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SECTION 1 - INTRODUCTION 

1.0 PROBLEM STATEMENT 

Keeping roads safe and passable is a key concern for any State Highway Agency (SHA), especially 

during the winter season when ice and snow accumulation on roads and bridges can create hazardous 

driving conditions . To accomplish this, SHAs arc constantly seeki ng out, evaluating, and adapting new 

winter maintenance stra tegics that arc cost effective and environmentally friendly . One such area 

where new strategics arc being employed is the broad area or deicing and anti-icing. Deicing is defined 

as any effort to remove ice from road and bridge surfaces after ice deposition has occurred. This is in 

contrast to anti-icing, which is defined as a surface treatment applied prior to ice formation that 

eliminates ice accumulation or facilitates ice removal by lessening the bond between the ice and the 

riding surface. In general, deicing and anti-icing arc accomplished through the use of various 

chemicals including aqueous so lutions of chlorides ( e.g. magnesium chloride, sod ium chloride, and 

calcium chloride) or other chemicals such as calcium magnesium acetate and urea . Although the 

efficacy of these chemicals for deicing and anti-icing has been clearly demonstrated, possible 

detrimental effects to concrete in transportation structures have not been fully examined and 

documented. In this sense , the true cost effectiveness has not been determined as chemical attack on 

concrete is a poss ibility and in turn, the resulting deterioration of the structures from chemical attack 

may lead to costly rehabilitation or replacement. Based upon published research , the most problematic 

chemicals appear to be the chlorides of magnesium, calcium, and sodium and other chemicals 

containing calcium and magnesium (e.g. calcium magnesium acetate). Use of these chemicals has 

increased given their relatively low cost, case of use, and effectiveness for deicing and anti-icing, in 

certain applications. Use of alternative chemicals such as propylene glycol and ethylene glycol have 
seen limited use given concerns about their environmental impact, whereas potass ium acetate, sod ium 

acetate, potassium formate, and sodium formate arc used almost exclusively on airports (with some 

use in automated bridge deicing systems) due to high cost. In the end, chloride-based deicers appear to 

be the best choice for highway applications if they can be used in such a way as to minimize possible 
chemical attack to concrete. 

The degradation of concrete used in pavements and bridges that may occur as a result of attack by 

chemical dciccrs/anti-iccrs is the result of an increased concentration of dissociated calcium and 

magnesium ions in the concrete pore water. In theory, these free ions arc available to combine with 

materials in the concrete to form expansive or weak reaction products such as brucitc or magnesium 

silicate hydrates, respectively. Of course, the dissociation of chlorides into ionic species also increases 
the concentration of chloride in the pore water solution, which has been well documented as a primary 

cause of scaling and co1Tosion of reinforcing steel. These possible and known effects must be fully 

understood if these chemicals arc to be used as a mainstay of any deicing or anti-icing strategy. The 

goal of this research was to examine the effects of deicing and anti-icing chemicals on portland cement 

concrete and to recommend changes to concrete mixture designs, construction practices, and winter 

maintenance procedures that will make these solutions non-detrimental to concrete durability . 



I.I SUMMARY OF PROJECT TASKS 

Task I: Literature Review 

Task 2: Conduct Survey 

Task 3: Site Selection 

Task 4: Meeting with Technical Panel 

Task 5: Characterization of Field Specimens 

Task 6: Laboratory Experiment 

Task 7: Assessing and Minimizing the Impact of Deicing/Anti-Icing Chemicals 

Task 8: Effects of Various Deicing/Anti-Icing Chemicals 

Task 9: Life Cycle Cost Analyses 

Task 10: Development of Guidelines 

Task I I: Submit Interim Report 

Task 12: Meeting With Technical Panel at Michigan Tech 

Task 13: Prepare and Submit Final Report 

Task 14: Executive Presentation to Research Panel 

Task 15: Executive Presentation to SDDOT Executive Review Board 

1.2 REPORT ORGANIZATION AND DISTRIBUTION 

The final report for this project is extensive. To facilitate distribution, the report has been broken down 

into a number of separate volumes and these arc listed below. 

■ Executive Summary - Provides a concise overview of the entire project. 

■ Final Report - The final technical report organized into nine sections. 

Section I: A brief introduction 

Section 2: An abridged background for the project based on the Task I literature review 

Section 3: Presents the experimental approach for the entire project 

Section 4: An abridged summary of the Task 5 results 

Section 5: An abridged summary of Task 6 laboratory results for Phase J and Phase II 

Section 6: Presents a discussion of the results of Tasks 5, 6, 7, 8 and 9 

Section 7: Presents suggested mitigation strategies based upon the results of this study 

Section 8: Conclusions based upon the results of this study 

Section 9: Recommendations based upon the results of this study 

Section 10: Bibliography used as the basis for Section 2 

■ Technical Appendices - The appendices contain details on specific analytical methods used 

in the study and an unabridged summary of results for the characterization of field specimens 
and for all laboratory experiments. 

■ Full Literature Review - Provides the unabridged version of the literature review. 

■ Implementation Guidelines - A practical guideline document to assist DOT personnel 111 

implementing this research. 
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SECTION 2 - BACKGROUND 
Traditionally, winter maintenance entails plowing snow and apply ing chemica ls and/or abrasives to 
melt the ice cover. In the past, many SH As favored the use of rock sa lt (NaC l), although methods of 
snow and ice remova l may vary across the States that practice winter maintenance. Over the years, 
traditional snow and ice removal methods have been modified in order to comply with environmental 
regul ations, reduce corrosive damage to vehicles, and provide a more economica l method to mai ntain 
safe roads . Current methods of snow and ice remova l include deicing, pre-wetting sa lt or abrasive 
material , and anti-icing. 

The purpose of thi s background section is to summarize past research efforts regardi ng damage 
resulting from the use of various deicing agents on concrete transportation structures. 

2.1. CONCRETE PROPERTIES THAT AFFECT FREEZE-THAW AND CHEMICAL 

RESISTANCE 

To better understand the effects that freeze-thaw cycles and deicing chemicals have on concrete, it is 
important to have a worki ng knowledge of the basic properties of concrete. The most prom inent 
characteristics to control arc: cement chemistry; permeability; air content; aggregate properties; and 
crack ing. In addition, it is necessary to understand the phys ica l and chemical interactions that take 
place on the surface and within the hardened cement paste. 

2.1.J CEMENT CHEMISTRY 

The major const ituents present in cement arc impure phases of the four compounds: tricalcium si licate 
(C:i S), dicalcium sili cate (C2S), tricalcium aluminatc (C:i A), and tctracalcium aluminofcrritc (C4AF) . 
These chemi cal compounds form at hi gh temperatures within the cement kiln as part of the cement 
production process. The ca lcium silicates make up approx imatel y ' ' three-fo urths of the cement and arc 
responsible for the cementing qualities" (Mindcss ct al. 2003). When mixed with water, the cement 
undergoes a series of chemical reactions that ultimately hardens the cement into hydrated cement 
paste. These reacti ons arc commonly rcfc1Ted to as hydration reactions and the hardened cement paste 
as hydration products (M indcss ct al. 2003), also referred to as calcium silicate hydrate (CS I--1 ). In 
addition to CS I--1 , the other abundant reaction product is calcium hydrox ide (Ca(O I--1 )2). 

One way to miti gate problems with deicing chemi cals is to parti ally repl ace portland cement with 
supplementary ccmcntitious material s (SCMs) such as ily ash, si li ca fume or ground granulated blast 
furnace slag (GGBFS). The use of SCMs has many benefits, including their inilucncc on lowering the 
heat of hydration and improved strength gain over time . More importantl y, they aid in the resistance of 
concrete to chemical attack by improving the chemical nature and microstructurc of the hydrated 
cement paste, and by decreas ing the amount of Ca(OI-l h and decreasing permeability (Nev ille 1997). 

2. /.2 PERMEABILITY 

It is widely understood that the water-to-cement (w/c) ratio has the largest inilucncc on the durability 
of concrete . When SCMs arc used thi s is referred to as the water-to-cemcntitious (wlcm) ratio (Note: 

unless otherwise specified, the terms w/c and wlcm may be used interchangeably in thi s di scussion). 
By having a relati vely low wlc ratio, the porosity of the hardened concrete will decrease and in turn, be 
stronger and have lower permeability. Porosity is a "measure of the proportion of the total volume of 
concrete occupied by pores" (Neville 1997). Concrete having lower permeability is the more durable 
because permeability of concrete ''controls the rate of entry of moisture that may contain aggressive 
chemicals (i.e. chlo rides) and the movement of water during heating or freezing" (Mindcss ct.al. 
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2003). Therefore, a lower wlc ratio increases strength and improves resistance to cracking from the 

internal stresses generated by adverse reactions . 

In addition, the w/c ratio affects the volume of capillary pores that form as the cement paste hydrates 

(i.e . volume increases significantly for wlc ratio > 0.42) . Permeability is therefore controlled by an 

interconnecting network of capillary pores. During hydration, the capillary network becomes 

increasingly tortuous as interconnected pores arc blocked by the formation of hydration products, most 

notably CSH. Calcium hydroxide also continues to grow within the residual pores, forming 
impermeable regions. At a given degree of hydration, ''the time at which complete discontinuity of the 
capillary pores occurs is a function of the wlc ratio," (Mindcss et al. 2003). Furthermore, permeability 

decreases as the cement continues to hydrate over time . 

Although the bulk hardened cement paste has the largest influence on permeability, it is also 

significantly influenced by the paste-aggregate interface. Cracking at the paste-aggregate interface 

increases permeability, creating pathways for the flow of water. In order to ensure the resistance of 

newly placed concrete to alternating freezing and thawing cycles, it is desirable to allow the concrete 

to cure completely before exposing it to harsh winter conditions . In certain cases even after complying 

with all these requirements , the leaching of calcium hydroxide (which constitutes up to 20% of the 
concrete matrix) due to concrete exposure to acidic or highly concentrated salt solutions will decrease 

the strength and increase the porosity of the concrete, affecting the long term durability. 

One important aspect of concrete permeability regarding the application of deicing chemicals is 

chloride diffusion. Diffusion is a process by which a fluid permeates a porous material such as soil or 

concrete. The surface concentration is the principal determinant of chloride diffusion in near-saturated 

concrete (M indcss 2003). However, the movement of chloride in concrete is also a function of several 

other variables. These include pore size and spacing, pore volume fraction, changes in pore size with 

respect to location within the cement paste, and structure of phases present in the pore system. 

2.J.J AIR CONTENT 

Increasing the air content of concrete through air entrainment has been found to improve its resistance 

to freeze-thaw (F-T) damage (to a point), but at the expense of lowering its strength . In fact, "a 
strength loss of I 0-20% occurs in air entrained concretes" (Mindcss et al. 2003). However, to have 

good F-T protection, air entrainment is required. 

The closely spaced entrained air voids "protect concrete during freezing by providing reservoirs for 

water that exits from the paste on freezing" (Mindcss et al. 2003). Standards recommend a maximum 

value for bubble spacing and the minimum value of the specific surface of the air bubbles in concrete 
in order to ensure the presence of small , well-spaced air bubbles. This provides adequate protection 

from freezing and thawing with the least amount of strength loss . 

2.1.4 AGGREGATE PROPER71ES 

Concrete distress associated with the aggregate fraction has been reported 111 the literature but 111 

general it is not considered to be a dominant mechanism. 

One type of deleterious chemical reaction associated with the aggregate fraction of concrete was 

studied by Cody and Spry ( 1994), in which they examined a particular type of aggregate and its 

susceptibility to chemical attack, namely by magnesium ions. In their findings , Cody and Spry ( 1994) 

reported that dolomite coarse aggregate that undergoes dedolomitization would release magnesium 
ions, which then migrate to the cement paste and interact with the hydrated cement paste. 
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The reaction Cody and Spry identified within the non-durable concrete was referred to as alkali­

carbonate reacti vity (ACR) that occurs between the dolomite (i.e . (CaMg)CO:; ) coarse aggregate and 

cement pore solution. Thi s reaction occurs when dolomite from the aggregate is attacked by alkali 

from the hi gh pH concrete pore solution. Conseq uently , magnesium and carbonate ions arc released 

into the pore so lution and react to form new mineral s that cause crystal growth pressures that lead to 

expansion of the concrete causing premature failure (Cody & Spry 1994). 

Cody and Spry identified the ultimate cause of concrete deterioration as the alkali-dolomite reaction . 

However, they also concluded that "the reaction itself docs not produce deterioration". It is actually 

the environmental changes, such as s light volume expansions that cause weakening of the aggrega te­

paste bonding and micro-cracking. 

2. l.!i CIU Cl,.'ING 

Although cracking may not cause immediate structural failure, it may provide the onset for 

deterioration that ultimately leads to failure. As cracking spreads, it increases the permeability of 

concrete, leading to surface scaling and further internal stress-related cracking. 

Cracking results from various contributing factors. One factor is the loss of water in fresh concrete; 

this leads to surface cracking due to evaporation and/or suction of water by the subbasc or form work 

materials. This type of cracking is referred to as plastic shrinkage cracking. Other types of shrinkage 

include drying shrinkage, and autogcnous shrinkage. Drying shrinkage is controlled by creating 

contraction joints in pavements and slabs. Autogcnous shrinkage results due to water loss associated 

with the formation of hydration products themselves, and is generally thought to be of consequence 

only when the wlc: ra tio drops below 0.40. 

The cracking discussed thus far is visible with the naked eye, and is therefore referred to as 
macrocracking. However all cracking initiates at a micro-level with microcracks, which cannot be seen 

without the aid of a microscope, coalescing into macrocracks as failure occurs. Microcracks arc very 

fine cracks that can occur at the interface of the aggregate and cement paste or in the paste itse lf. Thi s 

type of cracking may result from "differences in the mechanical properties between coarse aggregates 

and the hydrated cement paste" (Neville 1997). Microcracking has been known to result from freeze­

thaw cycling, as hydraulic and osmotic pressures build up within the hydrated cement paste. 

2.2. TYPES OF INTERACTIONS 

Both physical and chemical interactions occur within concrete when it is exposed to freeze-thaw 

conditions and deicing chemicals. Physical interaction is initiated when the saturated concrete freezes , 

subjecting the concrete to volume change and the development of internal stresses that arc amplified 

by the presence of deicer ions in the pore solution and the thermal shock that occurs as ice is melted. 

Chemical interaction results from the application of deicing chemicals, leading to possible degradation 

of the concrete structure. Combined, physical and chemical interactions disrupt the concrete properties 
previously discussed . 

2.2.1. PHYSI CAL MECHANISMS OF PASTE FREEZE-THA II' ATTACK 

Saturated concrete subjected to freeze-thaw conditions can undergo damaging internal physical 

alterations as pressure develops from ice formation within the pore system. Both the hydration 
products and aggregates can be vulnerable to freeze-thaw damage, which will produce microcracking 

and ultimately surface scaling and deterioration. The application of deicing chemicals tends to increase 

the magnitude of physical deterioration by increasing the development of internal pressures. 
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Another factor that contributes to the amplifying effect deicers have on physical freeze-thaw damage 

is that deicers increase the saturation level of concrete, increasing hydraulic pressures. This behavior 

causes concrete subjected to deicer salt application to remain in a critically saturated state for longer 
periods of time, increasing the likelihood of damage. Because deicers do not penetrate concrete in a 

pure state, but arc instead in an aqueous solution, the diffusion of the deicers is said to be more 

efficient than the penetration of pure deicer into water saturated concrete (Setzer 1997). 

Physical degradation caused by NaCl is usually in the form of severe scaling when concrete is 

subjected to freeze-thaw cycling (Mu ct. al. 2002). This type of degradation is primarily a result of the 

supercooling effect that occurs when NaCl reduces the freezing point of water in the concrete pores 

(Ghafoori and Mathis 1997). This reduces the immediate development of hydraulic pressures in the 

concrete as the water remains liquid as the temperature drops below the freezing point. However, 
when the supercooled pore water finally begins to freeze, it docs so at a much faster rate, generating a 

"greater magnitude of hydraulic pressure" (Marchand ct al. I 994). Another physical effect of NaCl in 
the pore solution near the concrete's surface is the development of increased osmotic pressure that 

occurs after or during freezing (Marchand ct al. 1994). 

In addition to the theories already discussed another physical mechanism that can help explain the 

cause of concrete scaling from the application of deicing salts is that of salt crystallization within the 

pores (Hansen 1963). lt is hypothesized that the pore solution can become supersaturated as wetting 

and drying cycles concentrate salts in the pores (Harnik 1980, Mindcss et al. 2003). Once 

crystallization begins, salt molecules arc drawn out of smaller pores into the larger pores, inducing 

potentially harmful crystallization pressures (Ghafoori 1997). An estimation of the magnitude of the 

crystallization pressure resulting from salt crystal formation has been provided by Winkler and Singer 

( 1972). In their research, they indicated that gypsum and halite crysta l growth may exert pressures 

exceeding 29,000 psi [200 MPa]. 

2.2.2CHEM/CALMECHANISMSOF PASTEFREEZE-THA WATTACK 

Although most research suggests that salt scaling is primarily a physical deterioration mechanism, 

some researchers feel strongly that chemical interactions may also be occurring. Marchand ( 1994) 

summarized this view stating that more attention should be paid to the chemical interaction between 

the deicing salts and cement paste hydration products. Recent research indicates that the chemical 

interaction between deicers and concrete may not be as benign as previously thought. 

It is suggested that the Ca(OHh dissolution process results in increased porosity at exposed surfaces, 

increasing the permeability of the concrete. This in turn increases the amount of water available to 
freeze due to increased pore volume (Marchand, 1994). One study conducted by the Michigan 
Dcpai1mcnt of Transp011ation (MOOT) adds credence to this theory. Mucthel ( 1997) confirmed 

through laboratory analysis that depiction of calcium hydroxide led to an increase in permeability and 

reduced alkalinity of the concrete in the vicinity of cracks and joints. The reduction in the concrete pH 

contributed to corrosion of reinforcing mesh in the jointed reinforced pavements. 

2.2.2.1 Effects of Magnesium Chloride 

Like other deicers, MgCl 2 effectively reduces the temperature at which water freezes and will have 

similar physical effects on concrete as NaCl. However, when the MgC'2 occurs in the melt water on 

the concrete surface, the subsequent chemical interactions that occur may have a negative impact as 
the solution ultimately penetrates into the concrete. This concern has also been raised in Canada where 

evidence of MgCb having deleterious effects in concrete has been gathered from literature review and 
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presented in transportati on association meetings ( Hansson and Laurent 2000). Some interactions o f 

magnes ium and chloride ions with the cement hydrat ion products in cement paste arc known to cause 

damaging a lterations to the cement paste structure , reducing concrete strength while increas ing 

porosity . These changes result from the ability or magnesium and chloride ions to deplete Ca(O Hh to 

form brucitc (Mg(OHh) and CaCb. These ions also cause dccalci fica ti on of the hydration product 

ca lcium-silicate-hydrate (CSH), mak ing the paste ve ry porous and converting it to the secondary 

product, magnesium-s ilicate-hydrate (MSH). MSH is non-ccmcntitious and tends to develop shrinkage 

cracks, which lead to crumbling of the hydrated cement paste (Lee ct al. 1998) . Similar compounds arc 

observed after expos ing concrete samples to magnesium sulfate , which is a more aggressive so lution 

than magnesium chloride (Frigionc and Scrsalc 1989). The general reacti ons for the formation of 

brucitc and MSH from MgCb arc as follows: 

Brucitc: 

MSH : 

Ca (OHh + MgCl1 ➔ CaCl1 + Mg(Ol--1)1 

CSH + MgCb ➔ CaCl1 + MSH 

(2.1) 

(2.2) 

Other studies have investi gated the impact of SCMs on minimiz ing degradation . The use of GGBFS 
cement has proven to be benefici a l, when the level of replacement is kept between 45 to 80%, for 

mortar samples immersed in solutions with 251% MgC l1 by mass compared with replacement outside 
this range and plain portland cement (Riedel ct a l. 1967, Smolczyk 1966). In these studies, no 

deterioration was observed even after two yea rs of exposure while portland cement samples were 

destroyed after 6 months (Klcinlogc l 1950). One of the reasons for thi s good performance has been 

attributed to the lower Ca(OH h content in the GGBFS blends at the start of exposure when compared 

with portland cement mixes (Tumidajski and Chan 1996) as well as the lower porosity of the paste and 

lower Ca/Si ratio of CS H (Ftikos and Pari ssa ki s 1995) . 

Hydrated magnesium oxych loridc compounds such as 3Mg(OHh•MgC l1•8H 20 and 
5Mg(OHh•MgC11•8H10 can be reaction products in concrete samples exposed to concentrated 

magnesium ch loride solutions (Monosi and Collcpardi 1993). Both forms arc stable below 2 I 2°F 

[I00°C], with 5Mg(O Hh •MgCb•8H20 being more stable than 3Mg(OH)•MgCb•8H 10 when exposed 

to CO2 (Castcllar ct a l. 1996). These two magnes ium oxychloridc compounds ha ve been extensively 

studied in the MgO-MgCb-H20 system and arc part of the hydrated products of magnesium 
oxychloridc or Sorcl's cement (Dchua and Chuanmci 1996). 

Similar to many hydrated basic magnesium sa lts, these oxychloridcs arc need le- like crystals, up to 0.1 

mm long (Wolff and Walter-Levy 1953, Toopcr and Cartz 1966). The minimum concentration of 

magnesium chloride needed for the formation of magnesium oxychloridc in the MgO-MgC l1-H 20 
system has been reported as I. 96 M (Dchua and Chuanmci 1999). It is probable that brucitc can 

transform into magnesium oxychloridc after exposure to concentrated magnesium chloride solutions 

of2 mola l and above based on studies of the solubility of both compounds (Altmaier et al. 2003). 

2.2.2.2 Effects of Calcium Chloride 

Collcpardi ct al. ( 1994) cited a number of studies that have concluded that CaC!z, another common 

de icer, is associated with a de leterious chemical reaction with concrete. The chemical attack is 

accompanied by the formation of a hydrated calcium oxychloridc accord ing to the fo llowing reaction: 

(2 .3) 

The reaction proceeds most efficiently at temperatures just above freezing (40 °F to 50 °F [4°C to 

I 0°C]), with rapid formation of hydrated calcium oxych loridc. This react ion is considered to be 

disruptive to the concrete matrix because of the hydraulic pressures generated. The destructive nature 

7 



of the formation of calcium oxychloridc could also be explained by the crystal growth pressure theory 

in which the crystallization of solids occurs from a supersaturated so lution contained in a porous 

material. High pressure develops during crystal growth due to restraint by the porous material as long 

as the supersaturated solution stays in a metastable state long enough for crystals to form (Chattcrji 

and Thau low I 997). Collepardi ct al. ( 1994) speculates that the damaging nature of this reaction has 

been masked by corrosion of reinforcing steel and freeze-thaw deterioration of the paste, but states that 
the chemical degradation that occurs is ve ry detrimenta l. Collepardi ct al. cites experimental evidence, 

based on decreasing compressive strength, suggesting that severe deterioration occurred in non-air 
entrained concrete exposed to CaCl2 deicers even though there was no steel to corrode nor was the 

concrete subjected to temperatures below freezing. 

Collcpardi has done other research on the chemical effects of CaCl2 on cement paste using X-ray 

diffraction techniques. Analysis of degraded cement paste specimens revealed X-ray diffraction 

profiles characteristic of the hydrate monochloroaluminatc (C,A•CaCb• l 0H 2O) and also of the 

hydrated calcium oxychloridc 3CaO•CaCl2• I 5H2O. The X-ray diffraction profiles corresponding to 

the oxychloridc presence were found only in specimens that were analyzed when moist. Similar 

analyses were performed with dried samples, but failed to reveal the oxychloridc diffraction pattern. 
Ca lcium oxychloride has been found to be unstable at 68°F [20°C] and 20% relative humidity, which 

arc normal laboratory conditions (Shi 200 I). Therefore, it is believed that previous researchers had not 
connected CaCb paste damage to the oxychloride presence because the oxychloridc presence in dried 

cement paste is not disccrnablc by X-ray diffraction (Monosi ct al. 1990). 

On the other hand, the presence of Ca(OHh seems to be necessary for the formation of calcium 
oxychloridc. The exposure of cement paste samples to highly concentrated solutions of CaCl2 (30% by 

mass) at I 04°F [40"C] can cause Ca(OHh leaching such that no free Ca(OHh is available for calcium 

oxychloridcs to form (Chattc1ji 1979). 

There are also direct chemical effects of CaCl2 on the cement paste . For example, when exposed to 
CaCb deicer, chloride concentrations tend to increase within the paste causing di scoloration. This may 

be due to the formation of Ca Cb hydrate or to adsorption of chloride ions- by the CSH. Iron released 
from calcium-alumino-fcrritc-hydrate also contributes to discoloration (Lee ct. al. 1998). Also, 

significant discoloration of the cement paste has been observed in a previous study by Kosmatka et al. 

(2002). They attribute these effects to the formation of calcium chloride hydrate phases 

(3CaO•CaCl2• l 2H 2O; CaO•CaCb•2H2O), to adsorption of chloride ion by the CSH phase. 

As stated previously, all chloride solutions will cause a transformation of hydration products from 
cttringite to chloroaluminatc. Therefore, in the presence of CaCl2 solutions, pre-existing ettringitc will 
be transformed to calcium chloroaluminatc or trichloroaluminatc, which has a crystal structure similar 

to cttringitc (Day 1992). 

2.2.2.3 Effects of Calcium Magnesium Acetate 

One study on the effects of calcium magnesium acetate (CMA) found that it was not as corrosive as 

NaCl (McCrum 1989). However, more recent studies have shown that CMA solutions may be the 
most deleterious deicing chemical. Concentrated solutions of CMA dissolved the cement paste in 

mortar samples during an exposure period of 15 months and the attack was more aggressive at 68°F 
[20°C) than at 4 l 0F [5°C]. Reduction in compressive strength was considerable (e.g. up to 23%). The 

disintegration of the sample was faster in CMA with Ca/Mg ratio of 0.91 as compared to CMA 

solution with a Ca/Mg ratio of 1.26 (Peterson 1995). 
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2.2.2.4 Background and Effects of MgCb-Based Agricultural Products 

Magnesium based agricultural product (MBAP) deicers contain agricultural by-products such as silage 

( condensed solubles from grain processors, brewers, and vintners), whey and stccpwatcr ( liquor from 

processing corn) in addition to MgCl 2. Developers of these products claim that they arc 

environmentally friendly and non-toxic to vegetation due to their natural ingredients. It is also stated 

that another benefit of the natural components is that MBAP deicers tend to inhibit corrosion of 

concrete caused by chloride salts . Some appealing physical properties of MBAP deicers arc that they 

freeze at lower temperatures than most other deicers, possess a high percentage of deicing solids, and 

mix readily with liquid chloride brines. 

There is a downside, however, to using agricultural by-products in winter maintenance. A study 

conducted by Roosevelt and Fitch (2000) found the composition of the solutions varies from batch to 
batch due to the inconsistencies in the by-product. As a result of using agricultural by-products, many 

of the laboratory tests produced noticeable amounts of mold on the surfaces of the concrete specimens 

(Roosevelt and Fitch, 2000). Although, an inhibitor to control mold growth is available , the 

researchers note that they did not use it for this study. 

2.3 PAVEMENT CONSTRUCTION PRACTICES- EFFECTS ON DEICER 

SCALING/DETERIORATION 

2.3.J MATERIALS 

2.3.1.1 Cementitious and Supplementary Cementitious Materials 

The selection of cement type and the use of supplementary ccmcntitious materials (SCMs) arc an 

extremely important clement in designing durable concrete pavements. In many applications, the use 
of a standard ASTM CI 50 Type I cement will provide satisfactory results. But durability should not be 

taken for granted, and therefore the properties of the cement and supplementary 

ccmcntit ious/pozzolanic materials must be considered in the context of the long-tcnn physical and 

chemical stability of the concrete pavement. 

2.3.2.2 Ground Granulated Blast Furnace Slag 

Ground granulated blast furnace slag (GGBFS) is a byproduct of the production of pig iron , in which 

the molten slag (at a temperature of 2700°F [ 1500°C]) is rapidly chilled by quenching in water. This 

fonns a glassy, sand- like material that is then finely ground to less than 45 ~tm, producing a surface 

area of 400 to 600 m2/kg Blaine (PCA 1992). GGBFS is nonmetallic , consisting mostly of silicate 

glass containing calcium, magnesium, aluminum, and silicate with potentially small quantities of 

crystalline compounds of mclilitc (Mehta 1993). This rough textured material is ccmcntitious in 

nature, meaning that it has hydraulic cementing properties on its own. When combined with portland 

cement, the NaOH or CaOH activates the GGBFS, which hydrates and sets in a manner similar to 

portland cement (PCA 1992). Specifications for GGBFS for use in concrete arc provided in ASTM 

C989, "Specification/or Ground Granulated Blast:fi,rnace SlagjcJr Use in Concrete and Mortars". 

2.3.2 CONSTRUCTION CONSIDERATIONS FOR PREVENTING D EI CER DISTRESS 

Construction can have a very important impact on the occurrence of deicer related distress. Durable 

concrete must be relatively watertight and non-reactive. From a construction perspective, this means 

that it must be well mixed, consolidated, and cured under conditions that will produce stable hydration 

products. Construction practices that have a direct impact on mixing, consolidation, and curing include 

ambient and seasonal construction conditions, duration of the mixing cycle, method of consolidation, 
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steel placement, finishing, and curing. The following discussion focuses exclusively on those clements 
of the construction sequence that have a direct bearing on concrete durability. 

2.3.2.1 Ambient and Seasonal Construction Conditions 

Ambient and seasonal conditions can play an important role in the durability of concrete through their 

influence on the development of drying shrinkage cracking, excessive heat of hydration, and 

inadequate curing prior to deicer application. Hot-weather and cold-weather construction practice as 

described in Design and Control of Concrete Mixtures (PCA 1992) and elsewhere must be followed. It 

is imperative that drying shrinkage cracking be avoided to maintain the integrity of the concrete 

surface. This can only be accomplished if an awareness of the relationship between relative humidity , 

temperature, and wind exists and is acted upon by the construction team. 

2.3.2.2 Consolidation 

The goal of consolidation of paving concrete 1s the removal of entrapped air while avoiding 

segregation and disruption to the entrained air system. Assuming that a high quality, well-graded, 

workable mixture is used, it should be easily consolidated through internal and/or external vibration. 

Internal vibration is applied through immersion-type vibrators typically located after the strike-off in 

the paver. Important factors to consider arc the frequency of vibration, amplitude, and the speed of 

paving. Frequency is typically set between 7,000 and I 2,000 vpm, although a recent sn1dy 

recommends fixing the frequency at l 0 ,000 vpm (Gress 1997). This same study recommends weekly 

calibration checks on the vibrators, a negative (down from horizontal) vibrator slope of 30° or to one­

half the pavement depth , and a fixed, uniform paver speed. Other sources state that 8,000 vpm is more 

typical. ln any event, it is critical that the vibration is set to consolidate the concrete without 
segregation. 

It is emphasized that undcrvibration can result in poor consolidation and overvibration may lead to 

segregation and the disruption of the air void system in the immediate vicinity of the internal vibrator. 

It has been noted on a number of projects affected by durability problems that the vibrator trails arc 

visible on the pavement surface and appear to be an initiation point for cracking, spalling, and scaling 

(Gress 1997). ln some instances, petrographic analysis has revealed that the air content in the path of 

vibration is significantly less than that between the vibrators. 

When constructing concrete pavements, considerable attention must be directed to produce a mix that 

has consistent consolidation characteristics. A paving rate and vibrator frequency must be established 

early in the project that adequately consolidates the concrete without harmful segregation or disruption 

to the air void system. If the mix is found to be harsh and difficult to place, construction should be 
stopped until the problem is corrected . Too often, difficulties in placement arc not discovered until a 

pavement begins to suffer early signs of deterioration at which point little can be done. 

