thomas et al. 2008).  Clearly, diagnosis of a 

concrete structure suspected to be affected by ASR and/or DEF can be a tricky task. 

 

5.3 Objectives 

 The objectives of the evaluation of cores from the bridge columns in Houston were 

primarily to verify whether deterioration mechanisms are at play and to what extent, and 

secondarily to find out about the materials and proportions present. 

 

5.4 Experimental Procedure 

 Following are details regarding the procedures taken to evaluate the concrete cores 

extracted from the bridge columns in Houston.  Each cylindrical core measured about 100 

mm in diameter and 200 mm in length (4 x 8 in). 
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5.4.1 Petrographic Evaluation 

 In October 2007, one intact core was sent to a third-party petrographer to be 

evaluated visually and microscopically.  Testing involved petrographic analysis in 

accordance with ASTM C 856 (2004). 

 

5.4.2 Expansion Testing 

 Cores were subjected to three environments for expansion testing, as stated 

previously.  First, two cores were cut in half longitudinally to obtain four specimens.  Small 

pins were installed in the ends of specimens for length measurements.  Two of these 

specimens were placed in a high-temperature, highly alkaline environment of 1 N NaOH 

solution at 80°C (176°F) to test for ASR.  The other two specimens were placed in an 

environment of lime-saturated water at 23°C (73°F) to test for DEF.  Finally, two additional 

intact cores were pinned and placed in a high-temperature, humid environment of 100 % RH 

at 38°C (100°F).  Mass and length measurements were taken periodically and will continue to 

be taken, as this test is still in its early stages.  Length measurements were obtained by 

placing the cores in a length comparator (Figure 5.2). 

 

 

Figure 5.2: Comparator used for core measurements. 
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5.5 Results and Discussion 

 The following is a discussion of the implications of petrographic evaluation and 

expansion testing of cores extracted from the Houston bridge columns. 

 

5.5.1 Petrographic Evaluation 

 A petrographic report was delivered in December 2007.  The relevant findings of this 

report are summarized here (Rothstein 2007). 

 First, the concrete within the core contained portland cement and fly ash.  No 

deliberate air-entrainment was detected, but the concrete contained 2%-4% air.  The concrete 

was in moderately advanced stages of hydration. 

 The aggregates consisted of limestone river gravel with nominal top size of 25 mm (1 

in) and siliceous river sand with nominal top size of 4.75 mm (0.19 in).  Further, the sand 

contained minor amounts of chert (1%-10 %) in the coarser fractions and primarily quartz 

and feldspar in the finer fractions.  Recall that chert and quartz are known to be potentially 

ASR-reactive, as discussed in Chapter 1. 

 Evidence was found confirming that ASR is occurring throughout the full thickness 

of the core.  Evidence includes reactions rims and gel deposits (Figure 5.3) and significant 

internal microcracking of aggregates (Figure 5.4). 

 Significant microcracking of the concrete was not present.  Observed cracking or 

microcracking was not found to be ASR-related.  The observed microcracks appeared to be 

due to drying shrinkage and core extraction. 

   An abundance of ettringite deposits were observed in air voids.  The ettringite lined 

and partially filled voids but there was no evidence of microcracking associated with the 

ettringite mineralization. 
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Figure 5.3: Reflective-light micrograph showing detail of reactive chert particle with reaction 

rim and gel deposit, indicated by red arrow (Rothstein 2007). 

 

 

Figure 5.4: Reflected-light micrograph showing detail of chert particle with reaction rim and 

significant internal microcracking (Rothstein 2007). 
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5.5.2 Expansion Testing 

 Results from expansion testing of cores extracted from Houston bridge columns are 

presented in Figure 5.5. 

 After about 200 days of testing, the cores stored in 100% RH at 38°C and the cores 

stored in lime-water at 23°C have experienced negligible expansion.  At this point, the cores 

show no sign of DEF due to the lack of expansion in the environment of lime-water at 23°C.  

