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Abstract 

This dissertation examines the effect of potassium acetate (KAc) on concretes, 

mortars and pastes. The Colorado Springs Gazette (Colwell, 2006) first reported damage 

to the Colorado Springs Airport that alleged the use of K.Ac as a runway deicer 

accelerated alkali-silica reaction (ASR). Studies conducted by Rangaraju et al. (2007a), 

and Giebson et al. (2010) have focused mostly on K.Ac exacerbating ASR. 

This experimental study examined the effect of the concentration and type of 

solution, effect of exposure temperature, effect of sample size, effect of aggregate type, 

and effect of concrete compositions on the nature of the deterioration. Experiments were 

also conducted to examine the effect of K.Ac deicer on concrete containing alkali-silica 

reactive aggregates. 

The main testing however was completed on concretes and mortars with non

reactive aggregate, and pastes with the aim of elucidating the mechanism(s) or chemical 

reaction(s) responsible for the (non-ASR-related) deterioration previously observed in 

laboratory studies. With the use of techniques such as X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) a chemical reaction between the K.Ac deicer 

solution and ettringite was observed to have occurred in paste and mortar samples. K.Ac 

reacted with ettringite (C3A •3CSH2•H32) to form arcanite (K2S04) and a calcium

aluminate phase (possibly C4AH19). 

Testing was also conducted to find why there was excessive damage observed in 

pastes, mortars, and concretes in laboratory studies, yet very little damage has been seen 

in field studies. This testing concluded that the lack of penetration of KAc into concrete 
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exposed to low temperatures is the main reason little damage has been seen in the field. 

Concrete that has not been cracked due to ASR is very resistant to the penetration of KAc 

when KAc solution is only applied during cold temperatures. The results show that if a 

pavement has been constructed with a non-reactive aggregate and the anti-icing/deicer 

solution is only applied when the temperature is near freezing or below then little 

significant damage attributed to KAc occurs. 
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Chapter I 

1.0 Introduction 

1.1 Background 

Potassium acetate (K.Ac) together with other salts of acetic and formic acid are used 

as anti-icer and deicer salts, especially on airfield pavements. The use of K.Ac started in 

North America in the early 1990's, while it has been used in Europe since the late 1980's. 

Potassium acetate is used because it works well keeping the runways clear of ice while 

being environmentally friendly, and benign to the metals associated with airplanes. Since 

the early 1990's, environmental concerns have led to an increased use of salts of acetic 

and formic acids as they have a low biochemical oxygen demand (BOD), are non-toxic to 

plants and wildlife, and thus storm water treatment is not necessary. 

Recently, damage to concrete pavements at airports using potassium acetate was 

reported at a number of airports including Denver International Airport (DIA) and 

Colorado Springs (COS). The damage associated with the DIA & COS was well 

documented and broke headlines in a 2006 newspaper article (Kilzer and Gathright, 

2006). As a result of the DIA case an investigation was launched by the Innovative 

Pavement Research Foundation (IPRF) into how K.Ac affected the concrete pavements. 

The results of the IPRF investigation at Clemson University (Rangaraju et al., 

2007 a; Rangaraju et al., 2007b) showed that the potassium acetate deicer and other 

chemical deicers including potassium formate (PF), sodium acetate (NaAc), and sodium 

formate (NaF) led to the exacerbation of alkali-silica reaction (ASR) in laboratory 

specimens containing alkali-silica reactive aggregates. A study at Clemson (Rangaraju et 

al, 2007b ), has shown that supplementary cementing materials (SCMs) could retard the 
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effects of ASR deterioration in concretes containing reactive aggregates. However, it is 

not possible from the accelerated laboratory tests that were used in these studies to 

determine whether SCM's could slow down the rate ofreaction sufficiently to provide a 

useful service life under field conditions. 

An investigation of the concrete deterioration at the DIA was conducted in 2007 

and was reported by Hayman et al. (2012). Cores were taken from these runways and 

examined to determine the cause of damage and deterioration. Much of the deterioration 

seen at DIA was diagnosed as alkali-silica reaction (ASR) although there was no real 

evidence that the KAc aggravated the damage at the surface. Some pavements at the DIA 

showed surface cracking even when reactive aggregate was not present; this suggests that 

the cause of distress was something other than ASR. The cracking seemed to correlate 

with the KAc usage on the runways and taxiways. This was evident as the runways and 

taxiways not used in the winter (therefore not exposed to the KAc) showed no signs of 

cracking. After further examination of the cores taken at DIA the concretes showed 

evidence of paste alteration at the surface, but minimal potassium penetration beyond the 

surface layers 
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1.2 Scope of Research 

The study has investigated a number of variables to determine the extent to which 

they influence the nature and rate of non-ASR related deterioration due to the use of 

alkali acetate or formate anti-icing and deicing chemicals. These variables included the 

following: 

• Fly ash type (Class F and Class C) and quantity 

• Concrete vs. mortar vs. paste 

• Aggregate type (reactive vs. non-reactive) 

• Other supplementary cementing materials (SCMs) such as slag and silica fume, and 

chemical admixtures such as lithium 

• Non-Portland cements 

• Role of temperature and temperature cycling 

• Wetting and drying 

• Size of specimens 

• Concentration and nature of solution (KAc, NaAc, NaF) 

The behavior of paste, mortar and concrete samples have been monitored visually 

and by determining changes in mass, length and resonant frequency. Periodically samples 

were analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM) to 

determine the nature and extent of changes in the chemical or mineralogical composition, 
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or the microstructure. 

1.3 Objectives 

The objectives of this project are as follows: 

• To determine the rate of deterioration of concrete exposed to K.Ac in field 

conditions and to find a preventive measure to sufficiently extend the service life 

of the concrete. 

• To find the mechanisms behind the non-ASR-related distress that has been 

observed in the laboratory but not in the field. 

• To determine if non-ASR distress will occur under field conditions (i.e. in concrete 

with non-reactive aggregate exposed to potassium acetate) 

1.4 Outline of the Thesis and Contribution 

This thesis is structured in nine chapters following the paper-based format. In 

Chapter I, the introduction, research background, scope of research, objectives, and 

outline of the thesis are presented. In Chapter II, a review of the relevant literature 

concerning the general mechanism and factors influencing alkali-silica reaction in 

concrete, an introduction to deicing chemicals, functions of deicing chemicals, function 

and classifications of deicing chemicals, and a review of previous laboratory research are 

provided. Chapter III presents observations from the field study at Denver International 

Airport and preliminary results of a study carried out to evaluate the deterioration of 

concretes exposed to potassium acetate due to alkali-silica reaction. This provides 

information on early studies conducted at University of New Brunswick and University 
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of Texas Austin exposing concretes and mortars containing reactive aggregate to 

potassium acetate deicer/anti-icer. The University of Texas Austin contributed to this 

paper by conducting the concrete immersion tests for concrete prisms at the high 

temperatures and by creating an exposure site to compare to the exposure site at UNB. 

All other testing and interpretation of results were conducted bythe University of New 

Brunswick. This paper was published in the 2012 International Conference on Alkali

Aggregate Reaction proceedings. Chapter IV reports on a study that was conducted to 

observe the deterioration of cement paste exposed to potassium acetate solution. This 

chapter provides information on a different mode of deterioration of cement pastes when 

exposed to potassium acetate. All testing for this paper was conducted at the University 

of New Brunswick by the author of this thesis. The University of Texas Austin provided 

a portion of the XRD results as the University of New Brunswick's XRD machine was 

not available at the time at which the testing needed to be complete; however specimen 

preparation and data analysis was conducted by the author of this thesis. This paper was 

published in the proceedings of the 13th International Congress on the Chemistry of 

Cement in 2011. Chapter V presents experimental data on pastes and mortars that have 

been subjected to multiple testing procedures involving potassium acetate and other 

deicer/anti-icer solutions. This chapter provides information concerning how the 

potassium acetate affects pastes and mortars. All testing, microscopy work, and 

interpretation of the results were conducted at the University of New Brunswick by the 

author of this thesis. This paper will be submitted to the ACI materials journal for 

publication. Chapter VI presents experimental and field data on concretes that have been 

subjected to potassium acetate deicer/anti-icer solutions. This chapter explains why 
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damage is seen in laboratory experiments but not commonly found in concretes in the 

field. All testing, microscopy work, and interpretation of the results were conducted at the 

University of New Brunswick by the author of this thesis. The paper will be submitted to 

the Cement and Concrete Research Journal in the spring of2015 when the field blocks 

have reached 5 years of exposure to KAc. Chapter VII presents the final conclusions of 

all the studies conducted, while Chapter IX and X present the recommendations and 

references respectively. 
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Chapter II 

2.0 Literature Review 

2.1 What is Alkali-Silica Reaction 

The American Concrete Institute (2010) defines alkali-silica reaction (ASR) as "the 

reaction between the alkalis (sodium and potassium) in Portland cement and certain 

siliceous rocks or minerals, such as opaline chert, strained quartz, and acidic volcanic 

glass, present in some aggregates; the products of the reaction may cause abnormal 

expansion and cracking of concrete in service." Damage due to ASR was first recognized 

in 1940 by Thomas Stanton (1940) of the California State Highway Department and 

cases of ASR-damaged concrete have since been found in all 48 of the contiguous states 

in the U.S.A., all Provinces in Canada, and a great many countries worldwide. 

2.1.1 Components Necessary for ASR 

There are three main components required for ASR. The first component is reactive 

silica; secondly there must be a sufficient concentration of alkalis in the pore solution, 

and finally sufficient moisture. The reactive silica is provided by the aggregate used in 

the concrete. The alkalis can be found in admixtures, mix water, aggregates, but are most 

commonly found in the cementitious materials. Finally the moisture can be provided by 

exposure to the environment. Elimination of any one of these three elements will 

effectively prevent damaging ASR from occurring. 

2.1.1.1 Reactive Silica 

In the presence of a highly alkaline concrete pore solution various forms of silica 

will break down to form an ASR gel. The Canadian Standards Association (2009) divides 
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ASR into two categories based on the reactive silica present; these are: 

• Poorly crystalline silica minerals, including; opal, tridymite, cristobalite, and 

volcanic ( or artificial) glasses. Aggregates that contain as little as 1 % of these 

minerals may cause expansion and distress in concrete as early as ten years after 

construction when a high alkali content is present. 

• Aggregates that contain various types of reactive quartz such as chalcedony, chert, 

cryptocrystalline to microcrystalline quartz, or strained quartz. When the reactive 

material is present in as little as 5% by mass of aggregate, distress may be 

noticeable within 10 years of construction. Some aggregates are known to cause a 

much slower reaction in which expansion and cracking may not appear until much 

later, in some cases up to 25 years. These aggregates include but are not limited 

to; greywacke, argillite, quartz-wacke, quartzite, homfels, granite, and granite 

gneiss. 

2.1.1.2 Sufficient Alkalis 

To break down the reactive silica, the alkalis in the pore solution of the concrete 

must be present in a sufficiently high concentration. The exact quantity of the alkalis 

required largely depends on the mineralogy of the aggregate and the temperature. The 

conventional method for expressing the total quantity of alkalis present in Portland 

cement is as follows (ASTM C1260): 

Eqn 1 

Where Na20e is the total sodium oxide equivalent(% mass}, Na20 is the sodium 

oxide content (% }, and K20 is the potassium oxide content. Some specifications require 
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the alkali content of the Portland cement to be limited to 0.60% Na20e when reactive 

aggregates are used. Portland cement is not the sole contributor to alkalis in concrete, 

other sources such as admixtures and aggregates can contribute to the total alkali content. 

This being true, it is still common practice to ignore all other sources when calculating 

the total alkali content of the concrete. To calculate the total alkali content per cubic 

metre of concrete the Portland cement content is multiplied by the alkali content of the 

cement. It has been proposed that limiting the alkali content of concrete between 2.5 and 

4.5 kg/m3 Na20e can control ASR (Nixon and Sims, 1992) in laboratory tests. However, 

ASR has been implicated in concrete structures with alkali contents below 2.5 kg/m3 

Na20e. CSA now uses a "sliding scale" ranging from 1.8 to 3.0kg/m3 depending on the 

risk of ASR. 

2.1.1.3 Available Moisture 

An internal relative humidity of at least 80% must be maintained for ASR to cause 

distress (Folliard et al., 2006). Although difficult, limiting moisture availability to the 

concrete is an effective method for controlling ASR. Small structures in an arid 

environment typically do not experience damaging effects of ASR. However, larger 

structures in arid environments can experience damaging effects because of the high 

internal relative humidity (Pedneault, 1996). 

2.1.2 Mechanism of ASR 

Alkalis play an important role in concrete during the alkali-silica reaction. It is not 

the sodium and potassium alkalis that cause the initial breakdown of the silica. As the 

alkalis in the pore solution increase the need for chemical equilibrium leads to an increase 
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in hydroxyl ion concentration. Although the alkalis play a role in ASR, the initial reaction 

occurs between the hydroxyl ions (Off) in the pore solution and acidic silanol (Si-OH) 

groups in the aggregate as follows (Dent Glasser and Kataoka, 1981 ): 

Eqn.2 

As further hydroxyl ions become available, some of the siloxane linkages (Si-0-Si) 

are also attacked as follows : 

Eqn. 3 

The alkali cations (Na+ and K+) then participate in the reaction by balancing the 

negative charges on the terminal oxygen atoms. Provided there is enough reserve alkali 

hydroxide the process continues to produce an alkaline silicate gel. This gel then imbibes 

water and expands causing cracking of the concrete (Dent Glasser and Kataoka, 1981). It 

can be observed from the equations above that the "alkali-silica" reaction cannot occur in 

the absence of a sufficient concentration of hydroxyl ions. In other words, a solution rich 

in alkalis but without hydroxyl ions, such as NaCl (rock salt) for example, cannot cause 

ASR. 

2.2 Methods for preventing ASR 

As discussed earlier, to prevent ASR in structures elimination of either the reactive 

silica, the alkalis, or the moisture is required. This section discusses available methods for 

preventing the harmful effects of ASR in new structures. 

2.2.1 Use Non-Reactive Aggregate 

The most logical solution to preventing ASR in concrete structures is to use a non

reactive aggregate. The problem that arises from this solution is proving that an aggregate 
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is non-reactive. The potential for an aggregate to react deleteriously can be predicted by 

measuring expansion of mortar bars (ASTM C1260) or concrete prisms (ASTM C1293) 

containing the aggregate or subjecting the particular aggregate to a petrographic analysis 

(ASTM C295). A further problem is that non-reactive-aggregates are not available in all 

locations and the transport of such aggregates may not be economically viable; in such 

cases, alternative methods for preventing damaging ASR must be sought. 

2.2.2 Controlling the Alkali Content of Concrete 

The first study published on ASR (Stanton, 1940) suggested that using a cement 

with an alkali content below 0.60% Na20e would control ASR. However, concretes 

containing a large amount of low alkali cement may still have a high alkali content and 

also it is now known that alkalis can be added to the system through different 

components of the concrete ( e.g. admixtures, mix water). Consequently, the preferred 

approach is to limit the alkali content of the concrete rather than merely control the 

cement alkali level. For example, CSA has developed new guidelines in which the 

permissible limit of alkalis ranges from 1.2 to 3.0 kglm3 (CSA A23.2-27 A) when 

concrete contains reactive aggregate; the precise value of the limit depends on the 

reactivity of the aggregate, the type and exposure of the structure, and service life 

requirements. 

2.2.3 Use Supplementary Cementing Materials 

The use of supplementary cementing materials (SCMs) to control ASR has been 

shown to be the most effective means of preventing deleterious expansion of concrete. 

SCMs that were used in this study will be described in this section; these include fly ash, 
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ground granulated blast furnace slag, and silica fume. 

2.2.3.1 Fly Ash 

Fly ash is defined as a finely divided residue or powder that is a result of burning 

coal in electric power generating stations. As the coal is ignited, the carbon and other 

material are mostly burnt off. The impurities that were present such as clay, feldspar, 

quartz, and shale are fused together while being carried away by the exhaust gases. These 

particles then cool and form into spherical glassy particles, which are collected by an 

electrostatic precipitator or bag filters. The particles range in size from 1 µm to 100 µm. 

Fly ash produced from bituminous coal is predominantly made of alumino-silicate glass 

consisting of silica and aluminum with lesser amounts of iron, calcium and alkali metals 

(Kosmatka et al., 2002). Fly ash produced from lignite or sub-bituminous coal may 

contain much higher amounts of calcium (Thomas, 1996). 

The two types of fly ash that are dealt with throughout this study are Class F and 

Class C. The American Society for Testing and Materials (ASTM C618) classifies fly ash 

on the basis of the sum of the oxides Si02 + Alz03 + Fe203. For Class F fly ash the sum 

Si02 + Alz03 + Fe203 ~ 70%, while for Class C fly ash Si02 + Alz03 + Fe203 ~ 50%. 

Class F fly ash is usually used at a lower replacement level, approximately 15% to 25%, 

than Class C fly ashes, which are used at levels of approximately 15% to 40% (Thomas, 

1996). In Canada, fly ash is classified on the basis of its calcium content (CaO). Table 2.1 

shows the classification of fly ash using both the ASTM and CSA standards. 

12 



Table 2.1 - Classifying Fly Ash 

ASTMC618 
Class F Si02 + Fe203 + Ah03 ~ 70% 

Class C Si02 + Fe203 + Ah03 ~ 50% 

CSA A3001-08 

TypeF CaO~ 15% 

Type CI CaO > 15% - 20% 

Type CH Ca0>20% 

Figure 2.1 and 2.2 depict the differences in concrete made with Type F low-calcium 

ash and a Type C high-calcium (Shehata and Thomas, 2000a). Concrete prisms were cast 

and tested according to ASTM Cl293 and the control concrete without fly ash had an 

alkali content of 5.25kg/m3. The Class F fly ash had a calcium content of 6.38% CaO, 

while the Class Cash had a calcium content of 27.7% CaO. An expansion limit of 0.04% 

is considered acceptable in ASTM C1293. These data indicate that high-calcium Class C 

fly ash needs to be used at a significantly higher replacement rate, compared with low

calcium Class F fly ash in order to control damaging ASR expansion. 
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Figure 2.1: Effect of Class F Fly Ash on Controlling Expansion due to ASR (Shehata and 
Thomas, 2000a) 
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Figure 2.2: Effect of Class C Fly Ash on Controlling Expansion due to ASR (Shehata and 
Thomas, 2000a) 

The exact mechanisms by which fly ash controls ASR expansion are not completely 

understood. It is a general consensus that the following three roles are important with the 

first bullet being the most important (Bleszynski and Thomas, 1998): 
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• Fly ash reduces the availability of alkalis in the pore solution as a portion of the 

alkalis are bound by the C-S-H produced from the pozzolanic reaction 

• Fly ash reduces the availability of calcium by pozzolanic reaction with the calcium 

hydroxide that is liberated by the hydration of Portland cement 

• Fly ash results in an improved pore structure that improves permeability and 

reduces ionic mobility 

2.2.3.2 Ground Granulated Blast Slag 

Ground granulated blast furnace slag (GGBFS), also referred to as slag, is a by

product of iron blast furnaces. It is the non-metallic residue of the iron-ore ( and fluxing 

rock) that forms slag. When the slag is in its molten state, it floats above the heavier pig 

iron, and is collected. The slag is then quenched with water to allow for rapid cooling and 

the formation of glass rather than crystalline material. The glassy granules are then 

ground to less than 45 microns and can be used as an SCM. (Kosmatka et al., 2002) 

Figures 2.3 and 2.4 show the variability in the level of replacement required to 

control expansion of two aggregates of different mineralogical composition. The 

siliceous limestone ( containing reactive chert), shown in Figure 2.3, requires a 

replacement level of 50% slag in order to limit the expansion to under 0.040%, whereas 

for the greywacke/argillite aggregate (containing reactive strained quartz), shown in 

Figure 2.4, expansion is reduced to an acceptable level with only 35% replacement. 
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Figure 2.3: Expansion of slag concrete with a siliceous limestone aggregate (Thomas & 
Innis, 1998) 
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Figure 2.4: Expansion of slag concrete with a greywacke/argillite aggregate (Thomas and 
Innis, 1998) 

2.2.3.3 Silica Fume 

Silica fume is an industrial byproduct of the production of silicon metal and 

ferrosilicon alloys. As the reduction of coal and high purity quartz occurs, very fine silica 

dust ( or fume) rises and cools, forming spherical particles approximately 0.1 µm in size. 

The dust is collected in cloth bags and the silica fume is then removed. Silica fume is 
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available in slurry, or more commonly, a powder. It is used at replacement levels between 

5 and 10% mass of cementing materials (Kosmatka et al., 2002) 

Generally the amount of silica fume needed to control ASR is in excess of 10% by 

mass of cementing material. Therefore, silica fume is often used with fly ash (Shehata 

and Thomas, 2002b) or slag (Bleszynski et al., 2000) in a ternary blend. 

The work done by Shehata and Thomas (2002b) compared fly ash and silica fume 

at various replacement levels. Figure 2.5 shows the results they obtained for concrete 

prisms cast according to ASTM Cl 293. These results confirm that silica fume on its own 

at a typical replacement level of 5% does not prevent expansion caused by ASR. 

In the Figure 2.5, the nomenclature 5SF/20FM, refers to the composition of the 

cementitious materials, in this instance, 5% silica fume (SF) was used with a 20% high

calcium fly ash (FM). 
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Figure 2.5: Expansion of concrete containing reactive siliceous limestone and Class F fly 
ash (left) or combinations of silica fume and fly ash (right) (Shehata and Thomas, 2002b) 
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2.2.4 Use of Lithium Compounds 

McCoy and Caldwell (1951) first introduced the use oflithium as a method of 

controlling ASR in the 1950's. A number of theories have been advanced to explain how 

lithium controls expansion due to alkali-silica reaction (Feng et al., 2005). Currently the 

most widely reported explanation is that, in the presence oflithium, an insoluble, non

expansive lithium silicate forms on the surface of reactive aggregate particles and that 

this product protects the underlying silica from reacting with the sodium and potassium 

alkalis. 

Stark (1992) identified a process known as the pessimum effect. The pessimum 

effect occurs when concrete is insufficiently treated with lithium, resulting in an increase 

in expansion. The lithium to alkali molar ratio required to offset the deleterious effect of 

ASR ranges from [Li]/[Na + K] = 0.67 to 1.20, depending on the lithium used, the 

aggregate, and the amount of alkalis present (Feng et al,. 2005). 

2.3 Introduction to Deicing Chemicals 

As mentioned earlier alkalis other than those derived from the Portland cement may 

contribute to ASR. These alkalis can come from internal sources such as the batch water 

or can be introduced through external sources such as deicing chemicals. This research 

focuses on alkalis coming from external sources namely deicing and anti-icing chemicals. 

Deicing chemicals or deicers are defined as chemicals that are applied in liquid or 

granular form to pavements to melt ice or snow that is present on the surface. Anti-icing 

chemicals or anti-icers are defined as chemicals that are applied in liquid or granular form 

to pavements that are expecting ice or snow to prevent the formation of either and/or to 

weaken the bond between ice and the pavement and, thus, facilitate removal of the ice 
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and snow. Examples of such chemicals are sodium chloride, calcium chloride, potassium 

acetate, sodium formate, sodium chloride, urea, and glycol. Most of these chemicals can 

be used as either an anti-icer or a deicer depending on when they are applied to the 

pavement. 

2.4 Function of Deicing Chemicals 

Most deicing chemicals work in a similar manner. The brine that is formed by the 

chemical melting the snow and forming with the water is responsible for the melting of 

the ice. A simple example of this can be shown using the most common deicer, sodium 

chloride or rock salt. When salt comes in contact with the snow, it melts and forms brine 

(a strong saline solution) that can penetrate the surface of ice and packed snow. Brine 

prevents water from freezing and bonding to the pavement surface. When ice melts due 

to the presence of salt, heat is absorbed (heat of fusion), causing a phase change. The 

solution of salt in water has a lower vapor pressure than the ice so there is a phase change 

from solid ice to liquid water. That is how salt reduces the freezing point. 