2.3.2.3 Steel Placement 

The placement of embedded steel in concrete pavement has a direct bearing on the potential for 

corrosion. Steel used at joints, such as dowel and tic bars, is typically placed at mid-depth, thus 

concrete cover is not an issue. But in these applications, the joint provides a direct route for chloride 

ion and moisture ingress, and thus these bars must be protected with a durable coating to avoid 

corrosion. Epoxy is the most commonly used protective coating, although the cladding of dowels with 

plastic and stainless steel has also been used by some agencies . 

For reinforcing steel, adequate concrete cover is essential to prevent corrosion. At least 2 inches (50 

mm] of quality concrete cover is required in environments where chloride-based deicers are used. To 



ensure that at least 90 to 95 percent of the reinforcing steel is adequately protected, it is recommended 

that a design cover of 2.5 inches [65 111111] be used. Thus, during construction, great care must be 

exercised to avoid " high steel" which is susceptible to corrosion. 

2.3.2.4 Finishing 

In slipform paving, mechanical floating is commonly used immediatel y following the vibrating pan to 

embed large aggrega te particles, correct small surface imperfections, and "close the surface." If the 

entire slipform paving operation proceeded smoothl y, no other fini shing other than texturing may be 

required . But in most cases, additional finishing is needed to correct surface imperfections. 

After paving, the surface is checked us ing a I 0- to 13-ft [3- to 4-mctcr] straight edge. Surface 

imperfections arc commonly corrected using a hand-operated float. It is common that little bleed water 

occurs with stiff, slipformcd concrete, but under certain conditions, it may be present. II is emphasized 

that finishing should not be conducted when bleed water is present , as there is a danger that either 

bleed water will become trapped beneath the concrete surface creating a plane of weakness or air 

content in the surface laye r will be reduced . In either case, sca ling of the surface may occur due to 

freeze-thaw damage, particularly if chemical deicers a rc used. 

Finishers commonly desire to add more water to the surface to assist in the fini shing operation . It is 

known that this practice must be resisted as working water into the concrete surface will increase the 

w/c ratio and reduce the air content, leading to scaling. If the mix is difficult to work without water 

being added during finishing, the entire construction operation should be reviewed. 

On occasion, a paving edge may slump, requiring correction . In thi s case, it should be carefully rebuilt 

with added concrete, working against a bulkhead placed against the slab edge. Care must be taken to 

avoid over-working or over-finishing the repair. 

2.3.2.5 Curing 

Gowripalan ( 1993) found that improper curing resulted in the surface having a high rate of evaporation 
that produced a porous, permeable, and weak surface due to insufficient hydration. He also cited 

research that found that near the surface, the permeability of poorly cured concrete could be as much 

as ten times that of well-cured concrete. 

Ideally, concrete would be cured in such a way that the presence of mixing water is maintained. Thi s 

requires the continued application of water either through ponding, fogging, or covering the concrete 

with a saturated cloth such as burlap. Unfortunately, wet curing is not practical for most large paving 

projects. Instead, the most common curing method is to prevent the loss of mixing water through the 

application of a membrane-forming curing compound as specified under ASTM C309, ''Specification 
for Liquid Memhrane-Form ing Compound1· .frJr Curing Concrete". The effectiveness of curing 

compounds can be assessed through ASTM C 156, "Test Method for Water Retention by liquid 
Membrane-Forming Curing Compounds/hr Concrete". 

The curing compound should be applied immediately following texturing. Any delay , particularly 

during hot, windy conditions, can cause significant harm to the concrete resulting in plastic shrinkage 

cracking. Although these cracks are small and isolated to the concrete surface, they provide access for 

potentially deleterious compounds into the concrete structure. 

Great care shou ld be exercised in the application of curing compounds. The app lication must be 

uniform and of sufficient quantity to ensure that the surface is completely scaled. On large paving 
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projects, power-driven spray eq uipment should be used . It is highly recommended that two coats be 
app li ed to ensure complete coverage (PCA 1992). 

There arc concerns that some curing compounds arc not effective. Highway agencies arc highly 

encouraged to test cu ring compounds to verify their moisture-reten ti on properties. Water-based curing 

compounds should not be "watered down" during construction . Also, the curing compound should be 
resistant to damage ca used by construction traffic . 

Different concrete mixtures wi ll req uire different lengths of curing prior to opening to traffic. This 

must be carefully cons idered when concrete mixtures conta ining fly ash or GGBFS arc used. 

Temperature a lso has a major effect on the required length of curing, and the use of maturity concepts 

to determine appropriate opening times is recommended. In addition to strength ga in required for load 

carrying capacity, newly placed concrete also requires an air-dryi ng period of I month before it is 

subjected to deicer applications. This will add to the sca ling res istance of the concrete. 

2.3.3 PRE VENTI VE STRATEGIES FOR CONTROLLING SPECIFIC TYPES OF MATERIALS-RELATED 
DISTRESS 

2.3.3.1 Deicer Scaling/Deterioration 

In general , deicer sca ling is not a concern for properly constructed, high qua lity portland cement 
concrete. But even if the concrete is properly constructed and cured, deicers may damage concrete 

with poor mix characteristics. Pigeon ( 1994) comments on this by stat ing that ''a ir entrainment 

improves to a very large degree the resistance to deicer sa lt sca ling .. . and as could be expected, scaling 

decreases wi th water-cement ratio, and finishing and curing operations are particularly important." As 

indicated, the two primary mix design considerations fo r producing deicer scaling/deterioration 

resistant concrete arc proper air entrainment and a relatively high cement content with corresponding 

low wlc ratio. 

Ai r content is an important consideration when trying to prevent deicer sca ling. Concrete adequately 
air-entrained for freeze-thaw may be susceptible to the development of salt sca ling. Collepardi et al. 
( 1994) concludes that air contents recommended by ACI for "severe exposure" should be followed if 

the concrete is to be exposed to calcium chloride deicers, finding that concrete with air contents 

meeting ACI "moderate exposure" requirements suffered severe degradation in laboratory testing even 

without being subjected to freeze-thaw action . 

In addition to the usc of entrained air, high cement content, and low w/c ratio, the use of fly ash has 

been proposed to enhance deicer scaling/deterioration resistance. The PCA ( 1992) reports that air­

entrained concrete conta ining fly ash has similar freeze-thaw durability to concrete made with portland 
cement as the sole binder as long as the same compressive strength , air void system, and curing are 

obtained. The results of a study conducted by Malhotra ( 1991) agree with those by Malek ( 1988) in 
which it was found that the incorporation of fl y ash appreciably reduced the permeability of concrete 
to chloride ions. This study was based on measuring chloride ion permeability using ASTM C 1202 

and not on a measure of sca ling res istance. Bilodeau ( 1991 ) found that concrete containing up to 30 
percent ASTM Type F fl y ash generally performed well under the combined effect of freez ing and 

thawing in the presence of salt deicer, although performance of the fly ash concrete was more variable. 

Although extended periods of moist-curing or drying periods did not seem to significantly affect 

performance, the use of membrane curing had a decided benefit, particularly for fly ash concrete . In a 

paper publi shed a year later, Bilodeau ( 1992) reported on the properties of concrete containing ASTM 

Type F fl y ash as 58 percent of the total cementitious materials content. He noted that in addition to 

acceptable mechanical properties, high volume fl y ash concrete had excellent resistance to chloride ion 
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penetration as compared to plain concrete mixes. He mentioned that further testing 1s needed to 
demonstrate scaling res istance. 

An experiment conducted by Byfors ( 1987) examined the influence of fly ash and silica fume addition 
on chloride ion penetra tion and pore solution alkalinity. It is reported that the additions of either fl y 
ash or silica fume considerably reduces the rate of chloride ion diffusion . Malhotra ( 1991) cites a 
number of studies conducted by CANMET, which indicate the incorporation of low calcium fl y ash 
(i.e. ASTM C6 I 8 Type F) in concrete significantly reduces chloride ion penetration . 

2.4 LITERATURE REVIEW SUMMARY 

Traditionally, winter maintenance entails plowing snow and applying chemicals and/or abrasives to 
melt the snow and ice cover. Over the years, traditional snow and ice removal methods have been 
modified in order to comply with environmental regulations, reduce corrosive damage to vehicles, and 
provide a more economical method to maintain safe roads. Current methods of snow and ice removal 
include deicing, pre-wetting salt or abrasive material , and anti-icing. 

Concrete consists of coarse aggregate, fine aggregate (i.e. sand), portland cement, water, and typically, 
entrained air. The water and portland cement react to form hydration products, most notably calcium 
silicate hydrate (CSI-1) and calcium hydroxide (Ca(OI-Ih). 

A number of concrete properties affect performance when the concrete is exposed to deicers. The most 
important characteristics to control arc: permeability; air content; cement chemistry; aggregate 
properties; and cracking. 

It is widely understood that the water to cement ratio (w/c) has the largest influence on the durability 
of concrete. By having a relatively low w/c ratio, the porosity of the hydration products will decrease 
and in turn, the concrete will be less permeable. 

One important aspect of concrete permeability regarding the application of deicing chemicals is 
chloride diffusion . The movement of chloride ions in concrete is a function of severa l variables. These 
include the concentration of deicer solution at the concrete surface, pore size and spacing, pore volume 
fraction, changes in pore size with respect to location within the cement paste, and chemical 
composition of phases present in the hydrated cement paste. 

Cracking in concrete significantly increases the permeability and makes the concrete more susceptible 
to ingress of fluids. Although cracking may not cause immediate structural failure , it may provide for 
the onset of deterioration that ultimately leads to failure. As cracking spreads, it increases the 
permeability of concrete, leading to surface sca ling and further internal stress-related cracking. 

Entrained air has been found to improve the freeze-thaw (F-T) resistance of concrete. It is also known 
that a disadvantage of increasing the entrained air content is that it lowers the strength and increases 
the permeability of concrete. However, to have good F-T protection, air entrainment is required . 

Both physical and chemical interactions occur within concrete when it is exposed to freeze-thaw 
conditions and deicing chem icals. Physical interaction is initiated when the saturated concrete freezes, 
subjecting the concrete to expansion and internal stresses. Additionally, some researchers have 
reported that the crystallization of salts or other phases within the concrete pore system can also lead 
to expansive cracking. Chemical interaction results from the interaction of deicing chemicals with the 
hardened cement paste, leading to possible degradation of the concrete structure. 
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Deicer scaling/deterioration is typically characterized by scaling or crazing of the slab surface due to 

the repeated application of deicing chemicals . Although the exact causes of deicer scaling arc not 

known, it is commonly thought to be primarily a form of physical attack, possibly resulting from a 

combination of factors. Some researchers have stated that the presence of deicing chemicals can 

magnify or amplify the mechanisms that lead to F-T deterioration of the paste. 

Although most research suggests that physical deterioration is the dominant source of distress 

associated with deicers, some researchers feel strongly that chemical interactions may also be 

occurring. It is known that the calcium hydroxide dissolution process results in increased porosity at 

exposed surfaces, increasing the permeability of the concrete, and the dissolved calcium hydroxide 

reacts with deicers to form deleterious compounds. 

Magnesium chloride (MgCl 2) effectively reduces the temperature at which water freezes and will have 
similar physical effects on concrete as NaCl. However, when the MgCl 2 occurs in the melt water on 

the concrete surface, the subsequent chemical interactions that occur may have a negative impact as 

the solution ultimately penetrates into the concrete . Some interactions of magnesium and chloride ions 

with the cement hydration products arc known to cause damaging alterations to the cement paste 

structure, reducing concrete strength while increasing porosity. Magnesium oxychloridc compounds 

can occur as reaction products in concrete samples exposed to concentrated chloride solutions 

Other researchers have concluded that calcium chloride (CaC12), another common deicer, is associated 

with a deleterious chemical reaction with concrete where calcium oxychloride forms, causing cracks 

as it expands. 

Magnesium based agricultural product (MBAP) deicers contain agricultural by-products in addition to 
MgCb. Some appealing physical propc1ties of MBAP deicers arc that they freeze at lower 

temperatures than most other deicers, they possess a high percentage of deicing solids, and mix readily 

with liquid chloride brines. 

One reported way to mitigate problems with deicing chemicals is the partial replacement of portland 

cement in the concrete mixture with another ccmcntitious material such as fly ash , silica fume, or 

GGBFS. The use of these industrial by-products has many benefits, including their influence on the 

heat of hydration and strength. More importantly, they aid in the resistance of concrete to chemical 

attack by improving the chemical nature and microstructurc of the hydrated cement paste by 
decreasing the amount of calcium hydroxide present and decreasing permeability. 

ln general, physical attack associated with deicing chemicals is not a concern for properly constructed, 

high quality portland cement concrete. But even if the concrete is properly constructed and cured, 
deicers may damage concrete with poor mixture characteristics. The two primary mixture design 

considerations for producing deicer scaling resistant concrete arc a relatively low wlc ratio (with 

corresponding high cement content) and air entrainment. State highway agencies standard 

specifications reflect this, although the specified maximum w/c ratio and minimum cement content 

vary greatly from state to state, indicating that consensus docs not exist among the various agencies. It 

is not clear if chemical attack can be prevented through sound construction practices a lone. 
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SECTION 3. EXPERIMENTAL APPROACH 

3.1. OVERVIEW 

To accomplish the work described in Tasks 5 though 9 of this project, a series of field explorations 

and laboratory experiments were performed, and the results of these form the basis of the conclusions 

presented in this report. The purpose of thi s section is to describe the experimental approach used in 

thi s study. In general, the explorations and experiments performed fall into three broad activities: 

Characteri::.ation of' Field Specimens. Phase I lahorato,y Experiments on Portland Cement Mortar, 
and Phase II lahorato,y Experiments on Portland Cement Concrete. The analytical methods used in 

all three activities, the general approach to the characterization of field spec imens, and the 

experimental design an approach used in the two laboratory experiments arc presented in the 

remainder of this report section and also in Appendix A - Experimental Methods .. 

3.2. ANALYTICAL METHODS 

For samples received from the field sites and samples resulting from the laboratory experiments, a 

number of analytical methods were used to accomplish a complete microstructural characterization. 

Techniques used included visual inspection, stereo optical microscope examination, staining, plus 

petrographic optical microscope, scanning electron microscope, and x-ray microscope examination . 

For the laboratory experiments, mortar and concrete specimens exposed to various deicers were 

examined by most of these same methods in addition to x-ray diffraction, profile grinding to determine 

chloride diffusion coefficients, sorptivity testing, and rapid chloride profile testing. Each of these 

techniques will be briefly introduced and discussed in the following sections. All tests were conducted 

following ASTM or other applicable standards where they exist. 

3.2. J. VISUAL INSPECTION 

Visual inspection entails observations made of the spec imen with the naked eye or a hand lens. The 

general condition of the concrete was assessed in accordance ASTM C856 Practice.for Petrographic 
Examination a/Hardened Concrete. 

Many of the features observed during the initial visual examination were examined more closely using 

various staining techniques, stereo optical microscopy , petrographic optical microscopy, and scanning 

electron microscopy. Qualitative observations made during visual inspection help to provide an overall 

assessment of the concrete as well as focus future investigation. 

3.2.2. STEREO OPTICAL MICROSCOPE EXAM/NATION 

Of all the available microscopic methods, the stereo optical microscope is clearly the first analytical 

instrument to use when analyzing concrete. It provides a good depth of field image with sufficient 

magnification to sec most key features in concrete microstructurc. The most common types of concrete 

specimens observed in a stereo optical microscope arc broken pieces, poli shed slabs, and thin sections. 

For this study, all observations were performed on polished slabs, which require preparation time but 
provide for more detailed analysis of the concrete . 

Concrete can be evaluated for its susceptibility to damage by paste F-T damage by following ASTM 

C457 Test Method for Microscopical Determination of' Parameters r~/ the Air-Void System in 
Hardened Concrete. This test method uses a stereo optical microscope coupled with a movable stage 

to determine the volumetric fraction of the air voids and other phases in the concrete. From this 
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analysis, the key parameters of the air-vo id system can be determined including the Powers spacing 

factor, specific surface, and volumetric air content. 

The microscopic examination of the air-void system in hardened concrete can be obtained from a point 

count, linear traverse, or an area traverse. All three methods rely on measurements obtained from a 

polished plane surface of concrete. For thi s work, air-void system parameters were determined by 

means of a point count (ASTM C457 Procedure B). For more detail s on the test method, the reader is 

directed to ASTM C457. 

For normal strength concrete, entrained air-void sys tems with a Powers spacing factor of 0.008 inch 

(0.20 mm) or less have been shown to provide good F-T protection. While the Powers spacing factor 

is not considered a truly definitive measure of F-T protection, it is still used as the standard method of 

quantifying the distribution of entrained air in concrete. 

3.2.3. STAINING TESTS 

Staining is a relatively easy method for identifying large-scale chemical anomalies in concrete. Two 

staining methods were used in this study. They arc the sodium cobaltinitritc method for diagnosing 
ASR (Guthrie 1997) and the phenolphthalein stain for determining depth of carbonation . In the sodium 

cobaltinitrite method, yellow sta ined regions indicate reaction products resulting from ASR. The use 

of phenolphthalein as a stain for determining the depth and extent of carbonation is based upon the pH 

of the cement paste. Any cement paste within the concrete that has a pH greater than IO will be stained 

a magenta color. All other constituents including carbonated paste remain unchanged. 

3.2.4. PETROGRAPHIC OPTICAL MICROSCOPE EXAMINATION 

3.2.4.1. General Information 

Using polarized light, the petrographic optical microscope can be used to identify subtle optical 

properties in different minerals that arc characteristic and often unique to that mineral. The 
petrographic optical microscope was used in this study for evaluating mortar and concrete 

microstructure, and identifying the composition or mineralogical characteri stics of phases within 
concrete. By thi s method, a more complete picture of the concrete microstructure is obtained. 

All samples examined using the petrographic optical microscope were thin sections. Concrete thin 

sections were prepared on standard geological thin section slides using standard geological sample 

preparation methods. An ultimate thickness of 20 to 25 microns was obtained by first cutting and 
grinding the section to ve ry near the desired thickness. Then, the section is thinned by hand until the 

desired thickness is achieved. 

All thin sections used for this study were prepared by first impregnating the concrete with an epoxy 
containing an ultra-violet (UV) light-sensitive dye. Once prepared using this approach, cracks, voids, 
and areas of va rying paste density can be readily identified. Also, estimations of the effective wlc ratio 

can be obtained. A more detailed discussion of determining the effective w/c ratio is provided in 

Appendix A - Experimental Methods. 

3.2.5. SCANNING ELECTRON MICROSCOPV 

The scanning electron microscope (SEM) forms an image by rastcring a focused electron beam across 

a small rectangular area of a specimen. The electron beam and specimen interact, resulting in emission 

of two electron s ignals of interest and characteristic x-rays. As the electron beam strikes the specimen, 
electrons from the material arc released . These arc called secondary electrons, have a very low kinetic 

energy (<500 cV), and are used to fonn topographical images of a specimen. Electrons that originate 
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in the electron beam have a very high energy ( 15-25 kcV) and these electrons scatter in proportion to 
the specimen density at the point of impact. These ''backscattered electrons" arc used to form images 
showing composition based contrast in the image. As the electron beam is scanning the spec imen area, 
the electron yield from the specimen is monitored using an electron detector. This electron signal is 
used to modulate the brightness or intensity of a viewing display. This modulation/scanning process 
maps out an image on the viewing di splay that is an "electronic representation" of what the specimen 
surface looks like . By design, an SEM produces images with extraordinary depth of fi eld allowing for 
examination of rough surfaces. 

When a point on a spec imen is excited with the incident electron beam, characteristic x-rays arc 
emitted from the spec imen that arc unique identifiers of the clements present in the irradiated volume. 
By identifying the energy or wavelength of the characteristic x-rays produced usi ng a spectrometer, 
the clements present arc identified. For a given incident electron beam current, the rate of 
characteri stic x-ray production for a given clement will be proportional to that element's 
concentration. This effect forms the basis of x-ray mapping and quantitative x-ray microanalysis. 

The SEM allows for quantitative analysis of volumes on the order of one cubic micron . Secondary 
deposits in cracks and voids can be identified and mineral recalculations of the analysis results can be 
used to accurately identify the phase. X-ray mapping is a convenient way to illustrate the spatial 
distribution of clements in an area of the specimen. 

For thi s study, the SEM was used for imaging, x-ray microanalysis, and x-ray mapping. In general , 
selected samples examined by the petrographic microscope were examined by SEM to obtain detailed 
quantitative analysis of phases observed and to obtain x-ray maps. All analyses for thi s study were 
conducted with a FE! XL-40 environmental SEM. X-ray analyses and mapping were performed using 
an EDAX Phoenix energy di spersive x-ray analyzer. Un less otherwise noted, all analyses were 
performed with a I 5kV accelerating voltage. 

3.2.6. X-RA ) ' MICROSCOPE 

The x-ray microscope is a relatively new instrument that provides innovative ways of analyzing 
materials. It uses a preci sely shaped glass tube to "focus" x-rays to a user se lectable spot source of I 0 
to 300 microns. The specimen is stepped under the focused x-ray flux in a regular grid pattern or a 
specific point on the specimen is analyzed by moving the point of interest to the focal point of the 
guide tube. The incident x-rays fluoresce characteristic x-rays from the specimen in a manner 
analogous to a SEM producing x-rays with a focused electron beam. These characteristic x-rays arc 
used to perform a quantitative analysi s of the analysis point or to produce an x-ray map of a scanned 
area. 

The instrument used was a Horiba/Oxford XGT-2000W x-ray analytical microscope . In this study, the 
x-ray microscope was one method used to determine the ch loride profiles from field and laboratory 
prepared specimens. The profiles were determined by developing a calibration curve for x-ray 
intensity versus chlorine concentration. For more information on this process, sec Appendix A -
Experimenta l Methods . 

3.2. 7. X-RA J, ' DIFFRACTION ANALYSIS 

X-ray diffraction (XRD) can be used to identify the type and abundance of crystalline phases within a 
concrete microstructurc. In general , x-ray diffraction results in identification of the inter-atomic 
distances between all atoms in a crysta lline structure. For any crystalline material , thi s arrangement of 
atoms in an ordered unit cell is unique and characteristic of that crystalline phase. 
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For a given diffraction scan over a specified angular range, a diffraction pattern is produced that is the 

combination of unique patterns generated from each constituent of the material. The pattern represents 

the diffracted intensity measured as the diffractometer scans through a range of angles, and consists of 

sharp diffraction peaks, or lines, superimposed on a slowly varying background. For a given 

crystalline material, a family of lines occurs because diffraction occurs in multiple angular directions. 

The angular occurrence and relative heights of the diffraction lines forming a family is unique to that 

crystalline material and serves as a '"fingerprint" of the material. 

X-ray diffraction was used in this study to identify secondary deposits observed 111 the laboratory 
specimens. The instrument used at Michigan Tech was a Scintag XDS-2000 automated diffractometer. 
At the University of Toronto, The x-ray diffractometer was a PANalytical instrument with a vertical 

goniometer. 

3.2.8. PROFILE GRINDING TO DETERMINE CHLORIDE PROFILES 

This test is described in more detail in either the ASTM C 1556, Determining the Apparent Chloride 
diffi,sion Coefficient of" Cementitious Mixtures by Bulk Diffi,sion, or the NordTcst NTBuild 443 Test 

Method. The specimen surface is carefully removed with a diamond tipped bit in a mill or lathe in 0.02 

inch [0.5 mm] depth increments . The material removed is dust, which is carefully collected and 

analyzed for chloride content. The dust obtained from each layer is subsequently analyzed using 
inductively coupled plasma optical emission spectroscopy, or similar methods, to determine the 

chloride content of the layer. The concentration determined at each depth is plotted to determine the 
chloride profile in the sample. In this case a 2 inch [50 mm] diameter diamond bit mounted on a 

milling machine was used to takc - 0 .04 inch [1 .0 mm] thick powder samples. 

3.2.9. BULK DIFFUSION/SORPTIVJTV 

The bulk diffusion test (ASTM C 1556 or NordTest NTBuild 443) is used to measure the apparent 

diffusivity of concrete (i .e. total penetration of both free and bound chlorides). A 2 inch [50 mm] thick 

specimen is saturated with limewatcr, coated with epoxy on all but one side, and immersed in a 2.8 M 

NaCl solution typically for 35 days. Profile grinding as described previously is then used to determine 
the chloride profile from the exposed surface. Apparent diffusion coefficients arc then determined by 

fitting a curve to the chloride penetration profile using Crank's numeric solution to Fick's second law. 

Sorptivity is a measurement of the unsaturated flow of a fluid into the concrete due to capillary forces 

that draw the -fluids into the pores. Measuring this in the laboratory is simple once the specimen is 

properly conditioned to a standard moisture condition, as it is then a matter of measuring the mass gain 

due to water sorption into the concrete over a relatively short time frame (30 minutes) . The method 
used essentially followed ASTM C 1585, Measurement o/ Rate a/Absorption o/ Water by Hydraulic­
Cement Concretes. 

3.2./0. RAPID CHLORIDE PERMEABILITV TESTING 

The concrete and mortar's resistance to chloride ion penetration was assessed using ASTM C 1202 
Electrical Indication of" Concrete's Ability to Resist Chloride Jon Penetration. This test is commonly 
referred to as the Rapid Chloride Permeability Test (RCPT), but this is inaccurate since it is not 

measuring concrete permeability per sc, but the ionic movement through the concrete. The test method 

determines the electrical conductance of concrete by subjecting a saturated concrete specimen to 60 

volts DC for six hours. One side of the specimen is exposed to a sodium chloride solution and the 

other side to a sodium hydroxide solution. The total charge passed, measured in coulombs, is used as a 
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measure of penneability. In this study, 2 inch [50 mm] thick laboratory specimens were tested to 

estimate the mixture permeability . 

3.2. JI. OTHER TEST METHODS 

For other laboratory testing at the University of Toronto, a series of test methods were performed at 

specific ages before and after mortar and concrete specimens were exposed to deicer solutions to 

determine how the exposure of the specimens to the deicers could affect certain physical properties 

and their long-term durability performance. 

3.2.11.1. Length Change 

Mortar and concrete prisms were cast to determine the expansion or contraction caused by the 

exposure of these specimens to deicers. The length change was determined according to ASTM C 157 

"Test Method/or length Change o/ Hardened o/ Hydraulic-Cement Mortar and Concrete." Mortar 

specimens were I x I x 11 ¼ inch [25 x 25 x 285 mm] pri sms and concrete specimens were 3 x 3 x 

11 1/4 inch [75 x 75 x 285 mm]. After 24 ± 2 hours and once each specimen had been stored in lime 

water for 30 minutes , an initial reading was taken using a length comparator, and after at 7, 14, 28 

days as well. Additional readings were taken at specific ages after placing the specimens in the 

exposure solut ion. 

3.2.11.2. Mass Change 

Changes in the volume of the mortar and concrete prisms were measured by determining the changes 

in mass with time. The mass change was determined using a balance with a readability of 0.01 g at the 

same age the length of the specimens was measured . That is, at 7, 14 and 28 days and after exposure to 

the deicers at specific ages . 

3.2.11.3. Solution pH 

The pH of the exposure solution (deicer) was measured with time using a digital pH meter capable of 

measuring within the pH range of 0 to 14 and with an accuracy of ±0.02. An automatic temperature 

compensation probe was attached to the pH meter to compensate for temperature changes during 

measurements. 

3.2.11.4. Compressive Strength 

The determination of compressive strength in mortars was done using 2 inch [50 mm] cubes according 

to ASTM CI 09 Test Method/br Compressive Strength of Hydraulic Cement Mortars (Using 2-in. or 
[50-mm} Cube Specimens). 

3.2.11.5. Mercury Intrusion Porosimetry (MIP) 

The pore volume change of mortar specimens was determined after exposure to deicers using the 

Autoscan-60 mercury porosimeter manufactured by Quantachrome. In short, the pore volume is 

determined by pressurizing mercury into the pores of a mortar specimen up to 60,000 psi a [ 414 M Pa] 

and by using the Washburn equation, P • r =-2ycos0, which correlates the app lied pressure (P) w ith the 

intruded pore radius (r) of the mortar, where y and 0 are the mercury surface tension and the contact 

angle between the mercury and the pore wall , respectively . 

3.2.11.6. Exposure Solution Chemical Analysis 

After diluting the deicers to the desired concentrations, aliquots were sent for chemical analysis to an 

independent private laboratory. The elemental concentration of ions of interest was determined by 
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using ICP-OES. The ions analyzed were: Al, Ca, Fe, Mg, P, K, Na, Si and S. In addition, chloride 

concentration was determined by potcntiornctric titration using a Mctrohrn DMS 760 titrator. 

3.3. CHARACTERIZATION OF FIELD SPECIMENS 

3.3. /. I DENT/FICA TI0N OF FIELD SITES FOR TASKS 

To accomplish project Task 5, Characterization of Field Specimens, the research team began by 

meeting with the technical advisory panel and discussing possible sites that I) represent the range of 

deicers being currently used and 2) either exhibit some level of distress or represent new pavements 

that have been exposed only to one specific deicer. The intent of the study was to identify distress 

mechanisms that arc visible in field concrete and study field concrete that has been exposed to a 

specific deicer, to assess how that one specific deicer is interacting with the concrete. Initially, five 

sites were identified for coring and analysis by petrographic methods. Later, two additional sites were 

sampled and core samples from these sites were also examined by petrographic methods. 

After the sites were identified, coring was performed by the state DOT with jurisdiction over each site. 

The coring plan used was developed in previous research and published in Guidelines for Detection, 

Analysis, and Treatment o/ Materials-Related Distress in Concrete Pavements, Volume I: Final 

Report. FHWA-RD-01-163 (Van Darn ct. al 2002a). 

Following procedures set forth in the referenced guidelines (Van Darn et. al. 2002a), the cores 

retrieved from the selected sites were packaged and shipped to Michigan Tech for analysis. For more 

information on this process, sec Appendix A, Experimental Methods. 

3.4. PHASE I EXPERIMENTAL APPROACH: LABORATORY TESTING OF PORTLAND 

CEMENT MORTAR 

3.4.J. OVERVIEW 

For Phase I, work was performed at Michigan Tech and at the University of Toronto. The Phase 1 
approach will be described for each institution separately. 

3.4.2. PHASE I WORK CONDUCTED AT MICHIGAN TECH 

3.4.2.1. Mixture Design and Preparation 

In Phase I, three different mortar mixtures were tested under various temperature regimes to examine 

how deicing chemicals interact with hardened portland cement paste. Also, the results of these tests 

were used to help select material parameters for Phase IJ where concrete was tested. 

Three different mortar mixtures were prepared using 20-30 Ottawa sand (ASTM C778), Lafarge 

Alpena Type 1/1 I cement, and water. The mix designs arc presented in Table 3. I . 

Table 3.1. Mix design proportions for the 0.40, 0.50, and 0.60 wlc mixtures. 

Mix Design Mix Design Mix Design 
(Q) /al /al 

w!c 0.40 0.50 0.60 
Cement 500.0 500.0 500.0 
Water 200.0 250.0 300.0 
Sand 1462.5 1666.4 1870.2 
Air entrainer 0.28 ml 0.28 ml 0.28 ml 
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The wlc was the independent variable with increments of 0.40, 0.50, and 0.60. The paste content was 

held constant for all mix designs. Approximately twenty five hundred 2 inch diameter by 4 inch high 

[50 111111 by I 00 111111] mortar cylinders were made, in addition to twelve 4 inch diameter by 8 inch high 

[ I 00 111111 by 200 mm] cylinders. The cylinders were cured in lime baths for 28 days, and then placed 

in a temperature control room at 40 °F [4.4 "CJ until deicer exposure testing began . The approach was 

to have 30 sa mples, of each wlc, exposed to each of the four principal deicers and a control so lution 

(lime water). The exposure would be under three different temperature reg imes as described below. 