It may be too early to draw conclusions from the negligible expansion levels of cores stored 

in 100% RH at 38°C.  However, the cores do show overwhelming evidence of ASR.  The 

cores stored in NaOH at 80°C show expansion levels of almost 0.6% and rising.  Evidently, 

significant potential for further ASR-related expansion exists for the bridge columns from 

which the cores were taken. 

0.00%

0.10%

0.20%

0.30%

0.40%

0.50%

0.60%

0.70%

0 25 50 75 100 125 150 175 200 225 250

Time (days)

E
x

p
a

n
s

io
n

NaOH 80°C

100%RH 38°C

Limewater 23°C

 

Figure 5.5: Expansion data for cores extracted from Houston bridge columns. 
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5.6 Summary 

 This chapter presented results of evaluation of cores extracted from bridge columns in 

Houston, Texas.  First, a discussion of different methods by which a field structure is 

diagnosed with ASR or DEF was presented.  Then, objectives of the study were outlined and 

materials and experimental procedure were described.  Based on petrographic evaluation and 

expansion testing of concrete cores extracted from bridge columns in Houston, Texas, the 

presence of ASR and associated aggregate microcracking was confirmed.  On the other hand, 

it does not appear that DEF is occurring.  Investigation into the materials of the cores 

revealed that the siliceous fine aggregate contained minerals known to be potentially reactive, 

which coincides with the results of expansion testing in NaOH.  Further expansion data 

should be collected to see if the cores stored in 100% RH at 38°C (100°F) begin to expand, 

which would give a realistic indication of expansion potential in the Houston bridge columns.  

Expansion of cores stored in limewater at 23°C (73°F) should also continue to be monitored 

to verify that DEF is indeed not a factor.  The bridge columns from which the cores were 

extracted have been coated since February 2008 and will be monitored in the coming months.  

Data obtained will be useful in determining which coatings tested are effective in field 

concrete. 
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Chapter 6: Effect of Surface Roughness on Measured Surface Moisture Content 

 

6.1 Introduction 

 A peripheral study was conducted early in the research project to determine the effect 

of degree of surface roughness on surface moisture content as measured by a concrete 

moisture meter.  As discussed in Chapter 2, surface moisture at the time of silane coating 

appears to have an impact on the effectiveness of the silane in drying out the concrete (Tosun 

et al. 2008).  To guide contractors as to the best time to apply protective coatings, a surface 

moisture meter will potentially be used to determine when concrete is dry enough to coat.  

There is concern regarding the effectiveness of this moisture meter on surfaces that have been 

abraded for paint removal, resulting in a rough surface texture. 

In order to duplicate realistic field conditions regarding the roughness of abraded 

concrete members prior to application of protective coatings, a study was done to compare 

the accuracy of one moisture meter on smooth surfaces to rough surfaces of identical drying 

conditions.  Additionally, the effects of drying condition, application of silane coating, and 

concrete age on measured moisture content were investigated. 

 

6.2 Objectives 

 The objectives of this study were to compare measured surface moisture content of 

smooth concrete surfaces to rough concrete surfaces representing concrete that has been 

abraded for paint removal. 

 

6.3 Materials and Mixture Proportions 

Following are details regarding materials and mixture proportions used for this study. 

 

6.3.1 Materials 

 The coarse aggregate used for this test was a dolomitic limestone.  The fine aggregate 

used was a natural, highly reactive siliceous sand.  The cement used was a Type III cement 
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conforming to ASTM C 150 (2007).  The chemical composition of this cement was given 

previously in Table 3.1. 

 

6.3.2 Mixture Proportions 

 Mixture proportions conforming to ASTM C 1293 (2008) were used, consisting of a 

cement content of 420 kg/m3 (708 lb/yd3) and w/c of 0.42 by mass. 

 

6.4 Experimental Procedure 

Following are details regarding mixing, casting and curing, testing scenarios, and 

monitoring of surface moisture content. 

 

6.4.1 Mixing 

The same mixing procedure as outlined in Section 2.4.1 was used for this study. 