This reaction can be seen in almost all liquid deicing and anti-icing chemicals used. 

The chemical is sprayed on the snow or ice for deicing and when it comes in contact with 

the moisture it forms brine that penetrates through the snow to the pavement. At the 

pavement the brine spreads and melts and undercuts the ice for mechanical removal (Salt 

Institute, 2011). As for anti-icing chemicals they are sprayed on the pavement in 

anticipation for snow and as the moisture falls on the chemical a brine solution is made 

that prevents ice formation on the pavements. 
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2.5 Classification of Deicers 

Based on the chemical composition deicers are classified as follows: 

• Chloride-based deicers: Most commonly used on highways as deicers. This is 

because the chemicals are inexpensive and readily available. Examples of such 

deicers are calcium chloride and sodium chloride (rock salt). 

• Non chloride-based deicers: The advantage of these chemicals is the lower risk of 

corrosion associated with their use as chloride ions can initiate and/or accelerate 

the corrosion of many metals such as iron and steel. These deicers are used less 

frequently than rock salt because of increased cost. An example of this type of 

deicer would be calcium-magnesium acetate. 

• Acetate and formate-based deicers: These deicers are the main focus of this 

research. These anti-icing and deicing chemicals are favored by airports for use 

on concrete runways and taxiways. Examples of these deicers include potassium 

acetate, sodium formate, and sodium acetate. 

• Glycol-based deicers: These deicers were used at airports prior to the introduction 

of acetate and formate based deicers. They had become popular in the aviation 

industry as they were non-corrosive. They are still used as deicers on aircrafts as 

well as anti-icers and deicers on pavements. Propylene glycol is used as aircraft 

deicer and isopropyl alcohol is used as pavement deicer. 
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• Urea: Urea has been commonly used in pellet form as a deicer/ anti-icer on airfield 

pavements. 

All deicers have a different efficiency to melt ice at different temperatures (Sangata 

and Collepardi, 2000). So, which deicer is to be employed at a given time would depend 

on the climatic temperature and efficiency of the deicer. 

2.6 History of Deicer Chemicals 

Deicing salt was first used in the 1930s for snow and ice control, but it was not until 

the 1960s that its use became widespread after winter-maintenance personnel learned 

about its effectiveness (Kawamura et al., 1994). The most common salt used on highways 

is sodium chloride (rock salt). The highway departments before 1940's mostly relied on 

plowing and abrasives using materials like sand and cinders to provide traction on the 

roadways. Expanding the highway systems became essential after World War II and this 

led to an increase in the use of road salt. In the United States the use of salt doubled every 

5 years during the 1950s and 1960s growing from 1 million tons in 1955 to nearly 10 

million tons less than 15 years later. By the 1970s salt had completely replaced the use of 

abrasives to remove ice from highways (Salt Institute, 2011). Today, deicers are 

necessary and are accepted as a part of the winter environment, they are used on 

pavements during ice or snowfall to facilitate a safe movement of traffic and avoid 

dangers of vehicles slipping or skidding on pavement surfaces. 

2.6.1 Airfield Deicing Chemicals 

For planes to have safe take offs and landings airport runways, taxiways, and the 

planes themselves need to be free of ice and snow and both anti-icing and de-icing 
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chemicals are widely used. The airport authorities do not want to use magnesium or 

chloride-based deicing chemicals because of the problems associated with their use, such 

as corrosion. Therefore aqueous solutions of glycols have traditionally been used in the 

aviation industry. An example of such a solution that would be used on an aircraft would 

be a propylene glycol with additives such as surfactants, pH buffers, corrosion inhibitors, 

and flame-retardants. Grade B isopropyl alcohol has been used for airfield deicing, the 

use of isopropyl alcohol is operationally limited due to its high volatility, which may 

create a fire hazard. Urea has been commonly used as an airfield deicer in pellet form 

(PRO-ACT, 1998). 

One of the main disadvantages of glycol and urea based deicers is their high 

biological oxygen demand (BOD). BOD is defined as the rate at which microorganisms 

use the oxygen in water or wastewater while stabilizing decomposable organic matter 

under aerobic conditions. The effect of increased BOD is to deplete dissolved oxygen 

levels in the water and deprive aquatic life of oxygen. Hence, glycols are no longer used 

for airfield deicing purposes. Urea requires a relatively higher BOD for degradation than 

glycols and it also degrades to ammonia, which is toxic to aquatic organisms and 

accelerates the formation of undesirable algal blooms (Moran, 1992). Run-off of urea and 

glycol has to be collected, treated and disposed of after being used as a deicer, therefore 

making it more expensive to deploy. 

Due to the disadvantages of glycol and urea based deicers, the US Air Force 

advocated the use of potassium acetate, sodium acetate, sodium formate, and potassium 

formate based deicers (PRO-ACT, 1998). These deicers are widely used in European 

countries and have a much lower BOD, and cause a less negative impact on the 
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environment. Potassium acetate has been used in airports since 1991 as a deicer. It is 

most commonly used as a 50% solution with water and is commercially available in this 

form. It is effective at temperatures as low as -29°C. Potassium formate is used in 

European countries as a deicer and not currently used in North America. It is also 

available in liquid form usually as a 50% solution (PRO-ACT, 1998). Sodium acetate is 

comparable to urea. It is available in a granular form as is urea. Although sodium acetate 

is more expensive than urea it does have advantages. Sodium acetate has a lower BOD 

than urea and is effective below -l 5°C whereas urea is not. It also takes 40 percent less 

sodium acetate to complete the same job as urea does (PRO-ACT, 1998). Sodium 

formate is more advantageous than sodium acetate. It is effective below -l 5°C and has a 

lower BOD than sodium acetate. Also it takes 50% less sodium formate than urea to 

complete the same job. Sodium formate is only available in granular form and is more 

effective when pre-wetted. This is a disadvantage because airports discourage use of 

granular deicers because they tend to scatter off the runway under windy conditions 

(PRO-ACT, 1998). 

Figure 2.6 summarizes the different acetate and formate-based deicers, while also 

indicating the abbreviations that will be used throughout this dissertation. 
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Chemical Name Formula Abbrev. used Molecular Molecular 

in this report weight structure 

0 
Potassium Acetate CH 3COOK KAc 98.14 II 

KO/"---.. CH3 
0 

Sodium Acetate CH 3C00Na NaAc 82.03 II 
/"---.. 

Nao CH3 
Potassium and sodium acetate are salts of acetic acid 

0 
Potassium Formate HCOOK KF 84.12 II 

KO /"---.. CH 

0 
Sodium Formate HCOONa NaF 68.01 II 

Nao/'---.. CH 

Potassium and sodium formate are salts of formic acid 

Figure 2.6: Salts of Acetic and Formic Acid Used as Anti-Icing and De-Icing Chemicals 

2. 7 Review of Previous Laboratory Research 

There has not been much work published with findings associated with KAc 

exacerbating ASR. There has been less work published associated with non-ASR-related 

damage due to the application of KAc on concrete. This is somewhat interesting since 

KAc has been used as a deicer and anti-icer since the late 1980's in Europe. There has 

been some research funded by the Innovative Pavement Research Foundation (IPRF) that 

has been published (Rangaraju and Olek, 2007; Rangaraju, 2007; Rangaraju et al. 2007a). 

The Federal Aviation Association (FAA) also funded work completed by Sompura 

(2006) that was published as part of a PhD dissertation at Clemson under the guidance of 

Rangaraju. 

Rangaraju and Olek (2007) and Sompura (2006) examined the effect of the four 

different de-icing/anti-icing chemicals (KAc, NAc, KF, NaF). These chemicals were used 
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in tests on mortars and concretes with 2 different cements (high and low alkali) and four 

different reactive aggregates. The testing was conducted in accordance with ASTM 

C1260, the accelerated mortar bar test (AMBT), and ASTM C1293, the concrete prism 

test (CPT). The testing was conducted at 38°C and 80°C for the AMBT and 38°C for the 

CPT. The two testing procedures were modified to be able to incorporate the deicing 

chemicals. The tests were modified by immersing the specimens in the following 

solutions: 

• Commercial grade 50% solution of potassium acetate ( 6.4 molar) 

• 50% solution of potassium formate (7.84 molar)- used with mortar bars only 

• Saturated solution of sodium acetate ( 4.66 molar at room temperature) 

• Saturated solution of sodium formate (5.92 molar at room temperature) 

The results of this study (Rangaraju and Olek, 2007; Rangaraju et al. 2007a; 

Sompura, 2006) showed the following: 

• The rate of expansion and degree of distress were dependent on the combination of 

aggregate mineralogy, deicer solution, and alkali content of the cementing 

material. 

• All deicers evaluated in the study were found to induce ASR distress in test 

specimens containing reactive aggregates. 

• All deicer solutions showed an increase in their pH upon exposure to concretes and 

mortars. 
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• It was shown that potassium acetate would generally cause more expansion than all 

the other solutions including the lM NaOH as shown in Figure 2.7 (for concrete 

prisms). 

These mortar bars and concrete prisms were also subjected to examination by 

scanning electron microscopy. When examined the bars showed copious amounts of 

alkali-silica gel in the microstructure. Also there was a potassium sulfate product found 

within the samples voids and cracks. The authors (Rangaraju and Olek, 2007) attributed 

this product to an expansive reaction between the potassium acetate and the alumino

sulfate phases in the concrete. 

The authors (Rangaraju and Olek, 2007; Rangaraju et al., 2007, Sompura, 2006) 

also monitored the pH of the soak solution in which the mortar bars and concrete prisms 

were immersed. It was documented that the pH of the solutions rose considerably after 

the immersion of the mortars and concretes, which indicates that hydroxyl ions were 

being produced. When calcium hydroxide was introduced into the K.Ac a significant 

increase of pH was noted as well. A pH jump from 11.04 to 14.71 was observed when 

50g of Ca(OH)2 was added to 50 ml of potassium acetate solution. This interaction 

between the potassium acetate and calcium hydroxide suggests that it somehow augments 

the hydroxyl concentration. However when the pore solutions were analyzed after 3 

months of immersion of concretes, relatively low Off concentration and significant 

concentrations of acetate ions, CH3COO-, were found. From these findings the authors 

concluded that even though ASR was the main cause of distress that the mechanism 

seemed to differ from the reaction that occurs with alkali hydroxides. 

In the study by Rangaraju and Olek (2007) an interesting discovery was noted in 
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one of the tests with the non-reactive dolomite aggregate and a low-alkali cement. The 

concrete prism that was immersed in a 6.4 molar potassium acetate for 12 months showed 

expansion in excess of0.20%. Companion prisms stored in lM NaOH or over water did 

not show this expansion. This can be seen in Figure 2.8. The prisms with high-alkali 

cement with the non-reactive dolomite stored in the KAc also did not show any 

significant expansion. It was concluded that the expansion was not caused by ASR but 

from the formation of potentially expansive potassium sulfate. 
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Figure 2.7: Expansion of Concrete Prisms Cast with High-Alkali Cement (1.25% Na20e) 
and (a) Rhyolite, (b) Siliceous Limestone, (c) Argillite, (d) Quartzite and (e) non-reactive 
Dolomite. Prisms stored at 38°C either over water (Control), in 1 N NaOH or 6.4 Molar 

Potassium Acetate (KAc) Solution (Rangaraju et al., 2007b) 
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Figure 2.8: Expansion of IL dolomite concrete prisms with LA cements exposed to 
different soak solutions in the standard and modified ASTM C 1293 tests 

Nelson (2006) also conducted tests similar to Rangaraju and Olek (2007) by 

immersing mortar bars into commercially-available potassium acetate deicers at 38°C. He 

used reactive and non-reactive aggregate, but unlike Rangaraju and Olek (2007) only saw 

expansion of the mortar bars exposed to deicers solutions exceeding the expansion of the 

bars immersed in the lM NaOH with highly reactive aggregates. Mortar bars produced 

with non-reactive aggregates did not show any sign of expansion when immersed in the 

potassium acetate solution. 

Rangaraju and Desai (2009) carried out a study using the same reactive aggregates 

that were used in the study by Rangaraju and Olek (2007). This study was carried out to 

see the effects of different supplementary cementing materials (SCM's) on the expansion 

of mortars when exposed to KAc. This study was carried out using a modified ASTM 

C 1567 testing method where the mortar bars were immersed in commercial grade 50% 

potassium acetate solution at 80°C for 28 or 56 days. Five different materials were used 

in this study, 3 different fly ashes with varying calcium oxide (CaO) content (5.19, 17.74 
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and 29.37%), a ground granulated blast furnace slag, and lithium nitrate. It was 

concluded by the authors (Rangaraju and Desai, 2009) that 25% of the two lower CaO 

content fly ashes was effective in preventing expansion with most reactive aggregates. 

Although 35% of the two lower CaO content fly ashes would need to be used in order to 

control expansion with the highly reactive aggregates. The high CaO content fly ash was 

deemed not effective even at the 35% replacement level. A 50% replacement level of slag 

was needed to be effective to control expansion in the potassium acetate environment. 

When mixing lithium nitrate with potassium acetate solution to a molar concentration of 

Li/K = 0.74, the expansion of the mortars was reduced to below 0.10% at 14 days. 

However to produce this molar ratio, the concentration of the potassium acetate solution 

had to be reduced to 3 molar. 
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3.1 Abstract 

This paper presents data on the influence of potassium acetate solution on the 

expansion of concrete due to alkali-silica reaction (ASR). Initial observations from 

deteriorated concrete airfield pavements exposed to potassium acetate (KAc) used as 

anti-icing and de-icing chemicals visually appeared to indicate that exposure to the 

chemical may accelerate damage due to alkali-silica reaction in concrete containing 

potentially reactive aggregates. However, further investigations on concrete cores 

extracted from damaged pavements revealed that ASR symptoms were distributed evenly 

throughout the full depth of the concrete with little evidence of ASR being concentrated 

close to the surface 

that was in direct contact with the KAc during service. Chemical profiles established on 

cores showed that the penetration of potassium was limited to the outer few millimeters 

even after approximately 10 years. Laboratory studies conducted at normal laboratory 

temperatures and at elevated temperatures have shown that exposure to KAc solution 

significantly increases both the rate and extent of reaction in mortars and concretes 

containing reactive aggregates. The use of traditional measures to prevent expansion due 
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to ASR, such as the incorporation of supplementary cementing materials (SCM) or 

lithium-based admixtures, only delays the onset of expansion and cannot prevent 

expansion indefinitely when concrete is continuously exposed to KAc in the laboratory. 

Concrete slabs manufactured with reactive aggregate have been placed on an outdoor 

exposure site in Canada and are treated with KAc only before and after snow events. The 

control slabs with reactive aggregate have started to show signs of damage after four 

years. 

3.2 Introduction 

The potential for potassium acetate to cause concrete deterioration first hit the news 

in the USA when an article in The Colorado Springs Gazette (Colwell, 2006) alleged that 

the use of potassium acetate as a runway deicer accelerated alkali-silica reaction 

necessitating repairs costing $32 million at Colorado Springs Airport. The article also 

suggested that similar problems may be occurring at the nearby Denver International 

Airport (DIA), which became the subject of another news article in the Rocky Mountain 

News (Kilzer & Gathright, 2006). Subsequent to the media attention, a comprehensive 

investigation was conducted on concrete pavements at DIA to determine the extent of 

deterioration, possible causes and the role, if any, played by potassium acetate. 

Petrographic examination revealed that three different aggregates had been used in 

the concrete pavements and the extent of ASR varied with aggregate type as shown in 

Table 3 .1. Expansion tests were performed by monitoring the length change of large 

diameter (225-mm) cores stored over water at 38°C; the large diameter was selected to 

minimize the effects of alkali leaching during the test. Expansion tests were also 

performed on concrete prisms produced using aggregate samples retrieved from the 
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sources used for the project. The concrete prism test was conducted in accordance with 

ASTM C 1293 except that the storage temperature was increased from 38 to 60°C to 

accelerate the test. Results of the expansion tests on cores and prisms are presented in 

Table 3.1. The results presented in Table 3.1 confirm that Type A aggregate is reactive 

and has clearly been implicated as a cause of ASR distress in the concrete pavement. 

Type B aggregate is marginally reactive and its use has led to some low levels of distress 

in the concrete. Type C aggregate is non-reactive and no ASR damage was observed in 

concrete containing this aggregate. The expansion of concrete cores from the pavement 

stored over water indicate that the pavement constructed with Type A aggregate has 

significant potential for further expansion due to alkali-silica reaction. The potential for 

further expansion is less for concrete containing Type B aggregate and probably 

insignificant for that with Type C aggregate. 

Table 3.1 - Results of Petrographic Examination of Cores and Expansion Testing of 
Aggregates from DIA 

I-year expansion of 3-month expansion of 
Petrographic examination 

Aggregate cores stored over water prisms stored over water at 
of cores 

at 38°C (%) 60°C (%) 

TypeA Moderate to severe ASR 0.031 0.123 
TypeB Low to moderate ASR 0.015 0.048 

TypeC NoASR 0.004 0.011 

Small diameter (50-mm) cores stored in commercial grade potassium acetate 

solution at 38°C were observed to expand rapidly. Cores containing Type A aggregate 

tended to produce the most expansion although, surprisingly, cores with Type C 

aggregate also showed excessive expansion. The mechanism of expansion of cores 

containing Type C aggregate was not resolved as forensic examination of cores after 

testing showed no evidence of reaction or expansion of the aggregate. Examination of 
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cores containing Type A aggregate after immersion in potassium acetate revealed 

multiple sites of reacting aggregate and an abundance alkali-silica reaction product (i.e. 

gel). 

Where ASR was detected in 9 inch cores extracted from concrete pavements at 

DIA, the symptoms were observed to occur throughout the depth of the core 

( approximately 425 mm) and there was no evidence of a concentration of symptoms near 

the surface, which should have been expected if potassium acetate was exacerbating ASR 

where it came in contact with the concrete. A number of cores were ground into powder 

samples to determine the variation in the potassium and sodium concentrations with 

depth. Figure 3 .1 shows the profile of the potassium to sodium ratio. These data reveal 

very little augmentation of the potassium content at depth despite the regular application 

of potassium acetate throughout the ten-year service life of the pavement. The depth of 

penetration is highest for the concrete with Type A aggregate which was exhibiting some 

cracking due to ASR. For concrete with Type C aggregate, the depth of penetration 

appears to be limited to 3 mm or less. It is expected that the penetration of potassium has 

been aided by the cracks at the surface of the concrete with Type A aggregate. 
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Figure 3.1: Profile of Potassium-to-Sodium Ratio (K/Na) in Cores from DIA (legend 
refers to aggregate type - A, B or C - and indicates whether or not the concrete was 

exposed to KAc) 

The lack of potassium penetration and evidence of accelerated ASR at the surface 

of the 10-year-old concrete at first seems to be in conflict with the rapid reaction and 

expansion of small-diameter cores stored in potassium acetate solution in laboratory. 

However, this probably reflects the difference in the exposure conditions in the 

laboratory and the field. When potassium acetate is applied as a deicer or an anti-icer in 

the field the concrete is presumably close to saturation and frozen which would tend to 

impede the penetration of the solution. On the other hand, elevated temperature in the 

laboratory tests would tend to increase the rate of diffusion and penetration. This 

highlights the need to conduct tests under conditions representative of field conditions. 

Since problems were reported at these airports, laboratory investigations have 

confirmed that potassium acetate, and other alkali acetates and formates used as de-icing 

or anti-icing chemicals, can exacerbate alkali-silica reaction in concrete (Rangaraju et al., 
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2007b ). However, much of the laboratory testing has been conducted at elevated 

temperatures using accelerated tests such as concrete expansion tests at 3 8°C or mortar

bar expansion tests at 80°C. In the current study reported here, efforts have been made to 

determine the impact of potassium acetate on alkali-silica reaction in concrete samples 

exposed to lower temperatures in the laboratory or to field conditions on outdoor 

exposure sites. 

It should be noted that some workers have demonstrated that some form of 

interaction may occur between potassium acetate and concrete that is independent of 

alkali-silica reaction (Giebson et al., 2010, Thomas et al, 2011) which may result in 

concrete deterioration. Such phenomena are the subject of ongoing research but are not 

discussed further in this paper. 

3.3 Initial Studies at UNB 

Initial studies at the University of New Brunswick (UNB) were aimed at 

determining whether preventive measures usually found to be effective in controlling 

expansion due to alkali-silica reactive in concrete containing reactive aggregate would 

provide protection indefinitely if the concrete was exposed directly to potassium acetate. 

Although a wide range of materials, specimens and exposure conditions were used in 

these early studies, the expansion results presented here are restricted to the selected data 

shown in Figure 3.2. The results are for mortar bars (25 x 25 x 250-mm gauge length) 

containing a highly-reactive (Jobe) sand which, after curing in limewater at 23 °C for 28 

days, were exposed to a commercially-available anti-icing chemical containing 

approximately 50% potassium acetate (KAc) at 23 °C. Data are shown for five mixes; 

these are: (i) control mix with Portland cement (PC), (ii) mix with PC + 40% Class F 
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(low-lime) fly ash, (iii) mix with PC+ 50% ground granulated blastfumace slag, (iv) mix 

with PC + lithium nitrate at a dose sufficient to produce a lithium-to-alkali ratio of 

[Li]/[Na+K] = 1.48, and (v) mix produced with a calcium aluminate cement (CAC) 

binder. Previous testing of concrete prisms (ASTM C 1293) and outdoor exposure blocks 

have shown that the levels of fly ash, slag, and lithium nitrate used should be sufficient to 

eliminate damaging expansion with this reactive aggregate. However, the ~ata in Figure 

3 .2 clearly show that this is not the case in the presence of KAc. These measures were not 

able to eliminate damaging expansion indefinitely, although they were able to decrease 

the maximum amount of expansion observed. It is interesting that the mortar 

manufactured with CAC showed significantly less expansion. 
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Figure 3.2: Expansion of Mortar Bars with Highly-Reactive (Jobe) Sand stored in 50% 
KAc Solution at 23 °C 

An experiment was conducted to determine whether there is any interaction 

between cement paste and potassium acetate solution. Samples of pre-hydrated PC and 

CAC paste were crushed and placed in bottles containing a commercial-grade potassium 
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acetate solution (KAc solution with approximately 50% CH3COOK) such that the 

solution-to-solids ratio was 10: 1. Changes in pH were then measured with a pH meter. In 

the presence of PC paste the solution pH increased with time from the initial value of 

approximately 9 to somewhere in excess of 14. In comparison, the increase in the pH of 

the solution containing CAC was very small. It is thought that the pH increase is the 

result of interaction between the potassium acetate and calcium hydroxide in the hydrated 

PC resulting in an increase in the hydroxyl concentration of the solution, which will 

increase the rate of dissolution of silica in the reactive sand thereby increasing the rate 

and extent of ASR. This phenomenon does not occur with CAC, as there is no source of 

calcium hydroxide. 
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Cement Paste Samples 

38 



3.4 Ongoing Laboratory and Field Studies at UNB and UT A 

In 2009 laboratory and field studies were initiated at the University of New 

Brunswick (UNB) and the University of Texas at Austin (UTA) with the following 

objectives: 

• To determine the rate of deterioration of concrete exposed to potassium acetate ( and 

similar anti-icing and de-icing chemicals) under field conditions and to evaluate 

the extent to which preventive measures extend the service life under such 

conditions. 

• To determine the mechanisms behind the non-ASR related distress that has been 

observed in various laboratory studies and whether such distress will occur under 

field conditions (i.e., in concrete with non-reactive aggregate exposed to 

potassium acetate). 

This paper will focus on the studies related to alkali-silica reaction only. 