The large number of samples made was intended to provide extra samples accounting for poorly 

consolidated or damaged samples that could not be tested. The large number of samples tested 

provided multiple samples under each condition for replication, and samples to be removed from 

solution at various times to study the effect of time on diffusion or any observed deterioration. 

Samples were originally sc hcclulccl to be removed at 7, 14, 28 , 56, 84, or 112 clays. Specimens 

removed at each time period were to be examined usi ng petrographic methods, tested for strength by 

means of split-tensile testing, and analyzed to determine the chloride ingress. As will be clcscribccl in 

the Results section (Section 5), not all of these goa ls were obtained. 

3.4.2.2. Deicer Solutions 

The deicer solutions used 111 Phase I of hi s study were prepared by dissolving so lid deicer salts in 

water. The one exception was the magnesium chloride based agricultural by-product (M BAP) clciccr, 

which was prepared from a liquid. Table 3.2 below lists the sources of deicers used. 

Table 3.2. Deicer solids used to make deicer solutions. 

Deicinci Chemical Form 
NaCl Food Grade Crystalline 
MqCl2 Hexahydrate Flake 
CaCl2 Flake 
Calcium Mac:inesium Acetate Solid Pellet 
MgCl2 based agricultural by-product (MBAP) Liquid 

For the three principal chlorides, the solution strengths were chosen by first selecting 15% by weight 

MgCl 2 as the basis for comparison. This concentration was chosen to represent the dilution that occurs 

when salt solutions arc applied to a road surface (i.e. magnesium chloride brines arc typically applied 

at concentrations much greater than 15% by weight). Then, to assess the effects of each deicer on 

hydrated portland cement paste on an equitable basis, the solutions were normalized on the basis of 

molal concentration of chloride ion. Molality offers the advantage of equal numbers of moles of each 

deicer cation per volume solution, which makes determination of diffusion coefficients more 

straightforward and gives a basis for comparison of deicer chemicals in terms of the chemical 

interaction only. A so lution of 15% MgCb and water has a molal concentration of 1.85 111 Mg2+ and 

3.7 111 CL Similarly, a solution of 17% CaCb and water has a molal concentration of 1.85 m Ca2+ and 

3.7 mer. A solution of 17.8% NaCl has a molal concentration of3.7 m Na+ and 3.7 111 er. In Phase I 

the CMA solution strength was used at the normal application concentration of 25% CMA by weight, 

which is a molal concentration. The MBAP deicer was not tested in Phase I. 

Except for the NaCl solution, the concentrations chosen arc all less than the eutectic composition for 

each system theoretically resulting in no solid salt in the solution. The MgC1 2, CaCb and CMA 

solutions formed a "slush" that was ice and salt solution. In the case of the NaCl solution, below -5 .8 

°F [-21 °C] only ice and solid NaCl•2H2O (hydrohalitc) arc present. The partial phase diagrams for the 

deicer solutions arc shown in Figure 3.1. Table 3.3 shows the saturation concentration for each 

21 
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Figure 3.1 . Th e partial phase diagrams for the deicer solutions tested showing the eutectic 

Th 
points for each solution. 

e temperature -15 °F [-26 °C] is shown as a dotted horizontal line. 

Table 3.3. Saturation concentrations of salt solutions at 
two temperatures. 

Saturation Concentration Saturation Concentration 

Deicer at-15°F at 32°F 

Weight Percent Salt (wt%) Weight Percent Salt (wt%) 

MgCl2 24% MgCi2 34.6% MgCi2 

CaCl2 34% CaCl2 37 .3% CaCi2 

CMA 33% CMA No Data 

NaCl - 26 .3% NaCl 
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3.4.2.3. Experimental Approach 

In Phase I, three distinct temperature regimes were used to test the sa mples. 

C11clical Temperature Test 

In the first temperature regime, the specimens were cyc led between being submerged in sa lt solution 

or a control soluti on at - 15 °F [-26 °CJ for 20 hours, to being in air at 135 °F [57 °C] for 20 hours. 

Figure 3.2 outlines the steps in the cyc lic temperature test procedure . 

Remove from 
135° oven 

----1> 

l 
Place in 1350 
oven for 20 

hours 

l 
Drain lime 

::J solution 

Fi ll with Lime 
Cool for 2 

hours 
----;[:: solution, 

condition for 2 
hours 

I> 

Remove from 

135o oven, fill <3---­
with lime 
solution 

Place in 135° 
oven for two •::J---­
hours ( thaw) 

Drain lime 
solution, fill 
with deicer 

solution 

l 
Place in -15° 
freezer for 20 

hours 

l 
Remove from 
-15° freezer 

Figure 3.2. Cyclic temperature test procedure for one cycle for cylinders exposed to deicer 
solutions and a control solution. 

Low Temperature Diffi,sion Test 

In thi s reg ime, the specimens were submerged in the various deicer solutions and a control solution for 

a g iven amount of time (e.g. 0, 7, 14, 28, 56, 84, or 11 2 days) at a constant, specified temperature of 

40 °F [4.4 °C]. Prior to testing, all the cyl inders were conditioned by soaking in limcwatcr for 72 hours 

at 68-70 O f [20 -21 °C]. 

High Temperature Dif/itsion Test 

Jn this regime, the spec imens were submerged in the various deicer so lutions and a control solution for 

a g iven amount of time (e .g. 0, 7, 14, 28, 56, 84, or I 12 days) at a constant, spec ifi ed tempera ture of 

135 °F [57 °C). Prior to testing, a ll the cy linders were conditioned by soaki ng in limcwatcr for 72 

hours at 68-70 °F [20 -2 1 °C). 
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3.4.3 PHASE I WORK CONDUCTED AT THE UNIVERSITV OF TORONTO 

3.4.3.1 . Mixture Design and Preparation 

For mortar specimens prepared at the University of Toronto, normal portland cement (Type I) from 

Lafarge was used for all mixtures. Mortar mixtures were prepared with standard graded Ottawa sand. 
The fine aggregate used to prepare concrete mixtures was glacial sand with a fineness modulus of 

2. 75. Mortar specimens were prepared using a mortar mixture with water-cement ratio of 0.485 and 
cement-sand ratio of 2. 75 as per ASTM recommended mixture for mortar specimens (e.g. ASTM 
C I O 12-04, "Tes/ Method fur Length Change o/ Hydraulic-Cement Mortars Exposed tu a Sulfate 
Solution"). After cast ing, fresh specimens were kept under moist conditions ( I 00% relative humidity) 

at 73 .5 °F [23 °C] for 24 ± 2 hours. Then, the molds were stripped and the specimens were removed, 

labeled and returned to containers filled with lime water where they were kept for 28 days . 

3.4.3.2. Deicer Solutions 

Five deicers were used in Phase I including NaCl, MgCb, calcium magnesium acetate (CMA), CaCb 
and Caliber MI 000 . In addition, a reference solution of calcium hydroxide was used for comparison 
purposes. All experiments were done at 73.5 °F [23 °C] and the concentration of the deicers was fixed 
to 3 molar chloride concentration. In the case of the CMA deicer the concentration was based on the 

concentration of both calcium and magnesium in the sol ution. Table 3.4 shows the elemental 
composition for the exposure solutions including their pH . 

Table 3.4. Exposure solution chemical analysis by ICP. 

Elemental Composition (part per million -_ppm 
Al Ca Fe MQ p K Na Si s Cl oH 

Ca(OH)2 <1 918 <1 20 <1 36 25 <1 10 26 12.7 
NaCl 949 1635 1031 464 9 532 71815 7094 515 107722 7.6 
Caliber M1000 <1 81 <1 54273 3 1150 1155 0.5 446 105016 7.8 
MQCl2 110 1828 748 34604 91 346 927 222 49 107414 8.3 
CaC'2 <2 59246 <3 <15 <2 <30 <60 <1 <10 106222 5.6 
CMA 299 21999 237 27983 37 188 12296 779 159 0 8.8 

3.4.3.3. Experimental Approach 

For Phase I, I x I x 11 ¼ inch [25 x 25 x 285 mm] mortar bars and 2 inch [50 mm] cubes were cast as 

described above. At the end of the curing period, the specimens were removed from the container and 
transferred to another container filled with a deicer so lution prepared using the concentrations 
described in Section 3.4.3.2. At specific ages various tests as described in Section 3.2.11 were 
pcrfonncd to determine the effect of each deicer on the mortar specimens. These tests included length 
change, mass change, solution pH, compressive strength, and mercury intrusion porosimctry. 

In addition, experiments were performed further evaluating MgCb and CaCl2 based on the fact that 
strong evidence was found in the literature regarding the chemical interaction between these two 
deicers and cement-based materials at low temperatures. The first experiment consisted of placing 2 
inch [50 mm] mortar cubes in plastic containers filled with 10, 14, 20, 25 and 30% by mass ofMgC(z 
solution and 5, 11 , 15, 22 and 28% by mass of Ca Cb solution at 41 °F [5 °C]. At 30 days of exposure 

time the mortar cubes were used to determine the changes in compressive strength. With respect to 
compressive strength after deicer exposure, specimens exposed to the pessimum concentration of 
MgC(z and CaCl2 were analyzed by x-ray diffraction to identify the phase or phases involved in the 
chemical interaction. 
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For the second experiment, I x I x I I¼ inch [25 x 25 x 285 mm] mortar bars were exposed to 5, I 0, 

20 and 30°/ci by mass MgCb so lution at 73.5 °F [23 °C] and at various exposure times the length , mass 

change and pl-I of the solution was measured. 

3.5. PHASE II EXPERIMENTAL APPROACH: LABORATORY TESTING OF PORTLAND 

CEMENT CONCRETE 

3.5./. OVERl 'I EW 

As will be discussed in the Section 5 of this report, the results of the Phase I experiments conducted at 

Michigan Tech and the University of Toronto identified that at least two of the deicing chemicals 

tested caused damage in portland cement mortar. Also, Phase I identified which testing regimes were 

ineffecti ve at demon strating the effects of deicing chemical s on mortar, and by implication, concrete . 
These ineffective tests were not continued from Phase I to Phase I I. The low temperature experiment 

conducted at Michigan Tech had interesting results, clearly demonstrating that chemical attack by 

some deicers is a rea l possibility and this test was conducted in Phase II. Additionally, from the DOT 

survey, feedback from the panel members, and conversations with practitioners around the upper 

Midwest and western states, it is clear that sca ling is a common manifestation of di stress associated 
with deicers of all types. Therefore, Phase II of this research focused on two general areas : scaling and 

chemical attack to concrete in the presence of deicers. Tests were performed to assess scaling, the 

mechani sms of chemica l attack, and the effects of sca lers on preventing distress. Also, fundamental 

material parameters were determined including the relative diffusivity of the va ri ous deicers in 

concrete and the role of solution strength on concrete degradation. For Phase II , work was performed 

at Michi gan Tech and at the University of Toronto . The Phase II approach will be described for each 

institution separately. 

3.5.1. PHASE II WORK CONDUCTED AT MICHIGAN TECH 

3.5.2.1. Mixture Design and Preparation 

The concrete mixtures used in this experiment were made with a hi gh quality , partia lly crushed gravel 

coarse aggregate (maximum aggregate size of I inch [25 mm]) from Superior Sand & Gravel, 

Hancock Michigan, natural sand (same source as coarse aggregate), 564 lb/yd3 [335 kg/m3
] Lafarge 

Alpena Type 1/11 cement, Master Builders / BASF Admixtures VR-90 vinsol resin air entraining agent 

(air content of 6 ± I percent), and a wlc of 0.45 and 0.55. The slump was 3 ± 0 .5 inch [76 ± 12 mm]. 

Two additiona l mixtures were prepared, one made with 15 percent replacement of cement with Class F 

fly ash provided by Boral Materials and another made with 35 percent replacement of cement with 
GGBFS provided as a blended cement product from Lafarge. The cement used in the blended product 

was also a Lafarge Type 1/11 from Alpena, Michigan. For quality control purposes, the concrete 
mixtures were sampled and tested to determine concrete fresh properties such as slump, a ir content, 

temperature , and unit weight. Specimens were moi st cured at I 00% humidity in the molds for one day, 
and then wet cured in lime saturated baths for 27 days . Specimens cast were standard 4 inch diameter 

by 8 inch high [ I 00 mm by 200 mm] cylinders, which in turn were section to produce three 4 inch 

diameter by 2 inch high [100 mm by 50 mm] specimens per cy linder. 

3.5.2.2. Deicing Solutions 

A goal of Phase II was to determine the effect of deicer concentration on observed concrete 

degradation. To accomplish thi s, two concentration levels were established for deicer solutions and arc 

referred to as Low and High. These concentrations arc given in Table 3.6. The high concentrations 

were identical to the concentrations used for each deicer in Phase I with the exception of CMA. In 
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Phase I, CMA was tested at the typical app li cation strength. T his did not take into account the dilution 

that occurs as the deicer melts ice or snow. For Phase JI , the CMA so lution concentration was reduced 

to 15% CMA by weight. The MBAP concentration was chosen to provide approx imate ly the same 

amount of Mg"+ ions in solution as compared to the standard MgCl 2 solution. The exact composition 

of the MBAP so luti on cannot be calculated on a grav imetric or vo lumetric basis as the exact 

composition of the product is unknown. The low concentrat ion was chosen to be approx imately 40% 

of the high concentration . The concentrations of deicer solutions used in Phase 11 arc given in Table 

3.5. 

Table 3.5. Deicer concentrations used for testing in Phase II. 

NaCl 
CaC'2 
MgC'2 
CMA 
MBAP 
Lime Water 

3.5.2.3. Experimental Approach 

Low Temperature Testing 

Concentration (wt%) Cl· Molality 
Low High Low High 
7.3 17.8 1.35 3.7 
7.3 17.0 1.43 3.7 
6.2 15.0 1.38 3.7 
6.5 15.0 
8.1 15.0 

Saturated Solution 

The low temperature testing conducted in Phase I at Michigan Tech revealed some interesting results, 

particularly with respect to the observations of chemica l degradation observed in the specimens 

submerged in CaCl2 and MgCl 2. To more fully understand these observations, 4 inch diameter by 2 

inch high [ I 00 mm by 50 mm] cy lindrical concrete specimens were made and submerged in deicer 

solut ions at the concentrations listed in Table 3.6 . Each week, the solution was replaced, and mass 

change monitored, with the specimens being ana lyzed after 56 and 84 days of submersion, as indicated 

in Table 3.7. 

Analvtica/ Methods 

For exami ning the specimens from the Phase II low temperature experiment, the same petrographic 

ana lysis were app lied as was done in Phase I. Optical microscopy, e lectron, and x-ray microscopy was 

used to characterize the microstructurc of the specimens. A thorough ana lys is of the spec imens was 

performed to identify any possible signs of chemica l or phys ical distress. 
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Table 3.6. Experimental design for cylindrical specimens tested at 40 °F [4.4 °C]. 

PC - portland cement only, Fly Ash - portland cement with fly ash substitution, GGBFS -
portland cement with GGBFS substitution. Numbers in cells represent the number of two 
inch by four-inch specimens placed in each solution. High and Low concentrations are as 

described in Table 3.5. 

CaC lz MgClz NaCl CMA 
Specimen Description 

High Low High Low High Low High Low 

0.45 w/c PC 2 2 2 2 2 2 2 2 

0.55 w/c PC 2 2 2 2 2 2 2 2 

0.55 w/c PC 
2 2 2 2 2 2 2 2 Silane Sealant 

0.55 w/c PC Siloxane 
2 2 2 2 2 2 2 2 

Sealant 

0.45 w/cm Fly Ash 2 2 2 2 2 2 2 2 

0.55 w/cm Fly Ash 2 2 2 2 2 2 2 2 

0.55 w/cm Fly Ash 2 2 2 2 2 2 2 2 
Silane Sealant 

0.55 w/cm Fly Ash 
2 2 2 2 2 2 2 2 Siloxane Sealant 

0.45 w/cm GGBFS 2 2 2 2 2 2 2 2 

0.55 w/cm GGBFS 2 2 2 2 2 2 2 2 

0.55 w/cm GGBFS 
2 2 2 2 2 2 2 2 Silane Sealant 

0.55 w/cm GGBFS 
2 2 2 2 2 2 2 2 Siloxane Sealant 

3.5.3 PHASE II WORK CONDUCTED A T THE UNI VERSITY OF TORON TO 

3.5.3.1 Mixture Design and Preparation 

MBAP 
Lime 
Water 

High Low sat'd 

2 2 2 

2 2 2 

2 2 

2 2 

2 2 2 

2 2 2 

2 2 

2 2 

2 2 2 

2 2 2 

2 2 

2 2 

T he concrete slabs and prisms used for testing were prepared a long w ith 4 x 8 inch [ I 00 x 200 mm] 

cy linder spec imens cast fo r compress ive strength testing at 28 days of age. The mi xtures used were 

prepared with 6 15 lb/yd3 [365 kg/m' ] Lafarge Type I port land cement and a wlc of 0.45 . T he coarse 

aggregate used was a du ra bl e crushed limestone with a no minal max imum s ize of 3/4 inch [ 19 mm]. A 

medium range wa ter-reducing admi xture (Master Builders / BASF Admixtures Pozzolith 200N) and 

air-entra ining admixture (M aster Builders / BASF Admi xtures Micro Air) were added to the concrete 

mixtures with a target a ir content of 6 ± I percent. The concrete mi xtures were sa mpl ed and tested to 

determine concrete fresh properties such as slump, a ir content, temperature, and uni t we ight. 

Afte r casting, the concrete specimens were covered with p lasti c sheets and wet burlap to avoid dry ing 

of the test surface ( e.g. concrete slabs). O n the next day, the fo rms were stri pped and spec imens were 

removed, labeled and stored in a moist room ( I 00% re l a ti vc humidity and 73 .5 °F [23 °C]) fo r 28 days 

or until required fo r testing. 
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3.5.3.2 Deicer Solutions 

Concrete slabs were exposed to the pcssimum concentration found in the mortar experiments in Phase 
I for MgCb and CaCl2. The concrete slabs were exposed to 22% CaCl 2 and 20% MgCl 2 at 41 °f [5 °C] 
for a year as a preconditioning period and then the salt sca ling resistance was determined following the 
standard procedure; that is , exposing the concrete surface to either 4% CaCl 2 or 4% MgCb for 50 
cycles (one cycle consisted of 16 hours freezing and 8 hours thawing). At the same time, reference 

slabs were exposed to 23% NaCl for a year and then their salt scaling resistance was determined 
following the standard procedure. Concrete prisms were subjected to rapid cycles of freezing and 

thawing using water an exposure solution that was CaC12, MgCb and NaCl fixed to 3 molar by 

chloride concentration. 

3.5.3.3 Experimental Approach 

Salt Scaling Resistance 

Concrete slabs 12 x 9 x 3 inch [305 x 230 x 75 mm] were cast and tested for salt scaling resistance in 
accordance with ASTM C672 Test Method.for Scaling Resistance of" Concrete Surfaces Exposed to 

De-Icing Chemicals. Styrofoam berms were attached and scaled with silicone around the perimeter of 

the slabs to create a dyke so the exposure solution could be ponded on the surface. The slabs were kept 
in the freezer for 16 hours at 0 °F [-18 °C] and then taken from the freezer to laborato1y conditions 

(73 .5 °f [23 °C], 45 to 55% relative humidity) for 8 hours. Some modifications were introduced to the 
standard so it could be used to differentiate any deterioration caused by the chemical interaction 

between the deicer and the concrete matrix. The concrete slabs were exposed to 22% CaC12 and 20% 
MgC'2 at 41 °F [5 °C] for a year as a preconditioning period and then the salt scali ng resistance was 
determined following the standard procedure; that is, exposing the concrete surface to either 4% CaCh 
or 4% MgCb for 50 cycles (one cycles consisted of 16 hours freezing and 8 hours thawing) . At the 
same time, reference slabs were exposed to 23% NaCl for a year and then their salt scaling resistance 
was detcnnincd . X-ray diffraction was performed on the surface of the concrete at the end of the 

exposure period. 

Freezing and Thawing Resistance 

Concrete prisms 3 x 3 x I I ¼ inch [75 x 75 x 285 mm] were subjected to freezing and thawing cycles 

in conformance with ASTM C666 Test Method.for Resistance of" Concrete to Rapid Freezing and 

Thawing. The Procedure A, rapid freezing and thawing in water was performed with one modification, 
deicers chemicals were used instead of water. In short, the specimens arc subjected to a complete cycle 
when its temperature decreases from 40 to 0 "F [ 4.4 to -18 "q and then increases from 0 to 40 '"F [-1 8 
to 4.4 ··q within 2 to 5 hours. During this test the length change is measured every week and the 

durabi li ty factor is calculated from the fundamental transverse frequency as well. A maximum number 
of 36 cycles are required for determination of these two properties every week . The determination of 
the fundamental transverse frequency was done according to ASTM C2 I 5, " Test Method for 

Fundamental Transverse, Longitudinal, and Torsional Resonant Frequencies o_f"Concrete Specimens." 
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SECTION 4. CHARACTERIZATION OF FIELD SPECIMENS 

4.1 APPROACH 

To approach Task 5, C haracterization of Field Specimens, the research team began by meeting with 

the technical advisory pane l and discussing possib le sites that I) represent the range of de icers being 

currently studied and 2) either exhibit some level of distress or represent new pavements that have 

been exposed only to one specific deicer. The intent of the study was to identify distress mechanisms 

that arc visib le in field concrete and study fie ld concrete that has been exposed to a spcci lic deicer, to 

assess how that one spec ific deicer is interacting with the concrete. The sites identified arc li sted below 

in Table 4.1. 

Table 4.1 Pavement sites identified in cooperation with the technical advisory 
panel for examination as part of Task 5. 

Colorado, State Highway 83, South of Denver near Milepost 57 

Iowa, eastbound US Highway 34, western end of the Burlington Bridge. 

Idaho, westbound Interstate Highway 184 west of Boise, near milepost 3 

Montana, westbound Interstate Highway 90 bridge deck near milepost 117 

South Dakota, Sioux Falls, eastbound 26th Street left turn lane 

In genera l, the sites initially identified lacked unambiguous evidence of distress assoc iated with 

deicers. To cont inue the field study, the research team obta ined cores from a number of bridge decks 

in Montana that were exh ibiting distress . Altho ugh these bridge decks arc maintained us ing various 
non-NaCl deicers, they arc a ll bridge decks that have been in serv ice for numerous years and as a 

result, have been exposed to NaCl deicers for a significant portion of their service li ves. Ultimate ly, 

because of this maintenance history, any distress identi fied wou ld be difficult to associate with a 

specific deicing chemical. However, the team felt it was important to exami ne these bridge decks to 

determine if any visib le mechanisms of chem ical attack cou ld be identified. The specific bridge decks 

sampled arc li sted below in Table 4.2. 

Table 4.2 Bridge decks identified as additional field sites for examination as 
part of Task 5. 

Montana, eastbound Interstate Highway 90 bridge deck, near milepost 61.8, Tarkio interchange 

Montana, westbound Interstate Highway 90 bridge deck, near milepost 37.2, Sloway interchange 

Presented in the remainder of this sect ion a rc the results obtained from petrographic analyses of the 

samples representing two of the si tes identified in Tables 4. 1 and 4.2. A comp lete summary of the 

results of the characterization of a ll fie ld si tes is provided in the Append ix to this report. 
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4.2 PETROGRAPHIC ANALYSIS OF IDENTIFIED SITES 

4.2.1 South Dakota, Sioux Falls, eastbound 26th Street left-turn lane onto northbound, Interstate Highway 29 

This pavement was placed on November I , 1996, and exposed to MgCl2 brine shortly thereafter on 

November 15 , 1996. A letter came with the cores that described the pavement surface to be in good 
condition, but stated that the cores taken near the joint looked like they had been eaten away. Figure 
4. 1 shows the locations of the cores, and Figure 4.2 shows an overview of the tum lane. Figure 4.3 
shows the core holes from near the joint. What had been interpreted in the letter as deterioration was 
just the normal appearance of a concrete joint as exposed in cross section. Figures 4.4 and 4.4 show 
photographs of the individual cores. Two of the cores were cut into slabs and polished: core SD- I (at a 

joint), and core SD-4 (mid-panel). Figures 4.6 through 4.9 show the slabs as polished, after staining 

with phenolphthalein, and after treatment to enhance air voids and cracks. The phenolphthalein stain 
showed normal carbonation depths. The black and white treatment did not revea l any macro-cracking 
in either of the cores. Table 4 .3 summarizes the air void parameters. Both sets of slabs showed 

adequate entrained air, with spacing factors of 0.158 mm and 0.176 mm for cores SD- I and SD-4 
respectively. Figure 4.10 shows an example stcreomicroscopc image of the air void structure. Initially, 
water to cement ratio estimations were performed both on a thin section prepared from a core taken at 
the joint, (SD- I) and on a thin section prepared from a core taken at mid-panel , (SD-4). The wlc 

estimates were consistently higher for the core taken at the joint versus the core taken at mid-panel. To 
double-check the results, an additional thin sect ion was prepared from the same pair of cores . To 
further investigate the trend, thin sections were also prepared from another pair of cores representing 

the joint, (SD-7) and the mid-panel, (SD-5). The same trend of higher w/c estimates near the joint was 
observed. Figures 4.11 and 4.12 show the images used to make the measurements from the first thin 
sect ion prepared from the top of core SD- I (at a joint). The results of the wlc estimation arc 
summarized in Table 4.4, with an average w/c value of 0.47 as compared to the 28 -day moist cured 

mortar sample standards. Figure 4 . 13 shows images collected from the second thin section prepared 
from core SD- I. These images were not masked and used for w/c measurement, but provided as a 
visual check on the first thin section. Figures 4. 14 and 4.15 show the images used to make the 
measurements from the thin section prepared from the top of core SD-7 (also at a joint). The results of 

the w/c estimation arc summarized in Table 4.5 , with an average w/c value of 0.45. Figures 4.16 and 
4.17 show the images used to make the measurements from the thin section prepared from the top of 

core SD-4 (from mid-panel). The results of the w/c estimation arc summarized in Table 4.6, with an 
average w/c value of 0.38. Figure 4 . 18 shows images collected from the second thin section prepared 

from core SD-4. These images were not masked and used for w/c measurement, but provided as a 
visual check on the first thin section. Figures 4 . 19 and 4.20 show the images used to make the 

measurements from the thin section prepared from the top of core SD-5 (also from mid-panel) . The 
results of the wlc estimation arc summarized in Table 4 .7, with an average w/c value of 0.35. Figure 
4.21 compares cement paste fluorescence histograms from the four cores. The samples prepared from 
the joint fluoresced consistently brighter than the samples prepared from mid-panel. Figures 4.22 
through 4.25 show chloride profiles from cores SD-3 and SD-7. 
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Figure 4.1 . Diagram to show core locations based on submitted field information. 

East-bound 26tl, Street, Left Tum Lane onto North-bound 1-29 
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Figure 4.2. Photograph of core site. 
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Figure 4.3. Photographs of the joints sampled, and of the holes after the coring operation. 
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Figure 4.4. Cores taken at joint. 
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Figure 4.4. Cores taken away from joint. 
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Figure 4.6. Polished slabs to show complete cross-section through core SD-1 both before 
(left) and after application of phenolphthalein stain (right) tic marks every cm. 
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Figure 4.7. Polished slabs to show complete cross-section through core SD-1 after treatment 
to enhance appearance of air voids and cracks , tic marks every cm. 
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Figure 4.8. Polished slabs to show complete cross-section through core SD-4 both before 
(left) and after application of phenolphthalein stain (right) tic marks every cm. 
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Figure 4.9. Polished slabs to show complete cross-section through core SD-4 after treatment 
to enhance appearance of air voids and cracks, tic marks every cm. 
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Table 4.3. Air void parameters 

Sample ID SD-01 SD-04 
Location At joint Away from Joint 

Raw data 
Total traverse length (mm) 3625.5 3625.5 
Area analyzed (cm2) 710 710 
Air stops 85 91 
Paste stops 396 382 
Aggregate stops 907 915 
Secondary deposit stops 0 0 
Total stops 1388 1388 
Number of air intercepts 1577 1420 
Number of fi lled void intercepts 2 0 

Results 
Air vol% 6.1 6.6 
Paste vol% 28.5 27.5 
Aggregate vol% 65.3 65.9 
Secondary deposit vol% 0.0 0.0 
Existing average chord length (mm) 0.141 0.167 
Existing paste/air ratio 4.7 4.2 
Existing air void specific surface (mm·1) 28.4 23.9 
Existing ai r void frequency (voids/m) 435 392 
Existing spacing factor (mm) 0.158 0.176 
Original average chord length (mm) 0.141 0.167 
Original paste/air ratio 4.7 4.2 
Original air void specific surface (mm·1) 28.4 23.9 
Original air void frequency (voids/m) 436 392 
OriQinal spacinQ factor (mm) 0.158 0.176 
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Figure 4.10. Stereo microscope images to show air void structure on polished slab from core 
SD-4. 

40 



~-~. F"'~~ " 
U;, _,. ......._ ........... 

Figure 4.11. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-1 (each individual frame measures 2.612 x 1.959 mm). 
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Figure 4.12. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-1 after masking out air voids, fine aggregate, and micro-cracks to isolate 

cement paste (each individual frame measures 2.612 x 1.959 mm). 
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Table 4.4. Average cement paste pixel intensities per frame, and equivalent w/c values 
(as compared to 28-day moist cured mortar samples) for core SD-1. 

Cement Paste Pixel Fluorescence Measurements (average intensity per frame) 

101 101 95 95 

93 98 120 97 

101 102 101 97 

equivalent w/c (y = 0.0044x + 0.0329) 

0.47 0.47 0.45 0.45 

0.44 0.46 0.56 0.46 

0.47 0.48 0.47 0.46 
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Figure 4.13. Mosaic of 12 frames collected from thin section prepared from a second billet cut 
from top portion of core SD-1 (each individual frame measures 2.612 x 1.959 mm). 

These frames were not masked and used for wlc determination, but recorded as visual check 
against the first section prepared from core SD-1 . 
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Figure 4.14. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-7 (each individual frame measures 2.612 x 1.959 mm). 
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Figure 4.15. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-7 after masking out air voids, fine aggregate, and micro-cracks to isolate 

cement paste (each individual frame measures 2.612 x 1.959 mm). 
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Table 4.5. Average cement paste pixel intensities per frame, and equivalent wlc values 
(as compared to 28-day moist cured mortar samples) for core SD-7. 

Cement Paste Pixel Fluorescence Measurements (average intensity per frame) 

97 97 96 103 

92 102 91 95 

95 89 103 95 

equivalent w/c (y = 0.0044x + 0.0329) 

0.46 0.45 0.45 0.48 

0.44 0.48 0.43 0.45 

0.45 0.42 0.48 0.45 
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Figure 4.16. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-4 (each individual frame measures 2.612 x 1.959 mm). 
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Figure 4.17. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-4 after masking out air voids, fine aggregate, and micro-cracks to isolate 

cement paste (each individual frame measures 2.612 x 1.959 mm). 
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Table 4.6. Average cement paste pixel intensities per frame, and equivalent w/c values 
(as compared to 28-day moist cured mortar samples) from core SD-4. 

Cement Paste Pixel Fluorescence Measurements (average intensity per frame) 

78 78 71 76 

93 90 94 85 

85 68 70 70 

equivalent w/c (y = 0.0044x + 0.0329) 

0.37 0.37 0.34 0.37 

0.44 0.35 0.43 0.44 

0.40 0.33 0.34 0.34 
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Figure 4.18. Mosaic of 12 frames collected from thin section prepared from a second billet cut 
from top portion of core SD-4 (each individual frame measures 2.612 x 1.959 mm). 