 

6.4.2 Casting and Curing 

Eight concrete slabs were constructed for this test, each measuring 200 x 200 x 90 

mm (8 x 8 x 3.5 in).  Fresh concrete was cast into wooden molds constructed specifically for 

this test.  Immediately upon placement of the fresh concrete into the slab molds, a broom was 

used to roughen the surfaces of four of the slabs.  A metal trowel was used to achieve a 

smooth finish on each of the remaining four slabs.  Figure 6.1 illustrates the difference in 

surface texture between a smooth slab and a rough slab. 

The slabs were covered with plastic and cured in a 100% RH and 23°C (73°F) 

environment for 24 hours.  Next, the slabs were demolded and initial moisture readings were 

taken.  Additional moisture readings were recorded periodically for the next four to five 

hours, or until moisture values began to stabilize. 
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Figure 6.1: Smooth slab (left) and rough slab (right). 

 

6.4.3 Testing Scenarios 

 The testing scenarios for this study are outlined in Table 6.1.  In test no. 1, one 

smooth slab and one rough slab were demolded, then immediately placed in a climate-

controlled environment at 50% RH and 23°C (73°F).  Moisture content was measured 

periodically until readings began to stabilize.  The only variable that was changed in test no. 

2 was the drying condition; the slabs in test no. 2 were immediately placed outdoors 

(approximately 80% RH and 31°C (88°F)) upon demolding.  Test no. 3 was identical to test 

no. 2, except the slabs were coated with a 40% silane coating prior to being placed outdoors.  

In test no. 4, the slabs were placed underwater at 23°C (73°F) for 24 hours, then demolded 

and placed in the same climate-controlled environment as in test no. 1.  In test no. 5, the same 

specimens and conditions from test no. 4 were used, except the slabs were placed back 

underwater and removed at an age of 7 days. 

Also included in Table 6.1 is the estimated evaporation rate of surface moisture as a 

function of ambient temperature, relative humidity, wind velocity, and concrete temperature.  

This value was determined based on the nomograph first published by the National Ready 

Mixed Concrete Assocation and included in current publications by the American Concrete 

Institute (ACI Committee 308 2001). 
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Table 6.1: Description of testing scenarios. 

Test No. Description
Estimated 

Evaporation Rate*

1
Demold, place in 50% RH, 23°C environment, begin 

measurements
0.02 lb/ft2/hr

2
Demold, place in outdoor environment, begin 

measurements
0.04 lb/ft2/hr

3
Demold, let dry 90 minutes, coat with 40% silane, place in 

outdoor environment, begin measurements
0.04 lb/ft2/hr

4

Demold, place in water at 23°C for 24 hours, remove and 

place in 50% RH, 23°C environment, begin 

measurements
0.02 lb/ft2/hr

5

7 days after casting , place in water at 23°C for 24 hours, 

remove and place in 50% RH, 23°C environment, begin 

measurements
0.02 lb/ft2/hr

*Based on ACI 308 Menzel/NRMCA nomograph.  

 

6.4.4 Monitoring 

 Moisture content of the slabs was measured periodically until readings began to 

stabilize.  The device used for measuring moisture content was the Concrete Encounter CME 

4, manufactured by Tramex Ltd (Figure 6.2).  This non-destructive meter was designed to 

measure the moisture content in concrete floors using the principle of electrical impedance.  

Concrete Encounter CME 4 detects moisture values from 0% to 6%. 

Concrete Encounter CME 4 is used by firmly pressing the device onto a flat surface 

to ensure that all eight electrodes are fully compressed.  Moisture values are displayed on a 

moving coil meter dial (Tramex Ltd 2006). 
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Figure 6.2: Photographs of the Concrete Encounter CME 4 showing the dial (left) and 

electrodes underneath (right). 

 

6.5 Results and Discussion 

 The moisture data acquired for each test are presented in Figures 6.3-6.6.  For test 

nos. 1 and 2, time was measured from the point of demolding.  For test no. 3, time was 

measured from the point of the coating application.  For test nos. 4 and 5, time was measured 

from the point of removal of the slabs from water.  It should be noted that because the 

Concrete Encounter CME 4 cannot measure moisture contents above 6%, all data points that 

fall on the 6% line are actually greater than or equal to 6%. 

