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ABSTRACT 

COMPARISON OF SCALING PERFORMANCE BETWEEN SIDEWALKS PLACED 

USING HOT AND COLD WE ATHER CONCRETING PROCEDURES  

FEBRUARY 2023 

LIKHITHA RUDRARAJU 

B.TECH., KAKATIYA INSTITUTE OF TECHNOLOGY AND SCIENCE 

M.S.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Professor Kara Peterman and Professor Sergio Breña  

 

This study investigates the performance of concrete sidewalks placed using hot 

and cold weather concreting practices. The effect that curing methods, types of deicers, 

and supplementary cementitious material content have on the scaling resistance of 

concrete is examined in the laboratory and the field. After one winter, petrographic 

analysis was conducted on the cores from the sidewalk panels.  

The results from field evaluation indicate that the concrete sidewalks placed using 

hot weather concreting showed better resistance against scaling than those placed using 

cold weather concreting. The results also suggest that the effect of curing method depends 

on the concreting procedure type. The results confirm the maximum limits recommended 

by ACI 201.2R Guide for Durable Concrete, the mix proportions with fly ash less than 

25% and slag less than 50% have shown better scaling resistance. Based on the 

petrographic analysis, a correlation between the properties of concrete determined 

through petrography and scaling on a sidewalk could not be determined.  
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CHAPTER 1 

                                           INTRODUCTION  

In cold climates, de-icing salts are used to melt snow on sidewalks and roadways. 

Even though salts help improve safety for pedestrians walking on sidewalks during 

winter, they affect the durability of concrete sidewalks. The freezing environment, along 

with the use of salts, leads to a type of surface deterioration called scaling. Valenza 

defines salt scaling as superficial damage caused by freezing a salt solution on the surface 

of a concrete body (Valenza & Scherer, 2007b), pictured in Figure 1.1. Parameters like 

water-to-cementitious materials(w/cm) ratio, supplementary cementitious materials, 

finishing, curing methods, types of deicers, air content and more impact the scaling on 

concrete surfaces. Several studies have been conducted to determine the factors that make 

concrete surfaces susceptible to scaling. These studies are reviewed in Chapter 2. 

 

Figure 0.1 Scaling on concrete sidewalks at UMass Amherst  
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The American Concrete Institute (ACI) has different standards for cold and hot 

weather concreting, as the ambient weather conditions impact concrete serviceability and 

durability properties. This study aims to compare the effect of the type of concreting on 

the scaling performance of a concrete sidewalk. 

The research project is conducted in collaboration with the Massachusetts 

Department of Transportation (MassDOT) and is divided into two phases. Phase I focused 

on the cold weather concreting procedure, and in which the sidewalks were placed in 

early November 2019 (Brena et al., 2021). Phase II of the project focused on hot weather 

concreting, and the sidewalks were placed in late July 2021. The sidewalks were 

maintained, monitored, and documented for one winter to study the deterioration of the 

concrete surface. After winter, cores from these panels were examined through a 

petrographic study. Along with the field study, concrete specimens were tested in the 

laboratory for scaling resistance. 
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Scaling  

ACI 201.R Guide to Durable Concrete defines surface scaling as loss of mortar 

from the surface of concrete inlayers generally less than 1 mm when subjected to 

continuous freeze thaw cycles. This loss of mortar can be accelerated by the use of deicer 

salts. Along with deicing salts, many factors like curing, finishing practices, SCMs, w/cm, 

etc., affect the concrete resistance against scaling. The superficial damage due to scaling 

affects how the concrete sidewalk looks (exposure of coarse aggregates) and its structural 

integrity. The loss of the top layer of concrete surface leads to further damage to the 

sidewalks, which can impede safe and accessible pedestrian transit. The external water 

from the thawing of snow/ice mixed with deicing chemicals percolates through concrete, 

which leads to loss of strength and other properties of concrete. In the case of rebars, the 

ingress of chloride-based deicer salts will cause corrosion of rebars.   

2.2 Mechanisms of Scaling 

In literature, several mechanisms of scaling have been proposed, and not one single 

mechanism has been proven to be the one that is responsible for damage due to scaling. 