3.4.1 Materials and Methods 

The materials used are listed in Table 3.2. All concrete mixtures were produced 

with a cementitious material content of 420 kg/m3 and a water-to-cementing materials 

ratio ofw/cm = 0.40. Concrete specimens included 75 x 75 x 300 mm concrete prisms 

and 600 x 600 x 100 mm concrete slabs. All concretes were subjected to a 28-day, wet

cure period before being exposed to potassium acetate ( or other) solution. 

Concrete prisms were immersed in a commercial anti-icing chemical containing 

approximately 50% potassium acetate and were stored at 3 different temperatures: 23 °C, 

38°C, and 60°C. The slabs were placed on exposure sites at UNB in Fredericton and at 

UTA in Austin. The slabs at UNB are treated with the same anti-icing chemical before 
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and after each snow event resulting in approximately 100 applications per year. The slabs 

at UT A are treated approximately six times per year over the winter. The application rate 

at both sites is approximately 110 mL/m2
• 

Table 3.2 - Materials Used in the Study at UNB and UT Austin 

Materials UNB UTA 
Cements and SCMs 

Type I Portland cement (--
Type GU (CSAA3001) Type I (ASTM C 150) 

0.80% Na20e) 

Low-alkali PC (-- 0.60% 
Type HS (CSAA 3001) 

Na20e) 

Calcium Aluminate Cement 
Fly Ash 1 (0-5% CaO) BD BC 

Fly Ash 2 (20-25% CaO) TK TK 

Fly Ash 3 (25-30% CaO) PS PS 

Fly Ash 4 (25-30% CaO) CM 
Aggregates 

Fine aggregate 1 (non-
Zeeland Evans Road 

reactive) 
Fine aggregate 3 (highly-

Jobe Jobe 
reactive) 

Coarse aggregate 1 (non-
Blagdon Martin Marrietta 

reactive) 
De-icing/ Anti-Icing Products 

Potassium acetate Commercial Grade -- 50% Commercial Grade -- 50% 

3.5 Results 

The expansion results for concrete prisms stored in potassium acetate are shown in 

Figures 3.4 and 3.5, respectively, for concrete with non-reactive aggregates and reactive 

(Jobe) sand. Deleterious expansion (2'.: 0.04%) was observed for some, but not all, mixes 

with non-reactive aggregate. The control mix (without fly ash) expanded rapidly at 38°C 

and exhibited cracking after approximately 1 year. The addition of 25% fly ash (Class F 

or Class C) was effective in reducing expansion at this temperature although all fly ash 
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mixes showed expansion in the range of 0.06 to 0.08% after two years. The control 

concrete and concretes with 25% Class C fly ash (TK and PS) showed similar expansion 

(0.06 to 0.08%) when stored at 23°C, but the concrete with 25% Class F fly ash (BC) 

showed less expansion (- 0.03%). Concrete with non-reactive aggregate stored at 60°C 

generally showed lesser amounts of expansion than companion specimens stored at the 

lower temperatures. Examination of the concretes with non-reactive aggregates by optical 

and scanning electron microscopy revealed no signs of alkali-silica reaction. All of the 

concrete mixes containing reactive Jobe sand showed excessive amounts of expansion 

when stored in potassium acetate solution regardless of the presence of fly ash or storage 

temperature. The early rate of expansion increased with increasing temperature but the 

ultimate expansion appears to decrease with increasing temperature; the expansion 

appears to reach a plateau for specimens stored at 3 8 and 60°C, but was still increasing 

after 2 years for specimens stored at 23°C. Class F fly ash did extend the time to the onset 

of expansion, the rate of expansion and the ultimate expansion at 38 and 60°C but was 

not able to prevent expansion or damage due to ASR. There was very little difference in 

the expansion of concretes stored at 23 °C. 
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Figure 3.5: Expansion of Concrete Prisms with Reactive (Jobe) Sand Stored in 
Commercial-Grade (50%) KAc Solution (Mixes BC, TK and PS contain 25% fly ash) 

The expansion of slabs on the outdoor exposure site in Austin are presented in 

Figures 3.6 and 3.7 for, respectively, mixtures containing non-reactive aggregate and 

reactive Jobe sand. No damage or expansion has been observed for any of the slabs 

produced with non-reactive aggregate. All of the concrete mixes produced with reactive 

(Jobe) sand have shown some level of deleterious expansion regardless of whether fly ash 

was used or the slabs were exposed to potassium acetate. However, in general potassium 

acetate increased the rate and the amount of expansion. Only the Class F fly ash was 
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effective in significantly reducing the expansion; however, expansion did exceed 0.04% 

at ages beyond one year. 
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The expansion of concrete slabs on the outdoor exposure site in Fredericton are 

presented in Figures 3.8 and 3.9 for, respectively, mixtures containing non-reactive 

aggregate and reactive Jobe sand. Figure 3.8 shows only control slabs and CM slabs as 

these were the only slabs made with non-reactive aggregate. No damage or expansion has 

been observed for any slabs produced with non-reactive aggregate. The concrete mixes 

produced with reactive (Jobe) sand have shown some level of deleterious expansion 

except for the mix produced with slag. In general, the slabs exposed to potassium acetate 

solution have shown higher rates of expansion. 
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3.6 Discussion 

The results of these tests clearly indicate that exposure of concrete containing 

reactive aggregate to potassium acetate solution accelerates alkali-silica reaction probably 

due to an increase in the concentration of potassium and hydroxyl ions. The use of 

supplementary cementing materials such as fly ash or slag may delay the onset of and 

rate of expansion. However, the main role of SCMs in controlling ASR expansion is to 

reduce the availability of alkalis in the pore solution and this role may be neutralized if 

the concrete is exposed to an inexhaustible supply of alkali ions. The extent to which 

potassium acetate contributes to ASR deterioration under field conditions is not clear. 

Periodic applications of potassium acetate to the surface of concrete slabs during the 

relatively warm winter months in Texas increased expansion and the amount of ASR

related damage. Frequent applications (approximately 100 per year) of potassium acetate 

to the surface of slabs during the winter months in Canada has resulted in very little 

increased damage to control and 25% CM fly ash slabs containing reactive (Jobe) sand 

45 



when comparing them to the slabs that were not exposed to KAc. In this case the 

potassium acetate is only applied immediately before or after a snow event when the 

concrete surface would be expected to be at sub-zero temperatures. Examination of 

concrete cores taken from airport runways confirm that ASR has contributed to the 

observed deterioration but has produced little evidence that potassium acetate has 

exacerbated the deterioration. More recently, field surveys of airfields in the USA have 

indicated that the cases of concrete deterioration due to potassium acetate are limited and 

that the problem is certainly not as devastating and widespread as alleged by early media 

reports. 

There is evidence that there may be interaction between potassium acetate and 

cement hydration products that is unrelated to ASR (Giebson et al., 2010, Thomas et al., 

2011). However, the extent to which this occurs in concrete exposed to potassium acetate 

under field conditions is unknown. This is the subject of an ongoing research program. 
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Chapter IV 

4.0 Deterioration of Cement Paste Exposed to Potassium Acetate 
Solution 

Sean Hayman 1, M.D.A Thomas 1, Thano Drimalas2
, Kevin Folliard2 

1Department of Civil Engineering, University ofNew Brunswick, Fredericton, New Brunswick, Canada 
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4.1 Abstract 

Over the past two decades there has been an increase in the use of alkali acetates 

and formates as anti-icing and de-icing chemicals on airfield pavements. However, there 

have been a number of recent reports concerning the damage caused by these compounds 

on concrete runways and taxiways. Results from laboratory studies clearly indicate that 

exposure to potassium acetate solution exacerbates damage due to alkali-silica reaction 

(ASR) in concretes containing reactive aggregates. This phenomenon can be readily 

explained by the increase in pH when potassium acetate, CH3COOK, comes into contact 

with calcium hydroxide. However, surface microcracking unrelated to ASR has also been 

observed in concrete pavements with non-reactive aggregate. The examination of 

samples taken from these pavements revealed an altered zone close to the surface with 

enhanced potassium concentrations. There was an absence of monosulfate and ettringite 

in this zone and evidence that potassium sulphate had formed. In the laboratory, cement 

paste samples have been observed to expand and deteriorate to date when exposed to a 

50% solution of potassium acetate. No damage has been observed at lower 

concentrations. The damage is increased in pastes containing fly ash, particularly high

calcium fly ash. Evidence is presented to show that the sulfoaluminate phases decompose 
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to form arcanite (K2S04) and a calcium aluminate phase (possibly C4AH19), and it is 

hypothesized that the formation of these phases results in expansion. In order to further 

investigate the role of ettringite and monosulfate, paste bars were produced with a rapid

hardening calcium-sulfoaluminate (CSA) cement and exposed to potassium acetate 

solution. These paste bars rapidly disintegrated and turned to mush within days. Analysis 

of the mushy deposit that was found in the bottom of the containers revealed an 

abundance of arcanite and calcium aluminate hydrate (C4AH19). 

4.2 Introduction 

Published findings in the literature have confirmed that exposure of concrete to 

potassium acetate (and other alkali acetates or formates) used as anti-icing or de-icing 

agents can exacerbate or induce expansion and damage if the concrete contains an alkali

silica reactive aggregate (Rangaraju et al, 2007a) and this has been attributed to the 

formation of calcium acetates and formates from calcium hydroxide which increases the 

concentration of hydroxyl (Off) ions in the pore solution of the concrete (Giebson et al. 

(2010). It has also been demonstrated that the incorporation of fly ash and slag can reduce 

the expansion of concrete exposed to potassium acetate (Rangaraju and Desai, 2009). 

However, unpublished research, including testing conducted by the authors of this paper, 

has shown that the incorporation of fly ash and slag (and other SCM) may merely 

postpone the onset of expansion and retard the rate of expansion once initiated. In other 

words, expansion is inevitable when concrete containing alkali-silica reactive aggregates 

is exposed to a high molar potassium acetate solution at an elevated temperature for 

prolonged periods. This is not surprising since the primary mechanism by which fly ash 

and slag suppress expansion due to alkali-silica reaction is by reducing the availability of 
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alkalis for reaction with the reactive aggregate. Consequently, if concrete is exposed to an 

external source of alkalis it is only a question of time before the alkalis penetrate the 

concrete and overwhelm the fly ash and slag. The question that remains is whether or not 

the incorporation of fly ash and slag can delay damaging expansion for a sufficient period 

of time to meet the service-life requirements of a concrete pavement. The answer to this 

question requires performance testing under realistic conditions. Such studies are 

currently being conducted by the authors. 

A recent evaluation of cores extracted from a concrete pavement that had been 

exposed to potassium acetate in the field for approximately ten years revealed that the 

potassium content was only enhanced to a depth of approximately 5 mm; Figure 4.1 

shows the profile of the K/Na ratio in five cores. Examination by scanning electron 

microscopy (SEM) indicated that the paste appeared to be altered in this surface region 

(Figure 4.2) suggesting that there is an interaction between the potassium acetate solution 

and the cement paste that is independent of alkali-silica reaction (ASR). No calcium 

sulfoaluminate phases (e.g. calcium mono-sulfoaluminate, C3A·CaS04· H12, or ettringite, 

C3A·3CaS04·H32) were found in this zone, but deposits of potassium sulfate (K2S04) 

were observed here and in the unaltered paste just ahead of the altered zone. It is not 

known whether this interaction can lead to deterioration of concrete; however, fine 

microcracking was observed at the surface of concrete pavements that were exposed to 

potassium acetate but not on similar concrete that was not treated with the anti-icing 

chemical during winter months. It should be noted that this concrete did not contain a 

reactive aggregate. 
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Figure 4.1: Ratio of Potassium to Sodium (K/Na) in Cores Extracted from 10-Year-Old 
Concrete Pavement (legend refers to aggregate type - A, B or C - and indicates whether 

or not the concrete was exposed to KAc) 

Figure 4.2: BSE Image Showing Altered Paste Zone (left) from the Surface (not shown) 
to a depth of approx. 5 mm 

To further investigate the interaction between potassium acetate and concrete, 

samples of concrete, mortar and cement paste, with a wide range of binders including 
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various pozzolans and slag, with and without reactive aggregates have been exposed to 

potassium acetate solutions of various concentrations and at a range of temperatures 

(including cyclic temperature changes and wet-dry cycling). Only data from selected 

pastes continuously immersed in potassium acetate solution are reported here. 

4.3 Methodology 

Cement pastes, at a water-to-cementing-materials ratio ofw/cm = 0.37, were mixed 

in a plastic pail using a high-speed drill with a paint-mixer attachment. The chemical 

composition of cementing materials used is given in Table 4.1. Paste bars (25 x 25 x 250-

mm gage length) were cast for length-change measurements and 25-mm cubes for 

strength measurements. After 35 days storage in limewater paste specimens were 

immersed in an undiluted commercial anti-icing solution containing 50% by mass 

CH3COOK (a small amount of phosphate was also detected by chemical analysis). The 

bars and solutions were then placed at either -5°C, 5°C, 23°C or 38°C. Bars were also 

stored in the same solution which was diluted to provide concentrations of lM and 4M 

CH3COOK. 

Table 4.1 - Chemical Analyzes of Cementing Materials 

Si02 Al20 3 Fe20 3 CaO MgO S03 Na20e LOI 

Portland cement 20.79 5.22 2.11 62.57 1.53 3.72 0.82 2.39 

Fly Ash-BD 50.41 19.64 10.51 5.25 2.23 

Fly Ash-TK 34.45 18.36 6.60 23.08 4.56 1.28 1.44 0.26 

Fly Ash-CM 31.46 18.26 5.51 29.47 5.46 2.66 2.14 0.42 

Slag- SG 36.39 11.49 0.63 35.61 11.68 3.29 0.70 -1.48 

At a later stage, paste bars were produced with a rapid hardening calcium 

sulfoaluminate (CSA) cement. The early strength of CSA cements is due to the formation 
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of ettringite. The paste bars were immersed in undiluted (50%) CH3COOK solution at 

23°C at the age of one day. 

In addition to monitoring length changes, samples were periodically subjected to 

analysis by XRD and SEM/EDXA. 

4.4 Results 

Figure 4.3 shows the length change results for paste bars immersed in 50% 

CH3COOK solution for 28 weeks. Bars from all mixes initially shrank on immersion, but 

then started to expand at later ages. The time to the onset of expansion varied with both 

temperature and binder type. For bars stored at -5°C only the mixture with 25% CM fly 

ash (high calcium content fly ash) exhibited expansion after 28 weeks. For bars stored at 

5°C, mixes with either 25% CM or 25% TK ( also high calcium fly ash) showed a net 

expansion after 28 weeks. The bars with 25% CM began to expand after 28 days and all 

of the bars from this mix were broken at the time of the 28-week reading. At 23°C, bars 

from all of the mixtures are increasing in length by the time of the 28-week reading; the 

mixture with 50% slag and the control mixture (without fly ash or slag) show the least 

expansion. For bars stored at 38°C, mixtures with 25% CM or 25% BD fly ash expanded 

rapidly and all of the bars were broken before 56 days. Mixtures with 25% TK fly ash or 

50% slag expanded more slowly at first, but all of the bars were broken at the time of the 

28-week measurement. Only bars from the control mixture were still intact after 28 

weeks at 38°C. None of the bars stored in potassium acetate solutions oflower 

concentration (1 or 4 M) have exhibited expansion or cracking to date. 

When bars broke, a white deposit was observed to form on the broken surface of 

the bar on drying and examination of the surface by SEM/EDXA revealed the presence of 
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crystals of potassium sulfate. 
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Figure 4.3: Length Change of paste bars immersed in 50% CH3COOK solution at various 
temperatures 

Figure 4.4 shows a back-scattered electron (BE) image of a polished surface of the 

paste mixture containing 25% CM fly ash after 56 days in CH3COOK solution at 38°C. 

The image shows potassium sulfate intimately mixed with calcium aluminate close (....., 5 

mm) to the exposed surface of the bar. Neither monosulfate nor ettringite were found 

near the exposed surface of the bar, but monosulfate was found near the centre of the 

sample. The calcium-to-alumina molar ratio of the calcium aluminate was CIA= 3.95 

suggesting that it is either an AFm or AFt phase such as calcium hemicarboaluminate, 
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C3A· YiCa(OH)i-YiCaCOr H12, calcium monocarboaluminate, C3A·CaC03· H12 or calcium 

tricarbo-aluminate, C3A· 3CaCOr H32• Alternatively it could be tetracalcium aluminate 

hydrate, C4AH19 (or C4AH13 if exposed to low relative humidity). It was not possible to 

accurately determine the carbon content by EDXA especially since the sample was 

carbon coated prior to analysis. XRD was conducted (Figure 4.5) on this sample 

confirming C4AH19 was present within the sample. Giebson and coworkers (2010) 

recently reported the presence of a crystalline phase with a similar morphology to 

ettringite near the surface of concrete exposure to potassium formate, HCOOK. They 

conjectured that this might the carbonate analogue to ettringite, C3A· 3CaC03· H32 but 

could not clearly identify the phase by XRD. 

Potassium sulfate in close association with a calcium aluminate phase was also 

observed close to the surface in pastes containing the other fly ashes and slag, and also, 

but to a lesser extent in the control paste without fly ash or slag. 

On some paste samples a layer of calcium-bearing material, up to 1 Oµm thick, was 

found at the surface and the underlying mortar immediately in contact with this layer 

appeared to be more porous and somewhat depleted in calcium compared to the bulk 

paste (Figure 4.6). In some cases calcium was the only element detected in the surface 

layer indicating that it might possibly be calcium acetate, however, in one case the 

surface layer contained phosphate in addition to calcium. 

Paste bars produced with CSA cement rapidly deteriorated when immersed in 50% 

CH3COOK at 23°C and after just 7 days the cross-section of the bar had been reduced by 

approximately one half and an incoherent mushy deposit was found at the bottom of the 

container (Figure 4. 7). Figure 4.8 shows XRD traces for the CSA cement after 3 days of 
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hydration and for the mush found in the bottom of a container after 7 days immersion in 

50% CH3COOK at room temperature. As expected, the predominant phase at 3 days 

(prior to exposure) is ettringite. After the exposure to the test solution the mush appears 

to consist primarily of arcanite (K2S04) mixed with hydrated calcium aluminate. XRD 

analysis indicates that this phase may be C4AH 19, and where this product could be 

resolved by SEM/EDXA it was determined to have a calcium-to-alumina molar ratio 

(Cl A) of approximately 4. Figure 4.9 shows a scanning electron (SE) image of an arcanite 

crystal consisting of 54% K20 and 44% S03 (after ZAF correction). This compares with 

an expected composition of 54% K20 and 46% S03 based on the stoichiometry of 

"' 
Figure 4.4: BE Image and EDX Spectrum Showing Formation of Potassium Sulphate (L1) 
and Calcium Aluminate (0) in Paste with 25% CM after 56 Days in 50% CH3COOK at 

38°C 
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Figure 4.5: XRD Pattern of 25% CM after 56 Days in 50% CH3COOK at 3 8°C 

Figure 4.6: BSE Image Showing Formation of Calcium-Rich Phase on Porous Surface of 
Paste with 25% BD after 56 Days in 50% CH3COOK at 38°C 
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Figure 4. 7: Disintegrated CSA Cement Bar after 7 Days in 50% CH3COOK (bottom) 
Compared with an Intact Bar (top) 

Figure 4.8: XRD Patterns of CSA Cement Before and After Exposure to 50% CH3COOK 
at 23°C- Peaks Shown for Ettringite (E), Arcanite (A), and C4AH19 (C) 
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Figure 4.9: SE Image of Arcanite (K2S04) crystal in CSA Cement After Exposure to 50% 
CH3COOK at 23 °C for 7 Days 

4.5 Discussion 

The relatively rapid disintegration of cement paste bars, especially those containing 

high-calcium fly ash, when exposed to concentrated potassium acetate solution at high 

temperatures would suggest that the surface of concrete pavements would deteriorate 

fairly quickly if potassium acetate was applied as an anti-icing agent. This is not 

consistent with field experience where signs of significant deterioration are limited to 

cases where potassium acetate has been applied to concrete containing alkali-silica 

reactive aggregates. Concrete cores collected from two bridges that have been subjected 

to potassium acetate via an automated anti-icing system for 8 to 10 years show no visible 

evidence of significant surface deterioration. These cores are currently being subjected to 

forensic analysis. In our laboratory studies, mortar bars (25 x 25 x 250-mm gage length) 

containing non-reactive (quartz) sand have deteriorated rapidly in much the same manner 
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as the paste samples reported here, but concrete prisms (75 x 75 x 250-mm gage length) 

and large concrete slabs containing non-reactive aggregates have shown no surface 

deterioration after 18 months exposure to potassium acetate. It is possible that the 

interaction is limited to the near surface of specimens and that this has a significant 

impact on the response of small paste and mortar samples but negligible impact on larger 

concrete samples. It is possible that damage will start to manifest on the concrete at a 

later date. All paste, mortar and concrete samples will continue to be monitored 

indefinitely. 

Although evidence is presented to support the conversion of calcium 

sulfoaluminates to K2S04 and C4AH19 on exposure to concentrated potassium acetate 

solution, it is not known whether the expansion and deterioration observed for Portland

cement-based binders can be solely attributed to this reaction. Indeed, it is difficult to 

explain the extremely poor performance of the binders containing high-Cao fly ash on 

the basis of this conversion as such binders are not expected to contain significantly 

increased quantities of calcium sulfoaluminates compared to the other binders. 

It is interesting that no expansion or deterioration has been observed for the paste 

specimens exposed to lower concentrations of potassium acetate (i.e. 1 and 4 M). It is 

possible that these reactions only occur at very high concentrations, but it may also be the 

case that the reaction merely occurs more slowly at lower concentrations. A longer test 

duration is required to determine which is the case. 

The rapid disintegration of the CSA paste bar on exposure to potassium acetate may 

be the cause of some concern where concretes produced using these cements have been 

used to repair pavements that are exposed to potassium acetate anti-icing or de-icing 
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chemicals in service. However, further testing on concrete is required to determine the 

extent to which this occurs under field conditions (real or simulated). 

4.6 Conclusions 

The following conclusions can be drawn from this study: 

• Hardened cement paste samples produced with binders consisting of blends of 

Portland cement and either fly ash or slag expanded and deteriorated when 

exposed to a concentrated solution of potassium acetate at high temperatures. 

• The rate of expansion and damage accumulation depends on the temperature and 

the composition of the binder. Specimens deteriorated more rapidly at higher 

temperature and when high-calcium fly ash was used. The binders without fly ash 

or slag showed the best performance. 

• There is evidence that calcium sulfoaluminates react with potassium acetate to form 

potassium sulfate (arcanite) and calcium aluminate hydrate ( C4AH19). 

• Paste bars produced with a rapid-hardening calcium sulfoaluminate (CSA) cement 

disintegrated very rapidly when exposed to potassium acetate solution. Analysis 

of the resulting mushy deposit that was found in the bottom of the storage 

containers indicated that it consisted ofK2S04 and C4AH19. 

• It is not known to what extent the deterioration of the Portland-cement-based 

binders can be attributed to the reaction between the sulfoaluminates and 

potassium acetate. 
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ChapterV 

5.0 Laboratory Study of Paste and Mortars Exposed to Potassium 
Acetate 

1 Th 1 Sean Hayman , M.D.A. omas 
1Department of Civil Engineering, University of New Brunswick, Fredericton, New Brunswick, Canada 

5.1 Abstract 

This experimental study focused on exposing mortars and pastes to different non

chloride deicers, mainly potassium acetate (KAc ). The goal of this study is to identify any 

chemical reactions or detrimental mechanism that may occur between the KAc solution 

and the cement paste. During immersion testing it was found that exposure to KAc 

significantly increased the expansion of paste and mortar bars in some cases. After 

exposure tests, analytical techniques such as scanning electron microscopy (SEM) and X

ray diffraction (XRD) were conducted on paste of mortar samples to determine changes 

in the composition or microstructure of the samples that could of caused the increased 

expansion. In samples that showed visible damage there was evidence that ettringite had 

been converted to arcanite (K2S04), and calcium aluminate (possibly C4AH19). No 

evidence of this phase change was found in samples that did not show visible damage 

during exposure to potassium acetate. 