The moisture content data acquired using the Concrete Encounter CME 4 varied 

significantly between the smooth concrete slabs and rough concrete slabs.  The measured 

moisture content of the rough slabs was consistently lower than that of the smooth slabs.  

This trend could be due to the inability of all eight electrodes to come into complete contact 

with the rough surface, an observation that was made consistently for the rough slabs.  

Another possible reason for lower measured moisture contents for rough slabs could be that, 

due to the surface roughness, there is greater surface area and thus greater opportunity for 

water to be lost. 
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A number of additional observations can be made.  For the slabs allowed to dry 

outdoors, moisture content values dropped more quickly than those dried in the 50% RH, 

23°C (73°F) environment, which was expected since the outdoor evaporation rate was higher.  

For the slabs coated with silane and allowed to dry outdoors, moisture content values 

required more time to stabilize.  The 7-day old slabs placed underwater then allowed to dry in 

the 50% RH, 23°C (73°F) environment achieved stable moisture content values more quickly 

than the 1-day old slabs under the same drying conditions. 
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Figure 6.3: Data for surface roughness test no. 1 (evaporation rate of 0.02 lb/ft2/hr). 
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Figure 6.4: Data for surface roughness test no. 2 (evaporation rate of 0.04 lb/ft2/hr). 
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Figure 6.5: Data for surface roughness test no. 3 (evaporation rate of 0.04 lb/ft2/hr). 
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Figure 6.6: Data for surface roughness test nos. 4 and 5 (evaporation rate of 0.02 lb/ft2/hr). 

 

6.6 Summary 

 This chapter presented results of a study regarding the accuracy of a moisture meter 

on a rough concrete surface.  Objectives of the study were outlined, and materials and 

experimental procedure were described.  The main conclusion drawn from this study is that 

the measured surface moisture of a rough surface does indeed vary significantly from 

measured surface moisture of a smooth surface, all other things equal.  Measured surface 

moisture values of rough surfaces were consistently greater than those for smooth surfaces.  

Although the exact reason for this trend is not known, it was observed that the electrodes on 

the underside of the moisture meter could not all come into full contact with the rough 

surfaces.  More research should be conducted to better establish the effect of surface 

roughness on measured moisture content and to determine whether a different measurement 

device should be used. 
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Chapter 7: Ongoing Testing of Effectiveness of Coatings for Mitigation of ASR 

and DEF 

 

7.1 Introduction 

 The purpose of this chapter is to provide an update on research begun by Lute as part 

of this research project.  Lute (2008) studied a number of different coating scenarios and their 

effect on expansion of large concrete blocks subjected to outdoor weather conditions in 

Austin, Texas.  These exposure blocks will continue to be monitored in the future, and the 

data presented herein are up-to-date as of July 2008.  Lute presented data up to about March 

2008. 

 In addition to studying the effect of coatings on expansion of exposure blocks, Lute 

also presented a laboratory test aimed at evaluating silane-sealed concrete specimens 

subjected to wetting and drying cycles.  This test, referred to as the modified ASTM C 1293 

test, was initiated because it was seen that the standard ASTM C 1293 (2008) test is not a 

proper test for evaluating the effectiveness of breathable coatings.  These coatings, as stated 

previously, are only effective when specimens experience cyclic wetting and drying periods.  

The modified ASTM C 1293 test began in March 2008, and up-to-date data are presented 

herein.  For comprehensive information on background, materials, monitoring, and other 

details regarding exposure block testing and modified ASTM C 1293 testing, see Lute 

(2008). 

 

7.2 Exposure Blocks 

 As it is often difficult to correlate results from accelerated laboratory tests (e.g., 

ASTM C 1293) with actual performance in field structures, outdoor exposure blocks are 

sometimes used as a more realistic representation of behavior of concrete field structures.  In 

2006 and 2007, a total of 17 exposure blocks were cast with the intention of evaluating the 

effectiveness of a number of different coating scenarios on expansion of concrete suffering 

from ASR or DEF.  The dimensions of each block are 710 x 380 x 380 mm (28 x 15 x 15 in).  