These frames were not masked and used for w/c determination, but recorded as visual check 
against the first section prepared from core SD-4. 
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Figure 4.19. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-5 (each individual frame measures 2.612 x 1.959 mm). 
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Figure 4.20. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core SD-5 after masking out air voids , fine aggregate, and micro-cracks to isolate 

cement paste (each individual frame measures 2.612 x 1.959 mm). 
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Table 4.7. Average cement paste pixel intensities per frame , and equivalent w/c values 
(as compared to 28-day moist cured mortar samples) core SD-5. 
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Figure 4.21. Histogram comparing cement paste pixel intensities using all 12 frames as 
collected from thin sections prepared from cores taken at the joint versus cores taken mid­

panel. 
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Figure 4.22. Chloride profile from billet prepared from core SD-3, panel corner. 
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Figure 4.23. Duplicate chloride profile from additional billet prepared from core SD-3, panel 
corner. 
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Figure 4.24. Chloride profile from billet prepared from core SD-7, mid-panel. 
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Figure 4.25. Duplicate chloride profile from additional billet prepared from core SD-7, mid­
panel. 
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4.2.2 Montana, eastbound Interstate Highway 90 bridge deck, near milepost 61.8, Tarkio interchange 

The Tarkio interchange was constructed in 1958, and I ies at the border of two maintenance areas: 

I I 13, and I I 14. Maintenance personnel indicated they used both MgCl 2 brine, and a combination of 

NaCl and sand on this bridge deck. Maintenance personnel described spalling at many of the bridge 

decks in the area that had been coated with a thick (- 1/4") layer of epoxy and aggregate. In order to 

patch the spa I ls, they had to first scrape away the epoxy layer, which dcbonded and came off in sheets. 

It was never stated that this was the case at the Tarkio interchange, which appeared to be uncoated . 

Figure 4.26 shows the locations of the cores, and Figure 4.27 shows the condition of the bridge deck, 

covered with cold patch material. Figure 4.28 shows the underside of the bridge deck with pronounced 

effiorescence, especially in areas directly below regions covered with cold patch material. Figure 4.29 

shows photographs of the cores. Core T-1 exhibited a crack plane at a depth of about 45 mm. The 

entire core was vacuum impregnated with epoxy and used only for thin section preparation. Core T-2 

was intact, and cut into slabs and polished. Figures 4.30 and 4.31 show the slab as polished, after 

staining with phenolphthalein, and after treatment to enhance air voids and cracks. The 

phenolphthalein stain showed nonnal carbonation at the surface, but pronounced carbonation of over a 

centimeter thick at the base of the deck. The black and white treatment did not reveal any macro­

cracking. Table 4.8 summarizes the air void parameters. The slab showed inadequate entrained air, 

with a spacing factor of 0.296 mm. Figure 4.32 shows an example stcrcomicroscopc image of the air 

void structure. A wlc ratio estimation was performed on a th in section prepared from the top of core T-
2. Figures 4.33 and 4.34 show the images used to make the measurements. The results of the w/c 

estimation arc summarized in Table 4.9, with an average wlc value of 0.33 as compared to the 28-day 

moist cured mortar sample standards . Figures 4.35 through 4.37 show chloride profiles from cores T-

2. Figures 4.38 and 4.39 show locations on the thin sections prepared from core T-1 that were used for 
elemental mapping. Regions were mapped to represent the pavement surface and the crack at depth. 
Figures 4.40 and 4.41 show the elemental maps from the two regions. Chloride profiles were not 

recorded from core T-1 because it had been epoxy impregnated; the epoxy contains chlorine. The most 

interesting feature of the elemental maps is the Mg map from Figure 4.41 that shows magnesium 

enrichment at the surface of the bridge deck. 
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Tarkio Interchange bridge deck .. milepost 61.8 

cold patch materia: 
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Figure 4.26 . Diagram to show location of cores according to field notes. 

Figure 4.27. Photograph of core site. 
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Figure 4.28. Photograph from beneath bridge deck after coring operation. 
Hole from core T-2 is visible. Dampness permeating through cracks visible beneath the area of 
core T-1. White efflorescence common in areas directly below regions covered with cold patch 

material. 
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Figure 4.29. Cores retrieved from site, core T-1 (top), core T-2 (bottom). 
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Figure 4.30. Polished slabs to show complete cross-section through core T-2 both before (left) 
and after application of phenolphthalein stain (right) tic marks every cm. 
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Figure 4.31. Polished slabs to show complete cross-section through core T-2 after treatment 
to enhance appearance of air voids and cracks , tic marks every cm. 
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Table 4.8. Air void parameters 

Sample ID T-2 

Location 
Area in Good 

Condition 

Raw data 

Total traverse length (mm) 3772.1 

Area analyzed (cm2) 73.9 

Air stops 70 

Paste stops 413 

Aggregate stops 961 

Secondary deposit stops 0 

Total stops 1444 

Number of air intercepts 617 

Number of filled void intercepts 0 

Results 

Air vol¾ 4.9 

Paste vol¾ 28.6 

Aggregate vol¾ 66.6 

Secondary deposit vol¾ 0.0 

Existing average chord length (mm) 0.370 

Existing paste/air ratio 5.9 

Existing air void specific surface (mm·1) 13.5 

Existing air void frequency (voids/m) 164 

Existing spacing factor (mm) 0.296 

Original average chord length (mm) 0.370 

Original paste/air ratio 5.9 

Original air void specific surface (mm·1) 13.5 

Original air void frequency (voids/m) 164 

Original spacing factor (mm) 0.296 
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Figure 4.32. Stereo microscope images to show air void structure on polished slab from core 
T-2. 
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Figure 4.33. Mosaic of 12 frames collected from thin section prepared from billet cut from top 
portion of core T-2 (each individual frame measures 2.612 x 1.959 mm). 
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-· ~ 
Figure 4.34. Mosaic of 12 frames collected from thin section prepared from billet cut from top 

portion of core T-2 after masking out air voids , fine aggregate, and micro-cracks to isolate 
cement paste (each individual frame measures 2.612 x 1.959 mm). 
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Table 4.9. Average cement paste pixel intensities per frame, and equivalent w/c values 
(as compared to 28-day moist cured mortar samples). 
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Figure 4.35. Chloride profile from billet prepared from core T-2. 
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Figure 4.36. Duplicate chloride profile from additional billet prepared from core T-2. 
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Figure 4.37. Duplicate chloride profile from additional billet prepared from core T-2. 
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Figure 4.38. Transmitted light scanned image of thin section to show location of elemental 
maps shown in Figure 4.40. The top of the thin section represents the wear surface of the 

pavement, (tic marks every mm). 
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Figure 4.39. Transmitted light scanned image of thin section to show location of elemental 
maps shown in Figure 4.41. The large crack, sub-parallel to the pavement surface, is at a 

depth of about 40 mm, (tic marks every mm). 
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Figure 4.40. Elemental maps from pavement surface, darker regions indicate higher concentrations. 
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Figure 4.41. Elemental maps from crack at depth, darker regions indicate h igher concentrations. 
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CHAPTER 5 - LABORATORY RESULTS 

5.1 OVERVIEW 

This section presents the key results of the Phase I and Phase II laboratory experiments. The complete 
results of all laboratory experiments arc presented in the Appendix to th is report in Section 3 - . The 
results of each phase will be presented separatel y and arc organized based upon the work done at 
Michigan Tech and that done at the University of Toronto. 

5.2 PH ASE I LABORATORY EXPERIMENT R ESULTS 

5.2. I R ESULTS OF PHASE I EXPERIMENTS CONDUCTED AT M I CHIGAN TECH 

5.2.1.1 Low Temperature Experiment 

Ohservations 

The constant low temperature experiment was designed to monitor chloride ingress at 28, 56, and I 12 
days at a temperature of 40 °F (4.4 °C]. Some of the cy linders were coated with epoxy on all sides 
except for the top surface in order to monitor one-dimensiona l chloride diffusion. Other cylinders were 
not coated with epoxy, in order to monitor radial diffusion into the sides of the cylinders. As shown in 
Figure 5.1, the cylinders in the NaC l solution showed no deterioration after 84 days. Conversely, by 84 
days, the cylinders in the MgCl2 and CaCl2 so lutions were severely deteriorated, as shown in Figures 
5.2 and 5.3. It was dec ided to end the constant temperature experiments for all cylinders at 84 days. 
The cylinders in the CMA solution showed little to no distress after 84 days as shown in Figure 5.18, 
although there was some sta ining evident in the 0.60 wlc cy linders. The control cy linders in the 
limcwatcr so lution, as shown in Figure 5.5, showed no signs of distress after 84 days. Tab le 5.1 
summarizes the visual ratings for the cy linders over time for the low temperature exposure tests. 

Figure 5.1. Cylinders exposed to NaCl 
solution after 84 days of constant low 

temperature test. From left to right: 0.40, 0.50, 
and 0.60 w/c mortar cylinders. 

~ 
0 

1' 
)[l:fj 

Figure 5.2. Cylinders exposed to MgCl2 

solution after 84 days of constant low 
temperature test. From left to right: 0.40, 0.50, 

and 0.60 w/c mortar cylinders . 
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Figure 5.3. Cylinders exposed to CaCl2 

solution after 84 days of constant low 
temperature test. From left to right: 0.40, 0.50, 

and 0.60 wlc mortar cylinders. 

Figure 5.4. Cylinders exposed to CMA 
solution after 84 days of constant low 

temperature test. From left to right: 0.40, 0.50, 
and 0.60 w/c mortar cylinders . 

Figure 5.5. Control cylinders exposed to limewater solution after 84 days of constant low 
temperature test. From left to right: 0.40, 0.50, and 0.60 wlc mortar cylinders. 

Table 5.1. List of visual ratings for all mortar cylinders from the low temperature tests. 

Rating Scale: 0 - no visible change, 1 - some cracking, 2 - visible expansion and cracking, 
3 - severe expansion and cracking , 4 - partial disintegration, 5 - total disintegration, x - test 

aborted. 
Solution Time in Days 

w/c = 0/40 wlc= 0/50 w/c = 0/60 
8 28 56 84 8 28 56 84 8 28 56 84 

Limewater - 0 0 0 - 0 0 0 - 0 0 0 
MgCb - 0-1 1-2 2-3 - 0-1 1-2 1-3 - 0-1 0-1 1-3 
CaCb - 0-1 2-3 3 - 0 2-3 3 - 0-1 1-3 2-3 
NaCl - 0 0 0 - 0 0 0 - 0 0 0 
CMA - 0 0 0 - 0 0 0 - 0 0 0 
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Petrographic Analvsis 

Thin sections were prepared from the 0.50 idc mortar cylinders subjected to 56 days of immersion in 
the five solutions. One cylinder was selected from each of the five solutions: magnesium chloride, 
calcium chloride, sodium chloride, calcium magnesium acetate, and limcwatcr. The thin sections 
represent a cross-sect ional plane oriented parallel to the finished surface at a depth of about 3/4 of an 
inch, [ 19 mm] from the finished surface. Figure illustrate the extensive crack networks of the 
magnesium chloride and calcium chloride immersed cylinders as compared to the cylinders immersed 
in the other three solutions . Near the exteriors of the magnesium chloride and calcium chloride 
cylinders, the cracks arc empty. However, cracks further towards the interior of the cylinders arc filled 
with a crystalline material bearing calcium and chlorine, likely calcium oxychloridc or the altered 
remnants of calcium oxychloridc. Figure 5.7 shows cross-polarized light images to emphasize the 
crystalline nature of the remnant calcium oxychloridc filling the cracks. Figures 5.8 and 5.9 show 
close-up views of regions of the cement paste disrupted by cracks filled with calcium oxychloridc for 
both the magnesium chloride and calcium chloride immersed samples. Figure 5. 10 shows calcium 
oxychloridc crystals that have formed at the expense of secondary calcium hydroxide crystals in an air 
void, yet retained the shape of the original calcium hydroxide crystals. The deterioration of the 
magnesium chloride and calcium chloride immersed samples appears very similar. Both samples 
exhibit a region of calcium oxychloridc filled cracks and voids associated with calcium hydroxide 
depleted cement paste. Figure 5.11 shows elemental maps for magnesium for all of the thin sections. 
Magnesium is sequestered at the exterior of the magnesium chloride immersed cylinders, likely 
resulting in a calcium chloride solution in the interior that is similar to the solution in the interior of 
the calcium chloride immersed cylinders. Figures 5.12 and 5. 13 show brucitc and magnesium chloride 
hydrate crystals filling cracks and voids at the exterior of the magnesium chloride immersed cylinder. 
Figure 5. 14 shows elemental maps for chlorine for all of the thin sections . A chlorine gradient is 
clearly visible for all three of the chloride-based deicers. It should be noted that the epoxy used to 
stabilize the billets prior to thin sectioning also contains chlorine. 

A complete set of the elemental maps and petrographic images collected from each of the thin sections 
is included in the Figures A3.34 through A3.58. Additionally, split-tensile testing results for samples 
exposed in this test arc also provided in the Appendix, Section 3. Included in this summary arc 
selected images from the complete data set. Figures 5.15, 5. 17, 5. 19, 5.21 , and 5.23 show Figures 5. I 6, 
5.18, 5.22, and 5.24 show elemental maps for calcium, magnesium, and chlorine Figure 5.20 shows 
elemental maps for calcium, sodium, and chlorine In all of these sets, back-scattered electron images 
arc provided to illustrate the extensive crack networks. Cross-polarized light images emphasize the 
crystalline nature of any infilling material and epifluoresccnt images emphasize areas of different 
density with darker areas being less dense than lighter areas. Micro-cracks can also be readily seen in 
the cpifluorcsccnt images. Elemental maps show relative elemental distributions or concentration. 
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Figure 5.6. Back-scattered electron images of thin sections prepared from mortar cylinders 
immersed in chemical solutions. 

From top to bottom: magnesium chloride, calcium chloride, sodium chloride, calcium 
magnesium acetate, and limewater. 
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Figure 5.7. Cross-polarized light images of thin sections prepared from mortar cylinders 
immersed in chemical solutions. 

From top to bottom: magnesium chloride, calcium chloride, sodium chloride, calcium 
magnesium acetate, and limewater. 
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Figure 5.8. Cracks and ai r voids filled with remnant calcium oxychloride crystals in MgCl2 

solution immersed sample. From left to right, epifluorescent and crossed polars. 

1 2so µm 1 

Figure 5.9. Cracks and air voids filled with remnant calcium oxychloride crystals in CaCl2 

solution immersed sample. From left to right, epifluorescent and crossed polars. 

2 Q ~Im 

Figure 5.10. Remnant calcium oxychloride crystals that are pseudomorphs of secondary 
calcium hydroxide crystals formed in an air void from MgCl2 solution immersed sample. 

From left to right, epifluorescent and crossed polars. 
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I 2.0 mm I 
Figure 5.11. Elemental map for magnesium collected from thin sections prepared from 

mortar cylinders immersed in chemical solutions. 
From top to bottom: magnesium chloride, calcium chloride, sodium chloride, calcium 

magnesium acetate, and limewater. Darker areas indicate a higher concentration. 
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Figure 5.12. Brucite, (magnesium hydroxide) crystals in air void and seam beneath sand 
grain near exterior in cylinder immersed in MgCl2 solution. 

From left to right, epifluorescent and crossed polars. 

Figure 5.13. Magnesium chloride hydrate crystals in air voids near exterior in thin section 
prepared from cylinder immersed in MgCl2 solution. 

From left to right, epifluorescent and crossed polars. 
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2.0mm 

Figure 5.14. Elemental map for chlorine collected from thin sections prepared from mortar 
cylinders immersed in chemical solutions. 

From top to bottom: magnesium chloride, calcium chloride, sodium chloride, calcium 
magnesium acetate, and limewater. Darker areas indicate a higher concentration. 
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Figure 5.15. From left to right: back scattered electron image, cross polarized light, and 
epifluorescent mode images of a thin section prepared from a cylinder immersed in 

magnesium chloride solution. 
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Figure 5.16. Elemental maps, from left to right: calcium, chlorine, and magnesium. 
The elemental maps were collected from a thin section prepared from a cylinder immersed 

in magnesium chloride solution. Darker areas indicate a higher concentration . 
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Figure 5.17. From left to right: back scattered electron image, cross polarized light, and 
epifluorescent mode images of a thin section prepared from a cylinder immersed in 

calcium chloride solution. 
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Figure 5.18. Elemental maps, from left to right : calcium, chloride , and magnesium. 
The elemental maps were collected from a thin section prepared from a cylinder immersed 

in calcium chloride solution. Darker areas indicate a higher concentration . 
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Figure 5.19. From left to right: back scattered electron image, cross polarized light, and 

epifluorescent mode images of a thin section prepared from a cylinder immersed in 
sodium chloride solution. 
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I 1.0 mm I 
Figure 5.20. Elemental maps, from left to right: calcium, sodium, and chlorine. 

The elemental maps were collected from a thin section prepared from a cylinder immersed 
in sodium chloride solution. Darker areas indicate a higher concentration. 
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Figure 5.21 . From left to right: back scattered electron image, cross polarized light, and 

epifluorescent mode images of a thin section prepared from a cylinder immersed in 
calcium magnesium acetate solution. 
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Figure 5.22. Elemental maps, from left to right: calcium, magnesium, and chlorine. 
The elemental maps were collected from a thin section prepared from a cylinder immersed 

in calcium magnesium acetate solution. Darker areas indicate a higher concentration. 
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Figure 5.23. From left to right: back scattered electron image, cross polarized light, and 
epifluorescent mode images of a thin section prepared from a cylinder immersed in 

limewater. 
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Figure 5.24. Elemental maps, from left to right: calcium, magnesium, and chlorine. 
The elemental maps were collected from a thin section prepared from a cylinder immersed 

in limewater. Darker areas in elemental maps indicate a higher concentration. 
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5.2.1 .2 Additional Phase I Experiment 

It was determined that the co ld temperature experiment showed the clearest damage and therefore this 
test was used to determine the effect of solution concentrat ion on the observed distress. New mortar 

samples were exposed to CaCl 2 solutions at varying concentrations. For this experiment, solu tion 

concentrations were chosen at 3, 7, 10, and 14 weight percent salt. The specimens were left in sol uti on 

for 54 days with random samples being removed every 7 days for inspection and ana lys is. 

As can be seen c learly in Figures 5.25 through 5.29, concentra tion c lea rly has an affect on the 
observed damage at a given time for mortars exposed to the low temperature test. 
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Figure 5.25. Cylinders exposed to 3% 
CaCl2 solution after 56 days of constant 

low temperature test. 
From left to right : 0.40 , 0.50 , and 0.60 w/c. 

Figure 5.27. Cylinders exposed to 10% 
CaCl2 solution after 56 days of constant 

low temperature test. 
From left to right: 0.40, 0.50, and 0.60 w/c. 
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Figure 5.26. Cylinders exposed to 7% 
CaCl2 solution after 56 days of constant 

low temperature test. 
From left to right: 0.40, 0.50, and 0.60 w/c. 

Figure 5.28. Cylinders exposed to 14% 
CaCl2 solution after 56 days of constant 

low temperature test. 
From left to right: 0.40, 0.50, and 0.60 wlc. 
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Figure 5.29. Cylinders exposed to 17% CaCl2 solution after 56 
days of constant low temperature test. 

From left to right: 0.40, 0.50, and 0.60 wlc. 

5.2.2 R ES UL TS OF PHASE I EXPERIMENTS CONDUCTED AT THE UNI VE RS/TV OF TORONTO 

5.2.2.1 Compressive Strength 

Mortar cubes prepared for these tests were tested at 28 days of age and the average compressive 

strength of the mortar cubes was 6238 psi [43 MPa]. After exposure to the different deicers, th e 

compressive strength decreased for those sampl es exposed to MBAP, MgCl 2 and CaC12. The 

compress ive strength results arc shown in Figure 5.30. The compressive strength decreased in the 

order MgC12, MBAP and CaCl2 by 63, 62 and 23°/4i respective ly, when compared with the compressive 

strength of mortar cubes exposed to saturated ca lc ium hydroxide sol ution. The mortar cubes exposed 

to NaC l did not show a decrease in compressive strength and to the contrary, their behavior was 
simi lar to those samp les exposed to the calcium hydroxide solution. That is, the compressive strength 

increased wi th time as is expected w ith contin uous hydration. The samples exposed to MBAP and 

MgC'2 showed simi lar trends in their compress ive strength evo lution with time. 

5.2.2.2 Expansion 

Exposure of mortar bars to MBAP, MgCl2 and CaC'2 resulted in cons iderable expansion whi le those 

subjected to NaCl showed negligible expans ion even after 500 days of exposure, as illustrated in 

Figure 5.3 1. MBAP caused the highest expansion of all , 0.75% at 568 days fol lowed by MgCl 2 and 

CaCl2 with 0.37 and 0.29% respect ive ly. Although MBAP and MgCb caused the compress ive strength 

to decrease to a si milar degree, a similar corre lation was not observed with the rate of expansion. The 

MBAP samp les expanded almost twice as much as samples exposed to MgCl 2, with the same exposure 

period. 

5.2.2.3 Mass Change 

For those specimens exposed to MBAP, MgCl 2 and CaCl2, expans ion of mortar bars was accompan ied 

by considerable mass ga in as shown in Figure 5.32. The greatest mass ga in was 5.9% observed fo r 

those sampl es exposed to MBAP, fo llowed by MgC'2 with 3.6% and CaCb with 2.4% mass ga in . The 

specimens exposed to NaC l and saturated ca lcium hydroxide solution did not show considerable mass 
ga in w ith 1.4 and 1. 1 % recorded, respectively. 
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Figure 5_30_ Compressive strength evolution with time of mortar cubes exposed to different 
deicers. 

0.8 
-+- Ca(OH)2 

0.7 
- --- -NaCl 
--x-- MBAP 

-- -• --· MgCl2 
0.6 __ ., __ CaCl2 

0.5 

0.4 ,x 

0.3 

0.2 

0.1 

0 100 

X 

200 

--• ------ --• -- -- ----• -- · 

300 
Time (Days) 

400 

.,x 

500 600 

Figure 5.31. Length change of mortar bars with time for mortar bars exposed to different 
deicers. 
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Figure 5.32. Mass change of mortar bars with time of mortar bars exposed to different deicers. 

5.2.2.4 Visual Observations 

Visual observations of the specimens exposed to MBAP and MgCl 2 that experienced loss of strength, 

expansion and mass ga in revealed a clear feat ure. Defined zones of chemical interaction of 0 to 0.2 

inches [0 to 5 mm] through the cross sectional area of the mortar bars were vis ible . These zones arc 
easily identified by the changes in co lor from a light gray in the core of the specimen to a yel lowish 

color at the surface. The presence of micro-cracks was confirmed using the stereo optical microscope . 

At early ages (less than I 18 days) a white layer developed on the surface of specimens exposed to 

MBAP and MgC12, and it was subsequently identified by X-ray diffraction as brucitc . The 

deter ioration front seemed to move deeper into the specimen with exposure time. Softening of the 

surface and dcbonding of sand gra ins were identified . None of these featu res were identified in 

samples exposed to either CaC'2 or NaCl. 

5.2.2.5 Mercury Intrusion Porosimetry (MIP) 

The observed chemical interaction appeared to proceed inwards from the surface to the core of the 
specimens, so surface slices of 0.2 inch [5 mm] thickness were analyzed using MlP to determine the 

effect of the deicers on the porosity of the mortar bars, which in turn effects the diffusion and 
penetrat ion of the deicers into the spec imens for further chemical interaction. Table A3 .9 in the 

Append ix, Section 3, presents the resu lts for MIP at 248 days of exposure time. Those deicers such as 
MBAP and MgC12 that caused considerable expansion, mass ga in and loss of compressive strength , 

showed an increase in the total vo lume of pores of up 20% when compared with the refe rence sa mples 

exposed to calcium hydroxide. On the other hand, those specimens exposed to NaC l and CaC'2 did not 

show the same effect. However, the total pore surface area increased for those samples exposed to 

CaC12. 
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5.2.2.6 Solution pH 

Figure 5.33 shows the change in pH of the various exposure solutions during the exposure period . For 

the first 28 days, the samples were cured in calcium hydroxide saturated solution with a pH of 

approximately 12. 7. Once the samples were immersed in the deicers, the pH of the exposure solution 

initially decreased, then increased. This is represented by the pronounced spike towards low pH seen 

at 28 days in Figure 5.33. For example, the pH of the MBAP and MgCl 2 solutions were 7.8 and 8.3, 
respectively, at the beginning of the salt solution exposure period and increased to up to approximately 

8.6 after continued exposure of the mortar specimens to these same solutions. The CaC1 2 solution, 

initially acidic ( e.g. pH of 5.6) after immersion of the specimens, increased to approximately I I .4 after 

exposure. The NaCl solution, with an initial pH of 7.6, increased to a pH of 12.4. This is much higher 

than that of the MBAP and closer to the pH of the calcium hydroxide solution at 12. 7. It is expected 
that a solution pH less basic than a saturated solution calcium hydroxide solution (e.g. less than pH I 0) 

will leach calcium hydroxide from the mortar samples until either reaching equilibrium with the pH of 

the pore solution or depicting the calcium hydroxide available for buffering the exposure solution. 
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Figure 5.33. Measured pH change during deicer exposure period. 

MgCb solutions, the equilibrium pH is a function of the solution concentration. This relationship is 

shown in Figure A3.94 of the Appendix, Section 3. As an example, when mortar specimens were 
exposed to a solution of 20% MgCl 2, the solution ph stabi li zed at 8.5. However, when mortar 
specimens were exposed to a solution of 30% MgCb, the solution ph stabilized at 6.5. This would 
indicate that the amount of calcium hydroxide dissolved into solution is a function of the solution 

strength. In the presence of higher MgC1 2 concentrations, increasing amounts of less soluble 
oxych loride phases form , consuming the hydroxide and reducing that available to go into solution. 

5.2.2 .7 X-ray Diffraction 

X-ray diffraction analysis of powder samples taken from the surface of the mortar bars up to a depth of 

0.2 inches [5 mm] showed the formation of new phases and the depletion of others. In the case of the 

samples exposed to the saturated calcium hydroxide so lution, no sign of chemical attack was apparent 

with the main calcium hydroxide peaks as we ll as peaks for ettringite, silica (i .e. from the Ottawa 
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sand), and other minor phases clearly defined in the diffractogram shown in the Appendix, Section 3, 

Figure A3.80. 

Those samples exposed to NaCl solutions had phases similar to those exposed to calcium hydroxide 

solutions, the only difference being the presence of Fricdcl's salt. A typical X-ray diffraction pattern 

for a mortar specimen exposed to NaCl solution is shown in the Appendix, Section 3, Figure A3.81. In 

the case of MBAP, besides Fricdcl 's salt, some peaks of a phase resembling magnesium oxychloridc 

(PDF 00-007-042 Mg3(OH)sCl •4H 2O), was identified as seen in the Appendix, Section 3, Figure 

A3.82. This phase was not detected in the samples exposed to MgCb but instead defined peaks of 

brucitc were found as shown in the Appendix, Section 3, Figure A3.83. For both MBAP and MgCl 2 

the intensity of the main peaks of calcium hydroxide dimini shed suggesting depiction of this phase 

due to chemical attack, leaching or both. 

The sample exposed to CaCl 2 did not show any new phases and although some depiction of calcium 

hydroxide was observed, calcium hydroxide was still present. It was expected that the expansion, gain 

in mass and the slow loss of compressive strength observed would be related to the formation of new 

phases yet this was not the case. Either the minor depiction of calcium hydroxide was due to leaching, 

or the amount of a newly formed phase by reaction of calcium chloride with calcium hydroxide was 

below the detection limit of the X-ray diffraction technique, or both . In the Appendix, Section 3, 

Figure A3.84 shows the X-ray diffraction pattern of the mortar sample exposed to CaCl 2 with Fricdcl's 

salt as the only new phase detected. Other phases arc normal hydration reaction products. 

Samples exposed to CMA at room temperature disintegrated approximately 30 days after immersion . 

As a result, measurements of length, mass, and compressive strength change were impossible. Figure 

5.34 below presents a photograph taken before complete disintegration of the mortar cubes exposed to 

CMA, illustrating how the mortar lost cohesiveness causing crumbling particles to pile up next to the 
specimen until nothing was left but debris. Within this time samples were taken for X-ray diffraction 

analysis and a compound identified as calcium acetate hydrate was present. X-ray diffraction results 

for this phase arc shown in the Appendix, Section 3, Figure A3.86. 

Figure 5.34. Disintegration of mortar cubes during exposure to CMA at 73.4 °F [23 °C]. 
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5.2.2.7 Determination of Pessimum Concentration for MgCl2 and CaCb 

Mortar cubes were exposed to different concentrations of MgCh and CaCh at 41 °F [5 °C] to 
determine the effect of the exposure solution concentration on 30 day compressive strength of the 

mortar. The effect of concentration on compressive strength is shown in Figure 5.35. For those 
samples subjected to MgCb, the compressive strength increased for concentrations between 25 and 
30°/41 by mass of sa lt. There was no identifiable reason for this increase but additional tests gave similar 

results. At 20% MgCl2, the compressive strength suffered a dramatic loss of up to 57%. For CaC12 

solutions between 5 and 11 % by mass of Ca Cb the compressive strength was not effected at 30 days. 

Above 11 % and up to 28%, the loss of compressive strength was considerable with 58% strength loss 

at 22% CaCb. 

X-ray diffraction analysis of samples exposed to the pcssimum concentration of MgCl 2 (i.e. 20%) and 
CaCl 2 (i .e. 22%) showed that the phase formed during the deterioration process of the mortar was a 

type of magnesium for MgCb exposure and calcium oxychloridc for CaC12 exposure. Diffraction 

results arc shown in the Appendix, Section 3, Figure A3.88 and Figure A3.89, respectively. Phase 
identification of calcium oxychloridc is based on the main diffraction peaks at 8.215, 4.139 and 2. 768 
A, similar to those reported by other researchers (Collepardi ct al. 1994) of 8.34, 4 . 17 and 2.78 A. 
Appendix, Section 3, Figures A3.90 and A3.9 l show photographs illustrating the visual damage of 

specimens exposed to 20% MgC1 2 and 28% Ca Cb respectively after 150 days of exposure. 
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Figure 5.35. Effect of MgCl2 and CaCl2 on compressive strength after 30 days of exposure. 
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5.3 PHASE II LABORATORY EXPERIMENT R ESULTS 

5.3. I RESULTS OF PHASE II EXPEJUMENTS JO/NTL> . CONDUCTED AT M I CHIGAN TECH AND THE 

UNll 'ERS/TJ' OF TO!lONTO 

5.3.1.1 Physical Characterization of Mortar and Concrete Mixtures 

Mortar and concrete mixtures prepared by Michigan Tech for use in Phase II were analyzed at the 

University of Toronto to determine their sorptivity and bulk diffusion properties . The mortar m ixtures 

were prepared and analyzed to provide base line information regarding the characteristics of the 

mixtures used in Phase II. They arc not the same mixture designs used in Phase I with the principal 

difference being the w/c used. The w/c of the mortars tested were the same as for the concrete mixtures 

(i.e. 0.45 and 0 .55). 

The specimens were discs saw cut from 4 x 2 inch [200 by I 00 mm] cylinders without the finished 

surface. A tota l of 162 samples were provided to be used on three different tests: the rapid chloride 

permeability test as per ASTM C1202 "Electrical indication o/Concrete's Abilil_i· lo Resist Chloride 
Ion Penetration", bulk diffusion tests as per ASTM C 1556, "Determining the Apparent Chloride 
Coefficient o/ Cementitious Mixtures hy Bulk Di//i1sion ", and sorptivity as per ASTM C 1585, 

"Measurement o/Rale o/Absorption o/ Water by Hvdraulic Cement Concretes" Tables 5 . 10 and 5.11 

list the number and type of mixtures tested and the number of samples. 

Table 5.2. Mortar samples tested for rapid chloride 
permeability, bulk diffusion, and sorptivity. 

Number of Samples Mixture wlcm 
12 GGBFS + OPC 0.55 
12 GGBFS + OPC 045 
12 OPC 0.55 
12 OPC 045 
12 15% fly ash+ OPC 0.55 
12 15% fly ash+ OPC 045 

Table 5.3. Concrete samples tested for rapid chloride 
permeability, bulk diffusion, and sorptivity. 