5.2 Introduction 

The potential for potassium acetate to cause concrete deterioration was first 

reported in the USA when an article in The Colorado Springs Gazette (Colwell, 2006) 

reported that the use of potassium acetate as a runway deicer accelerated alkali-silica 

reaction (ASR) necessitating repairs costing $32 million at Colorado Springs Airport. 
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Another article was released in the Rocky Mountain News (Kilzer & Gathright, 2006) 

suggesting similar damage was occurring at the Denver International Airport. A 

comprehensive investigation on the pavement at DIA was conducted to determine the 

extent of deterioration, possible causes and the role, if any, played by potassium acetate. 

The findings of this investigation can be found in Chapter 3 of this thesis (Hayman et al., 

2012). The initial investigation found that some deteriorated pavements contained 

aggregate that was susceptible to alkali-silica reaction while other pavements contained 

aggregate that was not alkali-silica reactive, but still showed some minor surface 

deterioration. 

Published findings in the literature have confirmed that the deterioration of concrete 

that is susceptible to the deleterious alkali-silica reaction can be exacerbated if exposed to 

anti-icing and or de-icing agents such as potassium acetate (and other alkali acetates and 

formates)(Rangaraju et al., 2007a). This deterioration has also been attributed to the 

formation of calcium acetates and formates from calcium hydroxide which increases the 

hydroxyl (OH) ions in the pore solution of the concrete (Giebson et al., 2010, Hayman et 

al., 2012). Rangaraju and Desai (2009) demonstrated that the incorporation of 

supplementary cementing materials (mainly fly ash and slag) can reduce expansion of 

concretes exposed to potassium acetate. However Hayman et al. (2012) showed that the 

incorporation of supplementary cementing materials (SCM) would merely delay the onset 

of expansion, and retard the rate of expansion once initiated, but would not prevent 

expansion indefinitely. This is not surprising because the primary mechanism by which 

fly ash and slag suppress expansion due to ASR is to limit the supply of alkalis to the 

reactive aggregate. Exposure of concrete to potassium acetate deicers provides an 
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inexhaustible external source of alkalis that will feed the reaction. The question that 

remains is whether supplementary cementing materials can delay the onset of expansion 

when exposed to potassium acetate anti-icers and deicers long enough for service-life 

requirements to be met. This question can only be answered by conducting performance 

testing under conditions representative of field exposure; such testing has been initiated 

by the authors of this paper and results will be reported in a subsequent publications (see 

Chapter 6). 

Few previous studies, however, have investigated the effect ofKAc on pastes and 

mortars in the absence of reactive aggregates. Previous work at the University of New 

Brunswick has shown that significant damage can occur in pastes and mortars without 

reactive aggregates when exposed to KAc (Hayman et al., 2011). 

This paper describes an experimental study initiated to evaluate the effect of KAc 

on pastes and mortars with different levels of supplementary cementing materials (SCMs) 

without the presence of alkali-silica reactive aggregates. Twenty-nine different mixtures 

with varying SCMs and SCM levels were produced and exposed to different 

environments and solutions. Testing included expansion measurements, pore solution 

extraction and analysis, determination of potassium ingress and microstructural studies to 

examine changes in composition and microstructure. 

The objective of this experimental study was to elucidate the mechanisms other 

than ASR that may cause excessive damage in mortars and pastes when exposed to KAc, 

and determine whether preventative measures are needed and if they could sufficiently 

suppress damage. 

65 



5.3 Experimental Details 

5.3.1 Materials 

The cementitious materials used in this study included a Type I Portland cement 

(PC) meeting the requirements of ASTM C150, numerous fly ashes (FA) selected to have 

a range of calcium contents and meeting ASTM C618 Class F or Class C, ground 

granulated blast furnace slag (SG) meeting ASTM C989, silica fume (SF) meeting 

requirements of ASTM C1240 and metakaolin (MK) meeting ASTM C618 Type N. The 

results of chemical analyses for the cementing materials are given in Table 5.1. 

Paste mixtures were also produced with a calcium sulfo-aluminate cement (CSA) 

and a calcium aluminate cement (CAC); the chemical composition of these cements are 

also given in Table 5.1. 

Table 5.1 - Chemical Composition (%) of Cementitious Materials 
Fly Ashes 

PC CAC CSA BD CM PS TK ws RD SG SF MK 
Si02 20.50 4.50 5.00 57.29 33.45 33.14 38.57 30.76 54.10 36.39 96.70 62.10 

Al20 3 5.40 40.20 38.39 21.79 17.97 18.12 18.84 17.75 26.20 11.49 0.30 31.90 

Fe20 3 2.10 16.50 2.4 7.20 5.28 6.65 6.69 5.98 3.00 0.63 0.10 1.35 

CaO 63.00 38.00 40.60 1.96 29.09 27.49 23.54 28.98 10.80 35.61 0.40 0.38 
MgO 1.40 0.0 2.50 NIA 5.34 5.45 4.76 6.55 2.40 11.68 0.30 0.45 
Na20 NIA 0.1 0.06 NIA 1.67 1.91 1.71 2.15 NIA 0.36 0.10 0.13 

K20 NIA 0.11 0.10 NIA 0.31 0.30 0.65 0.30 NIA 0.52 0.70 1.31 

P20s NIA 0.00 0.00 NIA 1.17 NIA NIA NIA NIA 0.10 0.10 0.04 

Ti02 NIA 0.00 1.20 NIA 1.59 NIA NIA NIA NIA 0.68 0.00 NIA 
S03 3.90 0.05 9.70 1.21 2.47 2.71 1.43 3.64 0.30 3.29 0.09 NIA 

Mn20 3 NIA 0.00 0.05 NIA 0.05 NIA NIA NIA NIA 1.57 0.00 0.01 

SrO NIA 0.00 NIA NIA 0.45 NIA NIA NIA NIA 0.04 0.00 NIA 
LOI 2.50 0.20 0.90 1.83 0.41 0.40 0.28 0.44 NIA -1.48 2.35 0.86 

Total Alkalis Na20c 0.80 0.00 NIA 3.82 1.87 2.11 2.14 2.35 0.10 N.A NIA 0.99 

Aggregates: The aggregates used in the mortar mixtures were a known non-reactive 

silica aggregate, Ottawa sand (s.g. = 2.65, absorption= 0.160%) and a limestone 

aggregate (s.g. = 2.62, absorption= 0.452%) crushed to suitable sizes for mortar mixes 
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Admixtures: The only admixture used in the making of mortars and pastes was a 

polycarboxylate high-range water-reducing admixture (HRWRA) meeting the 

requirements of ASTM C494 for Type A, water-reducing, and Type F, high-range water

reducing, admixtures. This was only added where required to render the paste or mortar 

sufficiently workable to permit satisfactory consolidation of the material. 

Reagent grade calcium hydroxide (CH) was also used in this study to produce 

binders with silica fume and metakaolin, without any Portland cement. Lithium nitrate 

(LN) was also used in some of the paste and mortar mixes. Where used, it was added as a 

30% solution of LiN03 which is commercially available as a concrete admixture. 

5.3.2 Mixture Proportions 

Twenty-nine different mixtures of pastes and mortars were produced and the details 

are presented in Table 5.2. The water-to-cementing-materials ratio (w/cm) was 0.40 for 

all of the mortar mixes and most of the paste mixes; an increased w/cm was required for 

pastes produced with binders composed of calcium hydroxide (CH) blended with either 

metakaolin (w/cm = 0.55) or silica fume (w/cm = 0.60) to compensate for the increased 

water demand of the CH. 
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Table 5.2 - List of Completed Paste & Mortar Mixes 
Mixture Mix Designation W/CM Details 

1 Control 0.40 100% Type I portland cement (PC) with HRWRA 
2 25%BO 0.40 75% PC+ 25% BO fly ash with HRWRA 
3 25%CM 0.40 75% PC+ 25% CM fly ash 
4 50%SG 0.40 50% PC+ 50% SG 
5 25%TK 0.40 75% PC+ 25% TK fly ash 
6 25%PS 0.40 75% PC+ 25% PS fly ash 
7 25%RD 0.40 75% PC+ 25% RD fly ash 
8 50%CM 0.40 50% PC+ 50% CM fly ash 
9 40%BO 0.40 60% PC + 40% BO fly ash 

10 1.5 LN 0.40 100% PC+ 1.5 x standard' dose ofLiN03 
VI 

76% PC+ 4% silica fume (SF) + 20% BO fly ash with HRWRA Q) 11 4%SF+20%BO 0.40 +-' 
VI 
n, 12 30%SF 0.40 70% PC + 30% SF with HRWRA c.. 

13 1:2CH:CM 0.40 2 parts CM fly ash+ 1 part calcium hydroxide (CH) 
14 100% SG 0.40 100% SG 
15 MK+CH 2:1 0.55 2 parts metakaolin (MK) + 1 part CH 
16 MK+CH 1:1 0.55 1 part MK + 1 part CH 
17 MK+CH 1:2 0.55 1 part MK + 2 parts CH 
18 SF+CH 2:1 0.60 2 parts SF + 1 part CH 
19 SF+ CH 1:1 0.60 1 part SF + 1 part CH 
20 SF+CH 1:2 0.60 1 part SF+ 2 parts CH 
21 CSA 0.40 100% calcium sulfoaluminate cement 
22 CAC 0.40 100% calcium aluminate cement 

1 Standard dose of lithium produces lithum to sodium+ potassium molar ratio of [Li]/[Na+K] = 0. 74 
1 Control 0.40 100% Type I portland cement (PC) with Ottawa Sand and HRWRA 
2 25%CM 0.40 75% PC+ 25% CM fly ash with Ottawa Sand and HRWRA 

VI 3 25%PS 0.40 75% PC+ 25% PS fly ash with Limestone Sand ,._ 
n, 
t 4 40%PS 0.40 60% PC + 40% PS fly ash with Limestone Sand 
0 
::E 5 25%WS 0.40 75% PC+ 25% WS fly ash with Limestone Sand 

6 40%WS 0.40 60% PC + 40% WS fly ash with Limestone Sand 
7 Control 0.40 100% PC with Limestone Sand and HRWRA 

5.3.3 Mixing Procedures 

Mortars were mixed in a Hobart mortar mixer following the procedures in ASTM 

C305. The pastes were mixed in a high-shear food blender. The water was introduced 

into the blender first, the blender was then turned on and the cementitious material was 

introduced over a 30-second period. The blender was then turned to high speed and left 

running for one minute. The mixer was turned off and a spatula was used to scrape any 

paste off the side of the mixer. The mixer was left off for a minute and then turned back 

on at high speed for two minutes to ensure a homogenous mixture was obtained. 
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5.3.4 Testing Procedures 

5.3.4.1 Length-Change Testing 

Expansion testing was conducted on mortar and paste bars (with stainless steel 

inserts for length-change measurements) that were subjected to different conditions. The 

size of the bars was 25 x 25 x 250 mm. The bars were cast and placed over water for one 

day at room temperature. After being demoulded at 24 hours the bars were immersed in 

water at room temperature until 28 days. At 28 days the bars were placed in water at the 

same temperature to be used during exposure to ensure that the initial reference and all 

subsequent length-change measurements were conducted at the same temperature. 

5.3.4.1.1 Immersion Testing 

The immersion testing with mortars and pastes consisted of immersing the bars in 

the solution for the duration of the testing. This testing was conducted at four different 

temperatures: -5°C, 5°C, 20°C, and 38°C. The bars were immersed in the following 

solutions: 

• Commercial grade potassium acetate solution (analysis found in Table 5.3) 

• 4M potassium acetate solution made from reagent grade potassium acetate 

• 1 M potassium acetate solution made from reagent grade potassium acetate 

• 6M potassium hydroxide solution made from reagent grade potassium hydroxide 
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• 6M sodium acetate solution made from reagent grade sodium acetate 

• 6M sodium formate solution made from reagent grade sodium formate 

Length-change and mass measurements were made following exposure periods of 

1, 3, 7, 14, 28, 56, 91, 180,270,365,456, 550, 640, and 730 days. This testing schedule 

was followed unless the bars had degraded to a point where length-change measurements 

could no longer be made. 

Table 5.3 - Chemical Analyzes of Commercial Grade KAc 
Sample# 1 2 3 

Date Sampled: January 14, 2008 July 18, 2010 August 29, 2012 
Analytes Units RL 
Aluminum mg/L 0.5 <0.5 <0.5 <0.5 
Barium mg/L 0.5 < 0.5 <0.5 <0.5 
Boron mg/L 0.5 <0.5 <0.5 <0.5 
Calcium mg/L 0.5 6.7 10.7 <0.5 
Chromium mg/L 0.5 <0.5 <0.5 < 0.5 
Copper mg/L 0.5 <0.5 <0.5 <0.5 
Iron mg/L 0.5 0.9 1.1 <0.5 
Magnesium mg/L 0.5 2.4 0.5 <0.5 
Manganese mg/L 0.5 <0.5 <0.5 <0.5 
Phosphorus mg/L 0.5 262 311 414 
Potassium mg/L 0.5 163000 170000 205000 
Rubidium mg/L 0.5 17.l 42.4 29.l 
Sodium mg/L 0.5 288 536 132 
Strontium mg/L 0.5 <0.5 <0.5 <0.5 
Sulfur mg/L 0.5 16.6 2.8 4.7 
Vanadium mg/L 0.5 <0.5 <0.5 < 0.5 
Zinc mg/L 0.5 <0.5 <0.5 <0.5 

5.3.4.2 Scanning Electron Microscopy 

Specimens for SEM/EDS were prepared by cutting a slice (approximately 2-mm 

thick) through the 25 x 25mm cross-section of the paste or mortar bars and preparing a 

polished thin section which was coated with carbon. 

Analysis was performed at the UNB Microscopy and Microanalysis Facility with a 

JEOL JSM-6400 Scanning Electron Microscope equipped with an EDAX Genesis 4000 

Energy Dispersive X-ray (EDS) analyzer. Samples were carbon coated using an Edwards 
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306A carbon coater before observation in the microscope. EDS analysis was performed 

at an accelerating voltage of 15kV and a beam current of 1.5 nA, with a working distance 

of 14mm. Collection time was 50 seconds per analysis point. Images were collected using 

Gaton Digital Micrograph. 

Potassium profiles were obtained by conducting microanalysis ( quantitative EDX) 

on selected areas at 400x magnification at increasing distances from the exposed surface 

to the centre of the specimen. 

To compare the microstructure of the paste samples that had been immersed either 

in water or KAc, backscattered electron images were collected at 500x magnification at 

the same location within the cross-section of each paste sample. 

5.3.4.3 X-Ray Diffraction 

Samples for X-ray diffraction (XRD) were prepared by crushing a piece of mortar 

or paste ( approximately 40g), representing the cross-section of the sample, to pass a 125-

µm sieve. X-ray powder patterns were collected using a Bruker D8 Advance 

Spectrometer with Cu k-alpha X-ray source. Samples were scanned in the range 5 to 90° 

20 with a step size of 0.02° and a step time of 1.0 s. Peak searching was conducted using 

Boolean peak ID with the X-powder software. 

5.4 Results 

5.4.1 Expansion Testing 

Figures 5.1 to 5.7 show the results of pastes and mortars when immersed in 

different soak solutions. In some cases all of the paste and mortar bars within a given 

series broke and no further expansion measurements were collected. This is shown in the 
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figures below by changing the solid line of the data series to a dashed line with the last 

symbol being an 'X'. An example of this is shown in Figure 5.1 (20°C) where the bars 

with 25% TK fly ash and 100% PC were all broken after approximately 800 days. 

Figure 5.1 shows the length change of paste bars continuously immersed in 

commercial-grade potassium acetate solution at 20°C. In all cases the bars shrink during 

early storage and then start to expand. Bars produced with FA expand more rapidly than 

the control pastes or the paste with 50% SG. After approximately two years all of the 

paste bars had broken, including the control paste bars that produced the best results 

(least expansion) throughout the experiment. The deterioration of the 25% CM bars can 

be seen in Figure 5.2. The bars fractured into separate but intact sections with some 

exfoliation of the surface. 

0.60 
- - )K 

0.50 

-- 0.40 ~ = -~ 0.30 eJl 

= 
-0-Control 

~ 
.c 0.20 u - - )K 

-lr-25% BD 
.c 

0.10 .... 
eJl 

--<>-25% CM 

= ~ 

0.00 ~ -D-50% SG 

-0.10 -25%TK 

-0.20 
0 150 300 450 600 750 900 

Time in Solution (days) 

Figure 5.1: Length Change of Paste Bars Immersed in Commercial Grade KAc at 20°C 
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Figure 5.2: Photograph of the Deterioration Observed with 25% CM Paste Bars Stored in 
Commercial-Grade Potassium Acetate Solution at 20°C for 90 Days 

Figure 5.3 illustrates the effect of temperature on the expansion of paste bars 

containing 25% BD fly ash. The bars were immersed in a commercial grade KAc 

solution and placed at various temperatures. The graph clearly shows that as the 

temperature increased the amount of damage and the rate at which the damage occurred 

increased. The increased rate of expansion with increased exposure temperature was 

exhibited by all paste samples, regardless of composition. 

73 



0.40 

,-.... 
~ = ...._, 
~ 0.20 
Ol) 

= -0--5C = ..= u --t:r-5c ..= ..... 
Ol) 0.00 --<>--2oc = ~ 

~ --0-38C 

-0.20 
0 150 300 450 600 750 900 

Time in Solution (days) 

Figure 5.3: Length Change of25% BD Paste Bars Immersed in Commercial Grade KAc 
at Various Temperatures 

Figure 5.4 depicts the length change percentage of three different mixes that were 

immersed in different soak solutions for a year at 20°C. The mixes that are shown are a 

control mix, a mix that contains a Class F fly ash (BD) and a Class Cash (CM). The 

figure shows approximately the same amount of expansion for the paste bars in each 

solution for the control mix except for the commercial-grade KAc and 6M KOH. The 

bars immersed in the commercial-grade KAc and 6M KOH soak solution tends to show 

more expansion when compared to the other high molarity non-chloride deicers (NaAc 

and NaF) and lower molarity KAc. 
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Figure 5.4: Length Change of Various Paste Bars Immersed in Different Soak Solutions 
at 20°c 

Figure 5.5 shows the time until failure of multiple mix designs of paste bars 

immersed in commercial-grade KAc at various temperatures. Failure was defined as the 

time at which all of the paste bars had broken for that mix. The graph depicts the 

importance of temperature to the initiation of the deterioration as well as showing how 

the cement type can effect the deterioration. In all cases a higher temperature led to 

quicker deterioration of the paste bars. A higher temperature is not needed to cause 

deterioration though as bars still failed at 5°C over a longer period of time. The effect of 

mix design can be seen especially when silica fume is added to the mix. In all cases if 

silica fume was present in the mix the bars failed before 91 days. The type of failure was 

also different when silica fume was present; this is shown in Figure 5.6. When comparing 

the method of failure between Figure 5.2 and Figure 5.6 it is evident that when silica 

fume is present the deterioration is more severe. It is also interesting to note the 

performance of the control and 100% SG mix at 20°C. These mixes did not fail at this 
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temperature and did not show excessive expansion; expansion values were with 0.06% 

and 0.17%, respectively, when last measured. The 25% TK paste bars did not fail after 

900 days of exposure but did show an excessive expansion of 0.53%. Figure 5.5 does not 

show -5°C as at this temperature very few bars exhibited damage. 
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Figure 5.5: Days Until Failure of Multiple Mixes Immersed in a Commercial-grade KAc 
at Multiple Temperatures 

Figure 5.6: Photograph of Deterioration Observed with 30% SF Paste Bars Stored in 
Commercial-Grade Potassium Acetate Solution at 20°C 
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Figure 5.7 shows the ultimate length change of mortar bars continuously immersed 

in commercial-grade potassium acetate solution at various temperatures (-5, 5, 23 , and 

38°C). The mortar bars that contain limestone sand (LS) had been immersed in the soak 

solution for 540 days while the mortar bars containing Ottawa sand (OS) had been 

immersed for 730 days. It would seem that the OS control has expanded more than the 

LS control at 20°C but the LS control actually broke at 460 days while the OS control 

remains intact after 730 days. With both sands it is evident that more damage is seen 

when fly ash is included in the mix design, and furthermore larger expansion is seen 

when increased amounts are present. Also following the trend noted with the paste bars 

as the temperature was increased the amount of expansion was increased. 