All blocks were made with the same mixture proportions and materials, including a highly 
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reactive fine aggregate, but the DEF exposure blocks were cured in a 60°C (140°F) oven, 

ensuring that the internal temperature during curing exceeded the commonly-cited 70°C 

(140°F) threshold above which DEF may be triggered.  Upon demolding, some blocks were 

treated initially with various coatings, while others were treated after reaching a certain point 

of expansion.  A complete list of each coating scenario and corresponding notation for all 

exposure blocks stored in Austin, Texas, is provided in Table 7.1.  An untreated control block 

was cast for both the ASR and DEF sets. 

 

Table 7.1: Coating scenarios for all exposure blocks stored in Austin, Texas. 

Notation
Type of 

Curing
Initial Coating

Time of Initial 

Coating
Secondary Coating

Time of Secondary 

Coating

JA-1 ASR none --- --- ---

JA-2 ASR 40SBS* + Highbuild 0.1% expansion --- ---

JA-3 ASR 40SBS + Latex 0.1% expansion --- ---

JA-4 ASR 40SBS 0.1% expansion --- ---

JA-5 ASR 40WBS** 0.1% expansion --- ---

JA-6 ASR 40SBS 0.2% expansion --- ---

JA-7 ASR SRP
† 0.1% expansion --- ---

JA-8 ASR 100SBS
‡ 0.1% expansion --- ---

JA-9 ASR Latex Paint 7 days after casting --- ---

JA-10 ASR 40SBS 7 days after casting --- ---

JA-11 ASR Latex Paint 7 days after casting 40SBS 0.1% expansion

JA-12 ASR Latex Paint 7 days after casting Sandblast, 40SBS 0.1% expansion

JD-1 DEF none --- --- ---

JD-2 DEF 40SBS 0.1% expansion --- ---

JD-3 DEF 100SBS 0.1% expansion --- ---

JD-4 DEF SRP 0.1% expansion --- ---

JD-5 DEF 40SBS 7 days after casting --- ---

* 40% Solvent-Based Silane

** 40% Water-Based Silane

† Silane Cream + Resin Paint System

‡ 100% Solvent-Based Silane  

 

 The most recent expansion data for ASR exposure blocks are presented in Figures 7.1 

and 7.2.  Expansion data for the six ASR blocks showing the least expansion to date are 
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presented in Figure 7.1, along with the untreated ASR block to serve as a reference.  

Expansion data for the five ASR blocks showing the greatest expansion to date are presented 

in Figure 7.2, along with the untreated ASR block. 

 The control ASR block (JA-1) has reached 0.84% expansion as of July 2008.  ASR 

block JA-11, coated with latex paint initially then coated with silane at 0.1% expansion, is 

showing the least amount of expansion (0.51%).  This result was not anticipated, as 

conventional thinking suggested that silane coatings would be ineffective when applied over 

a painted surface (without first removing the paint).  The implications of this finding are 

significant; a large part of the cost of coating field structures has been the cost of removing 

paint by sandblasting, not to mention the environmental issues associated with paint removal. 

The other five ASR blocks represented in Figure 7.1 have reached expansions 

between 0.55% and 0.65%, roughly 65% to 77% of the expansion of the untreated control 

ASR block.  To summarize, following are the six coating scenarios that have performed the 

best to date on ASR-affected exposure blocks, starting with coating scenario associated with 

the least amount of expansion: 

• initial latex paint application; at 0.1% expansion, 40% solvent-based silane 

application over latex paint (JA-11) 

• at 0.1% expansion, silane cream application followed immediately by silicone 

resin paint application (JA-7) 

• initial latex paint application; at 0.1% expansion, paint removal by 

sandblasting, then 40% solvent-based silane application (JA-12) 

• initial latex paint application; no further coating (JA-9) 

• at 0.1% expansion, 40% water-based silane application (JA-5) 

• at 0.1% expansion, 40% solvent-based silane application followed 

immediately by latex paint application (JA-3) 
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Figure 7.1: Expansion results for ASR exposure blocks in Austin, Texas, showing the least 

amount of expansion and thus greatest coating performance. 