A few of these theories, hydraulic pressure, osmotic pressure, glue-spall theory, and salt 

crystallization, are summarized below. 
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When freezing temperatures are reached, the water present in voids of concrete 

freezes. The volume occupied by ice is 9% higher than that occupied by water. After 

freezing, the frozen water expands, and the unfrozen water tries to escape into capillary 

pores in the concrete, creating hydraulic pressure (Powers, 1945). In simple words, 

hydraulic pressure is generated when the volume is higher than the available space. The 

hydraulic pressure is reduced when the ice melts due to increasing temperatures. The 

continuous freezing and thawing cycles will lead to more scaling. Fagerlund (Valenza & 

Scherer, 2007a) proposed that the damage due to hydraulic pressure accelerates when the 

critical degree of saturation is between 80% and 90%. Valenza (Valenza & Scherer, 

2007a) argued that if hydraulic pressure theory is applicable, then most damage should 

result from pure water, which has not been observed. Also, this theory does not account 

for the effect of pessimum salt concentration. 

 The pores in the concrete are occupied by pure water as well as solution with ions 

from deicing agents. When ice forms in the pores, areas with low and high salt ion 

concentration form. Due to this difference, the water tries to diffuse from areas with a 

low concentration of ions to areas with a high concentration of ions, which generates 

osmotic pressure, thus creating internal stresses on the pore wall. Scaling occurs when 

these internal stresses are higher than the tensile strength of concrete. Valenza (Valenza 

& Scherer, 2007a) stated that when the salt concentration differs by approximately 14%, 

the internal stresses exceed the tensile strength. Valenza also summarized that due to 

hydrodynamic relaxation, the osmotic pressure never reaches a level that causes damage.  
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When salts melt snow, a brine solution is created from water and melting snow. 

Furthermore, when this brine solution freezes, it adheres (glues) to the concrete surface 

(Valenza & Scherer, 2007a). As the temperature increases, the ice shrinks five times more 

than concrete generating cracks in the ice. The crack in the ice is propagated to 

cementitious layer creating cracks parallel to the surface. Eventually, the cracks lead to 

the removal of the top surface layer. However, the glue-spall theory does not account for 

the observed improvement in salt scaling due to air entrainment (Vassilev, n.d.).  

A pool of salt solution exists on the concrete surface when deicers melt snow. When 

the concentration of salt ions gets higher than the concentration in pores, the salt in the 

pores starts to precipitate and form salt crystals. This produces stresses on the walls of 

the pores, eventually leading to scaling (Vassilev, n.d.).    

2.3 Factors Affecting Scaling  

Many studies have been conducted to understand what contributes to scaling in 

concrete. From the summary in section 2.3, it can be noted that a combination of a lot of 

these factors affects the scaling resistance of concrete.  

2.3.1 Curing Methods  

Once the concrete is placed and finished, curing is done to maintain sufficient 

moisture and temperature conditions for the hydration process. Adequate curing is crucial 

for the concrete to achieve its desired hardened properties. Temperature and moisture are 
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key factors that influence curing, as discussed in ACI 308R Guide to Hot Weather 

Concreting. Various curing methods and materials are used in curing concrete sidewalks, 

like wet burlap, fog spray, and liquid membrane-forming compounds. 

The curing compounds form a thin layer on the concrete surface, trapping the 

moisture to promote hydration. Ahani and Nokken (Ahani & Nokken, 2012) have 

concluded that in concretes with fly ash and slag, a lower scaling resistance has been 

observed with the application of curing compound compared to standard 14- day moisture 

curing and 3-day curing based on final mass loss after 50 freeze thaw cycles. While 

comparing plain concrete, the cumulative mass loss after 50 cycles was higher for 14-day 

moisture curing and 3- day curing than for the application of curing compound. Afrani 

and Rogers (Afrani & Rogers, 1994) have stated that curing outdoors with wet burlap 

covered with polyethylene has performed better with respect to scaling resistance 

compared to curing with curing compound. Even though the curing compound seemed to 

protect concrete against scaling, the scaling rapidly increased after five cycles. However, 

Boyd and Hooton (Boyd & Hooton, 2007) observed that concrete cured with curing 

compound performed better than moisture cured (burlap and plastic cover) on the field, 

especially for 50% slag and 15% fly ash. Amini and Taylor (Amini, Ceylan, et al., 2019) 

had observations the compound cured samples showed the least resistance to salt scaling, 

followed by samples with shorter moisture curing time. In the case of plain concrete, 

scaling resistance was the same for 3 days moisture curing and 28 days compound curing. 