-t1.4 -----
Q,j 
~ 

; 1.2 
.c u 
.c 1.0 
to 
~o.s --· 

..;i 

~0.6 --· 
E 
s0.4 --

0.2 +---t.. - -

0.0 _,___._.....,. __ __.__,,......_ _ __..__._.,.__ _ __ _.......___ _ ___ ~ ----~ "---- __.,,..........__ , 

Mix Design 

•-SC 

osc 
151 20C 

D38C 

Figure 5.7: Ultimate Length Change of Mortar Bars Immersed in Commercial-Grade 
KAc at -5°C, 5°C, 20°C, and 38°C 

Tables 5.4 and 5.5 present a summary of all the data found during the expansion 

testing of the immersion experiments. Table 5 .4 shows all of the paste bar data including 
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the mix design, soak solution, temperature at which the experiment was conducted, the 

amount of time in days until 0.2% expansion was reached, time in days until failure 

(which was defined as all the paste bars breaking), the ultimate expansion reached, and 

the amount of time the bars have been immersed in solution. Table 5.5 shows the same 

data for the mortar bars. In Table 5.5 Ottawa Sand was represented by OS, and limestone 

sand was represented by LS. Further data for all of these mixes can be found in Appendix 

D. 
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Table 5.4 - Summary of Results for Paste Immersion Testing Experiments 

Temperature 
Timeto0.2% 

Time to Ultimate Days in 
Mix Design Solution Expansion (OC) 

(Days) 
Failure (Days) Expansion (%) Solution 

Control 6M Commercial Grade KAc -5 - - -0.09 850 
25%BD 6M Commercial Grade KAc -5 730 - 0.27 850 
25%CM 6M Commercial Grade KAc -5 - 274 0.09 850 
50%SG 6M Commercial Grade KAc -5 - - -0.04 850 
25%TK 6M Commercial Grade KAc -5 - - 0.14 850 

30% SF (2nd) 6M Commercial Grade KAc -5 - - 0.02 180 

Control 6M Commercial Grade KAc 5 - - 0.08 850 

25%BD 6M Commercial Grade KAc 5 - 548 0.10 850 
25%CM 6M Commercial Grade KAc 5 91 182 0.21 850 

50%SG 6M Commercial Grade KAc 5 - - -0.06 850 

25%TK 6M Commercial Grade KAc 5 456 - 0.85 850 

30% SF (1st) 6M Commercial Grade KAc 5 28 56 0.51 56 
30% SF (2nd) 6M Commercial Grade KAc 5 91 180 0.30 180 

100% SG 6M Commercial Grade KAc 5 - - 0.02 530 
MK+CH2:l 6M Commercial Grade KAc 5 - 28 -0.16 530 

MK+CH 1:1 6M Commercial Grade KAc 5 - 180 0.11 530 
SF+CH2:l 6M Commercial Grade KAc 5 - 56 0.13 530 

SF+ CH 1:1 6M Commercial Grade KAc 5 - 28 -0.11 530 
SF+CH 1:2 6M Commercial Grade KAc 5 - 56 0.01 530 

Control 6M Commercial Grade KAc 20 - - 0.17 850 

25%BD 6M Commercial Grade KAc 20 - 274 0.16 850 
25%CM 6M Commercial Grade KAc 20 91 182 0.48 850 

50%SG 6M Commercial Grade KAc 20 - 274 -0.04 850 
25%TK 6M Commercial Grade KAc 20 365 - 0.53 850 

30% SF (1st) 6M Commercial Grade KAc 20 28 56 0.62 56 

30% SF (2nd) 6M Commercial Grade KAc 20 - 91 0.17 180 

CM+CH2:l 6M Commercial Grade KAc 20 274 - 0.80 830 
100% SG 6M Commercial Grade KAc 20 - - 0.06 530 

MK+CH2:l 6M Commercial Grade KAc 20 - 360 0.09 530 

MK+CH 1:1 6M Commercial Grade KAc 20 91 360 1.37 530 

SF+CH2:l 6M Commercial Grade KAc 20 - 7 -0.04 530 

SF+ CH 1:1 6M Commercial Grade KAc 20 - 28 -0.07 530 
SF+CHl:2 6M Commercial Grade KAc 20 - 28 0.00 530 

Control 6M Commercial Grade KAc 38 - 365 0.08 850 
25%8D 6M Commercial Grade KAc 38 - 42 0.07 850 
25%CM 6M Commercial Grade KAc 38 - 56 0.07 850 
50%SG 6M Commercial Grade KAc 38 91 182 0.37 850 

25%TK 6M Commercial Grade KAc 38 - 182 0.12 850 
25%PS 6M Commercial Grade KAc 38 91 365 1.10 830 

25%RD 6M Commercial Grade KAc 38 182 - 0.44 830 

50%CM 6M Commercial Grade KAc 38 - 14 0.05 830 

Control 6M Commercial Grade KAc 38 - - 0.15 730 
40%8D 6M Commercial Grade KAc 38 274 - 0.36 730 

1.5 Li 6M Commercial Grade KAc 38 182 354 0.20 730 

25%CM 6M Commercial Grade KAc 38 56 - 1.12 730 

4%SF+20%8D 6M Commercial Grade KAc 38 28 56 0.86 730 
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Temperature 
Timeto0.2% 

Time to Ultimate Days in 
Mix Design Solution Expansion (OC) 

(Days) 
Failure (Days) Expansion (%) Solution 

Control lMKAc 5 - - 0.04 830 
25%BD lMKAc 5 - - 0.00 830 
25%CM lMKAc 5 - - 0.06 830 
50%SG lMKAc 5 - - 0.02 830 
25%TK lMKAc 5 - - 0.05 830 
Control lMKAc 20 - - 0.06 830 

25%BD lMKAc 20 - - 0.01 830 
25%CM lMKAc 20 - - 0.11 830 
50%SG lMKAc 20 - - 0.05 830 
25%TK lMKAc 20 - - 0.06 830 
Control 4MKAc 5 - - -0.03 830 

25%BD 4MKAc 5 - - -0.07 830 
25%CM 4MKAc 5 - - 0.03 830 
50%SG 4MKAc 5 - - 0.00 830 
25%TK 4MKAc 5 - - 0.08 830 
Control 4MKAc 20 - - -0.02 830 

25%BD 4MKAc 20 - - 0.00 830 
25%CM 4MKAc 20 - - 0.04 830 
50%SG 4MKAc 20 - - 0.03 830 
25%TK 4MKAc 20 - - 0.10 830 
Control 6MKOH -5 - - 0.11 365 

25%BD 6MKOH -5 - - 0.15 365 
25%CM 6MKOH -5 365 - 0.20 365 
Control 6MKOH 5 - - 0.13 365 

25%BD 6MKOH 5 - - 0.15 365 
25%CM 6MKOH 5 365 - 0.22 365 
Control 6MKOH 20 - - 0.17 365 

25%BD 6MKOH 20 365 - 0.20 365 
25%CM 6MKOH 20 365 - 0.27 365 
Control 6MNaAc 20 - - 0.05 425 
25%PS 6MNaAc 20 - - 0.04 425 

25%CM 6MNaAc 20 - - 0.04 425 
Control 6MNaF 20 - - 0.05 425 
25%PS 6MNaF 20 - - 0.01 425 

25%CM 6MNaF 20 - - 0.01 425 
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Table 5.5 - Summary of Results for Mortar Immersion Testing Experiments 

Temperature 
Time to 0.2% 

Time to Ultimate Days in 
Mix Design Solution (OC) Expansion 

Failure (Days) Expansion (%) Solution 
(Days) 

Control w/ LS 6M Commercial Grade KAc -5 - - 0 540 
25% PS w/LS 6M Commercial Grade KAc -5 - - 0.1 540 
40%PSw/LS 6M Commercial Grade KAc -5 - - 0.14 540 
25% WSw/LS 6M Commercial Grade KAc -5 - - 0.04 540 
40% WSwLS 6M Commercial Grade KAc -5 - - 0.13 540 
Control w/ LS 6M Commercial Grade KAc 5 - - 0.06 540 
25%PSw/LS 6M Commercial Grade KAc 5 460 - 0.37 540 
40%PSw/LS 6M Commercial Grade KAc 5 460 - 0.31 540 
25% WSw/LS 6M Commercial Grade KAc 5 460 - 0.37 540 
40% WSwLS 6M Commercial Grade KAc 5 360 - 0.42 540 
Control w/ LS 6M Commercial Grade KAc 20 270 460 0.31 540 
25%PSw/LS 6M Commercial Grade KAc 20 91 460 1.02 540 
40%PSw/LS 6M Commercial Grade KAc 20 91 460 1.17 540 
25% WSw/LS 6M Commercial Grade KAc 20 91 460 1.17 540 
40% WSwLS 6M Commercial Grade KAc 20 91 460 1.34 540 
Control w/ OS 6M Commercial Grade KAc 20 56 - 1.03 730 

25%CMw/OS 6M Commercial Grade KAc 20 28 - 1.75 730 
Control w/ OS 6M Commercial Grade KAc 38 28 365 0.63 730 

25%CM w/OS 6M Commercial Grade KAc 38 7 365 1.38 730 
* LS - Limestone Sand as aggregate 
** OS - Ottawa Sand as aggregate 

5.4.2 Scanning Electron Microscopy Results 

5.4.2.1 SEM Images 

Figure 5.8 shows two images, on the left is a back-scattered electron (BSE) image 

of a paste sample with 4% SF plus 20% BD paste sample after storage in water at 56 days 

at 38°C, and on the right an image of the same paste after storage in KAc for the same 

duration and at the same temperature. These images were taken to compare the amount of 

damage in the samples at a microscopic level. The large crack on the right image, 

approximately 50 µm, was a feature observed numerous times in samples that contained 

silica fume and were immersed in potassium acetate. The large cracks formed throughout 

the structure of the paste and particles of silica were found within the cracks. These silica 

particles were thought to be solid and not the reaction product (i.e., alkali-silica gel) 

typically observed with alkali-silica reaction (ASR). This was confirmed with EDX 
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spectra by analyzing the silica particles and determining that the sum of oxides 

little or no H20 is present. ASR gel contains significant quantities of water and the sum 

of oxides ( excluding H20 which is not detected by EDX) is typically considerably less 

than 60%. Thus it is unlikely that the silica is a ASR reaction product. 

. ~ !)'1:f."' -~---4-.--
Figure 5.8: SEM Photos Comparing Damage of 4% SF + 20% BD Fly Ash Paste Bars at 
the Center of the Sample (left sample stored in water, right sample stored in commercial

grade potassium acetate solution) 

5.4.2.2 SEM Analyses of Sample Structure 

Figure 5.9 shows a scanning electron image of potassium sulfate (KS)found within 

a 25% PS fly ash paste bar and a back scattered electron image with an EDX spectrum of 

calcium aluminate (CA). These images and spectra represent the common product that 

was found within paste and mortar samples that showed damage and expansion. The KS 

and CA were found in paste and mortar samples that were immersed in the commercial

grade KAc. The samples that contained the KS and CA showed no signs of ettringite or 

mono sulfate. The same paste samples that were stored in water showed no signs of KS or 

CA but contained either ettringite or monosulfate. Figure 5.9 is only one of many 

examples of KS and CA found within the samples immersed in KAc. Other samples of 
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this can be found in Appendix B. EDX analysis of the CA indicated that the calcium to 

alumina molar ration ([Ca0/[AL20 3] was close to 4 in most cases. 

Figure 5.9: SE Image (left) of Arcanite in 25% PS Fly Ash Paste Bar and BSE Image and 
EDX Spectrum (right) of a Calcium Aluminate Phase in a 25% PS Fly Ash Paste Bar 

5.4.3 X-Ray Diffraction Results 

Figure 5.10 shows XRD patterns for samples of paste bars with 25% PS fly ash 

after 180 days storage in either water or commercial-grade KAc solution at 20°C. Distinct 

peaks corresponding to ettringite were detected in the samples stored in water, such peaks 

were absent in the sample stored in KAc solution but peaks corresponding to arcanite 

(K2S04) and, possibly, C4AH 19 were detected; these phases were not identified in the 

sample stored in water. The paste bar stored in KAc also shows a significant decrease in 

peak size for portlandite, but an increase in peak size for calcite. 
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Figure 5.10: XRD Patterns for 25% PS Fly Ash Paste Bars Stored at 20°C 
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(CaAl = Calcium Aluminate, P = Portlandite, C = Calcite, A= Arcanite, E = Ettringite, Q 
= Quartz) 

5.5 Discussion 

5.5.1 Effect of Solution Composition on Length Change 

In this experimental study a total 6 different solutions were used for soak solutions. 

Figure 5.4 shows paste bars (Control, 25% BD, and 25% CM) that were immersed in all 

the soak solutions at 20°C. This figure shows the 25% CM fly ash mix that was exposed 

to the commercial-grade KAc solution expanded by an approximate 0.48% before 

breaking prior to 1 year. In this figure lM and 4M KAc results are also shown for 25% 

CM fly ash. After one year in lM and 4M the resulting expansion was only 0.08% and 

0.03% respectively. Therefore the commercial-grade KAc has shown that it causes much 

more damage than the lower concentration solutions. 

To further compare the effect of solution composition paste bars were also 

immersed in 6M reagent grade NaF and NaAc. Referring to Figure 5.4 again it shows that 

the expansion of the 25% CM fly ash bars at 1 year were 0.01 % and 0.04% respectively. 
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These values are well below the 0.48% of the 25% CM fly ash bars stored in commercial

grade K.Ac. In previous studies with concretes (Rangaraju et al, 2007a) it has been shown 

that 6M NaF and NaAc can cause the equivalent damage as the commercial-grade KAc 

when exacerbating ASR. It is evident by the results shown in Figure 5.4 that the reaction 

that is causing non-ASR related damage is not directly associated with the molarity of the 

solutions of the non-chloride deicers. 

Paste bars were also immersed in a 6M KOH solution at 20°C. The KOH solution 

was chosen to compare with the KAc solution. Figure 5.4 shows the expansion results of 

the 25% CM fly ash paste bars immersed in the 6M KOH solution. From this figure it can 

be determined at 1 year the expansion of the bars was approximately 0.27%. This value 

compared to the expansion of0.48% of the control bars immersed in commercial-grade is 

lower but it can still be concluded that damage and expansion is occurring. 

Different solutions were used throughout the experiment to try and determine if 

there was a certain characteristic in the high molarity of the commercial grade KAc that 

was causing expansion and damage. After testing these different solutions the only 

constant in the solution when damage is occurring is the potassium ion. Both KAc and 

KOH solutions caused the most damage to paste bars that were immersed in the solution 

for extended periods of time. It was first thought that the high molarity of the solution 

could be causing damage but the 6M NaAc and 6M NaF soak solutions did not cause 

damage to the paste bars. 

At this time there is no firm conclusion of why the high molarity potassium 

solutions are causing damage yet the high molarity sodium solutions are not. It is possible 

that the damage is directly linked to the conversion of the sulfo-aluminate phases 
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(C3A•CaS04•H12 and C3A•3CaS04•H32) to potassium sulfate (K2S04) and calcium

aluminate hydrate (possibly C4AH19), and that this reaction only occurs at high 

concentration of potassium. A similar reaction would be expected with sodium 

compounds of the same concentration but no expansion or damage has been observed 

with either 6M NaAc or 6M NaF. It is possible that the absence of damage is due to the 

high solubility of sodium sulfate (Na2S04) if a similar reaction does occur. The role of 

the cation (Na or K) and the concentration of the solution needs to be confirmed by 

subjecting paste bars exposed to 6M KOH, lM and 4M KAc, and the 6M sodium 

solutions to XRD and SEM to determine whether there is any evidence of conversion of 

the sulfo-aluminate phases and concomitant formation of reaction products ( alkali 

sulfates and calcium-aluminate hydrates). 

5.5.2 Effect of Paste Composition on Length Change 

An observation made throughout many of the length change experiments was that 

the composition of the paste had a large effect on the total expansion. In many of the 

cases the control paste mixes showed the least amount of expansion compared to pastes 

that contained fly ash, silica fume, and slag. Silica fume and fly ash mixes performed the 

worst in all cases when immersed in the commercial-grade potassium acetate. This is the 

opposite of what would be expected and what was shown (Hayman et al., ICAAR 2012) 

if the damage was caused by alkali-silica reaction. If alkali-silica reaction was present 

then the incorporation of silica fume or fly ash would result in decreased expansion when 

compared to the control. As the silica content increases with different mixture 

components the damage that is observed increases. Therefore there may be some damage 

being caused by a reaction involving, however, no evidence of a silica-containing 
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reaction product (such as alkali-silica gel) was detected in any of the paste or mortar 

specimens. 

5.5.3 Effect of Temperature 

Throughout the experimental study many different tests were conducted at different 

temperatures. A trend was observed that as the exposure temperature increased the rate of 

expansion and associated damage increased, and the damage occurred earlier. This trend 

can be easily observed in Figure 5.3 and 5.7. All of the samples showed increased 

expansion as the temperature rose from -5°C to 38°C. In Figure 5.5 it can be seen that 

damage with the samples occurred at an earlier point as the higher temperature samples 

broke earlier. This observation can be attributed to a possible higher penetration of the 

KAc solution as the temperature rises. It can also be attributed to the fact that chemical 

reactions will occur faster as more energy is available to continue the reaction. With the 

assumption that there is a chemical reaction happening between the paste or mortars and 

the KAc solution this would occur faster at higher temperatures. 

5.5.4 Chemical Reactions in Paste and Mortars Due to KAc 

One of the main goals of this experimental study was to try and find a different 

mechanism, other than ASR, that causes deterioration when pastes and mortars are 

exposed to KAc. Using SEM/EDX and XRD as methods to examine the microstructure 

of the pastes and mortars it was discovered that there is an interaction between the KAc 

and the products of cement hydration. However, these chemical reactions have not been 

proven to cause expansion and damage in the microstructure of the samples, and further 

testing needs to be completed to determine this. 
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The first reaction that was observed is that the ettringite (C3A •3CaS04•32H20) or 

monosulfate (C3A•CaS04•l2H20) is decomposing to form arcanite (K2S04), and a 

calcium aluminate phase (possibly C4AH19). Figure 5.9 shows scanning electron, 

backscatter electron imaging and EDX spectrums ofK2S04 (arcanite) and calcium 

aluminate (possibly C4AH19). These materials could have once been monosulfate or 

ettringite, which decomposed to arcanite and C4AH 19 in the presence of potassium 

acetate. When analyzing paste and mortar samples using the SEM during this experiment 

the absence of monosulfate and ettringite in samples that were immersed in KAc became 

evident. It is possible that if the monosulfate or ettringite contains higher than normal 

levels of potassium ions the product could form two separate products, which include 

potassium sulfate and a form of calcium aluminate. Throughout the SEM study 

monosulfate and ettringite were found with high levels of potassium contained within 

them. In these samples, products of potassium sulfate and calcium aluminate were also 

present. 

Further results that conclude the decomposition of ettringite and formation of 

arcanite and calcium aluminate is the XRD traces shown from Figure 5.12. The XRD 

data clearly shows the presence of ettringite in the paste sample stored in water. No 

ettringite is found in the sample exposed to KAc solution but diffraction peaks 

corresponding to potassium sulfate (K2S04, arcanite) were found when the ettringite peak 

had disappeared. Diffraction peaks for C4AH 19 were found in all cases when the samples 

were exposed to KAc solution. 

The other chemical reaction that has been observed in the paste and mortar mixes 

involved portlandite, Ca(OH)2. While observing paste and mortars with SEM, it was 

88 



noticed there was a dense layer at the surface of the samples that were immersed in KAc. 

This layer consisted mostly of calcium according to EDX spectra. This does not 

necessarily indicate a reaction, as the calcium could be portlandite. A reaction was 

confirmed when XRD was run on the paste and mortar samples (immersed in water and 

KAc) and the patterns that were immersed in water showed a large amount of portlandite, 

and smaller amounts of calcite (CaC03). When patterns that were immersed in KAc were 

compared they showed lesser amounts of portlandite and larger amount of calcite. 

Therefore there is a possibility that the large amount of dense calcium seen on the surface 

with the SEM is the product of the conversion of portlandite to calcite. 

None of the reactions discussed in this section were proven to be an expansive or 

damaging reaction to the pastes or mortars. However, It is assumed there is one or many 

other reactions occurring that is causing damage, but unfortunately, using all techniques 

available for analyzing the paste and mortars, these reactions were not found. 

5.6 Conclusions 

The following conclusions can be drawn from this study: 

• When paste and mortar samples are immersed in KAc, the exposure temperature 

has a major effect on the amount of expansion and damage seen in the samples. 

The higher the temperature the greater is the amount of damage and expansion. 

• The solution composition has shown to be a large factor in expansion. The non

chloride deicers do not show the same amount of damage at the same molarity. 
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• As the silica content of the materials that compose the paste increases the amount 

and rate of expansion increases. 

• The composition of the pastes influences the rate and extent of expansion 

immensely. Pastes that do not contain any supplementary cementing materials 

perform better. Generally pastes containing silica fume show the most damage 

followed by Class C fly ash and then Class F fly ash. Pastes with slag generally 

show slightly more damage compared with the controls (without SCM) but much 

less than the fly ash and silica fume pastes. 

• For immersed paste and mortars the type of the solution and molarity affects the 

rate of damage and expansion. Solutions containing potassium ions such as 

commercial-grade KAc and 6M KOH show the most expansion and damage but 

has yet to be explained. 

• Mortars that contain non-reactive aggregates expand but do not deteriorate like 

paste samples 

• Pastes have shown to expand and deteriorate without the presence of any aggregate. 

This indicates that another chemical reaction is occurring because without the 

presence of aggregates ASR cannot occur. 
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• From investigation with XRD and SEM it has been concluded that another 

chemical reaction due to KAc is present. This chemical reaction is the conversion 

of ettringite (C3A•3CaS04•32H20) into arcanite (K2S04) and a calcium 

aluminate phase (possibly C4AH19). This reaction was only observed when 

samples that were immersed in commercial-grade KAc were analyzed. 

• Based on the results of SEM and XRD, it can be conjectured that portlandite 

(Ca(OH)2) is diffusing out of the paste and mortar samples and forming calcite 

(CaC03) on the surface of the samples. 
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Chapter VI 

6.0 Laboratory and Exposure Site Study of Concretes Exposed to 
Potassium Acetate 

Sean Hayman1
, M.D.A. Thomas1 

1Department of Civil Engineering, University of New Brunswick, Fredericton, New Brunswick, Canada 

6.1 Abstract 

This paper presents data on the influence of potassium acetate (KAc) deicer 

solution on concretes produced with reactive and non-reactive aggregates. Damage due to 

the use ofKAc on concrete that has alkali-silica reaction (ASR) has been studied and 

reported. The purpose of this study is to determine the effects of KAc on concretes with 

reactive (and non-reactive) aggregate under field conditions. Laboratory and exposure

site samples were made and subjected to different exposure conditions. Concrete slabs 

produced with reactive aggregates showed significant amounts of damage when exposed 

to the KAc solution on the outdoor exposure site. Concrete slabs from the same mix that 

were not exposed to KAc on the exposure site experienced approximately the same 

damage. The effects of sample size and exposure temperature were found to be 

significant. Damage unrelated to ASR only occurred to concretes exposed to KAc at 

temperatures above that likely to be encountered when KAc is applied in service. 

Consequently, the application of KAc under field conditions (i.e., a temperature around 

or below freezing) is unlikely to lead to significant damage to concrete pavements. 

6.2 Introduction 

The use of potassium acetate (KAc) as a deicer has been a topic of discussion and 
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experimental studies since the mid-2000's. The concern over using KAc as a deicer 

solution arose from problems that the Denver International Airport (DIA) and Colarado 

Spring Airport were having with damaged concrete runways. The problem with the KAc 

deicer solution was first reported by Colwell (2006), and Kilzer & Gathright (2006), 

which brought about an investigation into the cause. Further investigation was conducted 

into these problems by Rangaraju et al. (2007a), Giebson et al. (2010), Hayman et al. 

(2012). From these papers and studies the only conclusive results are that KAc increases 

damage when applied to concrete that contains alkali-silica reactive aggregates. 

The experimental study reported in this paper focused on subjecting concrete to 

KAc solution in different environments. Forty-one different concrete mixes were 

produced with different and varying amounts of SCMs. Samples sizes ranged from 50 x 

50 x 250mm prisms to 600 x 600 x 100mm slabs. The testing that was conducted in the 

laboratory includes wet/dry cycling and immersion with temperatures ranging from -5°C 

to 38°C. Concrete slabs were placed on an outdoor exposure site and were subjected to 

topical applications of KAc solution before and after snow events. Visual inspection and 

length-change measurements were conducted periodically and cores were extracted after 

3 winters to measure the ingress of the KAc solution. 

There were three objectives of this experimental study. The first was to determine 

whether the KAc deicer solution caused any damage not associated with ASR (by testing 

concretes with non-reactive aggregates). The second objective of this experiment was to 

find an explanation as to why excessive damage due to KAc solution is seen in laboratory 

experiments, while field studies have shown very little to no damage associated with 

KAc. The final objective was to determine if SCMs (or other preventative measures) 
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could provide sufficient protection against ASR-exacerbation/acceleration under field 

conditions. 

6.3 Experimental Details 

6.3.1 Materials 

Concrete mixes were made with hydraulic cement, supplementary cementing 

materials (SCMs ), fine and coarse aggregates, admixtures, and water. The concrete mixes 

were exposed to potassium acetate solution (KAc ). 