 

 ASR block JA-8, coated with 100% solvent-based silane at 0.1% expansion, is 

showing the greatest amount of expansion (0.77%).  This result is surprising considering the 

100% silane is supposedly more potent than the 40% silane.  The other four ASR blocks 

represented in Figure 7.2 have reached expansions between 0.67% and 0.74%, roughly 80% 

to 88% of the expansion of the untreated control ASR block.  To summarize, following are 

the five coating scenarios that have performed the worst to date on ASR-affected exposure 

blocks, starting with the coating scenario associated with the greatest amount of expansion: 

• at 0.1% expansion, 100% solvent-based silane application (JA-8) 

• initial 40% solvent-based silane application (JA-10) 

• at 0.2% expansion, 40% solvent-based silane application (JA-6) 

• at 0.1% expansion, 40% solvent-based silane application (JA-4) 
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• at 0.1% expansion, 40% solvent-based silane application followed 

immediately by highbuild paint application (JA-2) 
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Figure 7.2: Expansion results for ASR exposure blocks in Austin, Texas, showing the 

greatest amount of expansion and thus worst coating performance. 

 

The most recent expansion data for DEF exposure blocks are presented in Figure 7.3.  

The control DEF block (JD-1) has reached a remarkable 2.35% expansion as of July 2008.  

DEF blocks JD-2 and JD-3, coated with 40% solvent-based silane at 0.1% expansion and 

100% solvent-based silane at 0.1% expansion, respectively, are showing the least amount of 

expansion (0.80% and 0.85%, respectively).  The other two DEF blocks represented in Figure 

7.3 have reached expansions of 1.10% and 1.25%.  All four coating scenarios for the set of 

DEF blocks have performed quite well compared to the untreated DEF block, with expansion 

being suppressed to 34% to 53% of the expansion of the untreated DEF block.  Clearly, the 
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coating scenarios have a greater impact on the DEF blocks than on the ASR blocks; however, 

the absolute expansion values for the DEF blocks greatly exceed those of the ASR blocks.  

To summarize, the following four coating scenarios were applied to the DEF blocks, starting 

with the best coating scenario: 

• at 0.1% expansion, 100% solvent-based silane application (JD-3) 

• at 0.1% expansion, 40% solvent-based silane application (JD-2) 

• at 0.1% expansion, silane cream application followed immediately by silicone 

resin paint application (JD-4) 

• initial 40% solvent-based silane application (JD-5) 
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Figure 7.3: Expansion results for DEF exposure blocks in Austin, Texas. 
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7.3 Modified ASTM C 1293 Test 

 As stated previously, Lute (2008) found that for treated prisms subjected to 

constantly humid conditions, as in the ASTM C 1293 test presented therein, silane coatings 

do not halt expansion due to ASR.  Because results from silane testing under ASTM C 1293 

conditions suggest that silanes are ineffective, yet benefits of silane coatings are well 

documented, a standard laboratory test is needed to better evaluate silanes and other coatings.  

The modified ASTM C 1293 test initiated for this research project was similar to the standard 

ASTM C 1293 test, except that the prisms were subjected to cyclic wetting and drying 

periods.  During the wet period, prisms were stored as normal in 100% RH at 38°C (100°F).  

During the dry period, prisms were stored in an environment of 50% RH at 23°C (73°F).  

There were two wet-dry cycles tested: wet period for 5 days and dry period for 2 days, and 

wet period for 21 days and dry period for 7 days.  Additionally, there were two types of 

aggregates tested: a highly reactive aggregate and a moderately reactive aggregate.  Finally, 

there were three different coating scenarios for each wet-dry cycle: no coating, 40% solvent-

based silane coating applied one day after casting, and 40% solvent-based silane coating 

applied six days after casting (these prisms were stored in a 50% RH at 23°C (73°F) 

environment until the point of coating).  The previously described scenarios are summarized 

in Table 7.2.  For instance, the label “H-5/2-U” represents the set of prisms cast with the 

highly reactive aggregate, subjected to a cyclic wet period of 5 days and dry period of 2 days, 

and uncoated. 