Therefore, the effect of curing regime is an essential factor when slag cement is used.  
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The densities of curing compound emulsions are very close to that of bleed water 

resulting in poor formation of a protective layer and gaps in the membrane (Pham et al., 

2018). This evidence indicates the reason for lower scaling resistance observed with early 

application of curing compounds. Also, the poor bond between the formed membrane and 

concrete surface will result in the early removal of the curing compound upon initial 

freezing and thawing. The use of slag or fly ash alters the rate and duration of bleeding. 

Therefore, predicting an ideal time for the application of curing compounds is complex 

and impacted by many compounding parameters (Pham et al., 2018).  

2.3.2 Supplementary Cementitious Materials 

Various hydraulic and pozzolanic materials partially replace the Portland cement 

in many concrete mixes. Supplementary cementitious materials (SCMs) are byproducts 

of industrial processes. They contribute to the hardened properties of concrete. Fly ash is 

a byproduct of coal combustion. Class F Fly ash is a pozzolanic material. It reacts with 

the CH to form C-S-H gel contributing to strength gain and permeability (Integrated 

Materials and Construction Practices for Concrete Pavement: A State-of-the-Practice 

Manual, 2019). Ground granulated blast furnace slag or slag is a byproduct of pig iron 

manufacturing. Slag has hydraulic properties and reacts with water to form hydration 

products similar to cement (Integrated Materials and Construction Practices for 

Concrete Pavement: A State-of-the-Practice Manual, 2019).  

From field and laboratory testing (Bouzoubaâ et al., 2008), several conclusions 

have been made on the scaling resistance of concrete with SCMs. In laboratory testing, 
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the concrete mixtures with slag performed better than those using fly ash. The concrete 

mixtures with slag had higher air content and lower air-void spacing compared to 

mixtures with fly ash which was the reason for the better scaling resistance of slag. The 

mixture with 25% slag has outperformed all other mixtures in this study. It was observed 

that on the field, slag concrete had shown good resistance against scaling after four 

winters. At the same time, concrete with fly ash had shown acceptable performance. The 

conclusion for better performance in the field compared to laboratory testing was that the 

maturity of concrete improved over time, which contributed to scaling resistance. In 

another study (Mohammadi Ahani, 2009), it was also concluded that concrete with slag 

showed better scaling resistance than concrete with fly ash, irrespective of curing methods 

and salt scaling resistance test methods. It was speculated that higher compressive 

strength and air content in concrete with slag than in concrete with fly ash contributed to 

its better performance.  

Several laboratory testing has shown that amounts of fly ash and slag incorporated 

in concrete exceeding 20% and 30%, respectively (Bouzoubaâ et al., 2008) had decreased 

the scaling resistance of concrete. Gebler and Klieger (Klieger & Gebler, n.d.) have 

observed that air entrained concrete without fly ash performed better against salt scaling 

than air entrained concrete with fly ash, irrespective of the curing method. Johnston 

(Johnston, 1987) summarized that in accordance with ASTM C672, as the percentage of 

fly ash increases in concrete, the scaling resistance decreases. The scaling resistance of 

high volume fly ash concrete mixtures increased with the reduction of w/cm (Bilodeau & 

Malhotra, 1992). It was observed in several studies that the concrete with SCMs had 
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shown better performance in accordance with BNQ than ASTM C672 (Bouzoubaâ et al., 

2008; Mohammadi Ahani, 2009) . Boyd and Hooton (Boyd & Hooton, 2007) have 

observed that concrete with 50% slag has shown the least resistance to scaling both in 

field exposure and laboratory cured specimens. Similarly, it was summarized from 

several studies that incorporation of more than 35% slag had shown poor performance in 

accordance with  ASTM C672 (Vassilev, n.d.). A possible reason for the poor 

performance of concrete with SCMs in the laboratory compared to the field was that 

concrete incorporated with fly ash or slag has low early age strength (Vassilev, n.d.). 

However, as concrete matures, it reaches its full compressive strength, which is the case 

in field testing.   