The cementitious materials used in this study included a Type I Portland cement 

(PC HA) and a Type V Portland cement (PC LA) meeting the requirements of ASTM 

C150, a calcium aluminate cement (CAC), a calcium sulfoaluminate cement (CSA), 

numerous fly ashes (FA) selected to have a range of calcium contents and meeting ASTM 

C618 Class For Class C, ground granulated blast-furnace slag (SG) meeting ASTM 

C989, and silica fume (SF) meeting the requirements of ASTM C1240. The chemical 

analyses for the cementing materials are given in Tables 6.1. 
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Table 6.1 - Chemical Composition (%) of Cementitious Materials 
Fly Ashes 

PC CAC CSA BD CM PS TK ws RD SG SF 
Si02 20.50 4.50 5.00 57.29 33.45 33.14 38.57 30.76 54.10 36.39 96.70 

Al203 5.40 40.20 38.39 21.79 17.97 18.12 18.84 17.75 26.20 11.49 0.30 

Fe20 3 2.10 16.50 2.4 7.20 5.28 6.65 6.69 5.98 3.00 0.63 0.10 
CaO 63.00 38.00 40.60 1.96 29.09 27.49 23.54 28.98 10.80 35.61 0.40 
MgO 1.40 0.0 2.50 NIA 5.34 5.45 4.76 6.55 2.40 11.68 0.30 

Na20 NIA 0.1 0.06 NIA 1.67 1.91 1.71 2.15 NIA 0.36 0.10 

K20 NIA 0.11 0.10 NIA 0.31 0.30 0.65 0.30 NIA 0.52 0.70 

P20s NIA 0.00 0.00 NIA 1.17 NIA NIA NIA NIA 0.10 0.10 

Ti02 NIA 0.00 1.20 NIA 1.59 NIA NIA NIA NIA 0.68 0.00 

S03 3.90 0.05 9.70 1.21 2.47 2.71 1.43 3.64 0.30 3.29 0.09 

Mn203 NIA 0.00 0.05 NIA 0.05 NIA NIA NIA NIA 1.57 0.00 

SrO NIA 0.00 NIA NIA 0.45 NIA NIA NIA NIA 0.04 0.00 
LOI 2.50 0.20 0.90 1.83 0.41 0.40 0.28 0.44 NIA -1.48 2.35 

Total Alkalis Na20e 0.80 0.00 NIA 3.82 1.87 2.11 2.14 2.35 0.10 N.A NIA 

Aggregates: A single source of non-reactive coarse aggregates (Blagdon) was used 

throughout all of the concrete mixtures in this experimental study; the aggregate was a 

siliceous gravel (S.G. 2.65, absorption 0.511). Two different fine aggregates were; these 

were: a non-reactive, natural sand from Zealand, NB (S.G. 2.65, absorption 1.320) and 

Jobe sand, a highly reactive natural sand from El Paso, Texas (S.G. 2.59, absorption 

0.687). 

Admixtures: Two admixtures were used in the concrete mixtures. A 

polycarboxylate high-range water-reducing admixture (HR WRA) meeting the 

requirements of ASTM C494 for Type A, water-reducing, and Type F, high-range water

reducing admixture. An air-entraining admixture (AEA) that met the requirements of 

ASTM C 260 was used to entrain 5-8% air, in concretes that were exposed to freezing 

temperatures. 

Analytical grade sodium hydroxide (NaOH) was used to increase the alkali contents 

of the high alkali concrete mixtures. Lithium nitrate (LN) was also used in some of the 
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concrete mixes; LN was added as a 30% solution of LiN03, which is commercially 

available as a concrete admixture. 

Potassium Acetate (K.Ac): The potassium acetate that was used throughout this 

experimental study was a commercial-grade K.Ac. Concrete samples were either 

immersed in K.Ac solution or K.Ac solution was sprayed on the surface of the concrete 

slabs. A chemical analysis of these three different K.Ac samples used can be found in 

Table 6.2. 

Table 6.2 - Chemical Analyzes of Commercial Grade KAc 
Sample# 1 2 3 

Date Sampled: January 14, 2008 July 18, 2010 August 29, 2012 
Analytes Units RL 
Aluminum mg/L ,. 0.5 <0.5 <0.5 <0.5 
Barium mg/L r 0.5 <0.5 <0.5 <0.5 
Boron mg/L r 0.5 <0.5 <0.5 <0.5 
Calcium mg/L I" 0.5 .. 6.7 I" 10.7 <0.5 
Chromium mg/L r 0.5 < 0.5 <0.5 <0.5 
Copper mg/L r 0.5 < 0.5 <0.5 <0.5 
Iron mg/L .. 0.5 .. 0.9 I" 1.1 <0.5 
Magnesium mg/L I" 0.5 JI" 2.4 r 0.5 <0.5 
Manganese mg/L .... 0.5 <0.5 <0.5 <0.5 
Phosphorus mg/L .. 0.5 .. 262. I" 311. 414 
Potassium mg/L I" 0.5 r 163000 r 170000 205000 
Rubidium mg/L .... 0.5 .... 17.1 .... 42.4 29.1 
Sodium mg/L .... 0.5 .. 288. .. 536. 132 
Strontium mg/L ... 0.5 <0.5 <0.5 <0.5 
Sulfur mg/L 

,. 
0.5 

,.. 
16.6 .... 2.8 4.7 

Vanadium mg/L r 0.5 <0.5 <0.5 <0.5 
Zinc mg/L I" 0.5 <0.5 <0.5 <0.5 
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6.3.2 Mixture Proportions 

Concrete slabs for outdoor exposure and prisms for wet-dry cyclic tests in the 

laboratory were produced from 36 mixes the details of which are given in Table 6.3. 

Tests were also conducted to examine the impact of specimen size on the performance of 

concrete immersed in KAc solution in the laboratory; five concrete mixtures were 

produced for this study and the details are provided in Table 6.4. In all cases the 

cementitious materials content of the concrete was 420 kg/m3
, the water-to-cementitious

materials ratio was w/cm = 0.40, and the sand content was 40% by mass of total 

aggregate. The dose of HR WRA was adjusted to provide sufficient workability to permit 

proper consolidation and AEA was added to produce an air content in the range of 5 to 

8% for concrete exposed to freezing 

Table 6.3- Concrete Mixes for Slabs and Wet/Dry Experiments 
Slabs Exposed to Kac Slabs Not Exposed to Kac 

SCM HAJobe LA Jobe HAZealand HAJobe LA Jobe HA Zealand 
Control - PC Only PC-HA-R(l) PC-LA-R(2) PC-HA-NR(3) PC-HA-R(27) PC-HA-NR(29) 

25%BD 25BD-HA-R(4) 25BD-LA-R( 18) 25BD-HA-NR(l 9) 25BD-HA-R(22) 25BD-LA-R(30) 
25%CM 25CM-HA-R(5) 25CM-LA-R(l 6) 25CM-HA-NR(l5) 25CM-HA-R(23) 25CM-LA-R(3 l) 25CM-HA-NR(33) 
50%SG 50SG-HA-R(6) 50SG-LA-R(l 7) 50SG-HA-NR(20) 50SG-HA-R(28) 50SG-LA-R(32) 

4% SF+20%BD 4SF20BD-HA-R(7) 
l.5LN l .5LN-HA-R(8) l .5LN-HA-NR(34) 
CAC CAC-HA-NR(21) 

40%BD 40BD-HA-R(l 0) 

50%CM 50CM-HA-R(l l) 
25%PS 25PS-HA-R(l2) 25PS-LA-R(35) 25PS-HA-NR(24) 
25%RD 25RD-HA-R(l 3) 25RD-HA-NR(25) 
25%TK 25TK-HA-R(l4) 25TK-LA-R(36) 25TK-HA-NR(26) 

CSA CSA-HA-NR(9) 
HA- HIGH ALKALI CEMENT 
LA- LOW ALKALI CEMENT 
R - REACTIVE AGGREGATE (JOBE) 
NR - NON-REACTIVE AGGREGATE (ZEALAND) 
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Table 6.4 - Concrete Mixes with Different Size Samples 
# Mix Designation W/CM Details 
1 PC-HA-NR 0.40 100% Type I Portland cement with non-reactive aggregate (PC NR) 
2 25BD-HA-NR 0.40 75% PC NR + 25% BD fly ash 
3 25PS-HA-NR 0.40 75% PC NR + 25% PS fly ash 

4 SOPS-HA-NR 0.40 50% PC NR + 50% PS fly ash 

6 27SF-HA-NR 0.40 73% PC NR + 27% SF 
HA- HIGH ALKALI CEMENT 
NR- NON-REACTIVE AGGREGATE (ZEALAND) 

The 27% SF mix was produced in the sample size experiment to further investigate 

the role of silica fume in the matrix of concretes. The paste study that was reported in 

Chapter 5 of this report showed pastes that contained SF expanded rapidly and with a 

different failure method. The SF mix was produced hoping to see similar results in 

concrete. The mix design was originally 30% SF but due to batching errors, a mix 

containing 2 7% was produced. 

6.3.3 Testing Procedures 

6.3.3.1 Wet/Dry Experiment 

The experiment was conducted utilizing 75 x 75 x 250mm prisms with stainless 

steel inserts (for length-change measurements). The prisms were cast and wet-cured 

under burlap and plastic for one day in moulds. The prims were demoulded after 1-day 

and then submerged in water at room temperature until 28 days. After wet-curing initial 

length-change and resonant frequency measurements were taken before exposing the 

prisms to commercial-grade potassium acetate (KAc) at room temperature. The samples 

were then subjected to cyclic wet-dry exposure; each cycle consisted of 21 days 

immersion in KAc at room temperature followed by 7 days drying at 38°C. Length

change measurements were made at the end of the immersion and the drying periods and 

resonant-frequency measurements were made at the end of each drying period only. The 
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28-day cycles were continued until the samples were too badly damaged or had expanded 

beyond the range of the length-change comparator. 

6.3.3.2 Immersion of Different size samples in KAc 

Three different samples sizes were used in this experiment; these were: 50 x 50 x 

250mm, 75 x 75 x 250 mm, and 100 x 100 x 250 mm prisms (all with stainless steel 

inserts for length-change measurements). 

The different size prisms were cast using the same concrete mixture and were wet 

cured for 28 days before undergoing testing. After wet-curing the samples were placed in 

water and stored at the intended exposure temperature for 1-day. The initial length

change measurements were subsequently taken and the samples were immersed in a 

commercial-grade potassium acetate. The samples were exposed to three different 

temperatures including -5°C, 5°C, and 20°C. There was also a set of concrete samples 

placed in water at 20°C as a "control environment". Length-change measurements were 

made following exposure periods of 7, 28, 56, 91, 180 and 365 days. 

6.3.3.3 Bulk Diffusion 

The bulk diffusion testing was conducted on 100mm cylinders that were cured in 

moulds for one day. The samples made with reactive aggregate were then placed over 

water in sealed containers stored at 38°C. The cylinders were left in this environment for 

35 days to pre-crack the cylinders on a microscopic level. Length-change measurements 

conducted on prism specimens with the same concrete composition indicated the 

expansion to be approximately 0.06% at this age. The other samples that had non-reactive 

aggregate were wet cured at room temperature for 35 days. 
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After the samples were cured each cylinder was cut to produce two 50-mm long 

discs. The 50-mm thick disks were coated with epoxy except for the top surface. The 

disks were then left to dry overnight. After the samples were dried two specimens from 

each mix were immersed in water to pre-saturate the concrete and then into a 

commercial-grade KAc at -5, 5, and 20°C. 

The samples were immersed for 120 days in the commercial-grade KAc. After 120 

days one sample of each mix was taken out of solution to be profile ground. The other 

sample of each mix remained in solution to be tested at a later date. Each sample was 

profiled in 1mm increments down to 10 mm. This depth was chosen initially and was 

increased if enhanced potassium levels were detected at a greater depth. 

Using a method described by Berube et al. (2002) the potassium ions were 

extracted from the profiled concrete. A sub-sample (2 g) of each ground sample was 

placed in a beaker with 40ml of deionized water, which was brought to a boil for 10 

minutes, covered and left to stand overnight. The volume of liquid was then increased to 

100 ml and a sample taken for analysis of Na and K by inductively coupled plasma 

optical emission spectrometry (ICP-OES). 

This technique liberates the "water-soluble" potassium and does not include any 

potassium that may be present as mineral components of the aggregates ( e.g. feldspar). 

6.3.3.4 Exposure Slabs 

An exposure site was constructed at the University of New Brunswick (UNB. The 

slabs that were placed on these sites are 600 x 600 x 100 mm in size. The slabs were 

instrumented with pins during casting to enable length-change measurements to be made. 

After the slabs were wet cured for 28 days they were placed on the exposure sites. Initial 
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length-change measurements were taken once the slabs were in place. 

The exposure slabs at UNB were exposed to a commercial-grade KAc solution 

before and after each snow event by spraying the liquid at a rate of 110 ml/m2
. After each 

snow event the snow was cleared from the slabs before applying the KAc solution. This 

schedule of application continued until 2012, but as of 2012 the slabs were also sprayed 

at the same rate each time the temperature dropped below 0°C. This change was 

implemented to ensure KAc was applied to the slabs on a regular basis. KAc is now 

applied to the slabs approximately 150 times a year. One row of slabs ( closest to the 

building) on the UNB exposure site (see Figure 6.1) are not exposed to KAc and act as 

control samples. Commercial-grade KAc solution is sprayed on the surface of the slabs 

on the UT A exposure site at a rate of 110 ml/m2 every month. 

The concrete slabs were placed on the UNB exposure site between the months of 

August and September 2009. Figure 6.1 shows the UNB exposure site. 

Figure 6.1: Photograph of the UNB Exposure Site 

6.3.3.5 Potassium Profiles in Exposure Site Slabs 

To determine the potassium-concentration profile 100mm diameter cores were 

taken from each slab exposed to KAc solution. The cores were ground in 1 mm depth 
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increments down to a depth of 15mm and the dust from each layer was collected. The 

concrete dust was then analyzed for potassium ions to determine the depth of penetration 

of the KAc solution. The potassium ions were extracted using the method described by 

Berube et al. (2002) and were analyzed using the ICP-OES (see section 6.3.3.3). 

6.4 Results 

6.4.1 Wet/Dry Experiment Results 

The results of the wet/dry cycling experiment for concretes are shown in Figure 6.2. 

Figure 6.2 shows the length-change measurements over time of concretes with reactive 

and non-reactive aggregate. In Figure 6.2 HA stands for high alkali cement, LA stands 

for low alkali cement, R stands for reactive aggregate, and NR stands for non-reactive 

aggregate. This figure clearly shows that expansion was present only if reactive aggregate 

was used in the mix. It also clearly depicts that all the mixes containing fly ash did poorly 

while a higher replacement of SG and the control mix performed significantly better. 

Figure 6.3 shows a photograph of a 25% TK wet/dry prism after 26 cycles. This 

photograph is representative of the damage that was observed with prisms that contained 

reactive aggregate. The non-reactive aggregate prisms showed no signs of damage after 

26 cycles. 
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Figure 6.2 : Length-Change Results of High Alkali & Low Alkali Concretes with 
Reactive and Non-reactive Sand Subjected to Wet/Dry Cycling 

Figure 6.3: Photograph showing the deterioration of a 25% TK wet/dry prism after 26 
cycles 

6.4.2 Immersion of Different Size Samples in KAc Results 

Figure 6.4 shows the length-change of concrete prisms of differing sizes (50 x 

50mm, 75 x 75mm, 100 x 100mm) continuously immersed in commercial-grade 
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potassium acetate solution at 20°C. The samples were made with non-reactive aggregate 

and showed little to no expansion until approximately 180 days. After 180 days the 

samples that were 50 x 50mm started to expand rapidly for each mix except for the 27% 

SF prisms. The prisms that contained fly ash showed increased amount of expansion in 

the 50 x 50mm prisms compared to the control and SF mixes. This experiment was 

conducted at -5°C and 5°C as well with similar results just not happening as quickly as 

20°C. This trend has been seen in all other experiments where different temperatures 

were tested. The results for the other temperatures can be found in Appendix E. 
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Figure 6.4: Length-Change of Various Concretes Immersed in Commercial-Grade KAc at 
20°c 

6.4.3 Bulk Diffusion Results 

Figure 6.5 shows results for the bulk diffusion test conducted with commercial

grade KAc. The samples were immersed in the solution for 120 days before being 

analyzed for potassium ions. The results are expressed in terms of potassium oxide, K20 

(kg/m3). 
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The concrete shown in Figure 6.5 had been immersed in commercial-grade potassium 

acetate at -5°C or 20°C for 120 days. Pre-cracked samples with reactive aggregate and 

samples that were not pre-cracked with non-reactive aggregate were tested. An 

observation that can be made from Figures 6.3 is that the samples that were pre-cracked 

with the reactive aggregate showed more penetration and higher percentages of K20 than 

the samples with the non-reactive aggregate. The effect of temperature can also be noted 

in the figures with less penetration being seen in the samples that were stored at lower 

temperatures. The samples with non-reactive aggregate stored at -5°C showed little to no 

penetration beyond the first millimeter. The second sample of each mix will be profiled 

and tested at 3 years to compare the results. 
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Figure 6.5: Summary of Potassium Ingress into Concrete Samples Subjected to KAc 
Solution for 120 Days 

6.4.4 Exposure Site Slabs 

The concrete slabs on the exposure site at UNB were measured for length-change 

each year at approximately the same time of year (September) in an attempt to minimize 

temperature variations. Each slab on the UNB exposure site has had KAc solution applied 

to it at least 300 times over four winters. 

Figure 6.6 shows the length-change results of concrete exposure slabs that have had 

a commercial-grade potassium acetate anti-icer/deicer system applied before and after 

each snow event. In three cases (excluding non-reactive slabs), the control slabs for a 

particular condition (cement alkali/aggregate/exposure type) show the most expansion 

after 3 years. This does not follow the trend observed with laboratory measurements as 
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concretes with fly ashes showed the most expansion when exposed to potassium acetate. 

An interesting observation can be seen when looking at the high alkali cement control 

slabs ( exposed and not exposed to KAc ). The control slab that was never exposed to KAc 

solution during deicing shows approximately the same expansion as the slab that was 

exposed to KAc. This observation shows that the main reason for damage and expansion 

is due to alkali-silica reaction (ASR). If ASR is the main reason for expansion, this 

explains why lower alkali loading slabs and slabs that have supplementary cementing 

materials show lower expansion. It can also be seen from this figure that the slabs made 

with non-reactive aggregate that were exposed to the KAc anti-icing/deicing system show 

little to no expansion after three years. 
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Figure 6.6: Length-Change Results for Concretes Exposed to KAc anti-icer/deicer system 
over 3 Years on the UNB Exposure Site 
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6.4.5 Existing Potassium Profiles of Exposure Slab Cores 

The water-soluble potassium profiles shown in Figure 6. 7 were obtained from cores 

of the outdoor exposure slabs at 2 years of age. The potassium profiles were obtained 

using the extraction technique described in section 6.3 .3.3 and were then analyzed using 

ICP-OES. The results of the profile are expressed in terms ofkg/m3 of potassium oxide. 
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Figure 6. 7: Existing Potassium Profile of Concrete Cores from Outdoor Exposure Slabs 

Figure 6. 7 shows existing water-soluble potassium profiles in terms of potassium 

oxide (K20) of the exposure site concrete slabs that were treated with commercial-grade 

potassium acetate before and after each snow event. Figure 6.7 Control HA-Rand 

Control LA-R show that the concrete exposure slabs have a very high amount ofK20 

within the top 3mm of the cores. After the top 3mm of the cores the amount of K20 drops 

to levels that would be expected for background K20 based on the K20 contributed by 

the cementitious material component of the concrete which was calculated in the range of 

1. 0 to 3. 0 kg/m 3. It is also of importance to note that these are the only slabs that are 
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cracked at the surface at this point. Therefore, the penetration could be linked to the 

cracks that have formed. 

6.5 Discussion 

6.5.1 Mechanism of Deterioration of Wet/Dry Cycling Concrete Prisms 

The results presented in Figure 6.2 show the expansion of concrete prisms when 

exposed to wet-dry cycling. Prisms that were made with the reactive sand (Jobe) showed 

significant damage in all cases regardless of alkali loading or if SCMs were present. The 

prisms that showed the most damage were actually prisms that contained SCMs, mainly 

fly ashes. The fact that the concrete with an alkali-silica reactive aggregate expanded was 

not surprising as Rangaraju et al. (2007a) have already shown KAc exacerbates ASR. 

The surprising result was how significant the damage was in the concretes with fly ashes. 

Figure 6.2 shows that the 25% BD fly ash prisms expanded by 2.45% in less than 21 

cycles of wetting and drying. While the 25% CM fly ash prisms expanded by 2.05% in 12 

cycles of wetting and drying before all the prisms actually broke. It is believed that the 

excessive damage is caused solely by the KAc solution. Much of the damage that occurs 

in prisms with reactive aggregates is due to the physical action resulting from the 

precipitation ofKAc. This occurs in the ASR-affected concrete because the ASR 

cracking creates pathways for the KAc to penetrate into the concrete. In the absence of 

ASR there is little damage associated with KAc precipitation because the KAc does not 

penetrate. 
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6.5.2 The Effect of Sample Size on Expansion of Concretes Exposed to KAc 

The previous paper "Laboratory Study of Paste and Mortars Exposed to Potassium 

Acetate"(Chapter 5) showed results for paste and mortar bars. The bars were 25 x 25 x 

250 mm and were constantly immersed in KAc solution. With that size of bar and in 

those conditions the samples containing fly ash and silica fume continually showed 

excessive damage. The damage was even seen in bars containing non-reactive aggregates 

or in the absence of aggregates. The perplexing question was brought about by the 

concrete immersion tests conducted by the University of Texas Austin that were reported 

in Hayman et al., 2012. The concrete prisms were 75 x 75 x 250 mm and constantly 

immersed in KAc solution at different temperatures. The concrete prisms that contained 

reactive aggregate expanded over time, but the prisms containing non-reactive stone 

showed no expansion over time. This experimental study raised questions regarding the 

effect of sample sizes. Are the concrete prisms too large to allow penetration deep 

enough to cause damage due to chemical reactions? 

Figure 6.4 shows five different mixes with non-reactive aggregate that were 

selected to examine the effect of specimen size by using prisms with cross sections 

ranging from 50 x 50 mm to 100 x 100 mm. The control sample when smaller ( 50 x 50 

mm) had an expansion at one year of 0.032%, while the 100 x 100mm sample showed an 

expansion of -0.002%. This value does not seem to be a large difference but the control 

prisms show the smallest expansion in mortar and paste studies as well. The control 

mortar bar (25 x 25mm) exposed at 20°C at one year immersed in KAc solution had an 

expansion value of 0.248%. 

When comparing values in Figure 6.4 for prisms that contain 50% PS fly ash the 
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difference due to specimen size is considerable. At one year the 50 x 50 mm prims 

showed an expansion of0.371% while the 75 x 75 mm and the 100 x 100 mm prism 

showed expansions of -0.006% and 0.017%, respectively. This difference in expansion 

values is significant and can only be attributed to the difference in size as the samples 

were immersed in the same solution at the same temperature and were made at the same 

time. It is also interesting to compare this value to a 40% PS fly ash mortar bar in the 

previous study. After one year immersion in the same KAc solution at 20°C the 

expansion of the mortar bar was 1.01 %. Therefore it can be seen that as the sample size 

gets smaller the KAc solution has more effect on the performance of the mortar or 

concrete. 

The effect seen with sample sizing could have to do with the ingress of the 

potassium acetate into the system. It has been shown with the wet/dry cycling of 

concretes that once potassium acetate has penetrated into the sample damage can be 

caused. If the samples are larger then it will take longer for the solution to get far enough 

into the sample to cause significant damage. 

6.5.3 Effect of Temperature and Reactivity of Aggregate on Penetration of 

Potassium 

Section 6.5.2 discussed how the size of concrete samples, mainly prisms, effects the 

deterioration due to KAc. Other factors that were tested in this experimental study 

include the temperature at which the tests are conducted and whether the concrete has 

reactive or non-reactive aggregate present. The testing conducted to conclude how each 

of these factors applied was a modified bulk diffusion test. The results of these tests can 

be found in Figure 6.5. Figure 6.5 shows the results of a 25% PS concrete immersed in 
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commercial grade K.Ac solution for 120 days at different temperatures and with different 

aggregates. The results show that both the temperature of the experiment and reactivity of 

the aggregate are important factors. The reactive aggregate (Jobe) and non-reactive 

aggregate (Zealand) when stored at 20°C for the duration of the test showed more K.Ac 

ingress than when stored at -5°C. This could be explained by the fact that at -5°C the 

concrete is at least partially frozen therefore making it more difficult for potassium ions 

to penetrate. The reactivity of the aggregate is also an important factor in determining the 

penetration of the K.Ac solution. The cracks resulting from the alkali-silica reaction with 

the Jobe aggregate allows more penetration of the K.Ac solution compared with the 

concrete with the Zealand aggregate at both temperatures. The 25% PS concrete with 

Jobe aggregate stored at 20°C at a depth of 10mm shows the worst performance with 

approximately 15 kg/m3 of potassium in the concrete where as the 25% PS concrete with 

Zealand aggregate stored at -5°C at a depth of 10mm shows the best performance with 

under 2 kg/m3 of potassium. A value of 1.0 to 3.0 kg/m3 was calculated to be 

approximately the background potassium level in these concretes. 