 

Table 7.2: Notation used for the modified ASTM C 1293 test. 

Parameter Notation Description

H highly-reactive aggregate

M moderately-reactive aggregate

5/2 wet 5 days; dry 2 days

21/7 wet 21 days; dry 7 days

U uncoated

1 coated 1 day after casting

6 coated 6 days after casting

Aggregate 

Reactivity

Wet-Dry Cycle

Coating Scenario
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 The most recent expansion data for the modified ASTM C 1293 prisms are presented 

in Figures 7.4 and 7.5.  Expansion data for prisms cast with the highly reactive aggregate are 

presented in Figure 7.4.  Expansion data for prisms cast with the moderately reactive 

aggregate are presented in Figure 7.5. 

 For prisms cast with the highly reactive aggregate, a clear distinction can be observed 

between the uncoated control set exposed to a constantly wet environment and the prism sets 

subjected to wetting and drying cycles.  However, despite the fact that all of the other prism 

sets were coated with silane, they are still all expanding at a considerable rate.  It does appear 

that the rate of expansion may be beginning to drop off.  It is possible that the aggregate is so 

reactive that expansion ensues before there is enough time for the internal relative humidity 

of the prisms to drop and expansion to begin to slow.  If this is the case, then future 

expansion should be reduced. 

 For both prism sets subjected to 5/2 and 21/7 wet/dry cycles, no significant difference 

appeared between the prisms coated at one day and those coated at six days.  Within the 5/2 

set, a greater difference was observed between uncoated prisms and the coated prisms 

subjected to wet/dry cycles, than for the 21/7 set.  These results suggest that a wet/dry 

schedule of wet 5 days and dry 2 days may be a better choice for evaluation of coatings, as 

the 5/2 schedule allowed for a discernible difference between uncoated specimens and coated 

specimens. 
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Figure 7.4: Expansion results for modified ASTM C 1293 prisms cast with a highly reactive 

aggregate. 

 

 From Figure 7.5, major differences are evident in behavior of prisms cast with the 

less reactive aggregate.  First, expansion levels are mere fractions of expansion levels for 

prisms cast with the highly reactive aggregate, suggesting that the reaction is proceeding at a 

slow rate.  There is large scatter in all of the data.  Future data will provide more insight into 

the implications of the test.  Thus far, similar differences exist between the 5/2 and 21/7 sets 

as for the highly reactive aggregate.  For instance, there is not much difference among the 

uncoated set, set coated at one day, and set coated at six days, within the 21/7 set of prisms.  

However, for the 5/2 set, considerable less expansion can be seen for the coated prisms than 

for the uncoated prisms subjected to wet/dry cycles.  These data also suggest that a wet/dry 

schedule of wet 5 days and dry 2 days may be a better choice for evaluation of coatings.  In 

addition, data shown in Figures 7.4 and 7.5 suggest that neither a time of coating of one day 



95 

nor six days after casting is superior as far as which would be more appropriate to use for a 

modified ASTM C 1293 test.  Future data for all prism sets in the modified ASTM C 1293 

test will be useful in designing an appropriate laboratory test for the evaluation of coatings 

used to suppress ASR and DEF. 
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Figure 7.5: Expansion results for modified ASTM C 1293 prisms cast with a moderately 

reactive aggregate. 

 

7.4 Summary 

 This chapter provided an update on research begun by Lute (2008), specifically 

evaluation of different coatings using outdoor exposure blocks as well as development of a 

modified ASTM C 1293 test aimed specifically at evaluating coatings in laboratory 

conditions.  Some important conclusions were drawn from the data presented.  Regarding 
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evaluation of different coating scenarios, it was seen that one of the scenarios expected to 

perform the worst actually showed superior performance: initial latex paint application; at 