2.3.3 Water-Cementitious Ratio 

Klieger and Landgren (Klieger & Landgren, 1969) have concluded that after 4 to 

5 years of exposure to the air-entrained concrete slabs, the salt scaling resistance will 

decrease with an increase in w/cm ratio above 0.58. Johnston (Johnston, 1987) stated that 

a safe limit of w/cm in regards to scaling resistance for concrete without fly ash is 0.45. 

Bilodeau and Malhotra (Bilodeau & Malhotra, 1992) studied 12 entrained concrete 

mixtures with varying amount of fly ash and w/cm ratios from 0.27 to 0.39. It was 

determined that in concretes with the high volume of fly ash, the amount of scaling 

decreases with a lowering w/cm ratio. Many studies have indicated that decreasing the 

w/cm ratio has improved the salt scaling resistance of concrete (Hammer & Sellevold, 

n.d.; Rose et al., 1989; Whiting, 1989; Whiting & Schmitt, n.d.). However, Deja (Deja, 



 

10 

 

2003) contradicted that slag cement concrete with 5-6 % air content can show high salt 

scaling resistance with w/cm higher than 0.45. A w/cm less than 0.3 is good enough to 

resist salt scaling without air entrainment. Because at low w/c, surface strength is close 

to the overall strength due to minimal bleeding (Valenza & Scherer, 2007a).  

2.3.4 Air Void Parameters  

Entrainment of air in concrete improves the salt scaling resistance of concrete by 

reducing bleeding (Valenza & Scherer, 2007a). Several studies have defined that 

regardless of the type of concrete, a critical spacing factor below 250-300 �…m gives a 

satisfactory scaling resistance (Langlois et al., 1989; Siebel, 1989; Sommer & Wedding, 

1979). It was also mentioned in literature that when the air void spacing factor exceeds 

the critical limit, the mass loss is proportional to the spacing factor (Klieger, 1980; Siebel, 

1989). To prevent salt scaling, a maximum spacing factor of 200 �…m was recommended 

(Bouzoubaâ et al., 2008). A reduction in spacing factor will result in less bleeding, which 

is achieved by increasing the volume of air entrainment in concrete (Backstrom & 

Wolkodoff, 1958; Pigeon et al., 1986).   

A study of varying air content and spacing factors with ternary blends of slag 

cement and fly ash (Amini, Vosoughi, et al., 2019). It was concluded that concrete 

mixtures containing <3% (non-air entrained) and >6% air content have shown better 

scaling resistance than mixtures containing 3-6% air content. It was contradicted that 

resistance against salt scaling is not assured with a spacing factor less than 200 �…m, and 
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it is speculated that salt scaling is independent of spacing factor. Another study by Liu 

and Hansen (Liu et al., 2016) analyzed various mixes with total air content from 3 to 9.3% 

and a spacing factor from 60-190. The same conclusion was made that there is no direct 

relationship between salt scaling resistance and spacing factor.   

2.3.5 Deicer Salts 

Several studies have indicated a pessimum of solute concentration at 3-5 wt% in a salt 

solution that results in most damage due to salt scaling regardless of the type of solute 

(Amfelt, 1943; Lindmark, 1999; Sellevold & Farstad, 1991; Verbeck & Klieger, 1957). 

Verbeck and Klieger (Verbeck & Klieger, 1957) stated that a relatively low (2-4 % by 

wt) concentration of deicer salts results in more scaling than higher concentrations of 

deicer salts. When a pool of solution is not present on concrete surface during freezing, 

no scaling was observed. 

A set of concrete specimens were subjected to wetting and drying in NaCl, CaCl2, 

MgCl2, and CMA (Calcium Magnesium Acetate) of 6.04 molal ion concentration 

(equivalent in ion concentration to 15% solution of NaCl) and 1.06 molal ion 

concentration (equivalent in ion concentration to 3% solution of NaCl) (Darwin et al., 

2008). By physical observations and dynamic modulus of elasticity, it was evaluated that 

low concentrations of NaCl did not negatively impact the concrete. However, at high 

concentrations of CaCl2, MgCl2 and CMA, a loss of materials and reduced stiffness and 

strength were observed.   



 

12 

 

The damage due to salts is significantly more than just physical damage as scaling. 