Using the above reasoning an explanation of why expansion is seen in the 

laboratory and not in the field can be made. When K.Ac solution is sprayed in the field as 

an anti-icer or deicer the temperature will be close to if not below zero. This experimental 

study showed that there is little to no penetration of potassium when concrete is 

immersed into K.Ac solution at temperatures close to zero. Therefore when the K.Ac is 

being sprayed (anti-icing/deicer system) at freezing or near freezing conditions the 

chance that any K.Ac will penetrate the concrete is minimal. One way K.Ac could 

penetrate in this situation is if the pavement was already cracked (i.e., ASR related 
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damage). There is no direct evidence presented to suggest KAC causes·damage in the 

field 

6.5.4 Effect of KAc Solution of Concrete Exposure Site Slabs 

The results for the exposure slabs exposed to KAc solution spray before and after 

each snow event are shown in Figures 6.4 and 6.5. The main differences between the 

slabs are as follows: 

• nature of the sand (reactive or non-reactive) 

• alkalinity of the cement 

• whether or not KAc was applied 

The reactivity of the aggregate has been shown to be important in previous sections. 

The importance of alkali loading of concrete when ASR is present is already known. The 

more alkalis present in concrete the more expansion due to ASR is expected. 

Figure 6.6 shows the slab with a high alkali loading and reactive aggregate that was 

exposed to KAc deicer spray has approximately the same expansion as the slab with a 

high alkali loading and Jobe that was not exposed to KAc deicer spray. This result brings 

to question if the expansion of the slabs is due to the KAc deicer spray or due to ASR. 

Interestingly enough the set of slabs that performed the best in reducing expansion due to 

ASR, 50% slag, shows no expansion at all. Therefore is the KAc deicer spray causing any 

damage at all? According to the results of the slabs that were subjected to over 300 

topical applications of KAc spray, it is not (at least not at this time). 

Another way to determine if the KAc deicer spray is causing any damage would be 
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to find out if it had penetrated into the slabs at all. A set of seven different slabs were 

chosen and these were cored, profiled ground, analyzed and the results presented in 

Figure 6.7. When looking at Control HA-Rand Control LA-R it can be seen that the 

potassium ions have penetrated about 3mm to 4mm deep. The penetration of KAc to this 

depth is not surprising, as these slabs have shown the most amount of expansion. When 

expansion occurs in concrete, cracking is inevitable. Therefore if the slabs are cracked the 

KAc solution is able to penetrate. The other slabs in the figures do not show a spike of 

potassium ions at the surface. This is surprising, as a small spike of potassium ions would 

be expected at the very top surface. This brings into question, does the KAc solution stay 

on the slabs long enough to have a chance to penetrate? 

The following reasons are why expansion of exposure slabs is thought to not be 

caused by KAc: 

• Slabs that have not been exposed to KAc solution have expanded as much as slabs 

that have been exposed 

• Slabs with preventative measures to decrease expansion due to ASR have expanded 

less than control slabs 

• Cores were taken out of slabs that have been exposed to KAc and there was no 

increase in potassium at the surface of the slabs containing SCMs or non-reactive 

aggregate. 

With these findings, it is hard to conclude that KAc deicer has had any role in 

increasing expansion on concrete slabs at UNBs exposure site. 
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6.6 Conclusions 

The following conclusions can be drawn from this experimental study: 

• The excessive expansion and damage seen in the wet/dry cycling experiment was 

not due purely to a chemical alteration of the concretes paste or ASR 

• The excessive expansion and damage seen in the wet/dry cycling experiment was 

partly physical damage caused by the precipitation of KAc during the drying 

cycle 

• Damage is not seen in larger sized concrete samples with non-reactive aggregate 

because the KAc solution can not penetrate far enough to cause deterioration 

• Damage will be seen in concrete with non-reactive aggregate if enough time passes 

to allow penetration of KAc 

• The temperature at which experiments are conducted in laboratory situations 

greatly affects the amount of potassium solution that penetrates into concrete 

• The presence of reactive aggregate in concretes that are immersed in KAc solution 

greatly affects the amount of potassium that penetrates into concretes 

• The effect of a KAc deicer spray used on concrete exposure slabs has a minimal 

effect on the expansion and damage of the concrete 
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• The penetration of potassium into concretes when K.Ac solution is used as a deicer 

spray on concrete exposure slabs is very minimal unless the concretes are cracked 

already 
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Chapter VII 

7 .0 Conclusions 

This experimental study started with three main objectives: 

• To determine the rate of deterioration of concrete exposed to KAc in field 

conditions and to find a preventive measure to sufficiently extend the service life 

of the concrete. 

• To find the mechanisms behind the non-ASR-related distress that has been 

observed in the laboratory but not in the field. 

• To determine if non-ASR distress will occur under field conditions (i.e., in concrete 

with non-reactive aggregate exposed to potassium acetate) 

Based on the findings derived from this study of the effect of KAc on concrete the 

following conclusions can be made: 

• The rate of deterioration of concretes exposed to KAc in field conditions is highly 

dependent on the constituents present in the concrete mix. If a reactive aggregate 

is present within the concrete then the rate of deterioration will be faster than the 

rate at which ASR would of occurred in the absence of KAc. If a non-reactive 

aggregate is used in the concrete mix and there is no cracking associated with the 

concrete, the rate of deterioration will not be affected by the application of KAc. 

This conclusion is based on the fact that in field conditions the KAc does not have 

ability to penetrate the concrete when it is applied at freezing temperatures. 
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• In the paste and mortar study a non-ASR related mechanism causing distress was 

observed. The non-ASR distress was partially caused by the conversion of 

ettringite and/or monosulfate breaking down to arcanite (K2S04) and a calcium 

aluminate phase (possibly C4AH19). This is not believed to be the only mechanism 

causing distress in non-ASR affected concrete as some samples that exhibited 

distress did not contain arcanite. 

• After testing many different supplementary cementing materials (SCMs) in pastes, 

mortars, and concretes, slag performed the best with regards to preventing distress 

related to KAc expansion under laboratory conditions. At a slag replacement level 

of 50% in paste and mortars, deterioration and expansion was observed at higher 

temperatures but not at lower temperatures. Concrete with a replacement level of 

50% slag performed very well in immersion testing and in exposure slabs. Silica 

fume and Class C fly ash performed the worse in all laboratory experiments and 

under field conditions. It is unknown if a replacement level of 50% slag would be 

sufficient enough to reach a full service life of the pavements as exposure site 

testing of 5 to 10 years is needed to confirm this. 
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Chapter VIII 

8.0 Recommendations 

After completing this experimental study with KAc solution these 

recommendations for further studies can be made: 

• Continue to monitor all samples that are left immersed in solution to determine the 

rate of deterioration over time. 

• Conduct further SEM and XRD work on concrete samples when they show damage 

after immersion in solution. Look for any signs of ettringite converting to arcanite 

and a calcium aluminate phase. 

• Continue to apply KAc solution to the slabs at the outdoor exposure site when 

temperature drops below zero and before and after snow events to monitor how 

slabs perform in the long-term. 

• Conduct more experiments with non-Portland cements and KAc to see if the same 

reactions that are seen in Portland cement also occur. 

• Expand the exposure site with additional slabs of concrete with dykes on the top 

surface to allow KAc to pond on the surface. This would be useful to see ifKAc 

would penetrate over time if it accumulated on the surface. 
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• Apply different solutions to slabs on the exposure site to monitor differences 

between K.Ac and other deicing solutions. 

• Continue study into different chemical reactions and mechanisms that cause 

damage between K.Ac and concretes, mortars, and pastes. This study would be 

useful as it is theorized that there is another mechanism that was not found in this 

study. 

• At one year, analyze the last samples from bulk diffusion to find out if penetration 

of K.Ac does eventually occur with non-reactive aggregates at colder temperatures 

• Test other non-chloride deicers at different molarities to see the effect on the 

damage and expansion of concrete 

• Continue to test cores from different field studies that have had a K.Ac deicer 

system applied to the structure 
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Appendix A 

Mix Designs 
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High Alkali Jobe Control (Brookfield) Mixed Spetember 29, 2008 Mix 1 
0.06 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 25.20 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 9.47 168 1000 0.168 158 
Stone 59.82 1000 2650 0.377 0.511 0.215 997 
Sand 41.39 677 2590 0.261 0.687 2.634 690 
Air 0.06 
Alkalis 0.146 
Total ,. 2265 r 

1.000 
W/CM 0.4 
FA% 0 
Sand% 40 

Low Alkali Jobe Control (Woodstock) Mixed September 30, 2008 Mix 2 
0.055 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.10 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 9.55 168 1000 0.168 174 
Stone 55.39 1010 2650 0.381 0.511 0.222 1007 
Sand 36.53 667 2590 0.258 0.687 0.2651 664 
Air 0.06 
Alkalis 
Total "'2265 

... 
1.000 

W/CM 0.4 
FA% 0 
Sand% 40 
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High Alkali Zealand Control (Brookfield) Mixed Ocotober 9 2008 Mix 3 
0.055 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.10 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 8.99 168 1000 0.168 164 
Stone 55.38 1010 2650 0.381 0.511 0.198 1007 
Sand 37.96 682 2650 0.258 1.32 2.452 690 
Air 0.06 
Alkalis 0.134 
Total "' 2280 ,.. 1.000 

W/CM 0.4 
FA% 0 
Sand% 40 

HA Jobe 25o/o Fash (Brookfield & Belldune) Mixed Nov.3, 2008 Mix 4 
0.11 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 34.65 315 3150 0.100 
Fly Ash 11.55 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 17.67 168 1000 0.168 161 
Stone 109.07 995 2650 0.375 0.511 0.162 992 
Sand 73.25 655 2590 0.253 0.687 2.345 666 
Air 0.06 
Alkalis 0.201 
Total ,.. 2238 ,.. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 
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HA Jobe 25% C ash (Brookfield & Commanche) Mixed Nov.12, 2008 Mix.5 
0.11 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 34.65 315 3150 0.100 
Fly Ash 11.55 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 17.81 168 1000 0.168 162 
Stone 109.08 995 2650 0.375 0.511 0.171 992 
Sand 73.11 655 2590 0.253 0.687 2.143 665 
Air ,.. 0.00 0.06 
Alkalis 0.201 
Total r 2238 ... 

1.000 
W/CM 0.4 
FA% 25 
Sand% 40 

HA Jobe 50% Slag (Brookfield & Stoney Creek) Mixed Apr.22, 2009 Mix 6 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 15.54 210 3150 0.067 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 15.54 210 2950 0.071 
Water 11.71 168 1000 0.168 158 
Stone 74.12 1005 2650 0.379 0.511 0.17 1002 
Sand 49.83 660 2590 0.255 0.687 2.692 673 
Air 0.06 
Alkalis 0.090 
Total .,. 2253 .. 

1.000 
W/CM 0.4 
FA% 0 
Sand% 40 
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HA Jobe 4% SF & 20% F Ash (Brookfield & Belldune) Mixed June 24, 2009 Mix 7 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.62 319.2 3150 0.101 
Fly Ash 6.22 84 2410 0.035 
Silica Fume 1.24 16.8 
Slag 0.00 0 2950 0.000 
Water 11.88 168 1000 0.168 161 
Stone 74.17 1005 2650 0.379 0.511 0.243 1002 
Sand 49.92 665 2590 0.257 0.687 2.221 675 
Air 0.06 
Alkalis 0.137 
Total r 2258 r 1.000 
W/CM 0.4 
FA% 20 
Sand% 40 

HA Jobe & 1.5 Lithium (Brookfield & LiN03) Mixed July 23, 2009 Mix 8 
0.074 

Batch Mass Density Volume abs m/c Correction 

kg kg/m3 kg/m3 m3 kg/m3 

Cement 31.08 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 9.19 137.57 1000 0.138 124 

Stone 74.60 1010 2691 0.375 0.511 0.32 1008 

Sand 50.49 667 2590 0.258 0.687 2.992 682 

Air 0.06 
Alkalis 0.180 
Lithium 3.217 43.47 1200 0.036 
Total 

r 
2278 r 1.000 

W/CM 0.40 
FA% 0 
Sand% 40 
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CTS Block Mix Mixed January 20, 2011 Mix 9 
0.076 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 31.92 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 10.56 159 1000 0.159 139 
Stone 64.17 832 2650 0.314 0.511 2 844 
Sand 63.82 832 2590 0.321 1.32 2.263 840 
Air 0.06 
Alkalis 0.185 
Total ... 2243 "' 0.988 
W/CM 0.38 
FA% 0 
Sand% 50 

HA Jobe with 40% F Ash (Brookfield & Belldune) Mixed Feb.11, 2009 Mix 10 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 18.65 252 3150 0.080 
Fly Ash 12.43 168 2410 0.070 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 12.13 168 1000 0.168 164 
Stone 72.62 985 2650 0.372 0.511 0.145 981 
Sand 48.60 649 2590 0.251 0.687 1.878 657 
Air 0.06 
Alkalis 0.108 
Total ... 2222 r 

1.000 
W/CM 0.4 
FA% 40 
Sand% 40 
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HA Jobe with 50°/o C Ash (Brookfield & Commanche) Mixed May.19/09 Mix 11 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 15.54 210 3150 0.067 
Fly Ash 15.54 210 2410 0.087 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.66 168 1000 0.168 158 
Stone 72.25 980 2650 0.370 0.511 0.142 976 
Sand 48.64 643 2590 0.248 0.687 2.874 657 
Air 0.06 
Alkalis 0.090 
Total ,. 2211 ,. 1.000 

W/CM 0.4 
FA% 50 
Sand% 40 

HA Jobe 25% Ash (Brookfield & Parish) Mixed May.20 2009 Mix 12 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.70 168 1000 0.168 158 
Stone 73.35 995 2650 0.375 0.511 0.134 991 
Sand 49.49 655 2590 0.253 0.687 2.789 669 
Air 0.06 
Alkalis 0.135 
Total ,.. 2238 ,. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

133 



HA Jobe 25% F Ash (Brookfield & Rockdale) Mixed June.8, 2009 Mix 13 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 10.72 168 1000 0.168 145 
Stone 74.49 995 2650 0.375 0.511 1.69 1007 
Sand 49.34 655 2590 0.253 0.687 2.459 667 
Air 0.06 
Alkalis 0.135 
Total ""2238 ,. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

HA Jobe 25% C Ash (Brookfield & Tolk) Mixed June.IO, 2009 Mix 14 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 10.25 168 1000 0.168 139 
Stone 74.70 995 2650 0.375 0.511 1.975 1009 
Sand 49.59 655 2590 0.253 0.687 2.982 670 
Air 0.06 
Alkalis 0.135 
Total " 2238 ,.. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 
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HA Zealand with 25% C Ash (Brookfield & Commanche) Mixed Nov.15/09 Mix 15 
0.11 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 34.65 315 3150 0.100 
Fly Ash 11.55 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 18.22 168 1000 0.168 166 
Stone 110.25 1005 2650 0.379 0.511 0.234 1002 
Sand 73.21 660 2650 0.249 1.32 2.112 666 
Air 0.06 
Alkalis 0.201 
Total ... 2253 ,.. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

LA Jobe with 25°/o C Ash (Woodstock & Commanche) Mixed Mar.4/09 Mix 16 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.72 168 1000 0.168 158 
Stone 73.44 995 2650 0.375 0.511 0.254 992 
Sand 49.38 655 2590 0.253 0.687 2.56 667 
Air 0.06 
Total ... 2238 ... 

1.000 
W/CM 0.4 
FA% 25 
Sand% 40 
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LA Jobe with 50% Slag (Woodstock & Stoney Creek) Mixed Apr.21/09 Mix 17 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 15.54 210 3150 0.067 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 15.54 210 2950 0.071 
Water 11.74 168 1000 0.168 159 
Stone 74.22 1005 2650 0.379 0.511 0.302 1003 
Sand 49.70 660 2590 0.255 0.687 2.431 672 
Air 0.06 
Total "'"2253 """ 1.000 
W/CM 0.4 
FA% 0 
Sand% 40 

LA Jobe with 25% F Ash (Woodstock & Belledune) Mixed Feb.5/08 Mix 18 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.94 168 1000 0.168 161 
Stone 73.43 995 2650 0.375 0.511 0.244 992 
Sand 49.17 655 2590 0.253 0.687 2.11 664 
Air 0.06 
Total ,.. 2238 .. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 
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HA Zealand with 25% F Ash (Brookfield & Belldune) Mixed May.13/08 Mix 19 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.89 168 1000 0.168 161 
Stone 74.12 1005 2650 0.379 0.511 0.168 1002 
Sand 49.66 660 2650 0.249 1.32 2.961 671 
Air 0.06 
Alkalis 0.135 
Total ,. 2253 ,. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

HA Zealand with 50% Slag (Brookfield &Stoney Creek) Mixed Apr.27 /09 Mix 20 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 15.54 210 3150 0.067 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 15.54 210 2950 0.071 
Water 12.00 168 1000 0.168 162 
Stone 74.03 1005 2650 0.379 0.511 0.056 1000 
Sand 50.75 675 2650 0.255 1.32 2.873 686 
Air 0.06 
Alkalis 0.090 
Total ,. 2268 '" 1.000 
W/CM 0.4 
FA% 0 
Sand% 40 
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Zealand Fondu Mixed October 14, 2009 Mix 21 
0.07 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 29.75 425 3150 0.135 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.51 170 1000 0.170 164 
Stone 71.51 1025 2650 0.387 0.511 0.17 1022 
Sand 47.18 665 2650 0.251 1.32 2.692 674 

Air 0.06 
Alkalis 
Total ..- 2285 "' 1.003 
W/CM 0.4 
FA% 0 
Sand% 39 

HA Jobe 25°/o Fash (Brookfield & Belledune) Mixed Nov.3/08 Mix 22 
0.11 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 34.65 315 3150 0.100 
Fly Ash 11.55 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 17.12 168 1000 0.168 156 
Stone 109.16 995 2650 0.375 0.511 0.241 992 
Sand 73.73 655 2590 0.253 0.687 3.002 670 
Air 0.06 
Alkalis 0.201 
Total "' 2238 "' 1.000 
W/CM 0.4 
FA% 25 
Sand% 40 
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HA Jobe 25°/o C Ash (Brookfield & Commanche) Mixed Nov.12/09 Mix 23 
0.11 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 34.65 315 3150 0.100 
Fly Ash 11.55 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 17.32 168 1000 0.168 157 
Stone 109.05 995 2650 0.375 0.511 0.142 991 
Sand 73.63 655 2590 0.253 0.687 2.874 669 
Air 0.06 
Alkalis 0.201 
Total " 2238 .. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

HA Zealand 25% C Ash (Brookfield & Parish) Mixed May.20/09 Mix 24 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.98 168 1000 0.168 162 
Stone 74.16 1005 2650 0.379 0.511 0.222 1002 
Sand 49.53 660 2650 0.249 1.32 2.702 669 
Air 0.06 
Alkalis 0.135 
Total .. 2253 .. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

139 



HA Zealand 25% Fash (Brookfield & Rockdale) Mixed Jun.9, 2009 Mix 25 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 12.11 168 1000 0.168 164 
Stone 74.15 1005 2650 0.379 0.511 0.213 1002 
Sand 49.41 660 2650 0.249 1.32 2.452 668 
Air 0.06 
Alkalis 0.135 
Total "'" 2253 .. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

HA Zealand 25% C Ash (Brookfield & Tolk) Mixed Jun.17, 2009 Mix 26 
0.08 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 25.20 315 3150 0.100 
Fly Ash 8.40 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 12.72 168 1000 0.168 159 
Stone 80.25 1005 2650 0.379 0.511 0.321 1003 
Sand 53.69 660 2650 0.249 1.32 2.983 671 
Air 0.06 
Alkalis 0.146 
Total "'" 2253 ,.. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 
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HA Jobe Control (Brookfield) Mixed Apr.14/09 Mix 27 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 31.08 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 12.06 168 1000 0.168 163 
Stone 74.15 1005 2650 0.379 0.511 0.215 1002 
Sand 50.31 672 2590 0.259 0.687 1.874 680 
Air 0.06 
Alkalis 0.180 
Total ,.. 2265 .. 

1.000 
W/CM 0.4 
FA% 0 
Sand% 40 

HA Jobe 50°/o Slag (Brookfield & Stoney Creek) Mixed Apr.23/09 Mix 28 
0.05 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 10.50 210 3150 0.067 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 10.50 210 2950 0.071 
Water 7.91 168 1000 0.168 158 
Stone 50.13 1005 2650 0.379 0.511 0.265 1003 
Sand 33.62 660 2590 0.255 0.687 2.555 672 
Air 0.06 
Alkalis 0.061 
Total ,.. 2253 .. 