Number of Samples Mixture wlcm 
18 GGBFS + OPC 0.55 
12 GGBFS + OPC 045 
18 OPC 0.55 
12 OPC 045 
18 15% fly ash+ OPC 0.55 
12 15 % fly ash + OPC 045 
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5.3.1.2. Rapid Chloride Permeability Test 

This test gives a relative indication of the chloride penetrability and conductivity of the sample so all 
the mortar and concrete mixtures can be ranked relat ive to each other based on the charge passed 

during the test. To avoid mi sleading results due to heating of the specimen during the test, the total 

charge reported will be based on the 30 minutes charge (the 30 minute coulomb value was multiplied 
by 12 to obtain an equivalent 6 hour value). Two specimens per mixture were tested for a total of 24 

specimens. Table A3.2 l in the Appendix summarizes the results showing the charged passed and the 
chloride ion penetrability. 

5.3.1.3. Bulk Diffusion 

This test has two components; first , the determination of the apparent chloride diffusion coefficient on 

exposed sawn surfaces, and second, the determination of the apparent chloride diffusion coefficient on 

scaled, sawn surfaces. The type of sa lt, exposure solution concentration, and exposure temperature 
have been modified, relative to the standard procedure, to replicate the conditions used under Phase I 

of thi s project. That is, 15% magnesium chloride, 17% calcium chloride and 18% NaCl were the 
exposure solutions used at a constant 41 °F [5 °C] exposure temperature. For the first part five 

specimens were tested per mix for a total of 60 specimens. 

For the second component only concrete mixtures with w/cm of 0.55 were tested. The same exposure 

conditions as mentioned above were used. Two type of scalers were evaluated, a siloxane based 

product (12% oligomeric organosiloxanc solids in water) and a silanc based product (40% 

alkylalkoxysilanc so lids in 2-propanol). For thi s part six specimens were tested for a total of 18 

specimens . 

Concrete samples coated with siloxane did not allow the penetration of chloride ions; therefore, the 

experimental data cannot be fitted with Fick's 2nd law equation . Instead, 97 - 99 are added for 
comparison purposes. Concrete samples coated with silanc exhibited minor penetration of chloride 

10ns. 

5.3.1.4. Sorptivity 

For this test, five specimens were tested per mix for a total of 60 specimens. Besides the rate of 

absorption of water, three deicing salts were included for analysis: magnesium chloride, calcium 

chloride and sodium chloride. In general, the higher the rate of absorption, the more susceptib le the 

sample is to penetration of the exposure solution. Appendix Section 3, Table A3. l 9 summarizes the 

results of sorptivity testing for the mortar mixtures tested . Appendix Section 3, Figure A3. l 00 -
A3. l I 3 present the plots of sorptivity trends for each mortar mixture , and for each solution tested. 
Shown below, Table 5.4 summarizes the results of sorptivity testing for the concrete mixtures tested. 
Figures 5.36 - 5.49 present the plots of sorptivity trends for each concrete mixture, and for each 

solution tested. 
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Table 5.4. Sorptivity results for concrete samples 

w/cm = 0.45 w/cm = 0.55 
Initial 

Absorption 
Exposure solution / Si (mm/sV') I 

Code* [r2] 
Water 

PCW 30 X 10·3 [0.99] 

FCW 2.7 X 10 3 [0.99] 

SGW 1.8 x 10·3 [0 99] 

CaClz 
PCC 1.2 X 10·3 [0.99] 

FCC 2.4 X 10·3 [0.98] 

SGC 1.1 X 10·3 [0.98] 

MgC lz 
PCM 6.6 X 10·4 [0.99] 

FCM 4.6 X 10·4 [0.98] 

SGM 4.2 X 10·4 [0.96] 

NaCl 
PCN 1.8 X 10·3 

[0.991 
FCN 2.9 X 10·3 

fO 991 
SGN 1.5 X 10·3 

fO 981 
PCW: portland cement concrete - tap water 
PCM: portland cement concrete - MgCl2 
FCW: 15% fly ash concrete - tap water 
FCM: 15% fly ash concrete - MgCl2 
SGW: GGBFS cement concrete - tap water 
SGM: GGBFS cement concrete - MgCl2 
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Secondary 
Absorption Initial Absorption 
Ss (mm/s1/') / Si (mm/sV') I 

1000 

[r2] [r2] 

1.9 X 10·3 6.2 X 10·3 

[O 961 [O 991 
1.8 X 10·3 66x10·3 

[0.99] [0 991 
1.1 X 10·3 2.8 X 10·3 

[O 991 [O 991 

4.9 X 10·4 3.0x10·3 

[O 94] [0.99] 
8.1x10·4 4.3x10·3 

[0.99] [0 99] 
2.2 X 10·4 1.5 X 10·3 

[O 991 [0981 

7.4 X 10·4 1.3 X 1Q-3 

[O 991 fO 971 
33 X 10·4 1.4 X 10·3 

[0.991 [0.99] 
1.9 X 10·4 6.7 X 10·4 

[0.99] 10 991 

1 .4 X 10·3 4.0 X 10·3 

[0971 [0.991 
1.5 X 10·3 4.4 X 10·3 

[0991 ro 991 
5.7 X 10·4 2.2x 10·3 

[0.991 ro 981 
PCC: portland cement concrete - CaCl2 
PCN: portland cement concrete - NaCl 
FCC: 15% fly ash concrete - CaCl2 
FCN: 15% fly ash concrete- NaCl 
SGC: GGBFS cement concrete - CaCl2 
SGN: GGBFS cement concrete - NaCl 
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Figure 5.36. Sorptivity of portland cement 
concrete - w/c - 0.55 

Figure 5.37. Sorptivity of portland cement 
concrete - wlc - 0.45 

IOI 



40 

3 5 

30 

E .S 2.5 

g 2 0 

·e-
0 
i 1. 5 

"' 
1.0 

05 

00 

-water 

- • · MgCl2 

1/,/---

-
200 

·· • CaCl2 

- • - NaCl 

,.,,.,--"* 

400 

..... - --- - -- - • 
_ .. - • ···• •••• 

_ ... . --- _ ... --- ....... 

600 800 1000 

Figure 5.38. Sorptivity - fly ash concrete - w/cm 
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Figure 5.40. Sorptivity - GGBFS concrete -
wlcm- 0.55 
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Figure 5.42. Sorptivity - concrete w/cm - 0.55 -
CaCl2 
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Figure 5.39. Sorptivity - fly ash concrete - w/cm 
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Figure 5.41. Sorptivity - GGBFS concrete -
wlcm - 0.45 
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Figure 5.43. Sorptivity - concrete w/cm - 0.45 -
CaCl2 
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Figure 5.44. Sorptivity - concrete wlcm - 0.55 -
MgCl2 
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Figure 5.46. Sorptivity - concrete wlcm - 0.55 -
NaCl 
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Figure 5.48. Sorptivity - concrete w/cm - 0.55 -
water 
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Figure 5.45. Sorptivity - concrete wlcm - 0.45 -
MgCl2 
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Figure 5.47. Sorptivity - concrete w/cm - 0.45 -
NaCl 
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Figure 5.49. Sorptivity - concrete wlcm - 0.45 -
water 

5.3.2 R ES UL TS OF PHASE fl EXPERIMENTS CONDUCTED AT THE MICHIGAN TECH 

5.3.2.1 Macroscopic Observations 

Random concrete and mortar specimens were removed from the various brine solutions after 
60 days of exposure, with the remainder being removed after 500 days exposure. After 

103 



removal from the brines, the specimens were blown dry with an air hose and cut with a 
kerosene cooled diamond saw. Specimens showing obvious externa l deterioration or other 
interesting features were photographed prior to drying. None of the specimens showed any 
obvious external s igns of deterioration at 60 days. At 500 days, many of the spec imens from 
the high-concentration CaCb, MgCb, and MBAP brines exhib ited externa l cracking, 
examples of which are shown in Figure 5.50. 

Figure 5.50. Photographs of 4 inch [100 mm] diameter 0.45 w/c ordinary portland cement 
(OPC) concrete specimens after 500 days in high concentration brines. 

From left to right: CaCl2 , MgCl2 , and MBAP brines. 

A coating of mineral precipitates can be seen on the specimens in Figure 5.50. Mineral 
coatings were typically observed on speci mens from the CaC'2, MgC'2, and MBAP brines. 
The mineral precipitates on the specimens from the MgC'2 brine were white and very fine 
grained. Similar whi te precipitates were present on the specimens from the MBAP brine, but 
to a lesser degree. The mineral precipitates on the specimens from the CaCh brine consisted 
of slender translucent crystals, examples of which are shown in Figure 5.51 . Externa l 
precipitates were not observed on specimens from the other brines, with the exception of 
specimens immersed in the low-concentration CMA brine. Figure 5.52 illustrates the white 
very fine-grained precipitate present on the surface of a specimen from the low-concentration 
CMA brine. Several circu lar deposits of black mold can also be observed along the sides of 
the specimen in Figure 5.52. 

Figure 5.51. Crystals on exterior of concrete specimen after 500 days immersion in high­
concentration CaCl2 solution. 
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Figure 5.52. White precipitate on exterior of 4 inch [100 mm) diameter concrete 
specimen after 500 days immersion in low-concentration CMA solution. 
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During the sawing procedure a slab was removed from the middle of those specimens intended for 

chloride profiling and/or thin sectioning. These slabs were all oriented in a plane perpendicular to the 

flat-ends of the specimens. Specimens that were not to be used for chloride profiling were simply cut 

in half in the same orientation as the slabs. However, the three specimens shown in Figure 5.50 were 

treated differentl y than the rest. These specimens, all 0.45 w/c ordinary portland cement (OPC) 

concrete at 500 days, were immediately transferred, still damp with brine, to a 122 °F [50 °C] 

convection oven and dried overnight. After drying, the three specimens were vacuum impregnated 

with epoxy resin. After the epoxy had hardened, a slab was cut from each specimen in the same 
manner as previously described . The epoxy impregnation step was necessary to maintain the integrity 

of the slabs, which were intended for thin sectioning. 

After cutting, the end-pieces were rinsed with kerosene and dried in the 122 °F [50 °C] convection 
oven . After drying, the cut-faces of the end pieces were scanned with a flatbed scanner in 24 bit RGB 

color at a resolution of 425 dpi [ 16. 7 dpm]. The di g ital images were used to make visual estimates of 

the degree of alteration as exposed in the saw-cut cross-sections of the specimens. The perimeters of 

each specimen cross-section were outlined and any zones of visible alteration were outlined using 

Scion Image, (free software based on NIH Image for MacIntosh by Wayne Rasband of National 

Institutes of Health, USA). The number of pixels within any delineated zone of visible alteration was 
divided by the number of pixels within the entire specimen cross-section to yield an area percent for 

the visible alteration. 

Figure 5.53 below shows example images from the 0.45 wlc mortar specimens from the five high­

concentration brine solutions. Tables A3.22 through A3.26 summarize the visible alteration area 
percent values from all of the specimens measured . Shown below, Figures 5.54 and 5.55 plot the 

visible alteration area values versus time for the high-concentration brines and the low concentration 

brines, for a ll samples measured (i.e. mo1tars and concrete combined for all values of w/c). Figure 5.54 

demonstrates that at the high-concentration, the CaC]z, MgC]z, and MBAP solutions were more 

aggressive than the NaC l and CMA solutions. At the low-concentration, all of the brines were less 

aggressive. 

Additional plots are presented in the Appendix to illustrate the observed effected area for different 

specimens and exposure conditions. For specimens exposed to the five high-concentration brines, 

Figures A3. I 34 and A3. I 35 plot the visible alteration area values versus time for all concrete 

specimens and mo1tar, respectively. A general trend of increased alteration was ev ident for the 

concrete specimens as compared to the mortar specimens. Figures A3 . I 36 and A3. I 3 7 compare the 

visible alteration area values from 0.45 wlc specimens to values from 0.55 wlc specimens exposed in 
the same brines. A general trend of increased alteration was evident for the 0.45 w/c specimens as 

compared to the 0.55 w/c specimens. Figures A3. I 38 through A3. l 40 illustrate the effect of 

supplementary ccmcntitious material s for specimens in the high-concentration CaCb, MgC]z, and 

MBAP brines. A general trend of decreased alteration was evident when fly ash or GGBFS were used . 

Figures A3.14I through A3 . 143 illustrate the effect of silanc and siloxane sealants for specimens in 

the high-concentration CaCb, MgCb, and MBAP brines. A general trend of decreased alteration was 

evident when the sealants were used. Figures A3 . 144 and A3.145 illustrate the effect of pre-soaking 

0.55 wlc mortar specimens in high-concentration NaCl brine prior to immersion in high-concentration 

CaCb and MgCl 2 brines . 
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Figure 5.53. Visible alteration on saw-cut plane through 0.45 w/c mortar specimens. 
From top to bottom: CaCl2 , MgCl2 , MBAP, NaCl & CMA high concentration brines at 500 days. 
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Figure 5.54. Average visible alteration versus time for high concentration brines with 
0.45 and 0.55 wlc portland cement concrete specimens and mortar specimens 
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Figure 5.55. Average visible alteration versus time for low concentration brines with 0.45 
and 0.55 wlc portland cement concrete specimens and mortar specimens. 

The slabs cut from the epoxy stabilized 0.45 wlc concrete spec imens from the high-concentration 
CaCb, MgCb, and MBAP brines at 500 days were rinsed with kerosene, cut into bi llets with a smaller 
kerosene-cooled diamond saw, and dried for a period of one hour in the 122 °F [50 °C] convection 
oven. Next, the billets were mounted on glass work-slides and one surface ground flat and smooth 

with a mineral-oil cooled diamond cup wheel. The prepared surfaces were cleaned with kerosene, and 
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the billets placed again in the oven for a period of one hour. After dry ing, most of the billets were 

brought to the vac uum epoxy impregnation unit and the prepared surfaces embedded in epoxy. 

However, one of the billets representing a cross-section through a corner of a spec imen from the 

MgCl 2 brine was placed in a sca led Pyrex™ container while still warm. A time-lapse movie was 

recorded over a period of 17 hours to illustrate the phenomenon of the build-up of beads of moisture 

on the surface of the deteriorated portion of the specimen. 146 shows the before and after images from 

the time-lapse movi e. This phenomenon was also observed during the sample preparation of 

deteriorated mortar cylinders from hi gh-concentration CaCl2, and MgC12 brines in Phase I, and was 

attributed to the hygroscopic nature or sa lts present in the samples absorbing ambient humidity. The 

described experiment, which utili zed a warm dried billet in a scaled container precludes the 

interpretation of hygroscop ic sa lts absorbing moi sture from the air, and suggests that the moi sture may 
instead be the by-product of the in stability of hydrated sa lt phases present in the samples. 5.3.2.2 

Chloride Profiling 

Chloride profiling was performed using the X-ray microscope on smooth diamond-ground billets cut 

to represent a cross-section through the near-surface of the spec imens immersed in the brine solutions. 

The billets came from the center of the specimens to avoid the effects of diffusion of chloride ions 

from the sides of the specimens. Two billets were used for the collection of profile data for each 

specimen in most cases. All of the spec imens analyzed were removed from their respecti ve brine 

so lutions at 60 days, with two additional 0.45 wlc portland cement concrete specimens removed from 

the high-concentration NaC l brine and from the limcwatcr control at 500 days. Another set of 0.55 wlc 

silanc-scalcd portland cement concrete specimens were also removed from the high-concentration 

MgCh and CaCh brines at 500 days . 27 through A3.30 list the parameters derived by fitting the profile 

data collected from the specimens removed at 60 days to Fick 's 2nd Law, as shown in Equation 2.1 of 
the background chapter (Final Report Chapter 2) . 

Shown below, Figures 5.56 through 5.58 show profiles for 0.45 wlcm concrete specimens immersed in 
the four different high-concentration brine so lutions. Figure 5.56 shows profiles from the strai ght 

portland cement concrete specimens. Figure 5.57 shows profiles from the concrete specimens with fly 
ash, and Figure 5.58 shows profiles from the concrete specimens with GGBFS. The addition of 

GGBFS resulted in a marked decrease in the chloride concentration near the surfaces of the specimens. 

Chloride concentration profiles for concrete specimens with fly ash were similar to the profiles from 

specimens with straight portland cement. 

Figure 5.59 shows profiles for the 0.45 wlc concrete specimens from the five low-concentration brine 

solutions. As might be expected, initial chloride concentrations were lower for concrete specimens 
from the low-concentration brines when compared to the same specimens from the high-concentration 

brines, (Figure 5.56) with the exception of the specimens immersed in the MBAP brines. Although the 

initial chloride concentrations were generally lower for concrete specimens in the low-concentration 

brines, the chloride concentrations at a depth of about ½ inch, [IO to 15 mm] were slightly elevated in 

the concrete specimens that had been exposed to the CaCl 2 and MgCl 2 low-concentration brines as 

compared to the same concrete specimens exposed to the CaCl2 and MgCb high-concentration brines. 
This trend was also observed in the mortar specimens. 

Figure 5.60 shows the profiles for the 0.55 wlc portland cement concrete specimens exposed to the 

high-concentration brines. Compared to 0.45 wlc concrete specimens exposed to the same conditions, 

(Figure 5.56) the 0.55 wlc concrete specimens showed similar initial chloride concentrations but 

generally greater chloride penetration at depth . Figure 5.61 shows the profiles for the 0.55 w/c portland 
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cement mortar specimens exposed to the high-concentration brines. The 0.55 wlc mortar specimens 

from the CaCl 2 and MgCl 2 brines showed much lower initial chloride concentrations than their 
counterparts from the 0.45 wlc mortar specimen experiment, (Figure A3 . l50). Overall, the 0.55 w/c 

mortar specimens showed greater penetration of chloride at depth when compared to 0.45 w/c mortar 
specimens exposed to the same conditions. 

Figures 5.62 and 5.63 show profiles for 0.55 iv/c concrete specimens treated with silanc and siloxanc 
after exposure to the five high-concentration brines. The sealants were very effective at impeding the 
ingress of chlorides at 60 days. However, at 500 days, chloride ingress was evident from the bases of 

the specimens. 

Although some general trends were observed in the chloride profile data, there were often outliers or 

exceptions. Some of these inconsistencies, especially in the case of the concrete specimens, can in 
some cases be attributed to heterogeneities inherent to the material. For example, Figure 5.161 
provides an example of the influence a large porous coarse aggregate particle can have on the ingress 

of chlorides. The scanned image and elemental map shown in Figure 5.64 were taken from a billet cut 
from a 0.45 wlcm fly ash concrete specimen exposed to high-concentration MgCl 2 brine. The scanning 
and elemental mapping were part of the procedure performed on all of the samples to assist in the 
location of suitable points in the cement paste for wt% chlorine analyses. For comparison, Figure 5.65 
shows a scanned image of a billet and the corresponding elemental map from a 0.45 wlcm fly ash 

mortar specimen immersed in high-concentration MgCl 2 brine. During the selection of points for 
chloride profiling, areas such as the chloride-enriched zone adjacent to the large porous sandstone 

coarse aggregate particle of Figure 5.64 were avoided . Furthermore, bright spots in the chloride map 
due to diffraction events in the aggregate fraction were also avoided. 

As part of the profiling procedure, the measured wt% values for chloride in the hardened cement paste 
were converted to wt% chloride in the bulk concrete or mortar specimen based on mix design 
information prior to fitting with Fick 's 2nd Law. Figures A3 . l 65 and A3. 166 show cotTected profiles 
after fitting. The raw-data diffusion profiles shown in Figures A3 . I 63 and A3 . l 64 were similar since 
both originated from points in a 0.45 w/cm fly ash blend cement paste exposed to the same MgCl 2 

brine. However, since the profile in Figure A3. l65 came from the concrete specimen, and the profile 
in Figure A3. l 66 came from the mortar specimen, the weight-corrected chloride profile from the 

concrete specimen appears dramatically lower in concentration than the chloride profile from the 
mortar specimen. Chloride ions diffuse just as far in concrete as in mortar, if not farther in the case of 
concrete with porous coarse aggregate particles, but this fact is not always evident when the results are 

plotted in terms of wt% chloride in the bulk material. The complete set of chloride profile data is 
presented in the Appendix Section 3. 
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Figure 5.56. Fitted chloride profiles for 0.45 wlc straight portland cement concrete 
specimens immersed in high-concentration brines at 60 days. 
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Figure 5.57. Fitted chloride profiles for 0.45 wlcm fly ash concrete specimens immersed 
in high-concentration brines at 60 days. 
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Figure 5.58. Fitted chloride profiles for 0.45 wlcm GGBFS concrete specimens immersed 
in high-concentration brines at 60 days. 
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Figure 5.59. Fitted chloride profiles for 0.45 wlc straight portland cement concrete 
specimens immersed in low-concentration brines at 60 days. 
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Figure 5.60. Fitted chloride profiles for 0.55 wlc straight portland cement concrete 
specimens immersed in high-concentration brines at 60 days. 
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Figure 5.61. Fitted chloride profiles for 0.55 w/c straight portland cement mortar 
specimens immersed in high-concentration brines at 60 days. 
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Figure 5.62. Fitted chloride profiles for 0.55 w/c straight portland cement concrete 
specimens sealed with silane and immersed in high-concentration brines at 60 days. 
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Figure 5.63. Fitted chloride profiles for 0.55 w/c straight portland cement concrete 
specimens sealed with siloxane and immersed in high-concentration brines at 60 days. 
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Figure 5.64. Scanned image, (left) and elemental map, (right) from billet cross-section 
through the near-surface of a 0.45 wlcm fly ash concrete specimen immersed 60 days in 

15 % MgCl2. 
In the elemental map, the R-band = Ca, G-band = Cl , and B-band = Si. 

Figure 5.65. Scanned image, (left) and elemental map, (right) from billet cross-section 
through the near-surface of a 0.45 wlcm fly ash mortar specimen immersed 60 days in 

15% MgCl2. 
In the elemental map, the R-band = Ca, G-band = Cl, and B-band = Si. 
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5.3.2.2. X-ray Diffraction 

Cement paste was extracted from the deteriorated concrete samples exposed for 500 days to the high 

concentration MgCh and CaCb brines. The paste was extracted by working portions of the 
deteriorated concrete through 50 mesh and 200 mesh sieves. The collected material was ground with a 

mortar and pestle, and examined by XRD. Mineral precipitates that formed on the external surfaces of 
the concrete samples exposed to the MgCl 2, CaCl 2, MBAP and CMA brines were also collected, 

ground and analyzed. XRD patterns in most cases were collected from the samples in both the wet and 

dry condition . 

An XRD pattern from the wet paste extracted from the concrete exposed to the CaC12 brine is shown 
in Figure 5.66, along with an XRD pattern from the wet mineral precipitate collected from the exterior 
of the concrete exposed to the CaC'2 brine. The patterns are very similar, and show that the primary 
phase is the 8.34, 4.13, 2. 76 angstrom calcium oxychloridc phase first described by Monosi and 

Collepardi ( 1990). They described the phase as 3CaO•CaCh• l 5H2O, but the XRD pattern listed for 
3CaO•CaCh• l 5H2O, Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 02-0280, 
docs not match the XRD pattern they reported . The difference is shown in Figure 5.67. The calcium 

oxychloridc crystals collected from the exterior of the concrete were subsequently oven dried at 122 °F 

[50 °C] overn ight and re-analyzed. At high-temperature, the ca lcium oxychloridc reverted to 
CaO•CaC'2•2H2O, (JCPDS Card No. 02-1099) as shown in Figure 5.68 . A time-lapse movi e was 
recorded to observe the phase change from calcium oxychloridc to CaO•CaC'2•2H2O. Figure 5.69 
shows the before and after images from the time-lapse movie. Another time-lapse movie was recorded 
to observe the same CaO•CaCl2•2H2O crystals after immersion in distilled water in equilibrium with 

atmospheric CO2 at room temperature overnight. Figure 5. 70 shows the before and after images from 
the time-lapse movie. The XRD pattern, (Figure 5. 71) of the resultant material from the 
CaO•CaCh•2H2O immersion experiment showed that the CaO•CaCh•2H2O was converted to calcium 
carbonate (CaCOJ) (JCPDS Card No. 05-0586) (Note: calcium carbonate is cataloged by its mineral 
name, calcite, in the JCPDS diffraction database). A second sample of calcium oxychloride was 

subjected to a brine-cure treatment where it was heated to 122 °F [50 °C] overnight in a sealed 
container filled with CaCl2 brine. Figure 5.72 shows before and after images of a time-lapse movie 
recorded of the hot brine-cure experiment. After treatment, the XRD pattern (Figure 5.73) showed that 
some calcium oxychloridc remained, but there were also new peaks present for calcium hydroxide, 
JCPDS Card No. 04-0733 (Note: calcium hydroxide is cataloged by its minera l name, portlanditc, in 

the JCPDS diffraction database). ln another experiment, the extracted cement paste sample was 
allowed to air dry for one week and re-analyzed. Peaks for calcite (CaCO3, J( DS Card No. 05-0586) 
and quartz (SiO2, JCPDS Card No. 46-1045) were observed in the dried pL1 stc, and no peaks were 

observed for calcium oxychloridc or CaO•CaCl2•2H2O, as shown in Figure 5. 74. 

The XRD pattern from the wet paste extracted from the concrete exposed to the MgCl 2 brine, and the 
XRD pattern from the wet mineral precipitate collected from the exterior rnncrctc exposed to the 

MgC'2 brine showed very little similarity. Peaks for Mg3(OH)5Cl•4H 2O, (J CPDS Card no. 07-0420) 
were observed in the exterior mineral precipitate, but not in the wet paste. The calcium oxychloridc 
phase was not observed in either of the XRD patterns. The patterns arc shown in Figure 5.75. The 
Mg3(OH)5Cl•4H2O crystals collected from the exterior of the concrete were subsequently oven dried at 

122 °f [50 °C] overnight and re-analyzed. After the high-temperature experiment, some 
Mg3(OH)5Cl•4H2O remained, but new peaks for MgC'2•6H 2O (JCPDS Card No. 25-0515) were also 
observed, as shown in Figure 5.76. The extracted paste was allowed to air dry and was re-analyzed. 
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The patterns from the wet extracted paste and the air-dried extracted paste were very similar, as shown 
in Figure 5.77. The wet paste sample dried very quickly in the diffractometer and displayed cracking 
after the first X-ray analysis was completed. 

Wet mineral precipitates col lected from the exterior of concrete that was exposed to the MBAP 
solu ti on consisted pri marily of Mg,(0 1-1)5Cl•41-1 20, as shown in Figure 5.78. 

M incral precipitates collected from the exterior of concrete that was soaked in the low-concent ration 
calci um magnesium acetate (CMA) so lution consisted primar il y of calcite, as shown in Figure 5.79. 
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Figure 5.66. XRD patterns from the wet extracted paste and the wet exterior precipitate 
collected from concrete exposed to CaCl 2 brine for 500 days compared to the reference 
8.34, 4.13, 2. 76 angstrom peaks for Monosi and Collepardi's calcium oxychloride phase. 
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Figure 5.67. XRD pattern from the wet precipitate collected from the exterior of concrete 
exposed to CaCl2 brine for 500 days compared to 3CaO•CaCl2•15H20 reference peaks. 
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Figure 5.68. XRD patterns from the wet and oven-dried external precipitate collected 
from concrete exposed to CaCl2 brine for 500 days compared to reference patterns for 

calcium oxychloride and CaCl2•Ca(OH)2-2H20. 
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Figure 5.69. Fresh calcium oxychloride crystals before, (top) and after oven drying and 
conversion to CaCl2•Ca(OHh•2H20. 

(Bottom) scale bar= 1 mm. 
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Figure 5.70. CaCl2•Ca(OH)2•2H20 crystals before, (top) and after immersion in distilled 
water in atmospheric equilibrium with CO2 at room temperature and subsequent 

alteration. 
(Bottom) scale bar= 1 mm. 
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Figure 5.71. XRD patterns from oven-dried external precipitate crystals, and the 
resultant remnant material after immersion in room temperature water, as compared to a 

reference patterns for calcite and CaCl2•Ca(OH)i•2H20. 
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Figure 5.72. Fresh calcium oxychloride crystals before, (top) and after immersion in a 
sealed container of hot CaCl2 brine. 

(Bottom) scale bar= 1 mm. 
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Figure 5.73. XRD patterns from wet external precipitate, and the resultant remnant 
material after curing in hot CaCl2 brine, with reference patterns for calcium oxychloride 

and portlandite. 
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Figure 5.74. XRD patterns from the wet and air-dried extracted paste collected from 
concrete specimens exposed to CaCl 2 brine for 500 days, with reference patterns for 

calcite and quartz. 
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Figure 5.75. XRD patterns from the wet extracted paste and wet external precipitate 
collected from concrete exposed to MgCl2 brine for 500 days, with reference pattern for 

Mg3(OH)5Cl•4H2O. 
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Figure 5.76. XRD patterns from the wet and oven dried external precipitate collected 
from concrete exposed to MgCl2 brine for 500 days, with reference patterns for 

Mg3(OH)sCl•4H2O and MgCl2•6H2O. 
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Figure 5.77. XRD patterns from the wet and air-dried extracted paste collected from 
concrete exposed to MgCl2 brine for 500 days. 
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Figure 5.78. XRD pattern from the external precipitate collected from concrete exposed 
to MBAP solution for 500 days, with reference pattern for Mg3(OH)5Cl•4H2O. 
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Figure 5.79. XRD pattern from the external precipitate collected from concrete exposed 
to CMA solution for 500 days, with reference pattern for calcite. 

5.3.2.3 Optical Microscopy 

Sample Preparation 

Thin sections were prepared from 0.45 vvlc port land cement concrete spec imens to represent all of the 
high-concentration brines and the limcwatcr control after 500 days of immersion. Thin sections were 
also prepared from 0.45 wlcm concrete speci mens with supplementary fly ash and GGBFS, but only 
those exposed to the CaC]z, MgCb, and MBAP brine solutions for 500 days. An additional thin section 
was also prepared from a 0.55 w/c concrete specimen that had been sca led with sil anc and immersed in 
high-concentration MgC]z brine for 500 days. Specimens that were in an advanced state of 

deterioration, namely the 0.45 wlc specimens from the CaCl2, MgCb, and MBAP brines, were dried in 
a 122 °F [50 °C] convection oven overnight, and then vacuum impregnated with epoxy. After 
stabi li zation, these specimens, along with the others, were cut into slabs with a kerosene cooled 
diamond saw. The slabs were further cut into billets, and the billets prepared in thin section using 

water-free methods. 

Comparison o(the 0.45 w/c Portland Cement Concrete Specimens (i-om the Six Solutions 

Figure 5.80 shows epifluorcsccnt mode images from all of the 0.45 w/c straight portland cement 
concrete specimens. The images depict the specimens in cross-section, with the top surfaces of each 
specimen facing towards the right hand-side. Cracking planes sub-parallel to the surface are evident in 
the speci men s exposed to the CaCb, MgCb, and MBAP brines, while the specimens exposed to the 
CMA and NaCl brines, and the speci men exposed to the limewatcr, do not show any cracking. Figure 
5.81 shows further close-up cpifluorescent mode images from the same areas outlined in pink from 
Figure 5.80. Figures 5.82 through 5.84 show close-up images of the cracks in the specimens exposed 
to CaCb, MgCl2, and MBAP brines. In all of these specimens, a similar pattern of blocky birefringent 
crystals is observed in the cracks and air voids in the deteriorated regions. The c1ystals have the same 
birefringence colors as calcium hydroxide, but their blocky appearance departs from the usual calcium 
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hydroxide morphology, which generally occurs as stacks of thin hexagonal plates, or as isolated thin 

hexagonal plates. The cement paste in the deteriorated portions is generally devoid of calcium 

hydroxide. The lack of calcium hydroxide in the paste is most noticeable when viewed under crossed 

polars. The cement paste, usually speckled with bright patches of birefringent calcium hydroxide 

appears dark when calcium hydroxide is not present. Figures 5.85 through 5.87 show images of 

cement paste with abundant calcium hydroxide . These images were taken from areas just below the 

surfaces of the 0.45 w/c straight portland concrete specimens exposed to the NaCl, CMA, and 

limcwatcr solutions. Secondary calcium hydroxide deposits arc present in the air voids of the 

specimen immersed in limcwatcr, as shown in Figure 5 .87. The shape of these calcium hydroxide 

crystals, long and thin in cross-section, is a typical morphology for secondary calcium hydroxide, and 

in contrast to the blocky morphology demonstrated in the air voids and cracks of the deteriorated 

specimens (Figures 5.82 through 5.84). 
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Figure 5.80. Epifluorescent thin section views of the 0.45 w/c concrete specimens 
immersed in solution for 500 days, exterior surfaces to the right. 