The chloride-based salts react with the concrete to produce expansive products like 

Calcium Oxychloride (CAOXY), which substantially affects the structural integrity of 

concrete (Suraneni et al., 2016). The damage to concrete due to chemical reactions 

between salts and concrete is out of scope of this study.   

2.4 Hot and Cold Weather Concreting  

The scaling resistance of concrete depends on various factors. The hardened 

properties and durability of concrete is highly dependent on mix design formulation, 

placing, finishing, and curing of concrete. The curing method, length of curing, time of 

application of curing, type of admixtures used, ambient temperature during placement, 

finishing practices, and more must be carefully considered to achieve durable concrete. 

All the mentioned variables are related to when the concrete is placed that is hot or cold 

weather conditions. 

2.4.1 Hot Weather Concreting  

Hot weather concreting is defined as when the average daily air temperature is 

more than 77 �öF, and the air temperature does not decrease below 86 �öF for more than 

one-half of 24 hours. The weather is considered as hot weather when these conditions 

persist for more than three consecutive days (Integrated Materials and Construction 

Practices for Concrete Pavement: A State-of-the-Practice Manual, 2019). The hot 
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weather can be a combination of high ambient temperatures, low relative humidity, and 

high wind speed.  

According to ACI 305R-20 Guide to Hot Weather Concreting, concreting in hot 

weather conditions will affect the properties and serviceability of the concrete. In fresh 

concrete, the water demand increases, the rate of slump loss increases, the rate of setting 

increases, and difficulty in controlling entrained air arises due to hot weather conditions. 

In addition, the hardened properties and durability of concrete will be affected due to 

increased rate of evaporation in hot weather. A few potential problems related to hot 

weather concreting as described below (as discussed in ACI 305R-20): 

1. At elevated temperatures, the later age strength decreases as the curing 

temperature increases (Klieger, 1958).  

2. Plastic shrinkage cracks due to an increased rate of evaporation of surface 

water.  

3. Reduction in amount of entrained air due to increase in concrete temperature.  

4. High temperatures will increase the water demand. When additional water is 

added to compensate for the demand, it will result in a decreased strength, and 

increase in permeability.  

5. Possibility of thermal cracking due to temperature differentials in the concrete 

member.  
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2.4.2 Cold Weather Concreting  

Cold weather concreting is defined as when the average daily air temperature is 

less than 40�öF, and the air temperature does not increase above 50�öF for more than one-

half of 24 hours. The weather is defined as cold weather when these conditions persist for 

more than three consecutive days (Integrated Materials and Construction Practices for 

Concrete Pavement: A State-of-the-Practice Manual, 2019).  

According to ACI 306R-20 Guide to Cold Weather Concreting, proper practices 

should be followed to prevent damage to concrete due to cold weather. During and after 

placing concrete, proper protection should be given for letting concrete gain its required 

strength. Concrete placed in cold weather tends to gain strength at a slower rate, and a 

sufficient amount of freezable water is available. Therefore, proper insulation and 

maintaining curing temperatures is important. The cement hydration process generates 

heat making the concrete susceptible to temperature differences between surface and 

inside concrete resulting in cracking due to thermal shock.  

Klieger (Klieger, 1958) stated that if the concrete placed in cold weather is 

protected from freezing and adequately cured for sufficient time, it can reach high 

ultimate strength and become more durable compared to concrete placed in hot weather.  

2.4.3 Effect of Type of Concreting on Scaling Resistance   

The high ambient temperatures may result in lower strength of concrete which 

will make the weak concrete more susceptible to scaling. As stated by Valenza (Valenza 
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& Scherer, 2007a), curing at elevated temperatures will result in less salt scaling 

resistance of concrete. Gaynor concluded that if the temperature during the first 24 hours 

of curing is at 100 �öF, then the compressive strength of concrete specimens may be 10 to 

15% lower than expected.  

Drying of concrete will result in shrinkage cracks making the concrete vulnerable 

to penetration of deicer salts. Drying can also occur at low temperatures due to longer 

setting time, wind, and low relative humidity (ACI 305R-20).  Therefore, precautions 

must be taken regardless of ambient temperature to avoid drying. In general, any type of 

cracks in concrete will make it unprotected to ingress of deicing salts. Plastic shrinkage 

cracks and thermal cracking should be avoided. Concrete placed in hot weather conditions 

is susceptible to plastic shrinkage cracks. Thermal cracking can occur due to temperature 

differentials within the concrete which can happen during hot and cold weather 

conditions.    