1.000 
W/CM 0.4 
FA% 0 
Sand% 40 
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HA Zealand Control (Brookfield) Mixed Jan.22/09 Mix 29 
0.08 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 33.60 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 12.88 168 1000 0.168 161 
Stone 80.93 1015 2650 0.383 0.511 0.172 1012 
Sand 55.03 677 2650 0.256 1.32 2.883 688 
Air 0.06 
Alkalis 0.189 
Total "'2280 "'" 1.000 
W/CM 0.4 
FA% 0 
Sand% 40 

LA Jobe with 25o/o F Ash (Woodstock & Belledune) Mixed Apr.15/09 Mix 30 
0.05 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 15.75 315 3150 0.100 
Fly Ash 5.25 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 7.96 168 1000 0.168 159 
Stone 49.54 995 2650 0.375 0.511 0.096 991 
Sand 33.40 655 2590 0.253 0.687 2.672 668 
Air 0.06 
Total ,.. 2238 ,.. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 
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LA Jobe with 25°/o C Ash (Woodstock & Commanche) Mixed Mar.4/09 Mix 31 
0.091 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 28.67 315 3150 0.100 
Fly Ash 9.56 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 14.49 168 1000 0.168 159 
Stone 90.25 995 2650 0.375 0.511 0.184 992 

Sand 60.71 655 2590 0.253 0.687 2.534 667 

Air 0.06 
Alkalis 
Total ,.. 2238 .. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

LA Jobe with 50% Slag (Woodstock & Stoney Creek) Mixed Apr.20/09 Mix 32 
0.05 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 10.50 210 3150 0.067 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 10.50 210 2950 0.071 
Water 8.04 168 1000 0.168 161 

Stone 50.13 1005 2650 0.379 0.511 0.276 1003 
Sand 33.49 660 2590 0.255 0.687 2.146 670 
Air 0.06 
Alkalis 
Total " 2253 "' 1.000 
W/CM 0.4 
FA% 0 
Sand% 40 
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HA Zealand with 25% C Ash (Brookfield & Commanche) Mixed Nov.12,2009 Mix 33 
0.11 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 34.65 315 3150 0.100 
Fly Ash 11.55 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 17.82 168 1000 0.168 162 
Stone 110.10 1005 2650 0.379 0.511 0.101 1001 
Sand 73.75 660 2650 0.249 1.32 3 670 
Air 0.06 
Alkalis 0.201 
Total ..- 2253 " 1.000 
W/CM 0.4 
FA% 25 
Sand% 40 

LA Jobe & 1.5 Lithium (Woodstock & LiN03) Mixed Jul.28/09 Mix 34 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 31.08 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 10.92 156.8 1000 0.157 148 
Stone 74.23 1005 2691 0.373 0.511 0.32 1003 
Sand 51.25 681 2590 0.263 0.687 2.342 693 
Air 0.06 
Lithium 1.184 16 1200 0.013 
Total .... 2263 .... 1.000 

W/CM 0.4 
FA% 0 
Sand% 40 
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LA Jobe 25°/o C Ash (Woodstock & Parish) Mixed Jun.15/09 Mix 35 
0.074 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 23.31 315 3150 0.100 
Fly Ash 7.77 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 11.87 168 1000 0.168 160 
Stone 73.50 995 2650 0.375 0.511 0.333 993 
Sand 49.17 655 2590 0.253 0.687 2.123 665 
Air 0.06 
Alkalis 
Total .. 2238 ..- 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

LA Jobe 25°/o C Ash (Woodstock & Tolk) Mixed Jun.16/09 Mix 36 
0.08 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 25.20 315 3150 0.100 
Fly Ash 8.40 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 12.80 168 1000 0.168 160 
Stone 79.40 995 2650 0.375 0.511 0.254 992 
Sand 53.26 655 2590 0.253 0.687 2.312 666 
Air 0.06 
Alkalis 
Total ,.. 2238 .. 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 
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Zealand Control (Brookfield) Mixed January 6, 2012 Size Effect 
0.03 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 12.60 420 3150 0.133 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 5.17 168 1000 0.168 172 
Stone 30.04 1000 2650 0.377 0.511 0.64 1001 
Sand 20.14 677 2590 0.261 1.32 0.48 671 
Air ,.. 0.00 0.06 
Total ,.. 2265 

,.. 
1.000 

W/CM 0.4 
FA% 0 
Sand% 40 

Zealand 25°/o F Ash (Brookfield & Belledune) Mixed January 6, 2012 Size Effect 
0.045 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 14.18 315 3150 0.100 
Fly Ash 4.73 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 7.75 168 1000 0.168 172 
Stone 44.61 990 2650 0.374 0.511 0.64 991 
Sand 29.46 660 2590 0.255 1.32 0.48 655 
Air ,.. 0.00 0.06 
Total ,.. 2238 

,.. 
1.000 

W/CM 0.4 
FA% 25 
Sand% 40 
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Zealand 25% C Ash (Brookfield & Parish) Mixed January 7, 2012 Size Effect 
0.045 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 14.18 315 3150 0.100 
Fly Ash 4.73 105 2410 0.044 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 7.75 168 1000 0.168 172 
Stone 44.83 995 2650 0.375 0.511 0.64 996 
Sand 29.24 655 2590 0.253 1.32 0.48 650 
Air ,.. 0.00 0.06 
Total "'2238 ... 1.000 

W/CM 0.4 
FA% 25 
Sand% 40 

Zealand 50% C Ash (Brookfield % Parish) Mixed January 7, 2012 Size Effect 
0.045 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 9.45 210 3150 0.067 
Fly Ash 9.45 210 2410 0.087 
Silica Fume 0.00 0 
Slag 0.00 0 2950 0.000 
Water 7.74 168 1000 0.168 172 
Stone 44.16 980 2650 0.370 0.511 0.64 981 
Sand 28.71 643 2590 0.248 1.32 0.48 638 
Air ,.. 0.00 0.06 
Total "'2211 II"' 1.000 

W/CM 0.4 
FA% 50 
Sand% 40 
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Zealand 27% SF (Brookfield & Becancour) Mixed January 8, 2012 Size Effect 
0.045 

Batch Mass Density Volume abs m/c Correction 
kg kg/m3 kg/m3 m3 kg/m3 

Cement 13.82 307 3150 0.097 
Fly Ash 0.00 0 2410 0.000 
Silica Fume 5.09 113 
Slag 0.00 0 2950 0.000 
Water 7.76 168 1000 0.168 173 
Stone 47.76 1060 2650 0.400 0.511 0.64 1061 
Sand 31.73 711 2590 0.275 1.32 0.48 705 
Air ... 0.00 0.06 
Total ,. 2359 

,. 
1.000 

W/CM 0.4 
FA% 0 
Sand% 40 
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SEMPhotos 
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Appendix B SEM Comparison Photos 

Figure B2.2: SEM Photos Comparing Damage of25% CM fly ash Mortar Bars at the Top 
Middle of the Sample 
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Figure B2.3: SEM Photos Comparing Damage of 25% CM fly ash Mortar Bars at the 
Bottom Middle of the Sample 

Figure B2.4: SEM Photos Comparing Damage of 25% CM fly ash Mortar Bars at the Top 
Right Comer of the Sample 
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Figure B2.5: SEM Photos Comparing Damage of 25% CM fly ash Mortar Bars at the 
Bottom Right Comer of the Sample 
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Figure B2.8: SEM Photos Comparing Damage of 4% SF & 20% BF fly ash Paste Bars at 
the Center of the Sample 
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Figure B2.9: SEM Photos Comparing Damage of 4% SF & 20% BD fly ash Paste Bars at 
the Top Middle of the Sample 

Figure B2.10: SEM Photos Comparing Damage of 4% SF & 20% BD fly ash Paste Bars 
at the Bottom Middle of the Sample 
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Figure B2.11: SEM Photos Comparing Damage of 4% SF & 20% BD fly ash Paste Bars 
at the Top Right Comer of the Sample 
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Figure B2.13: SEM Photos Comparing Damage of 4% SF & 20% BD fly ash Paste Bars 
at the Bottom Left Comer of the Sample 

Figure B2.14: SEM Photos Comparing Damage of 4% SF & 20% BD fly ash Paste Bars 
at the Top Left Comer of the Sample 
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Figure B2.15: SEM Photos Comparing Damage of30% Silica Fume Paste Bars at the 
Center of the Sample 

Figure B2. l 6: SEM Photos Comparing Damage of 30% Silica Fume Paste Bars at the 
Top Middle of the Sample 
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Figure B2.17: SEM Photos Comparing Damage of 30% Silica Fume Paste Bars at the 
Bottom Middle of the Sample 

Figure B2.18: SEM Photos Comparing Damage of 30% Silica Fume Paste Bars at the 
Top Right Comer of the Sample 
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Figure B2.21: SEM Photos Comparing Damage of 30% Silica Fume Paste Bars at the 
" _ _______ T_o ..... p_L_e_ft_l!C_ o_m"'t'"I er of t~e Sample 
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Figure B2.23: SEM Photos Comparing Damage of Control Mortar Bars at the Top 
Middle of the Sample 
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Figure B2.25: SEM Photos Comparing Damage of Control Mortar Bars at the Top Right 
Comer of the Sample 

Figure B2.26: SEM Photos Comparing Damage of Control Mortar Bars at the Bottom 
Right Comer of the Sample 
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Figure B2.27: SEM Photos Comparing Damage of Control Mortar Bars at the Bottom 
Left Comer of the Sample 

Figure B2.28: SEM Photos Comparing Damage of Control Mortar Bars at the Top Left 
Comer of the Sample 
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Figure B2.30: SEM Photo Comparing Damage of 25% PS fly ash Paste Bars at the Top 
Middle of the Sample 
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Figure B2.31: SEM Photo Comparing Damage of 25% PS fly ash Paste Bars at the 
Bottom Middle of the Sample 

Figure B2.32: SEM Photo Comparing Damage of 25% PS fly ash Paste Bars at the Top 
Right Comer of the Sample 
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Figure B2.29: SEM Photo Comparing Damage of 25% PS fly ash Paste Bars at the Top 
Left Comer of the Sample 
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Appendix C 

Raw XRD Traces 
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Appendix C: Raw XRD Traces 
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Figure C3 .1: Raw XRD Trace of Control Paste Bar in H20 at 20°C 
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Figure C3.2: Raw XRD Trace of Control Paste Bar in KAc at 20°C 
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Figure C3.3: Raw XRD Trace of25% PS fly ash Paste Bar in H20 at 20°C 
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Figure C3.4: Raw XRD Trace of25% PS fly ash Paste Bar in KAc at 20°C 
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Figure C3.5: Raw XRD Trace of 4% SF & 20% BD fly ash Paste Bar in H20 at 20°C 
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Figure C3.6: Raw XRD Trace of 4% SF & 20% BD fly ash Paste Bar in KAc at 20°C 
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Figure C3.7: Raw XRD Trace of30% Silica Fume Paste Bar in H20 at 20°C 

2-Theta - Scale 

Figure C3.8: Raw XRD Trace of30% Silica Fume Paste Bar in KAc at 20°C 
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Figure C3.9: Raw XRD Trace of 1.5 Lithium Nitrate Paste Bar in H20 at 20°C 
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Figure C3 .10: Raw XRD Trace of 1.5 Lithium Nitrate Paste Bar in KAc at 20°C 
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Figure C3 .11: Raw XRD Trace of Control Mortar Bar in H20 at 20°C 
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Figure C3.12: Raw XRD Trace of Control Mortar Bar in K.Ac at 20°C 
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Figure C3.13: Raw XRD Trace of25% CM fly ash Mortar Bar in H20 at 20°C 
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Figure C3.14: Raw XRD Trace of 25% CM fly ash Mortar Bar in KAc at 20°C 
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Figure C3.15: Raw XRD Trace of Control Paste Bar in H20 at 38C°C 
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Figure C3.16: Raw XRD Trace of Control Paste Bar in KAc at 38C°C 
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Figure C3.17: Raw XRD Trace of 25% CM fly ash Paste Bar in H20 at 38C°C 
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Figure C3.18: Raw XRD Trace of25% CM fly ash Paste Bar in KAc at 38C°C 
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Figure C3.19: Raw XRD Trace of25% BD fly ash Paste Bar in H20 at 38C°C 
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Figure C3.20: Raw XRD Trace of25% BD fly ash Paste Bar in KAc at 38C°C 
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Figure C3.21: Raw XRD Trace of25% TK fly ash Paste Bar in H20 at 38C°C 
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Figure C3.22: Raw XRD Trace of25% TK fly ash Paste Bar in KAc at 38C°C 
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Figure C3 .23: Raw XRD Trace of 50% Slag Paste Bar in H20 at 3 8C°C 
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Figure C3.24: Raw XRD Trace of 50% Slag Paste Bar in KAc at 38C0 
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Appendix D 

Data from Chapter 5 
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Figure D4.1: X's indicated the location of where back scattered electron images were 
taken using SEM for the comparison of paste microstructure 
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Figure D4.3: Length Change of Paste Bars Immersed in Commercial Grade KAc at 38°C 
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Figure D4.4: Length Change of Paste Bars Immersed in Commercial Grade KAc at 38°C 
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Figure D4.5: Photo of Common Deterioration Observed with Paste Bars Stored in 
Commercial-Grade Potassium Acetate Solution at 38°C 

Figure D4.6: Photo of Deterioration Observed with 4% SF+ 20% BD Fly Ash Paste Bars 
Stored in Commercial-Grade Potassium Acetate Solution at 38°C 
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Figure D4.7: Length Change of25% CM Fly Ash Paste Bars Immersed in lM, 4M, and 
Potassium Acetate Solutions at 5°C 
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Figure D4.8: Length Change of25% CM Fly Ash Paste Bars Immersed in lM, 4M, and 
Potassium Acetate Solutions at 20°C 
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Figure D4.11: Photo of Deterioration Observed with 2:1 CM Fly Ash: Ca(OH)2 Paste 
Bars Stored in Commercial-Grade Potassium Acetate Solution at 20°C 

Figure D4.12: Photo of Deterioration Observed with MK +CH Paste Bars Stored in 
Commercial-Grade Potassium Acetate Solution at 20°C 
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Figure D4.13: Photo of Deterioration Observed with SF +CH Paste Bars Stored in 
Commercial-Grade Potassium Acetate Solution at 20°C 
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Figure D4.14: Length Change of Control Paste Bars Immersed in 6M Sodium Formate 
and Sodium Acetate Solution at 20°C 
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Figure D4.17: Length Change of25% PS Fly Ash Paste Bars Immersed in 6M KOH at 
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Figure 04.22: SEM Photos Comparing Damage of Control Paste Bars at the Centre of the 
Sample (left sample stored in water, right sample stored in commercial-grade potassium 

acetate solution) 
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Figure D4.24: SEM Photos Comparing Damage of Control Paste Bars at the Bottom 
Middle of the Sample (left sample stored in water, right sample stored in commercial

grade potassium acetate solution) 
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Figure 04.26: BSE Image and EDX Spectrum of Arcanite (K2S04) forming near the 
surface of a 25% PS Fly Ash Paste Bar 

194 



. 
W1 loll Ft 

Figure D4.27: BSE Image and EDX Spectrum ofMonosulfate with high levels of 
Potassium in a 25% PS Fly Ash Paste Bar 

Figure D4.28: BSE Image and EDX Spectrum of Monosulfate with low levels of 
Potassium in a 25% PS Fly Ash Paste Bar 

195 



Figure D4.29: BSE Image and EDX Spectrum of Monosulfate with no Potassium in a 
25% PS Fly Ash Paste Bar 
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Figure D4.30: XRD Patterns for Control Paste Bars Stored at 20°C 
(CaAl = Calcium Aluminate P = Portlandite, C = Calcite, A = Arcanite, E = Ettringite, Q 

= Quartz) 
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Figure D4.31: XRD Patterns for 4% SF + 20% BD Fly Ash Paste Bars Stored at 20°C 
(CaAl = Calcium Aluminate, P = Portlandite, C = Calcite, A= Arcanite, E = Ettringite, Q 

= Quartz) 
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Figure 04.32: XRD Patterns for 30% SF Paste Bars Stored at 20°C (CaAl = Calcium 
Aluminate, P = Portlandite, C = Calcite, A= Arcanite, E = Ettringite, Q = Quartz) 
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Figure D4.33: XRD Patterns for 1.5 Lithium Nitrate Paste Bars Stored at 20°C 
(CaAl = Calcium Aluminate, P = Portlandite, C = Calcite, A= Arcanite, E = Ettringite, Q 
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Figure D4.34: XRD Patterns for Control Mortar Bars Stored at 20°C 
(CaAl = Calcium Aluminate, P = Portlandite, C = Calcite, A = Arcanite, E = Ettringite, Q 

= Quartz) 
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Figure D4.35: XRD Patterns for 25% CM Fly Ash Mortar Bars Stored at 20°C 
(CaAl = Calcium Aluminate, P = Portlandite, C = Calcite, A = Arcanite, E = Ettringite, Q 
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Data from Chapter 6 
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Figure E5.1: Drawing of Slab Placement at University of New Brunswick on Exposure 
Site. The numbers in each rectangle represent the mix number (see Table 6.6) NE 

represents not exposed to K.Ac solution 
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Figure E5.2: Picture of Slab Exposure Site at UNB in the Winter 
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Figure E5.3 : Relative Dynamic Modulus of High Alkali Concretes with Jobe Sand 
Subjected to Wet/Dry Cycling 
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Figure E5.4: Relative Dynamic Modulus of Low Alkali Concretes with Jobe Sand 
Subjected to Wet/Dry Cycling 
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Figure E5.5: Relative Dynamic Modulus of High Alkali Concretes with Zealand Sand 
Subjected to Wet/Dry Cycling 
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Figure E5.6: Effect of Sample Size of Control Prisms at -5°C 
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Figure E5.7: Effect of Sample Size of25% BD fly ash Prisms at -5°C 
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Figure E5.8: Effect of Sample Size 27% Silica Fume Prisms at -5°C 
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Figure E5.9: Effect of Sample Size 25% PS fly ash Prisms at -5°C 
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Figure ES.11: Effect of Sample Size Control Prisms at 5°C 
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Figure ES.12: Effect of Sample Size 25% BD fly ash Prisms at 5°C 
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Figure ES.13: Effect of Sample Size 27% SF Prisms at 5°C 
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Figure E5.14: Effect of Sample Size 25% PS fly ash Prisms at 5°C 
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Figure E5.15: Effect of Sample Size 50% PS fly ash Prisms at 5°C 
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Figure ES.16: Bulk Diffusion of Pre-Cracked Concrete Samples with Jobe Sand at -5°C 
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Figure ES .17: Bulk Diffusion of Pre-Cracked Concrete Samples with Jobe Sand at 20°C 
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Figure E5 .18: Bulk Diffusion of Concrete Samples with Zealand Sand at -5°C 
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Figure E5.19: Bulk Diffusion of Concrete Samples with Zealand Sand at 20°C 

210 



45 

40 

,-, 35 

a 30 
olJ 25 
~ _, 20 
0 
~N 15 

10 

5 

0 

~ -~.,,,,...-----i -zr -5C Jobe 

-o-2oc Jobe 

- 20C Zealand 
~ ----""-----1 

-l---4-----------1-==:::t11==111---I ~ -5C Zealand 

0 2 4 6 

Depth (mm) 

8 10 12 

Figure E5.20: Summary of Control Concrete Samples Subjected to K.Ac solution for 120 
Days 
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Figure E5 .21 : Summary of 50% SG Concrete Samples Subjected to K.Ac Solution for 120 
Days 
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Figure E5.22: Potassium Profile for a Core (E2) taken from a Minnesota Bridge that was 
exposed to KAc (by an automated anti-icing system) for 10 years 
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Figure E5.23: Potassium Profile for a Core (94-2) taken from a Minnesota Bridge that 
was exposed to KAc (by an automated anti-icing system) for 10 years 
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Figure E5.24: Potassium Profile for a Core (3) taken from a Minnesota Bridge that was 
exposed to KAc (by an automated anti-icing system) for an unknown amount of time 

0.30 

- 0.25 
~ = .._, 

0.20 ~ 
01) 

= 0.15 = -= u 0.10 -= ..... 
01) 0.05 = ~ 

~ 0.00 

-0.05 
0 200 400 600 

Time (Days) 

800 1000 1200 

~Control 

-l::r-25% BD 

-<>-25% CM 

-D-50% SG 

Figure E5.25: Length-Change Results for High Alkali Concrete Exposure Slabs with Jobe 
Sand Exposed to KAc on UNB Exposure Site 

213 



0.30 

.-.-. 0.25 
~ ~ -- 0.20 ClJ 
01) 

= 0.15 = ..cl u 0.10 
..cl .,._ 
01) 0.05 = ClJ 
~ 0.00 

-0.05 
0 200 400 600 

Time (Days) 

-0-Control 

--lr-25%BD 

-<>-25% CM 

-D-50% SG 

800 1000 1200 

Figure E5.26: Length-Change Results for High Alkali Concrete Exposure Slabs with Jobe 
Sand Not Exposed to KAc on UNB Exposure Site 
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Figure E5.27: Length-Change Results for Low Alkali Concrete Exposure Slabs with Jobe 
Sand Exposed to KAc on UNB Exposure Site 
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Figure E5.28: Length-Change Results for Low Alkali Concrete Exposure Slabs with Jobe 
Sand Not Exposed to KAc on UNB Exposure Site 
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Figure E5.30: Picture of CSA Cement Prism after 2 Wet/Dry Cycles 
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Figure E5.32: Picture of 25% TK fly ash HA Jobe Prisms after 26 Wet/Dry Cycles 
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Figure E5.33: Picture of25% BD fly ash HA Jobe Prism after 26 Wet/Dry Cycles 

Figure E5 .34: Picture of25% BD fly ash HA Jobe Prism after 26 Wet/Dry Cycles 
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Figure E5.35: Picture of 25% BD fly ash HA Jobe Prism after 26 Wet/Dry Cycles 
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Appendix F 

Pore Solution Extraction Procedure 
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Volume of Sample Required for Test 

• For cement paste samples, 148mL clear plastic vial filled with paste is required 

Sample Preparation 

• For cement paste samples, remove the sample from the potassium acetate 

• Break up the sample initially inside a heavy duty plastic bag (freezer bag) with a 

hammer or pestle 

• Empty the bag in a clean tray and reintroduce the larger fragments inside a new bag 

and crush again to obtain fragments of less than 9.5 mm 

• Prepare approximately 250-275g of material and place in a 200 mL beaker 

• Record the weight of the sample along with the weight of the Teflon disc 
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Equipment Setup (Fig F6.l) 

• Place the base on the edge of the lower bearing block of the compression testing 

• Record sample vial (plastic bottle) weight with cap. 

• Insert opened sample vial (plastic bottle) in the sample cavity of the base. 

• Position Part B ( fig F6.1) of the base (lining up as per positioning studs) and ensure 

that the top surface is perfectly clean (Note: Keep fingers clear of pinch area) 

• Apply high power vacuum grease to 0-ring. Make sure that it is seated properly 

• Lubricate the area of part B (fig F6.1) where the sample will be resting with dry 

Teflon base lubricant spray 

• Place the positioning ring on Part B (fig F6.l) 

• Lubricate the interior of the cylindrical cavity of Part A (fig F6.1) with the Teflon 

lubricant and ensure that the bottom surface is perfectly clean 

• Center Part A (fig F6.l) over positioning ring and lower onto Part B (fig F6.l) 

(Note: Do not move part A once it is lowered into position to avoid disturbing the 

0 ring) 
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Preparing for Extraction 

• Introduce the sample in the cavity of Part A (fig F6.l) and compact in three layer 

with a small pestle (a funnel severed at a point where the diameter is lightly 

smaller than the diameter of the cavity of Part A (fig F6.1) helps introduce the 

sample and prevents loss of material) 

• Fill the cavity of Part A ( fig F6. l) with material and level the stack as close as 

possible to no more than 13mm from the edge of the top of the cavity (Note: 

Damage to Part A (fig F6.l) is more likely if there is too much material inside the 

cavity can result in improper seating of the piston) 

• Place a Teflon disc 57mm in diameter by 5mm thick on top of the sample 

• Lubricate the contour surface of the piston with the Teflon lubricant 

• Insert the piston in the cavity, on top of the Teflon Disc, as far as it will go and 

ensure that it is perpendicular to Part A (fig F6. l) 

• Center the protective disc on top of the piston and alight the stack wit the bearing 

plates of the compression testing machine by pushing on the base and not on Part 

A(figF6.l) 
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Extraction 

• Apply a load of approximately 2300 kg and then release in order to square off the 

upper bearing plate of the compression testing machine 

• Ensure that the piston is turning freely inside the cavity 

• Reapply load and adjust the rate to 20500 kg/min 

• Keep the safety door closed during loading and unloading 

• Stop loading at a maximum of 41000 kg and hold this load for 1 minute 

• Unload at a rate of 20500 kg/min over 2 minutes 

• Reapply load and adjust the rate to 41000 kg/min 

• Stop loading at a maximum of 82000 kg and hold this load for 1 minute 

• Unload at a rate of 41000 kg/min over 2 minutes 

• Reapply load and adjust the rate to 82000 kg/min 

• Stop loading at a maximum of 164000 kg and hold this load for 1 minute 

• Unload at a rate of 82000 kg/min over 2 minutes 
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Dismantling 

• Remove the protective disc, Part A and Part B (fig F6.l) (Note: Place Part A upside 

Down on the bench to avoid loss of material) 

• Remove the sample vial, seal, identify and record the weight of the solution (Note: 

Tare an empty vial with identical label prior to weighting) 

• Place two equal size space blocks approximately 102 mm in height on the lower 

bearing bloc of the compression testing machine 

• Place Part A ( fig F6. l) right side up on top of the spacer blocks and center the 

extraction cylinder with the protective disc on top of the piston 

• Place a container in between the spacer blocks to receive the sample and Teflon 

Disc 

• Start loading slowly until the sample and Teflon Disc are free 

• Record the weight of the sample along with the Teflon disc 

• Flip Part A (fig F6.1) onto the spacer blocks and repeat process to remove the 

piston 

• Dry the sample (with Teflon disc for 24 hours at 212°F (105°C) and record the 

weight 

225 



Cleaning the Equipment 

• Clean with ethyl/isopropyl alcohol 

• Remove the O ring and clean trenches and sample collection tube wit ha pipe 

cleaner 

• Wet a 400 grit sandpaper and clean the surfaces that were exposed to the sample 

• Rinse and wipe all surfaces 

• Wipe O ring and coat lightly with high-vacuum grease 

• Replace O ring on Part B (fig F6.l) (Note: Inspect O ring regularly and replace as 

needed) 
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Figure F6.1 - Schematic of pore press equipment used 
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