From top to bottom: CaCl2, MgCl2, MBAP, NaCl , CMA, and limewater, tic marks every 
mm. Pink boxes highlight close-up regions shown in Figure 5.81 . 
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Figure 5.81. Close-up views of regions outlined in pink in Figure 5.183, but with exterior 
surfaces oriented towards the top. Cross-sectional epifluorescent mode images of the 0.45 

w/c concrete specimens after 500 days of immersion in solution. 
From left to right: CaCl2, MgCl2, MBAP, NaCl, CMA, and limewater, tic marks every mm. 

Red boxes highlight locations of close-up images of deterioration in Figures 5.82 through 
5.84. Blue boxes show locations of close-up images of calcium hydroxide in the cement 

paste in Figures 5.85 through 5.87. 
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I 0.25 mm I 

Figure 5.82. Close-up view of deteriorated portion from 0.45 w/c straight portland concrete 
exposed to CaCl2 brine. From left to right: epifluorescent and crossed polars. 

I 0.25 mm I 
Figure 5.83. Close-up view of deteriorated portion from 0.45 w/c straight portland concrete 

exposed to MgCl2 brine. From left to right: epifluorescent and crossed polars. 

Figure 5.84. Close-up view of deteriorated portion from 0.45 wlc straight portland concrete 
exposed to MBAP brine. From left to right: epifluorescent and crossed polars. 
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( 50 ~lm 

Figure 5.85. Cement paste just below the surface from 0.45 wlc straight portland cement 
concrete exposed to NaCl brine. From left to right: epifluorescent and crossed polars . 

5011m 

Figure 5.86. Cement paste just below the surface from 0.45 w/c straight portland cement 
concrete exposed to CMA brine. 

From left to right: epifluorescent and crossed polars. 

50 µm 

Figure 5.87. Cement paste just below the surface from 0.45 wlc straight portland cement 
concrete exposed to limewater. Ca(OHh deposits in air voids. 

From left to right: epifluorescent and crossed polars. 
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Comparison o(lhe 0.45 wlcm Concrete Specimens Immersed in CaCI? Brine 

Figure 5.88 shows cpifluorcsccnt mode images from the 0.45 wlcm straight portland cement, fly ash, 

and GGBFS concrete spec imens after 500 days immersion the high-concentrat ion CaCb brine. The 

images depict the specimens in cross-section, with the top surfaces of each specimen facing towards 

the right hand-side. Figure 5.89 shows further close-up cpifluorcsccnt mode images from the areas 

outlined in pink from Figure 5.88. In Figure 5.89, the straight po11land cement concrete specimen 

shows the most severe cracking. Cracks arc also present in the fl y ash concrete specimen, but to a 

lesser degree. At the sca le of the image in Figure 5.89, cracks arc not observed in the GGBFS concrete 
specimen. The green-dashed lines in Figure 5.89 approximately mark the extent of calc ium hydroxide 

depiction in the cement paste, which occurred in all three of the specimens. Above the green lines, 

calcium hydroxide is depicted from the cement paste, below the green lines, calcium hydroxide is 

present in the cement paste . Example images of depicted and non-depicted paste from the three 

spec imens arc included in Figures 5.90 through 5.92. The red lines show the horizons where images 
were taken of calcium hydroxide dep icted-paste. The blue lines show the horizons where images were 

taken with calcium hydroxide still present in the paste. In the non-depleted regions of cement paste, 

calcium hydroxide appears most abundant and well-distributed in the straight portland cement 

concrete. Ca lcium hydroxide in the cement paste of the fly ash concrete appeared slightly less 

abundant overall than in the straight portland cement concrete, but tended to be more dispersed and 
occurred in larger patches. Ca lcium hydroxide was least abundant in the cement paste of the GGBFS 

concrete. All of the specimens exhibited blocky secondary calcium hydroxide crystals in air voids 

within the zone of calcium hydroxide-depleted cement paste, as shown in Figures 5.93 through 5.95. 

Blocky calcium hydroxide crystals were present in the large cracks of the straight portland cement 
concrete specimen , as previously shown, (Figure 5.82) but were not present in the tighter cracks of the 

fly ash and GGBFS concrete specimens, (Figures 5.94 and 5.95). 
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Figure 5.88. Epifluorescent thin section views of the 0.45 wlcm concrete specimens 
immersed in CaCl2 solution for 500 days, exterior surfaces to the right. 

From top to bottom: straight portland cement concrete, supplementary fly ash concrete, 
and supplementary GGBFS concrete, tic marks every mm. Pink boxes highlight close-up 

regions shown in Figure 5.89. 
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Figure 5.89. Close-up views of regions outlined in pink in Figure 5.88, but with exterior 
surfaces oriented towards the top. Cross-sectional epifluorescent mode images of the 

0.45 wlcm concrete specimens after 500 days of immersion in CaCl2 solution. 
From left to right: straight portland cement concrete, supplementary fly ash concrete, 
and supplementary GGBFS concrete, tic marks every mm. Green lines show extent of 

Ca(OHh depleted cement paste. Red lines show horizons where photos of depleted 
paste were taken. Blue lines show horizons where photos were taken of paste with 

Ca(OHh still present. 
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Figure 5.90. Regions of cement paste in 0.45 wlc straight portland cement concrete 

exposed to CaCl2 brine where Ca(OH)2 is depleted, (right) and still present, (left) . 
From top to bottom: transmitted light, crossed polars, and epifluorescent mode images. 
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Figure 5.91. Regions of cement paste in 0.45 w/cm fly ash concrete exposed to CaCl2 brine 
where Ca(OH)2 is depleted, (right) and still present, (left). 

From top to bottom: transmitted light, crossed polars , and epifluorescent mode images. 
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Figure 5.92. Regions of cement paste in 0.45 wlcm GGBFS concrete exposed to CaCl2 

brine where Ca(OHh is depleted, (right) and still present, (left). 
From top to bottom: transmitted light, crossed polars, and epifluorescent mode images. 
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Figure 5.93. Deteriorated portion from 0.45 wlc straight portland cement concrete exposed 
to CaCl2 brine with blocky Ca(OH)i crystals. 

From left to right: epifluorescent and crossed polars . 
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Figure 5.94. Deteriorated portion from 0.45 wlcm fly ash concrete exposed to CaCl2 brine 
with blocky Ca(OHh crystals. 

1100 ~m 1 

From left to right: epifluorescent and crossed polars. 
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Figure 5.95. Secondary blocky calcium hydroxide crystals in air voids of 0.45 wlcm GGBFS 
concrete exposed to CaCl2. 

From left to right: epifluorescent and crossed polars. 
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Comparison o[the 0.45 w/cm Concrete Specimens Immersed in MgC/) Brine 

Figure 5.96 shows cpifluorcsccnt mode images from 0.45 w/cm straight portland cement, fly ash, 

GGBFS concrete specimens, and a 0.55 w/c straight portland cement concrete specimen treated with 

silanc after 500 days immersion the high-concentration MgCb brine. The images depict the specimens 

in cross-section with the top surfaces of each spec imen facing towards the right hand-side. Figure 5.97 

shows further close-up cpifluorcsccnt mode images from the areas outlined in pink from Figure 5.96. 

As with the straight portland cement specimens exposed to CaCl2 brine, the straight portland cement 

concrete specimens exposed to MgCb brine showed the most severe cracking, as can be seen in Figure 

5.97. Cracks arc also visible in the GGBFS concrete specimen, but to a lesser degree. At the scale of 

the image in Figure 5.97, cracks arc not observed in the fly ash concrete specimen . The same trend 

noted from the CaCl2 brine of calcium hydroxide depiction, (Figures 5.98 through 5.100) coupled with 

blocky secondary deposits of calcium hydroxide in air voids and large cracks in the depicted zone, 

(Figures 5.10 I through 5.103) was observed in the strai ght portland cement, fly ash , and GGBFS 
specimens exposed to MgCl 2 brine. However, in contrast to the same specimens exposed to the CaCl 2, 

the specimens exposed to the MgCb brine all exhibited fibrous mineral precipitates on the surface and 

in the air voids and cracks near the surface, examples of which arc shown in Figures 5. 104 and 5.105. 

Figure 5.106 shows calcium hydroxide in the cement paste from a horizon just below the surface from 

the concrete specimen treated with silanc. Neither calcium hydroxide depicted paste nor blocky 

secondary calcium hydroxide crystals were observed in the silanc-scalcd specimen. The silanc-sealcd 

spec imen in Figure 5.106 appears to be in good condition . 
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Figure 5.96. Epifluorescent thin section views of 0.45 wlcm concrete specimens, and a 
0.55 w/c concrete silane-sealed specimen, all immersed in MgCl2 solution for 500 days, 

exterior surfaces to the right. 
From top to bottom: straight portland cement concrete, supplementary f ly ash concrete, 

supplementary GGBFS concrete, and the 0.55 w/c silane-sealed concrete, tic marks 
every mm. Pink boxes highlight close-up regions shown in Figure 5.97. 
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Figure 5.97. Close-up views of regions outlined in pink in Figure 5.96, but with exterior 
surfaces oriented towards the top. Cross-sectional epifluorescent mode images of 0.45 

wlcm concrete specimens, and a 0.55 wlc concrete specimen after 500 days of 
immersion in MgCl2 solution. 

From left to right: straight portland cement concrete, supplementary fly ash concrete, 
supplementary GGBFS concrete, and the 0.55 w/c silane-sealed concrete, tic marks 

every mm. Green lines show extent of Ca(OH)2 depleted cement paste. Red lines show 
horizons where photos of depleted paste were taken. Blue lines show horizons where 

photos were taken of paste with Ca(OH)2 still present. 
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Figure 5.98. Regions of cement paste in 0.45 wlc straight portland cement concrete exposed to 
MgCl2 brine where Ca(OH)2 is depleted, (right) and still present, (left). 

From top to bottom: transmitted light, crossed polars, and epifluorescent mode images. 
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Figure 5.99. Regions of cement paste in 0.45 w/cm fly ash concrete exposed to MgCl2 brine 
where Ca(OH)i is depleted, (right) and still present, (left). 

From top to bottom: transmitted light, crossed polars, and epifluorescent mode images. 
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Figure 5.100. Regions of cement paste in 0.45 wlcm GGBFS concrete exposed to MgCl2 

brine where Ca(OHh is depleted, (right) and still present, (left). 
From top to bottom: transmitted light, crossed polars, and epifluorescent mode images. 

144 



Figure 5.101. Deteriorated 0.45 w/c straight portland cement concrete exposed to MgCl2 
brine with blocky Ca(OH)2 crystals. 

From left to right: epifluorescent and crossed polars. 

J.100 µm 1 

Figure 5.102. Secondary blocky Ca(OH)2 crystals in air voids of 0.45 wlcm fly ash concrete 
exposed to MgCl2. 

From left to right: epifluorescent and crossed polars. 

Figure 5.103. Deteriorated 0.45 wlcm GGBFS concrete exposed to MgCl2 brine with blocky 
Ca(OH)2 crystals in air voids. From left to right: epifluorescent and crossed polars . 
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Figure 5.104. Fibrous crystals at surface of 0.45 w/c straight portland cement concrete 
exposed to MgCl2 brine. 

From left to right: epifluorescent and crossed polars . 
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Figure 5.105. Fibrous crystals in voids near surface of 0.45 wlc straight portland cement 
concrete exposed to MgCl2 brine. 

1 50 µm 

From left to right: epifluorescent and crossed polars. 
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Figure 5.106. Cement paste just below surface, 0.45 wlc straight portland cement concrete, 
silane-sealed, exposed to MgCl2 brine. 

Left to r ight: epifluorescent and crossed polars. 
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Comparison o[the 0.45 i,v/cm Concrete Specimens Immersed in MBAP Brine 

Complete results and micrographs arc presented in the Appendix to the Report, Section 3. The only 

specimen to show signs of severe cracking was the straight portland cement concrete specimen, as 
shown in Figure 5.50 of this section of thi s report. The same trend noted from the CaCl2 and MgCl 2 

brines of calcium hydroxide depiction , (Appendix Section 3, Figures A3.5.212 through A3.214) 

coupled with blocky secondary deposit s of calc ium hydroxide in air voids and large cracks in the 

depicted zone, (Figures A3.2 I 5 through A3.2 I 7) was observed in the straight porlland cement, fly ash, 

and GGBFS specimens exposed to MBAP brine. As with the specimens exposed 10 the MgCh brine, 

all of the specimens from the MBAP brine exhibited fibrou s mineral precipitates on the surface and in 

the air voids and cracks near the surface. 

5.3.2.4. Scanning Electron Microscopy 

The same thin sections prepared from the 0.45 w/c straight portland cement concrete specimens 

exposed to the high concentration brines and the limewatcr control for 500 days were examined with a 

scanning electron microscope (SEM). Figure 5. 107 shows back-scattered electron (BSE) images from 

the same areas examined optically in Figure 5.81. Elemental maps were also collected, but only for the 

samples exposed to the CaCI,, MgCb, and M BAP brines, and arc shown in Figures 5. 108 through 

5.110. 
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Figure 5.107. BSE images from 0.45 wlc concrete specimens exposed to high 
concentration brines and the limewater control after 500 days. 

From left to right, CaCl2, MgCl2, MBAP, NaCl, CMA, and limewater. 
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BSE Ca Cl 0 Si 

Figure 5.108. Elemental maps collected from 0.45 wlc concrete specimen immersed in 
CaCl2 brine at 500 days. 

Brighter regions correspond to higher counts for characteristic elemental X-rays. 
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Figure 5.109. Elemental maps collected from 0.45 w/c concrete specimen immersed in 
MgCl2 brine at 500 days. 

Brighter regions correspond to higher counts for characteristic elemental X-rays. 
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Figure 5.110. Elemental maps collected from 0.45 wlc concrete specimen immersed in 
MBAP brine at 500 days. 

Brighter reg ions correspond to higher counts for characteristic elemental X-rays. 
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All of the areas mapped show a chloride gradient with higher concentrations near the surface. All of 

the maps a lso show a s light calcium grad ient, with higher concentrations in the cement paste at depth. 

On ly the maps from MgCb and MBAP immersed specimens show magnes ium enrichment near the 

surface. Magnesi um and chlorine concentrations arc particularly high in the mineral precipitate crust at 

the surface. Energy dispersive spectroscopy (EDS) analyses were performed on the fibrous minerals 

near or at the surface of the specimen s exposed to MgCl2 and M BAP, and the results arc summarized 

in Table 5.5. Figure 5. 1 11 shows a BSE image of the multi-phase fibrou s minera l crust, with 

compositions s imilar to magnesium ch loride hydroxide hydrate and brucitc, wi th possible Ca2
+ 

substitution for Mg2
+ and er substitution fo r Off . 

Table 5.5. Typical EDS measurements from crystals in magnesium-enriched near-surface 
zone of specimens immersed in high concentration MBAP or MgCl2 brines, compared to 

ideal mineral compositions for brucite and magnesium chloride hydroxide hydrate. 

Element Interior Fibrous Exterior Fibrous 
(Wt%) Crystals Crystals Mg(OH)2 Mg3(QH)sCl•4H20 

H* - - 3.5 4.6 

O* - - 54.9 54.5 

C* - - 0.0 0.0 

Na 0.2 0.2 0.0 0.0 

Mg 38.5 28.8 41.7 27.5 

Al 0.0 0.0 0.0 0.0 

Si 0.2 0.1 0.0 0.0 

p 0.1 0.0 0.0 0.0 

s 0.0 0.1 0.0 0.0 

Cl 1.6 13.4 0.0 13.4 

K 0.0 0.0 0.0 0.0 

Ca 0.9 0.0 0.0 0.0 

Mn 0.0 0.0 0.0 0.0 

Fe 0.1 0.0 0.0 0.0 

Sum 41 .6 42.6 100.0 100.0 

* Not included in EDS analysis. 
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Figure 5.111. BSE image of magnesium chloride hydroxide hydrate (lighter) and brucite 

(darker) crystals at surface of 0.45 w/c concrete specimen exposed to MgCl2 brine. 

EDS analyses were also performed on the blocky secondary calcium hydroxide crystals observed by 

optical microscopy in al l of the deteriorated specimens immersed in CaCl2, MgC'2, and MBAP brines. 

The results arc summarized in Table 5.6. The small percentage of chlorine in the analyses may be due 

to minor er substitution for Off in the calcium hydroxide. A close examination of secondary deposits 

in the specimen immersed in CaC'2 brine also revealed another bladed crystal line phase that had 

apparently replaced the blocky secondary crystals, but only near the surface. Figure 5.1 12 compares 

the blocky secondary calcium hydroxide crysta ls observed at depth to the bladed crystals near the 

surface. Table 5. 7 shows the results of EDS analyses from the bladed crystals , which have a 

composition similar to calcium chloride hydroxide hydrate. 

153 



Table 5.6. Typical EDS measurements from blocky crystals in cracks and voids at depth 
in specimens immersed in high concentration CaCl2, MgCl2 and MBAP brines, compared 

to ideal mineral compositions for calcium hydroxide and calcite. 

Element (Wt¾) Blocky Crystals Ca(OH)2 CaCOJ 
H* - 2.7 0.0 

O* - 43.2 48.0 

C* - 0.0 12.0 

Na 0.0 0.0 0.0 

Mg 0.0 0.0 0.0 

Al 0.0 0.0 0.0 

Si 0.0 0.0 0.0 
p 0.1 0.0 0.0 

s 0.0 0.0 0.0 

Cl 3.4 0.0 0.0 

K 0.1 0.0 0.0 

Ca 50.9 54.1 40.0 

Mn 0.0 0.0 0.0 

Fe 0.0 0.0 0.0 

Sum 54.5 100.0 100.0 

Table 5.7. Typical EDS measurements from bladed crystals observed in cracks and 
voids in near-surface zone of specimen immersed in high concentration CaCl2 

brine, compared to ideal mineral composition for calcium chloride hydroxide 
hydrate. 

Element (Wt¾) Bladed Crystals CaO•CaCh•2H20 

H* - 1.8 

O* - 23.8 

C* - 0.0 

Na 0.0 0.0 

Mg 0.0 0.0 

Al 0.0 0.0 

- Si 0.0 0.0 
p 0.0 0.0 

s 0.2 0.0 
Cl 30.7 34.9 

K 0.1 0.0 

Ca 42.4 39.5 

Mn 0.1 0.0 

Fe 0.3 0.0 

Sum 73.8 100.0 

* Not included in EDS analysis 
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Figure 5.112. BSE images comparing bladed crystals observed near the top of the 
specimen exposed to CaCl2 brine, (upper images) to secondary blocky calcium hydroxide 

crystals observed at depth (lower images). 
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5.3.3 RES UL TS OF PHASE II EXPERIMENTS CONDUCTED AT THE UNIVERSITJ/ OF TORONTO 

5.3.3.1 ASTM C 666 Freeze Thaw Testing 

The concrete prisms subjected to freeze-thaw testing showed behavior similar to the mortar samples 

tested in Phase I. That is, concrete prisms exposed to MgC12 and CaCl2 expanded above 0.1 %, which is 

considered by ASTM C 666 to represent failure. Fi gure 5.113 shows the length change of the 

spec imens. While prisms exposed to NaCl did not expand more than 0.04% for 300 cycles, prisms 

exposed to MgCl2 and CaCb expanded considerably with 0. 17 and 0. 18% length change respectively. 

It was observed that the pri sms subjected to MgCb started to expand only after l 50 cycles while those 

exposed to Ca Cb expanded gradually from the start of the test. One deviation from the normal ASTM 
C 666 procedure was that spec imens expanding more than 0.1 % were not removed from the freeze­

thaw chamber until all specimens were subjected to 300 cycles. Thi s approach provided deteriorated 
material for X-ray diffraction analysis to investigate the formation of new phases associated with this 

expansion. Note that the concentration of the exposure solution did not allow freez ing during the test, 
eliminating phys ica l attack as the sole mechanism of deterioration. 
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Figure 5.113. Length change of concrete prisms exposed to deicers under freezing and 
thawing cycles. 

The determination of mass change during the ASTM C 666 test is not a requirement. However, Phase 
I results suggested that any formation of new phases seems to be accompanied with considerable 

changes in mass and therefore it was monitored . As seen in Figure 5. 114, the specimens exposed to 

MgCb gained considerable mass during the test. Those exposed to CaCb had the opposite behavior 

with a recorded loss of mass. These two opposite reactions were evident after I 00 cycles. The 

specimens exposed to NaCl showed negligible expansion even after 300 cycles. Although the 

observed length and mass change for the MgCl2 and CaCb specimens suggested that the minimum 
relative dynamic modulus of elasticity (i.e. 60% of the initial value) should have been reached after 

I 00 cycles, this was not the case. Only after 250 cycles did the modulus drop below the minimum 

value for continuing the test. Figure 5.115 illustrates the gradual loss of the dynamic modulus of 
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elasticity for those sa mples exposed to MgC1 2 and CaCl 2. For NaCl, no detrimental effect on the 
modulus was found even after 300 cycles of freezing and thawing. 
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Figure 5.114. Mass change of concrete prisms exposed to deicers under freezing and 
thawing cycles. 
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Figure 5.115. Relative dynamic modulus of elasticity of concrete prisms exposed to 
deicers under freezing and thawing cycles. 
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After determining the durability factor, it is clear that MgCI~ and CaCh solutions reduce the 
concrete's resistance to freezing and thawing when compared with NaCl as observed in 
Figure 5.116. The durability factors of 60 for CaCb and 51 for MgCb show the negative 
impact of these deicers on the resistance of concrete to freezing and thawing. Note that 
although there is no universally accepted limit for the durability factor, 80 is typically 
accepted as the threshold between durable and non-durable concrete . 
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Figure 5.116. Durability factor of concrete prisms exposed to deicers under freezing and 
thawing cycles. 

5.3.3.2 Scaling Resistance 
Jt was observed that after exposing concrete slabs to CaCh solutions, the chemical interaction of this 
deicer with the concrete surface diminished the concrete's ability to properly withstand environmental 

conditions involving application of deicers during winter. After a year of ponding the surface of the 
slabs with 22% CaCb, the appearance of the surface did not suggest any problems and no signs of 

deterioration were observed . Once the slabs were subjected to freezing and thawing cycles in the 
presence of 4% CaCb, the surface started to scale gradually up to 50 cycles of exposure. At 50 cycles 

it was decided to continue the test as an unusual scaling pattern was developing on the surface with 
areas scaling deeper below the surface exposing the aggregate in localized areas of the slab. After 50 
cycles, the amount of scaled material increased dramatically causing the surface to expose all the 
coarse aggregate and paste-aggregate debonding was evident. The test was di scontinued once the 
scal ing progressed so deep into the concrete that the solution could not be kept in place due to leakage 
down below the Styrofoam dike. 

Parallel tests were run on slabs that were exposed to highly concentrated solutions of NaCl (23% by 
mass) and then tested with 3% NaCl solution. Those slabs did not show any sign of scali ng (e.g. their 
visual rating was on ly I compared to 5 for specimens exposed to 22% CaCb before the start of the sa lt 
scaling test.) Figure 5.117 compares the salt scaling resistance of slabs that were preconditioned by 
exposing them to 22% CaCb before the start of the test, and those preconditioned in 23% NaCl until 
the start of the salt scaling test. 
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Figures 5. 11 8, 5.119 and 5.120 show photographs of the concrete surface of slabs tested under the 

above conditions at different cyc les , ii lustrating the unusual sca ling of those preconditioned w ith 22% 

CaCb and the excellent sta te of the slabs that were pretreated with 23% NaCl before starting the sa lt 

sca ling test. 

X-ray diffraction analysis was performed on concrete slabs subjected to the same pretreatment 

conditions, but kept for ana lys is instead of being tested for sa lt sca ling res istance. T he surface of the 

s lab pretreated with 23% NaC l did not show any format ion of new phases besides some Fricdcl's sa lt 

but those slabs exposed to 22% CaCb showed the di stincti ve peaks of ca lcium oxych lo ridc in addition 

to Friedel 's sa lt. 

Those s labs pretreated with MgC l2 and tested for sa lt sca ling resistance did not sca le and their visua l 

rating and behavior was s imil ar to those exposed to NaCl. No new phases were formed that were 

detectab le by X-ray d iffraction. 
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Figure 5.117. Scaled material of concrete slabs exposed to 22% CaCl 2 in comparison 
with those exposed to 23% NaCl before the start of the salt scaling test. 
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(a) (b) 

Figure 5.118. Photographs of concrete surfaces at cycle O (a) pretreated with 23% NaCl 
and tested with 3% NaCl and (b) pretreated with 22% CaCl2 and tested with 4% CaCl2. 

(a) (b) 

Figure 5.119. Photographs of concrete surfaces at cycle 50 (a) pretreated with 23% NaCl 
and tested with 3% NaCl and (b) pretreated with 22% CaCl2 and tested with 4% CaCl2. 
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(a) (b) 

Figure 5.120. Photographs of concrete surfaces at cycle 100 (a) pretreated with 23% NaCl 
and tested with 3% NaCl and (b) pretreated with 22% CaCl2 and tested with 4% CaCl2. 
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SECTION 6. DISCUSSION 

6.1. OVERVIEW 

This section will provide an analysis and discussion of the data presented in Sections 4 and 5 of this 

report. The discussion will be organized based upon project Tasks 7, 8, and 9, which were to be 

addressed based upon the results of Tasks 5 and 6. 

6.2. EFFECTS OF VARIOUS DEICING/ANTI-ICING CHEMICALS 

Through the work conducted in this research project, a clearer picture has been developed of the 

detrimental effects that va rious deicing chemicals may have on concrete pavements and bridge decks. 

Four key deicing brines were evaluated: sodium chloride (NaCl), magnesium chloride (MgCIJ, 

calcium chloride (CaCb), and calcium magnesium acetate (CMA). Additionally, a magnesium 

chloride based agricultural product (MBAP) was also tested. Each brine will be discussed separately. 

Certain tests pcrfom1ed proved to be ineffective at identifying the effects of deicers on mo11ar and 

concrete. Specifically, the cyclic temperature test and the high temperature test conducted as part of 

Phase I were ineffective and were not continued in Phase JI. Results from these tests will not be used 

in identifying detrimental effects of deicers, but results of these tests will be discussed as appropriate 

to help illustrate the shortcomings of each. 

A ftcr reviewing the literature and conducting the battery of experiments used 111 this research , the 

metrics used to assess the effects of these chemicals arc: 

I. Visible deterioration after exposure to deicers 

2. Petrographic evidence of chemical interaction resulting in distress 

3. Physical evidence of distress after exposure such as: 

a. Expansion after exposure 

b. Loss of compressive strength after exposure 

c. Mass change after exposure 

d. Freeze-thaw performance (ASTM C666 and ASTM C672) 

The data to address these metrics result from the various laboratory experiments conducted. The 

effects of these various deicing chemicals will be discussed with respect to these metrics. 

6.2.J. EFFECTS OF SODIUM CHLORIDE (NA CL) ON CONCRETE PA IIEMENTS AND BRIDGE DECKS 

6.2.1.1. Visible Deterioration After Exposure to Deicers 

A variety of tests were performed where distress would be visible, if it were occurring. Jn almost all of 

these tests , no visible distress was detected when specimens were exposed to concentrated NaCl 

solutions. The Phase 1 mortar tests conducted at Michigan Tech initially had significant failures 

reported for NaCl exposure. All of these failures were associated with the cyclical temperature test. 

After much investigation, no sign of chemical interaction could be associated with these failures. All 

evidence, both obtained independently in the laboratory and obtained through review of the literature, 

indicates that the observed distress was physical and it was an artifact of the experimental approach . It 

is postulated that the distress was a combination of factors. First, the specimens in the NaCl brine 

achieved a higher level of saturation as compared to the control specimens in limewater. Once 

saturated, the specimens in the NaCl brine froze completely, as did those in limewater. However, upon 
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temperature cycling, the specimens in NaCl brine were subjected to hig h internal stresses from I) salt 

crystallization , 2) the high coefficient of thermal expansion of sa lt relati ve to water, and 3) the 

restrained thermal expansion of ice, and subsequently of water, as the specimens progressed from -15 

°F to 135 °F [-26 °C to 57 °C] (Grimm 1985). In the latter case, the restraint occurred as the sa lt filled 

pores did not allow water to easily mi grate from the specimens as the ice in the pore structure melted. 

For all other tests incl uding the cold temperature test ( Phase I) , immersion tests to assess strength loss, 

etc . (Phase I) , Phase II immersion tests, sca ling test (ASTM C672), and freeze-thaw testing (ASTM 

C666), little to no visible distress was detected for specimens exposed to concentrated NaCl so lutions. 

6.2.1 .2. Petrographic Evidence of Chemical Interaction Resulting in Distress 

In thi s research , the predominate characteristics identified with chemical attack by deicers arc the 

dissolution of calcium hydroxide from the hardened cement paste and the formation of secondary 

phases, most importantly calcium or magnesium oxychloridc. Frcidcl's salt and brucitc were also 

identified in many cases but were not associated with di stress in mortar or concrete for any of the 

deicers studied , including NaCl. 

For the laboratory specimens exposed to NaCl , and examined by petrographic methods, no evidence of 

chem ical interaction was observed. Ca lcium hydroxide depiction was seen near the surface of some 

mortar specimens, but not at depth in the sample as seen in the case of exposure to other deicers . No 

evidence of oxychloridc formation was observed. From a practical perspective, the chemical 

interaction between NaCl and hardened cement pas te was minimal to none existent. 

6.2.1.3. Expansion After Exposure 

In the mortar tests conducted in Phase I, expansion as a result of exposure to NaCl was neg ligible. 

Expansion in the NaC l exposed samples was 0.05% after 568 days as compared to 0.02% for 
specimens exposed to limcwatcr. 

6.2.1 .4. Loss of Compressive Strength After Exposure 

For samples exposed to NaCl so lutions, there was no loss in strength; in fact the specimens gained 

strength in a manner similar to samples exposed to limcwatcr for the same time period. The final 

strength recorded for the samples exposed to NaCl so lutions for 568 days was 7676 psi [52 .9 MPa], as 

compared to the specimens exposed to limcwatcr 7372 psi [50 .8 MPa] after the same time period . 

6.2.1.5. Mass Change after Exposure 

For mortar samples exposed to NaCl solutions, there was neglig ible mass gain as compared to 

specimens exposed to limcwatcr. The former had a mass gain of 1.42% and the latter had a mass gain 

Of I .08% after 568 days. 

6.2.1.6. Freeze-Thaw Performance (ASTM C666 and ASTM C672)) 

The concrete specimens exposed to NaCl were the only specimens that did not exceed the 0.1 % 

expansion limit after 300 cycles. Likewise, samples tested for freeze-thaw performance in a NaCl 

environment had the only acceptable durability factor at 94.1 %. There appeared to be no demonstrable 

freeze-thaw durability problem with concrete exposed to NaCl as a result of thi s testing. 