As explained in ACI 201.2R Guide to Durable Concrete, mature concrete has 

more potential to withstand repeated freeze thaw cycles without damage. Unlike young 

concrete, which can be damaged by a single freeze thaw cycle. Therefore, properly cured 

concrete that gains sufficient maturity before the first freeze will have higher resistance 

to scaling damage. Also, the damage to concrete subjected to freezing is directly related 

to the amount of freezable water available in concrete. If concrete is exposed to a freezing 

and thawing environment at an early age, it will have a considerable amount of freezable 

water available during the early stages of hydration. The freezing and thawing during 

hydration stage will result in the development of a weak layer. Therefore, adequate 
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curing, proper mix design formulation (low w/cm) and maintaining adequate curing 

temperature are necessary to decrease the amount of freezable water available.    
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CHAPTER 3 

METHODOLOGY  

The materials, mix design formulations, concrete placement practices, laboratory 

tests, and field evaluation performed as part of the project are detailed in the section. As 

mentioned earlier, the research project was conducted in two phases. Phase �± I (Brena et 

al., 2021) focused on cold weather concreting, and Phase- II on hot weather concreting. 

The materials and material properties utilized for Phase �± II , along with field and 

laboratory tests done, are detailed in this chapter.  

3.1 Concrete Mixes  

The mix design formulations, along with the information regarding the materials 

used in this study, are summarized in this section.  

3.1.1 Materials 

The sources of materials and their properties are described in this section. The 

information on materials in this section is only for Phase �± II  concrete mixes which 

follow the hot weather concreting procedure 

3.1.1.1 Cementitious Materials  

Cementitious materials utilized for both phases of the project was the same. The 

general/ moderate sulfate cement was provided by Lafarge from their location at St. 



 

18 

 

Constant, QC location. Grade 120 slag was provided by Lafarge Newcem from 

Baltimore, MD. Class F fly ash was from Ciment Quebec from their plant at Northbend, 

OH.  

3.1.1.2 Aggregates  

The location and manufacturer of all the aggregates employed for the project are 

listed below in Table 3.1 

Table 0.1 Aggregates location and manufacturers  

Project Material Manufacturer Location Description 

Phase I 

Fine Ossipee Aggregates Ossipee, NH Normal Weight 

3/8 in. Aggregates Industries Littleton, MA Normal Weight �± 8 

3/4 in. Aggregates Industries Littleton, MA Normal Weight - 67 

Phase II 
Fine Delta Sand and Gravel Sunderland, MA Normal Weight 

3/4 in. J S Lane Amherst, MA Normal Weight - 67 

 

The AASHTO T 27 Sieve Analysis of Fine and Coarse Aggregates was 

conducted, and the results were used to calculate the combined aggregate system of each 

mix design. The Tarantula Curve and Shilstone Workability Coarseness Chart (Integrated 

Materials and Construction Practices for Concrete Pavement: A State-of-the-Practice 

Manual, 2019) of each mix are summarized in this section. Table 3.2 contains the 

percentage by mass retained on each sieve compared to the ideal tarantula curve particle 

size distribution criteria.  
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Table 0.2 Percentage by mass retained on each sieve 

Sieve 
Mix  

1H[1] 
Mix  
2H 

Mix  
3H 

Mix  
4H 

Mix  
5H 

Criteria (mass retained) 

1-1/2 in. 0.0 0.0 0.0 0.0 0.0 - - - 

1 in. 0.0 
 

0.0 
 

0.0 
 

0.0 
 

0.0 
 

0-16   

3/4 in. 1.1 1.1 1.1 0.9 1.3 0-20   

1/2 in. 18.5 18.4 18.5 14.6 21.6 4-20   

3/8 in. 18.6 18.5 18.6 14.7 21.8 4-20   

No. 4 17.0 16.9 17.0 13.4 19.9 4-20   

No. 8 5.8 5.8 5.8 6.2 5.4 0-12 Coarse 
Sand 
20-40  

 