0.1% expansion, 40% solvent-based silane application over latex paint.  The least amount of 

expansion was seen for the exposure block with this coating scenario.  However, large 

expansion values were seen for all exposure blocks, whether treated or untreated, possibly 

due to the high reactivity of the aggregate used.  In addition, it is likely that the coatings are 

only lowering the internal relative humidity in the outer few inches and that the interior bulk 

of concrete is still expanding.  Testing is underway in this project to evaluate the impact of 

aggregate reactivity and internal reinforcement on the ability of coatings to reduce expansion 

caused by ASR and/or DEF.  Regarding the modified ASTM C 1293 test, it was concluded 

that a wet/dry cycle of 5 days wet and 2 days dry gives better results than a cycle of 21 days 

wet and 7 days dry.  Future data should be obtained before more significant conclusions can 

be drawn, but current data suggest that the development of an appropriate test is feasible. 
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Chapter 8: Conclusions 

 

8.1 Summary of Conclusions 

The overall objectives of the research described herein were to investigate the 

effectiveness of surface coatings on expansion due to alkali-silica reaction and delayed 

ettringite formation and to study the relationship between relative humidity and expansion 

potential.  Although much research is still needed, it was shown that there are indeed 

promising solutions to the expansion problems seen in so many concrete structures.  This 

section summarizes the findings of research thus far. 

It was seen in Chapter 2 that silane-coated concrete performed better than uncoated 

concrete regarding water uptake.  The benefits of silane were most pronounced when 

concrete was subjected to cyclic wetting and drying periods.  It was also observed that the 

degree of moisture at the time of coating had an impact on the effectiveness of silane as a 

breathable coating, but this impact could not be fully quantified from the data obtained in this 

study.  Contrary to initial suspicion, silane was still effective when applied to damp and 

saturated concrete. 

In Chapter 3, a review of case studies showed that there are many types of coatings 

that could be potentially effective in suppressing expansion due to ASR or DEF.  This review 

also uncovered some information regarding the effect of ambient relative humidity condition 

on expansion due to ASR, DEF, or both.  Experimental results presented in this chapter 

showed that, for the particular aggregate used, the RH threshold for ASR is below 82% and 

the RH threshold for DEF was below 92%.  To more conclusively determine the RH 

threshold for ASR or DEF for a particular aggregate, more RH conditions should be tested.  

An original finding of research presented in this chapter was that the RH threshold for 

combined ASR and DEF appeared to be around 83% for the aggregate tested. 

It was shown in Chapter 4 that there is much research needed in the area of relative 

humidity measurement in concrete.  Data were presented showing that there exists significant 

discrepancy among different methods of measuring internal relative humidity in concrete.  
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Even for a single depth, measurements varied considerably between two supposedly reliable 

methods, sometimes up to 10%. 

Chapter 5 introduced results of petrographic evaluation and expansion testing of 

concrete cores extracted from bridge columns in Houston, Texas, in which the presence of 

ASR and associated aggregate microcracking was confirmed.  Further expansion data should 

be collected to determine the amount of additional expansion that can be expected in these 

bridge columns. 

The main conclusion drawn from the study presented in Chapter 6 is that the 

measured surface moisture of a rough surface varied substantially from measured surface 

moisture of a smooth surface, all other things being equal.  These results are important since, 

prior to coating, concrete surfaces may likely be roughened during the removal of paint by 

wet media blasting.  More research should be conducted to see the true effect of surface 

roughness on measured moisture content and to find a reliable measurement device. 

Some very interesting and useful conclusions were discussed in Chapter 7, which 

provided an update on research begun by Lute (2008).  It was observed that one of the 

coating scenarios used on exposure blocks showed unexpectedly good results: initial latex 

paint application and 40% solvent-based silane application over latex paint.  Also, data 

collected for a modified ASTM C 1293 test suggested that development of a more 

appropriate test for aggregate reactivity is feasible. 

 

8.2 Future Work 

 The results presented in this document are largely preliminary.  Much of the testing 

discussed is ongoing, and therefore future publications will more comprehensively conclude 

the results of research for the project at hand.  Studies related to the effect of ambient relative 

humidity on expansion due to ASR or DEF should be conducted, and more emphasis should 

be placed on how to accurately measure relative humidity inside concrete.  Furthermore, the 

coatings used to seal outdoor exposure blocks should continue to be monitored.  It is likely 

that the recommendation to TxDOT at the end of the research project will include one or 

more of these coatings. 
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