Regarding scaling performance, the test performed involved pre-treating the slabs for one year in 23% 

NaCl, and then testing in accordance with ASTM C672. After 50 cycles, the observed damage rating 

was I. There was no s ignificant scaling prob lem associated with NaC l exposure. 
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6.2.1.7. Assessment of the Effects of NaCl 

In general , NaCl was the most chemically benign of the three principal deicers (i .e. NaCl, MgCl 2, and 

CaCl2) in terms of attacking the concrete. There were minimal negative effects identified with 

exposure of mortar and concrete to concentrated so lutions of NaCl. It should be noted however that 

there is ample evidence in the literature regarding the detrimental effects of NaCl deicers with respect 

to corrosion of embedded steel in concrete and corrosion of vehicles. Work performed in thi s study 

showed that NaCl had the highest sorptivity rate of all the deicers and this is a major concern 

regarding corrosion in concrete . Therefore, NaCl should not be viewed as a completely benign 

a lternative and mitigation strategies should be employed when using this chemical including a 

reduction in chemical use and achieving decreased concrete permeability through the use of SCMs in 

the concrete mixture and sea lants on in-place concrete. 

6.2.2. EFFECTS OF MAGNESIUM CHLORIDE (MGCLz) ON CONCRETE PAVEMENTS AND BRIDGE 

DECKS 

6.2.2.1. Visible Deterioration After Exposure to Deicers 

For all tests conducted, visible distress was commonly associated with exposure of mortar and 

concrete to concentrated solutions of MgC l2. In Phase I experiments, mortar cylinders significant ly 

expanded and cracked. In Phase II experiments similar behavior was observed. One area where on ly 

neg ligible phys ical damage was observed was in the sca ling tests . Those slabs pretreated with MgCb 

and tested for salt scaling resistance did not scale and their visual rating and behavior was similar to 

those exposed to NaCl. 

6.2.2.2. Petrographic Evidence of Chemical Interaction Resulting in Distress 

There was strong petrographic evidence of detrimenta l chemical interactions between MgCl2 and 

hardened cement paste. At depth in mortar specimens, calcium hydroxide depletion was common as 

were deposits of calcium and magnesium oxychloride. X-ray diffraction confirmed the presence of the 

oxychloride phases as did petrographic microscopy and scanning e lectron microscopy. Strong 

evidence was found linking the dissolution of calci um hydroxide and re-depos ition of calcium and 

magnesium oxychloridc. Specifically, pseudo-morphs of calcium oxychloridc after calcium hydroxide 

were observed . Oxychloridc phases re-deposited in cracks formed in the specimens and the 

oxychloridc phases appeared to be the source of expansion leading to di stress . The proposed reaction 

path is shown below in equation 6.1. 

(6-1) 

The CaCl2 can come directly from the deicer or, in the case of MgCl2 deicers , through a two step 

process where the MgCl 2 first reacts to form brucitc producing CaCl2 as a reaction product as shown in 

equation 6-2 or with calcium silicate hydrate (CSH) (i.e. hardened cement paste) as shown in equation 

6-3 where magnesium silicate hydrate (MSH) is a reaction product. 

Ca(OHh + MgCl2 _,. Mg(OHh + CaCb (6-2) 

CSH + MgCb _,. M- S- H + CaCl2 (6-3) 

The magnesium oxychloridc can form in a reaction similar to 6-1 . Many researchers have reported the 

presence of brucite (Mg(OHh) in concrete or mortar exposed to MgCb and also MSH. The 

oxychloride phases arc easily overlooked as they arc not stable under normal laboratory conditions, 
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Special care must be exercised and specia l sample preparation techniques must be uti lized to identify 
these phases by pctrography or x-ray diffraction. As the oxychloridc phase loses its water of hydration 
(i.e. the number of waters can vary from 2-15), the phase becomes amorphous and to some extent, the 
ability to detect it by optical pctrography or x-ray diffraction dimini shes. 

Further evidence was presented in thi s research that the transition from calcium hydroxide to calcium 
oxychloridc is reversible and therefore calcium hydroxide depos its seen in field concrete could 
possibly be meta-stable phases that will revert to oxychloridc once exposed to deicer so lutions. 
Additionally, it was shown that the oxychloridc phase easily converts to calcium carbonate (calcite) 
and therefore calcite deposits commonly seen under bridge decks may be oxychloridc that has 
converted to calcite. ln all cases of distress identified in laboratory specimens analyzed in thi s study, 
calcium or magnesium oxychloridc phases were identified as being present in the specimen. 
Collcpardi ct al. ( 1990) reported that the formation of oxychloridc proceeds fastest at temperatures just 
above freezing (i.e. 39-50°F [4- 10 °C]). 

Calcium hydroxide dissolution was widespread and evidence of this was seen through pctrography. 
The fact that calcium hydroxide is being converted to calcium oxychloridc was suppo1tcd by 
monitoring the pH of the exposure so lutions during Phase I testing. As seen in Section 5, Figure 5.94, 
exposure solution pH dropped to ~8.4 when specimens were first introduced to the MgCb solution at 
28 days, and remained stable at that pH for the duration of the exposure. This measured pH is much 
lower than the equil ibrium pH for a saturated calcium hydroxide solution (i.e. ~ 12.5) indicating that 
hydroxide is not going into solution, although pctrograph ically it is documented that it is disso lving 
from the hydrated cement paste. The hydroxide is being consumed to form less soluble phases such as 
the oxychloridc phases and brucitc . This is consistent with petrographic ev idence indicating 
oxychloridc and brucitc arc forming. Additionally, the brucitc layer that forms near the surface of the 
specimens would impede hydroxide entering the solution and serve to keep the solution and specimen 
from reach ing equil ibrium. This brucitc layer may have some protective abi lity by hindering ingress of 
the ch loride solution into the concrete or mortar. However, it also would hinder hydroxide from 
reaching the so lution , maintain ing "excess" hydroxide in the porcwatcr so lution of the specimen . The 
hydroxide in the porcwater solution would be available to form oxychloridc, brucitc, or calcium 
hydrox ide. This would tend to favor formation of new phases and would account fo r the mass increase 
seen in the Phase I testing. 

6.2.2.3. Expansion After Exposure 

In the mortar tests conducted in Phase I , expansion as a resu lt of exposure to MgCl2 was significant. 
Expansion in the MgCl2 exposed samples was 0.38% after 568 days as compared to 0.02°/c> for 
specimens exposed to limcwatcr. The samples exposed to MgCl2 expanded the most of the three 
principal deicers. On ly samples exposed to the MBAP deicer expanded more but that deicer is also 
MgC12 based. 

6.2.2.4. Loss of Compressive Strength After Exposure 

For samples exposed to MgCl2 solutions, there was a very significant strength loss. Mortar specimens 
went from an initial strength of631 I psi [43 .5 MPa] to 2718 psi [18.7 MPa] , a reduct ion of 57% over 
568 days. This is compared to the specimens exposed to limcwatcr that increased from 6234 psi [48 
MPa] to 7372 psi [50.8 MPa] over the same time period, an increase of24%. 
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6.2.2.5. Mass Change after Exposure 

For mortar samples exposed to MgCb solutions, there was considerable mass gain as compared to 
specimens exposed to limcwatcr. The former had a mass gain of 3.6% and the latter had a mass gain Of 
1.08% after 568 days. The mass gain is attributed to the oxychloridc phases formed. 

6.2.2.6. Freeze-Thaw Performance (ASTM C666 and ASTM 672) 

The concrete specimens exposed to MgC1 2 also performed poorly in the freeze-thaw testing. The 

specimens well exceeded the 0.1 % expansion limit in only 200 cycles. The measured durability factor 
at 300 cycles was 51 % and it dropped below the generally accepted limit of 89% after 166 cycles. 

With respect to scaling, the MgCI, specimens performed satisfactorily, which was surprising as the 
most common field complaint associated with MgCl 2 is scaling. Those slabs pretreated with MgCl2 

and tested for salt scaling resistance did not scale and their visual rating and behavior was similar to 

those exposed to NaCl. 

6.2.2.7. Assessment of the Effects of MgCl2 

It is clear from the results of these laboratory experiments that MgCI, based deicers chemically attack 
mortar and concrete causing expansion, volume change, loss of compressive strength, and 
microcracks. The chemical attack appears to be temperature and concentration dependent with 20% 
MgCb being the pessimum concentration at temperatures below 73 "F [23 "q.13 

The phases associated with the damage of mortar and concrete samples observed are the highly 

hydrated basic salts calcium oxychloridc and magnesium oxychloridc. These phases arc formed by the 
chemical reaction of the deicer with calcium hydroxide in the hardened cement paste. Only under 
careful sample preparation arc these two phases identified. Both arc very unstable under ambient 

laboratory conditions. 

The formation of brucitc at the surface of a specimen may slow down the deterioration process 

however it is expected that this layer will not indefinitely protect the mortar and concrete against 
chemical attack. 

6.2.3. EFFECTS OF CALCIUM CHLORIDE (CACL2) ON CONCRETE PAVEMENTS AND BRIDGE DECKS 

6.2.3.1. Visible Deterioration After Exposure to Deicers 

As was the case with MgCI,, visible distress was commonly associated with exposure of mortar and 
concrete to concentrated solutions of CaCl 2. In all cases, the visible distress was more pronounced and 
occurred more quickly with exposure of mortar and concrete to concentrated solutions of CaCI, then 
was seen with any other deicer. For example, in the Phase I tests, visible distress was apparent at 56 
days with CaCl 2 exposure where it was only beginning to manifest in specimens exposed to MgCl2 at 

the same point in time. In Phase II experiments simi lar behavior was observed . Based upon visual 
assessment alone, CaCl2 exposure created the most distress. 

6.2.3.2. Petrographic Evidence of Chemical Interaction Resulting in Distress 

Specimens exposed to CaCl2 also exhibited conclusive evidence of calcium oxychloride formation in 

all occuncnccs of distress. These observations were confirmed by multiple techniques including 
pctrography , x-ray diffraction, and scanning electron microscopy. Calcium hydroxide dissolution was 
identified and the effects of this could be seen not only through pctrography, but also by monitoring 
the pH of the exposure solutions during Phase I testing. As seen in Section 5, Figure 5.94, exposure 

solution pH dropped to 5.6 when specimens were first introduced at 28 days, but increased to 11.1 at 
56 days and stabilized at 11.4 for the duration of the exposure. This measured pH is near to, but less 
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than the equilibrium pl-I for a sa turated ca lc ium hydroxide soluti on (i.e. - 12.5) indica ting that not all 

di sso lved hydroxide is goi ng into so luti on. It is most likel y that the hydrox ide is being consumed in 

fo rming less so luble phases such as the oxychlo ridc phase . The fact that the pl-I comes c loser to 

eq uilibrium, as compared to the MgC12 so luti ons, indica tes that most of the hydroxide is free to exit 

the specimen (i.e. no brucitc laye r to impede diffusion) . This would tend to support the mass loss seen 

in the freeze- thaw tes ting. As the mass loss increases, the pore structure opens, verified by MI P in 

mortars, and the calcium s ilica te hydrate (CSI-I) becomes a ma in source of ca lcium to form 

oxychloridc. Thi s consumption of CS I-I would be cons istent with the lower but steady strength loss 

seen in the Phase I tests. That is, rather than having strength loss through microcracking caused by 

expansive phases, the strength loss occurs through the s lower process of CS I-I di sso lution . 

6.2.3.3. Expansion After Exposure 

In the mortar tests conducted in Phase I , expansion as a result of exposure to CaC l2 was significant but 

not as severe as was seen with the MgCl 2 exposed samples. Measured expansion was 0.29% after 568 

days as compared to 0.02% for specimens exposed to limcwatcr. 

6.2.3.4. Loss of Compressive Strength After Exposure 

For samples exposed to CaCl2 solutions, there was strength loss but not as severe as was seen with 

MgCb. Mortar specimens went from an initial strength of 6236 ps i [43 MPa] to 5703 psi [39 MPa], a 

reduction of 11 % over 568 days. Thi s is compared to the specimens exposed to limcwatcr that 

increased from 6234 psi [48 MPa] to 7372 psi [50.8 MPa] over the sa me time period, an increase of 

24%. 

6.2.3.5. Mass Change after Exposure 

For mortar samples exposed to CaCl 2 solutions, there was a significant mass gain as compared to 
spec imens exposed to limcwatcr. The samples exposed to CaCl2 solutions had a mass gain of 2.4% 

after 568 days and the specimens exposed to limewatcr had a mass ga in of 1.08% after 568 days. 

6.2.3.6. Freeze-Thaw Performance (ASTM C666 and ASTM 672) 

The concrete specimens exposed to CaCb also performed poorly in the freeze-thaw testing. The 

specimens exceeded the 0.1 % expansion limit in 133 cycles. The measured durability factor at 300 

cycles was 60% and it dropped below the generally accepted limit of 80% after 95 cycles. 

With respect to sca ling, the CaCb specimens sca led severely. After a yea r of ponding the surface of 

the slabs with 22% CaCb, the slabs were subjected to freezing and thawing cycles in the presence of 

4% CaCb. The surface started to sca le gradually up to 50 cycles of exposure. After 50 cycles, the 

amount of sca led material increased dramatically causing the surface to expose all the coarse 

aggregate and paste-aggregate debonding was evident. 

Para llel tests were run on slabs that were exposed to hi ghly concentrated so lutions of NaCl (23% by 

mass) and then tested with 3% NaCl solution. Those slabs did not show any s ign of sca ling . 

X-ray diffraction ana lys is was performed on concrete slabs subjected to the same pretreatment 

conditions, but kept for analysis in stead of being tested for sa lt sca ling resistance. Slabs exposed to 
22% CaCl 2 showed the distinctive peaks of calcium oxychloridc in add ition to Friedel 's salt. 

6.2.3.7. Assessment of the Effects of CaCl2 

Results of these laboratory experiments indicate that CaCl 2 based deicers chemically attack mortar and 

concrete causing expansion, volume change, loss of compressive strength , and cracking. The phase 
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associated with the damage of mortar and concrete samples observed was calcium oxychloridc. This 

phase is formed by the chemical reaction of the deicer with phases in the hardened cement paste, 

cc1tainly calcium hydroxide and possibly CSH. Only under careful sample preparation is the 

oxychloridc phase identified. Evidence of the formation of this phase was also reported in the 

literature (Collcpardi ct. al., 1990). 

The formation of calcium oxychloridc in the concrete matrix decreases dramatically the salt scaling 

and freeze-thaw resi stance of concrete mixtures that arc otherwise immune to the effect of freezing 
and thawing cycles in the presence of low concentrated CaCl 2 solutions. The fact that the concrete 

slabs tested deteriorated in the last stage of the test, and more cycles were needed to completely 

expose this otherwise silent chemical attack, indicates that standardized test methods do not effectively 

evaluate the potential for chemical attack of concrete by the deicers tested . Thi s stems from the fact 

that calcium chloride is not exacerbating a physical attack, it is creating a chemical attack that slow ly 

weakens the hardened cement paste by attacking the CSH in addition to the calcium hydroxide. 

6.2.4. EFFECTS OF CALCIUM MAGNESIUM ACETATE (CMA) ON CONCRETE PAVEMENTS AND 

BRIDGE DECKS 

6.2.4.1. Visible Deterioration After Exposure to Deicers 

Samples exposed to CMA showed mixed results , but did show some visible signs of deterioration. For 

Phase I work conducted at Michigan Tech, cylinders in the CMA so lution showed little to no distress 

after 84 days, although there was some staining evident in the 0.60 w/c cy linders. However, as part of 

Phase J work conducted at the University of Toronto, samples exposed to CMA di sintegrated 

approximately 30 days after immersion. As a result, measurements of length, mass , and compressive 
strength change could not be conducted. In the University of Toronto experiments, mortar samples lost 

cohesiveness and disintegrated completely. There is no explanation available for why the two tests had 

such different results . The CMA concentrations used were comparable (i.e. 25% CMA used at 

Michigan Tech, 28% CMA used at the University of Toronto). The only significant difference was 

that specimens exposed to CMA at Michigan Tech were done so at 40 °F [4.4 °C]. At the University of 
Toronto, the specimens were exposed to CMA at room temperature. 

Notably, the high temperature experiment conducted at Michigan Tech did result in visible damage 

and in the deposition of calcium acetate hydrate crystals as was seen at the University of Toronto. 
However, the distress seen was similar to an acid attack in appearance and it is postulated that the 

CMA decomposed to a weak acetic acid at the higher temperatures. 

6.2.4.2. Petrographic Evidence of Chemical Interaction Resulting in Distress 

As indicated, the only petrographic evidence of chemical interaction was the formation of calcium 
acetate hydrate phases in the separate Phase I experiments. The University of Toronto work 

demonstrated these occurring in room temperature solutions whi le the Michigan Tech work only 
identified this phase in the high temperature experiment (i. e. I 35 °F [57 .2 °C]). 

6.2.4.3. Expansion After Exposure 

Given the disintegration of the specimens exposed to CMA, limited testing was performed. Prior to 

disintegration, a few expansion measurements were made. The final measured expansion was 0.026% 

at 88 days. 

6.2.4.4. Loss of Compressive Strength After Exposure 

Given the disintegration of the specimens exposed to.CM A, this testing was not performed. 
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6.2.4.5. Mass Change after Exposure 

Given the disintegration of the specimens exposed to CMA, limited testing was performed. Prior to 

dis integration, a few measurements of mass change were made . The final measured mass loss was 

29.7% at 88 days. 

6.2.4.6. Freeze-Thaw Performance (ASTM C666 and ASTM 672) 

This testing was not performed. 

6.2.4.7. Assessment of the Effects of CMA 

Evidence of detrimenta l effects of CMA is mixed . Based upon this work it is not possible to draw hard 

conclusions regarding how thi s deicer affects concrete. There is evidence to indicate that there may be 

a concern but addit ional testing wou ld be required to establi sh any conc lusive relationship between 
C MA and chemica l attack to hardened concre te. 

6.2.5. EFFECTS OF MAGNESIUM CHLO/UDE BASED AGRICULTURAL PRODUCT(MBA P)ON 

CONCRETE PAVEMENTS AND BRIDGE DECKS 

6.2.5.1. Visible Deterioration After Exposure to Deicers 

Mortar spec imens were not tested in MBAP as part of Phase I at Michigan Tech so comparisons w ith 

other samples under the cond iti ons described fo r Phase I is not poss ibl e. As part of Phase I at the 

Univers ity of Toronto, some observations were made of sec tioned specimens, after exposure to MBAP 
that experienced loss of strength, expansion and mass gain. Defined zones of chemical interaction of 0 
to 0.2 in . [Oto 5 mm] through the cross sec tional area of the mortar bar were vis ibl e. These zones were 
easily identified by the changes in color from a light gray in the core of the specimen to a yellowish 

color at the surface. The presence of microcracks was confirmed using the stereo optica l microscope. 
Softeni ng of the surface and dcbonding of sand gra ins were identified. 

6.2.5.2. Petrographic Evidence of Chemical Interaction Resulting in Distress 

At early ages (less than I 18 days) a white layer developed on the surface and it was subsequent ly 

identified by x-ray diffraction as brucitc. The deterioration front seemed to move deeper into the 

specimen with exposure time. Softening of the surface and dcbonding of sand grains were identifi ed. 

Concrete speci mens prepared with on ly plain portland cement and exposed to MBAP did show the 

same type of di stress as was seen with specimens exposed to MgCl 2 and CaCl2. Microcracking, 

calci um hydroxide depiction, redeposition of blocky ca lci um hydroxide, and the presence of calc ium 

oxychloridc were a ll observed. For speci mens prepared with fiy ash and GGBFS, the distress was not 
as pronounced. 

6.2.5.3. Expansion After Exposure 

In the mortar tests conducted in Phase I , expans ion as a result of exposure to MBAP was massive. 

Ex pansion in the MBAP exposed samples was 0.75% after 568 days as compared to 0.02% for 

specimens exposed to limcwatcr. Samples exposed to MBAP expanded more than specimens in any 

other exposure condi tion . 

6.2.5.4. Loss of Compressive Strength After Exposure 

For samples exposed to MBAP soluti ons, there was a strength loss a lmost identical to specimens 

exposed to MgCb. Mortar spec imens went from an initial strength of 6 176 psi [43 MPa] to 2769 psi 

[ I 9 MPa], a reduction of 55% over 568 days. This is compared to the spec imens exposed to limcwatcr 

that increased from 6234 psi [48 MPa] to 7372 psi [50.8 MPa] over the same time period, an increase 
of24%. 
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6.2.5.5. Mass Change after Exposure 

For mortar samples exposed to MBAP solutions, there was significant mass gam . The MBAP 

specimens had a mass gain or 5.93 %. Thi s was the highest mass gain of any specimens tested. This 

seemed to be a combination of mass gain as was seen with MgCl 2, but also there was possibly the 

formation of organic salts that contributed . 

6.2.5.6. Freeze-Thaw Performance (ASTM C666 and ASTM 672) 

This testing was not perfo1111ed. 

6.2.5.7. Assessment of the Effects of MBAP 

In general, MBAP performed in a manner very similar to MgCb. Although it was not taken through 

every test performed using MgCl2, enough testing was performed including, volume change, loss of 
compressive strength, and pctrography, to establish that MBAP will most likely cause distress in a 

manner similar to concentrated MgCb. 

6.3. ASSESSING AND MINIMIZING THE IMPACT OF DEICING/ANTI-ICING 

CHEMICALS 

A clear mechanism for chemical attack by at least two deicers - CaCb and MgCb - seems clear. 

Therefore, it is necessary that SH As examine mitigation strategies. Of course one simple strategy is to 

use less of these chemicals for anti-icing and deicing. This will be discussed in the next chapter. The 

other strategy is to construct concrete pavements and bridge decks that are less susceptible to attack. 
This research examined different approaches to modifying the concrete itself, in particular decreasing 
the pcnncability of the concrete. To this end mixtures were tested at different values of w/c and also 

with the addition of fly ash or ground GGBFS. Also, the use of sealants was examined as an approach 
to reducing permeability. Various tests were performed and the efficacy of these tests for assessing 

permeability was examined . 

In general , a reduction in concrete or mortar pcnncability resulted in less damage in the same amount 

of exposure time for similar mixtures and exposure solutions. The only inconsistency, which cannot be 

fully explained at this time, is that for Phase 11 testing on concrete, and to some extent for Phase I on 

mortars, a reduction in w/c did not improve performance. If anything, the lower wlc mixtures exhibited 
more damage in less time than did the higher iv/c mixtures. As stated, it is not clear why this occurred. 

Looking at Figures 5.161 and 5.162, the visible alteration of the 0.45 w/c samples exposed to CaC'2 
was significantly higher as compared to the 0.55 samples exposed to the same solution. For samples 

exposed to MgC'2, the performance was about equal. If the CaCb attacks the CSH (CaCb damage 
model) rather than causing mieroeraeking that becomes increasingly progressive (MgC12 dam·age 

model), then possibly the lower wlc mixture with more abundant CSH relative to calcium hydroxide, 
and a more impermeable matrix, serves to hold chemically altered porcwatcr within the sample 
allowing for chemical interaction to occur. Although it is not clear why the lower wlc mixtures did not 

perform better than the higher w/c mixtures, it is clear that lowering wlc by itself is not a reasonable 

strategy for mitigating deicer attack. 

However, the use of SCMs did significantly improve the concrete performance. It is thought that this 
is the result of SCMs consuming calcium hydroxide in the hydration reaction thereby providing less 
calcium hydroxide in the cement paste to chemically react, and also results from a decrease in 

permeability. 
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The calculated bulk diffusion values (Da) for the exposed surfaces (no sca ler) arc shown in Tables 

5. 13 - 5.15 for concretes and Tables 5. 16 - 5.18 for mortars (In these tables, Da is the bulk diffus ion 

value, Cs is the calculate chloride concentration at the surface, r" is the correlation coefficient, and 

P(0. I%) is the depth that chlorides penetrated to a concentration of 0.1 % by mass of sample-an 

alternate way of determining chloride penetration res istance) . Chl oride penetration profiles arc shown 

in sec tion 5.3.2.2. 

As expected, bulk diffusion values for the 0.45 w/c concrete were lower than for the 0 .55 wlc 

concretes, contributing to the mystery of why the mixtures did not perform better. It was also found 

that the chloride bulk diffusion values were approximately 3 to 6 times higher when NaCl was used 

and that calcium and magnesium chloride so lutions gave s imilar, but much lower va lues. This is 

possibly explained by the chlorides becoming tied up in oxychloridcs when calcium and magnesium 

chlorides were used. However it docs a lso support the fact that NaC l penetrates concrete more readily 

and therefore is easily able to reach embedded steel and cause corrosion. 

In general , regardless of the type of sa lt so lution used, GGBFS cement concretes gave lower bulk 

diffusion coefficients than the portland cement concretes, while the 15% fl y ash concretes had the 
highest values. However, visually it was noted that the fly ash concretes had more entrapped air voids , 

and thi s might have contributed to their unexpected poor performance. Thi s explanation is borne out 

by the mortar tests, where the portland cement mortars had the highest bulk diffusion va lues, followed 

by the fl y ash mortars, with GGBFS cement mortars being the lowest. Additionally, the fly ash 

concrete specimens were cured for only 28 days before testing, as were the other concretes. A longer 

curing time would have improved the performance of the fl y ash concrete mixtures . 

Petrographic evidence also supports the fact that the use of SCMs greatly improved performance. In 

sec tion 5.3.2.4 evidence is presented that reduced cracking was seen for mixtures containing, in order 
of effectiveness, ground GGBFS and fly ash. 

Likewise, sealants proved to be very effective at reducing the impact of deicing chemicals. As can be 

observed from Figures 5.123 - 5. 125, concrete samples coated with the s iloxanc scaler did not allow 

the penetration of chloride ions. In Figures 5.123 - 5.125 , the chloride level s measured arc very low 

and likely represent the chlorides contained in the limestone coarse aggregate. 

Clearly, SHAs that continue to use these deicing chemicals should begin developing concrete mixtures 

that utili ze ground GGBFS and fl y ash as a mitigation strategy. As a maintenance strategy, sea lants 

should be employed to help slow the ingress of the deicing chemicals, thereby minimizing the impact 

these chemicals will have on concrete pavement and structures . 

6.4. LIFE CYCLE COST ANALYSIS 

As part of the original proposal, it was stated that a life cycle cost analysis would be performed to 

describe the potential impacts of the various deicers relative to the service life of the pavement. This 

proposal was predicated on having the necessary data to accomplish the analysis , which includes in 

general two types of information. The first is laboratory data describing the behavior of the laboratory 

prepared mixtures when exposed to the va rious deicers. This would include information such as the 
rate of ingress and the rate at which observed distresses progressed. To a large extent, the research was 

successful in obtaining this information . The second type of information required is field examples of 

distressed pavements, coupled with adequate maintenance records to establi sh the amount and type of 

deicer used , and preferably examples of distressed pavements that had been exposed to one type of 

deicer exclusively. Additionally, these distressed pavements would need to be failing as a result of the 
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same mechanisms ident ified in the laboratory experiment. The purpose of the field examples is to 

calibrate the laboratory observations making the prediction of the rate of progrcssivity possible. 

Clearly, exposing concrete to a deicer in the laboratory twenty-four hours a day, seven days a week, 

for hundreds of days, docs not give a definitive measure of damage rate that translates directly to the 
field. Real pavements do not sec continual exposure to high concentration brines. Rather, they sec 

intermittent exposure to brines of widely varying concentration. However, if field examples can be 

identified as described, the di stress seen in that concrete can be identified along the timclinc of the 
laboratory experiments and predictions of failure could be provided and a life cycle analysis 

performed. 

This research was unable to identify pavements that provided this second type of information . None of 

the pavements examined as part of the field examination could be absolutely identified as ones 
exhibiting distress solely as a result of deicer application. In addition, most of the pavements sampled 

and examined have been exposed to different deicers over their service life making the association of 

distress with any one deicer impossible. Last, because of the instability of the oxychloridc phase, 

which was linked to most of the observed laboratory distress, it is practically impossible to capture in 
field samples. Although distress seen in some field sites bared very strong resemblance to that seen in 
the laboratory, it can never be absolutely stated that the same deterioration seen in the laboratory 

con-elate with that seen in the field. As a result, the research team is only left with laboratory results on 

which to base a life cycle model. In the opinion of the research team, any predictions made solely on 

the basis of laboratory tests would be flawed and it would be counter-productive to present an analysis 
that was based on inadequate data. 

It can be said that clearly, chemical attack of concrete from the use of CaCh and MgCl2 based deicers 

occurs . Conversely, NaCl appears to have little to no potential for chemical interaction with the 
cement paste and therefore appears to be safe for use on concrete pavements and bridge decks from the 
stand point of chemical attack of the concrete. However, NaCl is well documented as a cause of 

corrosion so in the end, pavement design changes and maintenance strategies required for protecting 
concrete from CaC[i and MgC[i should also be adopted to protect concrete from co1Tosion of 

embedded steel in the presence of NaCl deicers. Also, the mechanisms identified in the laboratory are 

real, they have been confirmed through multiple experiments at different institutions, and arc most 

certainly active in field concrete. 

What is also clear from review of the literature and from the survey performed early in this project, 
CaCl2 and MgCh are effective deicers and arc a tool any maintenance engineer wants to have available 

to keep roads safe and passable. Therefore, as will be described in Section 7, it is recommended that 
state SHAs adopt mitiga tion strategics to minimize the impacts of these chemicals and maximize the 
service life of pavements and bridge decks. Even with these strategics, a reduction in service life 

should be expected when CaCh and MgCl 2 based chemicals are used for deicing and anti-icing. 
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SECTION 7. MITIGATION STRATEGIES 

7.1. MITIGATION STRATEGIES- MAINTENANCE 

Mitigation strategics that can be implemented from a maintenance perspective arc three-fold. They arc 

1) use less deicing chemicals, 2) use NaCl brines whenever possible, and 3) use concrete sea lants and 

concrete mixtures including SCMs to s low deicer ingress . 

I) Use Less Chemicals - The research conducted here shows that regardless of the distress 

mechanism, reducing deicer solution concentrations reduces the distress and distress rate. Therefore, 

any effort to reduce deicer application concentrations or rates will result in less damage to concrete 

structures. At a minimum, applying deicing chemicals with an initial concentration less than the 

pcssimum amount (i.e. 20% for MgCl 2 and 22(¾, for CaCl 2) would help significantly as the deicer 

would be diluted from that concentration with the effect of reducing its chemical impact. C urrently , 

with application concentrations above the pcssimum, as the chemical dilutes on the road surface, the 

negative impact is increasing until the pcssimum concentration is reached. 

2) Use NaCl Brines - All evidence from this study indicates that NaCl brines have a minimal impact 

on concrete. However, they arc known to be hi ghly corrosive to steel. Maintenance strategics should 

consider using NaCl brines as much as possible, and investigating methods of depressing the freezing 

point of these brines to extend their usefu l temperature range. Mixing with small amounts of MgCb or 

CaCl2 may be a good approach as long as the required amount of these additive salts is kept low, 

certainly below the pcssimum values. Suppliers should investigate organic additives that can be used 

to depress the freezing point of NaCl brines without adding MgCh or CaCb if at all possible . 

Mitigation strategics such as sealants and the inclusion of SCMs in the concrete mixture still need to 
be adopted when using NaCl brines to prevent corrosion. 

3) Use Sealants - The siloxanc sealant studied in this research was effective at significantly slowing 

the ingress of deicing chemicals into concrete or mortar. To a lesser extent the silanc sea lant was also 

effective. The effectiveness of either sealant is lost after some time (e.g. 3-5 yea rs) and as result, 

maintenance strategics should include periodic reapplication of sealants to pavements and bridge 

decks. 

7.2. M ITIGATION STRATEGIES- ENGi EERING 

The only certain engineering solution is to utili ze SCMs in pavement concrete. For this study, 30% 

ground GGBFS substitution for portland cement greatly improved the durability of the mixtures tested . 

Fly ash as a concrete admixture also improved durability. State DOT's need to develop concrete 

mixture designs with a higher percentage substitution of SC Ms for portland cement. Reducing the w/c, 

by itse lf, did not improve the durability of concrete and mortar tested in thi s research. 
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SECTION 8. CONCLUSIONS 

Based on the review of the the litcrturc, the following conclusions arc presented: 

■ Both physical and chemical interactions occur within concrete when it is exposed to freeze­

thaw conditions and deicing chemicals . 

■ Physical interaction is initiated when the saturated concrete freezes , subjecting the concrete to 

volume change and the development of internal stresses that arc amplified by the presence of 

deicer ions in the pore solution and the thermal shock that occurs as ice is melted. 

■ Damage from physical mechanisms of attack arc most commonly scaling, map cracking, or 

paste disintegration. Internal microcracking caused by freeze-thaw damage will eventually 

progress to scaling on the surface of the pavement. Once cracking begins, the damage 

gradually worsens , increasing the permeability of the concrete and thus its susceptibility to 

further moi sture ingress. 

■ Chemical interaction results from the application of deicing chemicals, lead ing to possible 

degradation of the concrete structure. Chemical interactions result in map cracking, paste 

disintegration, internal microcracking, strength loss , mass gain, and expansion. 

■ One interaction resulting from the long-term application of chloride deicers is the dissolution 

of calcium hydroxide (Ca(OH)2). 

■ Some interactions of Mg2
+ and er ions with the cement hydration products in cement paste arc 

known to cause damaging alterations to the cement paste structure, reducing concrete strength 
while increasing porosity. These changes result from the ability of Mg2

+ and er ions to 

deplete Ca(O H) 2 to form brucite (Mg(OH) 2) and CaCb. These ions also cause dccalcification 

of the hydration product calcium-silicate-hydrate (CSH), making the paste very porous and 
converting it to the secondary product, magnesium-silicate-hydrate (MSH). 

■ A number of studies have concluded that CaCI,, another common deicer and a product of the 

reaction between MgCb and Ca(OH)J, is associated with a deleterious chemical reaction with 

concrete. The chemical attack is accompanied by the formation of a hydrated calcium 
oxychloridc. 

■ There arc also direct chemical effects of CaCl2 on the cement paste. For example, when 

exposed to CaC12 deicer, chloride concentrations tend to increase within the paste causing 

discoloration. This may be due to the formation of CaCl2 hydrate or to adsorption of er by 
CSH. 

■ All chloride solutions will cause a transformation of cttringitc to chloroaluminate. Therefore, 
in the presence of CaCb solutions, pre-existing ettringitc will be transformed to calcium 

chloroaluminatc or trichloroaluminatc, which has an appearance similar to cttringite. 
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Based on the characterization of field speci mens, the following conclusions arc presented: 

■ Colorado, State Highway 83, South of Denver near Milepost 57 

o Thi s pavement, constructed in 1996, exhibited visible signs of distress . 

o The pavement has been exposed primaril y to NaCl deicer. 

o Laboratory investigation of field spec imens did not revea l any macro-cracking. 

o Samples examined showed adequate entrained air. 

o Some alkali s ilica react ivity (ASR) was observed with minor ge l production and cracking. 

o No definitive correlation could be made between the observed distress and the use of 

deicers . 

■ Iowa, eastbound US Highway 34, western end of the Burlington Bridge. 

■ 

o This bridge deck was reportedly exposed exclusively to CMA deicer. 

o Laboratory investigation of field specimens did not reveal any macro-cracking in either of 

the cores, other than the obvious surface crack of core IA-6, which extended both through 

the overlay and into the original concrete below. 

o The overlay from both s labs exhibited borderline entrained air parameters, with spacing 

factors of 0.276 mm and 0.217 mm for cores IA-5 and IA-6 respectively. 

o Some alkali s ilica reactivity was observed with minor ge l production but no cracking was 

observed assoc iated with the ASR. 

o All of the profiles show an increase in chloride concentration near the pavement surface. 

Although CMA may have been used exclusively on the bridge deck, it is possible that 
contamination from the preceding roadway contributed to the observed chloride gradient .. 

o A compari son of the profiles from cores IA-3 and IA- I I shows an increased chloride 

penetration in core IA-3 , which was taken directly over a surface crack in the pavement. 

o Secondary calcium hydroxide depos its in air voids were commonly observed in the 

concrete overlay. 

o The petrographic analysis of these cores did not reveal any spcci fie degradation related to 

chemical attack from deicers. The only significant observation was the marginal air-void 

system, which may have contributed to the observed distress . 

Idaho, westbound Interstate Highway 184 west of Boi se, near milepost 3 

o This pavement was constructed in 1992 and was reported to have been exposed to MgC1 2 

for anti-icing, and NaCl for deicing. 

o Laboratory investigation of field specimens did not reveal any macro-cracking in either of 

the cores, except for one crack at depth in core IDL-7 . 

o Air-void system parameters varied considerably, from a low spacing factor value of 0.11 8 

mm for core IDR-3, to a high spacing factor value of 0.267 mm for core IDL-6. 

o The chloride profile from core IDL-1 (at joint) showed increased chloride penetration as 

compared to the profile from core IDL-5 (mid-panel). 
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• Montana, westbound Interstate Highway 90 bridge deck near milepost 117 

o Partial depth cores 5 to 6 inches in depth were received from this bridge deck. 

o The top 2 inches of the cores consisted of a latex modified concrete overlay . 

o The deck was reported to have been exposed to MgC1 2 for anti-ic ing, and NaCl for 

deicing. 

o A variation in surface wear was observed on some of the cores. 

o Laboratory investigation of field specimens did not reveal any macro-cracking in any of 

the cores 

o The overlay from both slabs exhibited inadequate entrained air parameters, with spacing 
factors of 0.432 mm and 0.687 mm for cores MT-2 and MT-8 respectively. However, air 

entrainment is not likely as a critical requirement for a latex-modified overlay. 

o The transition from overlay to origina l concrete is apparent in the profiles, and it appears 

that there is some diffusion of chlorine from the original concrete up into the base of the 

overlay . 

■ South Dakota, eastbound 26th Street left turn lane 

o This pavement was placed on November I, 1996 and exposed to MgCb brine shortly 

thereafter on November 15, I 996. 

o The pavement surface was described to be in good condition, but field repotis indicated 
cores taken near the joint looked like they had been deteriorated. What had been 

interpreted as deterioration was just the normal appearance of a concrete joint as exposed 
in cross sect ion. 

o Laboratory investigation of field specimens did not reveal any macro-cracking in any of 

the cores. 

o Both sets of slabs showed adequate entra ined air. 

o For thin sections prepared and observed using cpifluorcscencc, the samp les prepared from 

near the joint consistently fluoresced brighter than the samples prepared from mid-panel, 

indicating a higher permeability resu lting from either differences in the as-placed concrete 

mixtures or alteration of the concrete as a result of exposure. 

■ Montana, eastbound Interstate Highway 90 bridge deck, near milepost 61 .8, Tarkio 
interchange 

o Maintenance personnel indicated both MgC1 2 brine and a combination of NaCl and sand 

have been used on this bridge deck. 

o The bridge deck exhibi ted spalling. 

o The underside of the bridge deck showed pronounced efflorescence, especia lly in areas 

directly below regions covered with cold patch material. 

o Core T-1 exhibited a crack plane at a depth of about 45 mm. 

o Laboratory investigation of field specimens did not reveal any macro-cracking in any of 

the cores. 
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■ 

o Overall, the slab showed inadequate entrained air, with a spacing factor of0.296 mm. 

o Elemental mapping showed magnesium enrichment at the surface of the bridge deck, 

similar to that seen on laboratory specimens exposed to MgCl 2 brine. 

Montana, westbound Interstate Highway 90 bridge deck, near milepost 37.2, Sloway 

interchange 

o Maintenance personnel indicated both MgCb brine and a combination of NaCl and sand 

have been used on this bridge deck. 

o The bridge deck exhibited spalling. 

o Core S-1 exhibited a crack plane at a depth of about 30 mm coinciding with reinforcement 

steel. 

o The black and white treatment did not reveal any macro-cracking, with the exception of a 

small crack perpendicular to the pavement surface. 

o The slab showed adequate entrained air, with a spacing factor of 0.173 mm. 

o Elemental mapping shows chlorine enrichment along the top surface of the crack at depth 

indicating enhanced penetration of deicing chemicals along cracks. 

■ General Observations from Field Specimens 

o In general, the sites initially identified lacked unambiguous evidence of distress associated 

with deicers . 

o Additional sites added for examination showed distress but this could not be definitively 
associated with the deicing chemicals used. Further, the exact treatment of these bridges, 

in terms of the deicing chemicals used, was not clear. 

Based on the Phase I laboratory tests , the following conclusions arc presented: 

■ 

■ 

■ 

■ 

■ 

■ 

• 
■ 

The cyclic temperature and high temperature experiments performed at Michigan Tech were 

ineffective at identifying distress mechanisms associated with exposure of mortar specimens 

to deicing solutions. 

The low temperature test performed at Michigan Tech was effective at identifying distress 

mechanisms associated with exposure of mortar specimens to deicing solutions. 

Mortar cylinders exposed to 17.8 wt% NaCl solution showed no deterioration after 84 days. 

For the low temperature test, at 28 days, the mortar cylinders in the 15 wt. % MgCl2 and 17 

wt. % CaCl2 solutions began to show some signs of cracking and expansion . 

By 56 days, the cylinders in the MgCb and CaCl2 solutions exhibited advanced deterioration. 

By 84 days the cylinders exposed to MgCl 2 and CaCb solutions were severely deteriorated. 

The control cylinders exposed to limewater were in good condition at 84 days . 

The cylinders exposed to the 25 wt. % CMA solution showed little to no distress after 84 days, 

although there was some staining evident in the 0.60 w/c cylinders. 
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■ Near the exteriors of the MgCl 2 and CaCb exposed cylinders, the cracks are empty. However, 
cracks further towards the interior of the cylinders arc filled with calcium oxychloridc or the 
altered remnants of ca lcium oxychloridc . 

■ The deterioration of the MgCl 2 and CaCl 2 immersed samples appears very similar. Both 
samples exhibit a region of calcium oxychloridc filled cracks and voids associated with 

calcium hydroxide depicted cement paste. 

■ A magnesium crust formed at the exterior of the magnesium chloride immersed sample as 

well as the calcium magnesium acetate immersed sample. 

■ Control specimens exposed to limcwatcr showed no deterioration or alteration . 

■ Work performed at the University of Toronto examined the effects of various deicing 
solutions on the compressive strength, expansion, and mass change of specimens exposed to 

those solutions, with the following results 

o After exposure to the different deicers, the compressive strength decreased for those 
samples exposed to MBAP, MgCb and CaC'2 

o The compressive strength decreased in the order MgC1 2, MBAP and CaC'2 by 63, 62 and 

23% respectively, when compared with the compressive strength of mortar cubes exposed 
to saturated calcium hydroxide solution . 

o The mortar cubes exposed to NaCl exhibited an increase in compressive strength similar 
to those samples exposed to calcium hydroxide solution. 

o The samples exposed to MBAP and MgC'2 presented similar trends in their compressive 
strength evolution with time. 

o Exposure of mortar bars to MBAP, MgC'2 and CaC'2 resulted in considerable expansion 

while those subjected to NaCl showed negligible expansion even after 500 days of 
exposure . 

o MBAP caused the highest expansion of all , 0.75% at 568d, followed by MgC'2 and CaC12 

with 0.37 and 0.29% respectively. 

o The MBAP samples expanded almost twice as much as samples exposed to MgC'2, with 
the same exposure period. 

o For those specimens exposed to MBAP, MgC'2 and CaC'2, expansion of mortar bars was 
accompanied by considerable mass gain . The greatest mass gain was 5.9% observed for 
those samples exposed to MBAP, fo llowed by MgC'2 with 3.6% and CaC'2 with 2.4% 
mass gam. 

o The specimens exposed to NaCl and Ca(OHh did not show considerable mass gain with 
1.4 and 1.1 % recorded, respectively . 

o Visual observations of the specimens exposed to MBAP and MgC'2 that experienced loss 
of strength, expansion and mass gain revea led defined zones of chemical interaction 
between O and 0.2 in . [O and 5 mm] through the cross sectional area of the mortar bar were 

visible 

■ When samples were immersed in the deicers, the pH of the exposure solution initially 
decreased, then increased. The pH of the MBAP and MgC'2 solutions were 7.8 and 8.3 , 
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■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

respectively, at the beginning of the sa lt solution exposure period and increased to up to 

approximately 8.6 after continued exposure of the mortar speci men s to these same so lutions. 

The CaC l2-bascd deicer, initially acidic, (e.g. pl-I of 5.6) increased to approximately 11.4 after 
exposure. The NaCl so lution, with an initial pl-I of 7.6, increased to a pH or 12.4. 

The significant difference between the MBAP and MgCb solution pH, and that of the 

sa turated calcium hydroxide so lution (i.e . pH 12.5), coupled with the significant mass gain, 

indicates hydroxide dissolving out of the MBAP and MgC'2 speci men s is being tied up 

forming brucitc, oxychloridc, or secondary calcium hydrox ide. 

Those deicers such as MBAP and MgCb that caused considerable expansion , mass gain and 

loss of compressive strength, showed an increase in the total volume of pores of up 20% when 

compared with the reference samples exposed to Ca(O l-1)2 . 

The total pore surface area increased for those samples exposed to CaCl2. 

Those samples exposed to NaCl solutions had phases similar to those exposed to calcium 

hydroxide solut ions, the only difference being the presence ofFricdcl's salt. 

In the case of MBAP, besides Frieden; sa lt, a phase resemb ling magnesium oxychloride was 

identified. Th is phase was not detected in the samples exposed to MgCb but instead defined 
peaks of brucitc were found. 

In XRD analysis of both MBAP and MgCb exposed specimens, the intensity of the main 

peaks of calcium hydroxide diminished suggesting depiction of thi s phase due to chem ica l 

attack, leaching or both . 

For testing performed at the University of Toronto, in contrast to experiments at Michigan 
Tech, samples exposed to CMA disintegra ted approximately 30 days after immersion. 

For those samples exposed to MgC'2, at 20% MgCl 2 the compressive strength suffered a 
maximum loss of 57%. For CaCb solutions the loss of compressive strength was a maximum 

at 22% CaCl2 with 58% strength loss. 

• X-ray diffraction analysis of specimens exposed to 20% MgCb confirmed the formation of 

magnesium oxychloridc in these samples. 

Based on the Phase II laboratory tests, the following conclusions arc presented: 

• Bulk diffusion tests indicated that concrete mixtures with a wlc of 0.45 had a lower diffusion 

coefficient as compared to mixtures prepared with a wlc of 0.55. 

■ 

■ 

■ 

■ 

Bulk diffusion tests indicated that diffusion coefficients for NaC l solutions are significantly 

higher than those for the other solutions. 

Concrete samples coated with tri-silanc did not perform as well as with tri-siloxanc. Although 

tri-silanc s lowed down the chloride penetration, it did allow the penetration of chloride ions in 

considerable quantities . 

Sorptivity tests showed a general trend of decreased sorptivity with decreasing wlc. 

Sorptivity was lowest for mixtures prepared with GGBFS, next lowest for those prepared with 

fly ash, and highest for plain portland cement mixtures. 
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• For mortars, sorpti vi ty decreased from highest to lowest in the order NaCl, water, CaCh, and 

MgCb. 

• In general for concrete, sorptivity decreased from hi ghest to lowest in the order water, NaC l, 

CaCl2, and MgCb. 

• The low temperature experiment conducted for Phase I was repeated with concrete specimens. 

None of the specimens showed any obvious external signs of deterioration at 60 days. At 500 

days, many of the speci men s from the high-concentration CaCb, MgCl2, and MBAP brines 

exhibited external cracking. 

• Based upon visual alte ration, the high-concentration CaCb, MgCb, and MBAP solutions were 

more aggressive than the NaCl and CMA solutions. At the low-concentration, all of the brines 

were less aggressive. 

• Based upon visual alteration , a genera l trend of increased alteration was evident for the 
concrete spec imens as compared to the mortar speci mens . 

• Based upon visual a lteration , a general trend of increased alteration was evident for the 0.45 

w/c specimens as compared to the 0.55 w/c specimens. 

• Based upon visual a lteration, a general trend of decreased a lteration was evident when fly ash 

or GGBFS was used . 

• Based upon visual alteration, a general trend of decreased alteration was evident when the 

sealants were used. 

■ Based upon visual alteration, a trend of increased a lteration was evident when a NaCl pre-soak 

was employed. 

• For 0.45 w/c concrete specimens immersed in the five different high-concentration brine 

solutions, chloride profiles were obtained using the x-ray microscope. The addition of GGBFS 

resulted in a marked decrease in the chloride concentration near the surfaces of the specimens. 

Chloride concentration profiles for concrete specimens with fly ash were similar to the profiles 
from specimens with straight portland cement. 

• For 0.45 wlc mortar specimens immersed in the five high-concentration brine solutions, 

chloride profiles were obtained using the x-ray microscope. The chloride concentrations 

reported for the mortar specimens are approximately double the values from the concrete 

specimens. A well-defined trend of higher chloride concentration near the surface was 
observed for mortar specimens immersed in the MgC l2 and CaCb brines relative to the other 
brines. At depth , chloride concentrations were consistently higher for the mortar specimens 

immersed in the NaCl brine relative to the other brines. Chloride concentrations were lowest 

overall for specimens immersed in the MBAP brine. 

• For 0.45 w/c concrete specimens immersed in the five different low-concentration brine 

solutions, initial chloride concentrations were lower when compared to the same specimens 
from the high-concentration brines, with the exception of the specimens immersed in the 

MBAP brines. 

• Although the initial chloride concentrations were generally lower for concrete specimens in 
the low-concentration brines, the chloride concentrations at a depth of about 1/2 inch, ( l 0 to 15 

mm) were slightly elevated in the concrete specimens that had been exposed to the CaCl2 and 
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MgCl 2 low-concentration brines as compared to the same concrete specimens exposed to the 
CaCb and MgC l2 high-concentration brines. This trend was a lso observed in the mortar 

speci mens. 

Compared to 0.45 11'/c concrete spec imens exposed to the same conditi ons, the 0.55 wlc 

concrete specimens showed s imil ar initia l chloride concentrations but generall y greater 

ch loride penetration at depth. 

The 0.55 11'/c mortar specimens from the CaCb and MgCb brines showed much lower initi al 
chloride concentrations than their counterparts from the 0.45 wlc mortar spec imen experiment. 

Overa ll , the 0.55 wlc morta r spec imens showed greater penetration of chloride at depth when 

co mpared to 0.45 wlc mo1tar specimens exposed to the same conditi ons. 

C hloride profiles for 0.55 wlc concrete speci mens treated with silanc and si loxanc, after 

exposure to the five hi gh-concentration brines, showed that the sea lants were very effect ive at 

impeding the ingress of chlorides at 60 days. However, at 500 days, chloride ingress was 

ev ident from the bases of the spec imens. 

A lthough some genera l trends were observed in the chloride profile data , there were often 

outliers or exceptions. Most of these inconsistencies, especially in the case of the concrete 
specimens, can in some cases be attributed to heterogeneiti es inherent to the material. 

The XRD traces from the wet extracted paste and wet precipitates collected from CaCb­

cxposcd spec imens show that the main secondary phase is the same 8.34, 4. 13, 2.76 angstrom 

ca lcium oxychloridc described by Monosi and Collcpardi. 

Ev idence that calcium oxychloridc reverts to CaOH2 was estab li shed. This reversibility is 

important in understanding why the oxychloridc phase is not seen in field concrete samples. 

Further ev idence was identified that the ca lci um oxychloridc can convert to calcite. This is a 

possible source of calcite deposi ts commonly fo und under bridge decks. 

The wet extracted paste and wet precipitate co llected from the MgCl 2 exposed specimens 
showed very little similarity. The precipitate showed peaks for a Mg3(OH)5Cl•4H 2O phase, but 
these peaks were not observed in the wet pas te. The calcium oxychloridc phase is also not 

present. 

Samples of ex ternal precipitate were also collected from a specimen that was exposed to the 

MBAP solut ion for 500 days. Diffraction anal ysis revealed that the main phase in thi s material 

was the Mg,(OH)5Cl•4H 2O phase. 

An external prec ipitate was a lso collected from a speci men that was soaked in the low­

concentration calcium magnes ium acetate (CMA) solution for 500 days. From the XRD 

analys is, it is shown that this precipitate consists of calcite. 

By optical petrography, cracking planes sub-parallel to the surface are evident in the concrete 
spec imens exposed to the CaCl2, MgCl 2, and MBAP brines, while the speci mens exposed to 

the CMA and NaCl brines, and the spec imen exposed to the limcwatcr, do not show any 
cracking. 

In the CaCb, MgCl2, and MBAP specimens, a similar pattern of blocky birefringent crystals is 

observed in the cracks and air voids in the deteriorated reg ion s. The crystals have the same 
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birefringence colors as calcium hydroxide, Ca(OHh, but their blocky appearance departs from 

the usual calcium hydroxide morphology. 

• The cement paste in the deteriorated CaCb, MgCl2, and MBAP specimens is generally devoid 

of calcium hydroxide. 

• Portland concrete specimens exposed to the NaCl, CMA, and limewater solutions show 

abundant calcium hydroxide. Secondary calcium hydroxide deposits arc present in the air 
voids of the specimen immersed in limcwatcr, but the shape of these calcium hydroxide 

crystals, long and thin in cross-section, is the typical morphology for secondary calcium 

hydroxide. 

• For straight portland cement specimens immersed in CaCl2 and MgCb, cracking was the 

worst . Cracks are also present in the fly ash concrete specimens, but to a lesser degree. Cracks 

were even less perceptible cracks in the GG BFS concrete specimens. 

• Concrete prepared with GGBFS showed the lowest amount of calcium hydroxide in the non­

depicted regions , fly ash concrete next, and straight portland cement showed the highest 

amount of calcium hydroxide. 

• Specimens exposed to the MgCl2 brine all exhibited fibrous mineral precipitates on the surface 

and in the air voids and cracks near the surface. 

• Neither calcium hydroxide depicted paste nor blocky secondary calcium hydroxide crystals 

were observed in the silanc-scaled specimen. 

• For MBAP exposed samples, the only specimen to show signs of severe cracking was the 

straight portland cement concrete specimen. The same trend noted from the CaCb and MgCb 

brines of calcium hydroxide depiction, coupled with blocky secondary deposits of calcium 

hydroxide in air voids and large cracks in the depleted zone, was observed in the straight 

portland cement, fly ash , and GGBFS specimens exposed to MBAP brine. 

• As with the specimens exposed to the MgCl 2 brine, all of the specimens from the MBAP brine 
exhibited fibrous mineral precipitates on the surface and in the air voids and cracks near the 

surface. 

• Energy dispersive spectroscopy (EDS) analyses were performed on the fibrous minerals near 
or at the surface of the specimens exposed to MgCl 2 and MBAP. The results show mineral 

compositions similar to magnesium chloride hydroxide hydrate and brucite, with poss ible Ca2+ 

substitution for Mg2
+ and er substitution for Off. 

• EDS analyses were also performed on the blocky secondary calcium hydroxide crystals 

observed by optical microscopy in all of the deteriorated specimens immersed in CaC'2, 

MgC'2, and MBAP brines. The results show ea(OHh with er substitution for Off in the 
calcium hydroxide. It is suspected that these blocky ea(OH)2 deposits arc ca lcium oxychloridc 

phases that have reverted to Ca(OH)2. 

• A close examination of secondary deposits in the spec imen immersed in CaCl2 brine also 

revealed another bladed crystalline phase that had apparently replaced the blocky secondary 

crystals, but only near the surface. The results of EDS analyses from the bladed crysta ls show 

a composition similar to calcium chloride hydroxide hydrate. 
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• In freeze-thaw testing, the concrete prisms exposed to MgCl2 and CaCl2 expanded above 

0.1 %, which is considered by ASTM C666 to represent failure. 

• Prisms exposed to NaCl did not expand more than 0 .04% for 300 cycles, prisms exposed to 

MgCl 2 and CaCb expanded considerably with 0.17 and 0.18% length change respective ly. 

• Specimens exposed to MgCl2 gained mass during ASTM C666 test ing. Those exposed to 

CaCl2 had the opposite behavior with a recorded loss of mass. The spec imens exposed to NaCl 

showed neg lig ible expansion and mass ga in even after 300 cycles. 

• 

• 

For the MgCl 2 and CaC l2 spec imens, the minimum relati ve dynamic modulus of elasticity (i.e . 

60% of the initial value) was reached after 250 cycles. For NaCl, no detrimental effect on the 

modulus was found even afte r 300 cyc les of freezing and thawing. 

After determining the durability fac tor, it is clear that MgCb and CaCl2 so lutions reduce the 

concrete's resistance to freezing and thawing when compared w ith NaCl. The durability 

factors of 60 for CaCb and 51 for MgCl 2 show the negative impac t of these deicers on the 

resistance of concrete to freezing and thawing. 

• After a year of ponding the surface of the slabs with 22% CaCl2, then subjecting the 

spec imens to freezing and thawing cycles in the presence of 4% CaC l2, the specimen surfaces 

started to sca le gradually up to 50 cycles of exposure. After 50 cycles, the amount of scaled 

material increased dramatically causing the surface to expose a ll the coarse aggregate and 

paste-aggregate dcbonding was evident. 

• Similar scaling tests performed on slabs that were exposed to highly concentrated solutions of 

NaCl (23% by mass) and then tested with 3% NaCl solution, showed minor evidence of 
sca ling. 

• Specimens pretreated with MgCb and tested for salt scaling resistance did not sca le and their 

visual rating and behavior was similar to those exposed to NaCl. 

Based on the overall project results, the following conclusions arc presented: 

• Exposure of concrete and mortar to NaCl results in little to no chemica l interaction or related 

distress. NaCl appears to be safe for use as a deicing and anti-icing chemical with respect to 

poss ible chemical interaction with concrete. NaCl should still be considered harmful to 

concrete in terms of its potential to induce corrosion in embedded steel given its demonstrated 

ability to easily diffuse into concrete more readily than the other deicers tested. 

• Exposure of concrete and mortar to MgC l2 and MgCl 2 based deicing chemicals results in 

significant chemica l interaction and related distress. MgCl2 appears not to be safe for use as a 

deicing and anti-icing chemical with respect to possible chemical damage to concrete. 

• Exposure of concrete and mortar to CaCl2 and CaCl2 based deicing chemicals results in 

significant chem ical interaction and related distress. CaC12 appears not to be safe for use as a 

deicing and anti-icing chemical with respect to possible damage to concrete. 

• In all cases, the observed distress is less as the concentration of deicer is reduced. Therefore, if 

MgCb and CaCb based deicing chemicals arc to be used, they should be used at the lowest 

possible concentration. 

• The pessimum concentration for MgCb and CaCl2 based deicing chemicals arc 20% and 22% 

by weight MgCl 2 and CaCl2, respectively . 
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• It is not conclusive if CMA is detrimental to concrete or mortar. 

• Results were mixed regarding the effect of wlc on performance of concrete and mortars 

exposed to deicing chemicals. Although the general parameters (i.e. sorptivity, bulk diffusion, 

rapid chloride permeability) improved with decreasing wlc as expected, the performance in 
low temperature immersion was the opposite as expected. That is , the low w/c mixtures 

performed worse. 

• In general , concrete mixtures containing GGBFS showed the lowest susceptibility to deicing 

chemicals, concrete mixtures containing ny ash were next best, and straight portland cement 

mixtures were the worst performing . One exception is that with the tests performed, concrete 

mixtures containing fly ash had a diffusion coefficient higher than that measured for straight 

portland cement mixtures. However, in other experiments such as the low temperature 

immersion concrete mixtures containing fly ash performed better. 

• In general sea lants were very effective at reducing chloride ingress at 60 days. The siloxanc 
appeared to perform better than the silanc. At 500 days, both sealants lost effectiveness. 
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SECTION 9. RECOMMENDATIONS 

SI-IA ' s should plan that the use of any deicing chemical will negatively impact the durability of 

concrete pavements and bridges. The mechanisms of attack differ; NaCl being known to readily 

induce corrosion of steel embedded in concrete, MgCl2 and CaC12 have been shown to attack the 

hardened cement paste, and CMA appears to potentially be harmful to concrete through disso lution of 

the hardened cement paste. 

SH As should adopt a strategy of preparing durable concrete mixtures that resist penetration of deicing 

chemicals. To accomplish this the following recommendations arc made : 

■ Include supplementary ccmcntitious material s (SCMs) to decrease permeability, particularly 
include the use of GGBFS whenever possible. Fly ash is also useful for reducing permeability. 

SCMs also consume calcium hydroxide through the pozzo lanic reaction thereby limiting the 

formation of oxychloridc. 

■ U sc durable aggregates that arc not rcacti vc or susceptible to freeze-thaw. 

■ Establish an a ir-void system targeted to the severity of the environmental exposure. 

Likewise, SI-IAs should construct well-consolidated concrete free of plastic shrinkage cracks (and 

other early-age cracking) and without surficial defects . To accomplish this the following 

recommendations arc made: 

■ A void construction under extreme weather conditions. 

■ Perform adequate consolidation to remove entrapped air. 

■ Use corrosion-resistant dowel bars or tic bars at joints and cracks. 

■ Ensure reinforcing steel has adequate concrete cover (2.5 inches [63 .5 mm] m1111mum 

suggested) . 

■ Ensure bleed water has disappeared before finishing, and avoid overworking surface. 

■ Provide adequate curing using an effective curing compound. Make sure that the proper 

amount is uniformly applied to the surface. 

■ Employ a 30-day "drying period" before applying deicing chemical s to new concrete. 

SH As should adopt maintenance strategics that minimize the deleterious effects of deicing chemicals 

on in-service concrete structures. Steps to accomplish this goal include: 

■ 

■ 

■ 

■ 

Reduce application of deicing chemicals and maximize effectiveness of each deicing 
application. 

Use deicing chemicals at the lowest possible concentration levels and preferably less than the 

pcssimum amount reported in this research (i.e. 20% for MgC12 and 22% for CaC12). 

Consider increased use of sodium chloride brines wherever possible. 

Consider surface sealers (particularly the use of siloxancs or possibly silancs) at areas of 

heavy deicing applications to reduce ingress of chemicals. 

SHAs should consider future research regarding the effects of deicing chemical s on concrete. Focus 

areas for future research include the following : 
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■ To better understand the li fe cycle cost impact of deicing strategics, a controlled test 

environment is needed, which could be a dedicated test pavement or a portion of an in-service 

pavement. Multiple sections should be adopted so that different deicers could be tested. The 

sections should be newly placed concrete, not existing sections that have a lready been exposed 

to deicers, and whose construction history is well documented . The amount and type of deicer 

used on each section, along with detailed records of weather events, including ice/snow 

accumulation, should be recorded . Periodically, the concrete sections should be sampl ed and 
examined pctrographically to determine the effects of the deicers on the concrete over time . 

Having the above information obtained in a controlled environment would a llow for accurate 

determination of the effects of the maintenance strategies used. Additional ly, sealants could be 

tested on the same sections and their effectiveness monitored to help establish the necessary 

cycle of replacing those sealants. 

• In-service pavements should be examined by coring in the wintertime to fac ilitate 

identification of the oxychloridc phases in field concrete. Thi s information would be useful to 

unequivocally confirm the applicability of the laboratory observations reported here. 

• Additional testing of CMA is required to determine long term impacts of this deicing chemical 

given that results from this research were mixed. 

• Further testing should be performed to determine the effect of different replacement levels of 

SCMs on the resistance of concrete to deicers. 

• The results of this study indicate that reducing the wlc of a concrete mixture does not improve 

resistance to deicer attack and in fact reducing the wlc appeared to make concrete mixtures 

more susceptible to deicer attack. This aspect needs further study as this observation is 
contrary to accepted practice. 

• New approaches to freezing point depression of NaCl brines, or altogether new deicing 

chemica ls, shou ld be investigated to allow for use of these brines at lower temperatures. 
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