No. 16 6.2 6.2 6.2 7.9 4.7 0-12  

No. 30 12.7 12.8 12.7 16.4 9.6 4-20 
Fine 
Sand 
25-40  

No. 50 12.8 12.9 12.8 16.6 9.6 4-20  

No. 100 4.6 4.7 4.6 6.0 3.6 0-10  

No. 200 1.2 1.3 1.2 1.5 1.0 0-1  

Notes: 
�>���@���µ�+�¶���L�Q���W�K�H���P�L�[���G�H�V�L�J�Q���F�R�U�U�H�V�S�R�Q�G�V���W�R���+�R�W���Z�H�D�W�K�H�U���F�R�Q�F�U�H�W�L�Q�J�� 
 

Figure 3.1 shows the tarantula curve results for each mix design formulation with 

dashed lines as the recommended limits. From the Tarantula Curve, it can be observed 

that Mix No 4H and 5H have exceeded the recommended limits. As observed, Mix 4H 

and 5H had an excess fine and coarse aggregates, respectively. Figure 3.2 is the Shilstone 

Workability Coarseness Chart for the mixes. The coordinates of each mix are the 

coarseness and workability factors computed for the mix. All the concrete mixes 

considered are in Zone II, as seen in figure, which corresponds to a concrete mix with 

nominal maximum aggregate size (NMAS) between 2 in. to ¾ in.  
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Figure 0.1 Tarantula Curve for mix design formulations of Phase �± II  

 

Figure 0.2 Shilstone Workability Coarseness Chart for mix design formulations of 

Phase - II  

3.1.1.3 Chemical Admixtures  

For the study, workability retaining admixture was added along with an air 

entrainer and water reducer. The chemical admixtures and manufacturers list is 
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summarized in Table 3.3. Using �D�L�U�� �H�Q�W�U�D�L�Q�L�Q�J�� �D�G�P�L�[�W�X�U�H�V�� �L�Q�F�U�H�D�V�H�V�� �F�R�Q�F�U�H�W�H�¶�V��

workability, salt scaling resistance, and stabilizes air bubbles. When water reducers are 

used, the water demand decreases but increases �F�R�Q�F�U�H�W�H�¶�V air content and workability. 

The new admixture utilized in Phase �± II is a workability retention admixture. According 

to the product description by the manufacturer, the workability retaining admixture 

(Master Sure Z 60), when used along with water reducer, can compensate for the 

increased water demand during hot weather conditions by reducing the rate of slump loss 

and maintaining the workability.   

 

Table 0.3 Chemical admixture types and manufacturers  

Project Manufacturer Product Type Description 

Phase I 
Sika Sika AEA - 14 P-AEA Air Entraining 

Sika Sikament AFM A Water Reducing 

Phase II 

Master Builders Solutions Master Air AE 200 P-AEA Air Entraining 

Master Builders Solutions Master Glenium 7500 A Water Reducing 

Master Builders Solutions Master Sure Z 60 S-WRK 
Workability 

Retaining 

 

3.1.2 Mix Design Formulation  

The concrete mix design formulations for the study were designed by the 

Massachusetts Department of Transportation (MassDOT). MassDOT selected the 

concrete mixes based on the commonly used sidewalk concrete mixes in the industry. 
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The concrete mixes have various amounts of supplementary cementitious materials to 

study their effect on the scaling resistance of concrete. The aggregate content was also 

varied to produce poor and good gradation mixes. For Phase II, Mix 3H had two versions, 

as the concrete mix was delivered on two different days during the placement of sidewalk 

panels. Table 3.4 consists of all mix design formulations adopted for the study.  

A few sidewalks in the study intentionally followed a poor mix design and 

construction practices to help identify what practices, when done right, will contribute to 

better scaling performance of the concrete sidewalks. Mix 4H and 5H adopted poor 

gradation in the concrete mixes and no air entrainment. Mix 4H had excessive fine 

aggregates, whereas Mix 5H had excess coarse aggregates. Mix 4H exceeded the w/cm 

ratio limitation of 0.45 as per ACI 201.2R Guide for Durable Concrete.   
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Table 0.4 Mix design formulations as per batch tickets (1 cu yd) 

Phase �± I Cold Weather Concreting 

Mix  

No. 

3/8 

in. 

(lbs) 

3/4 in. 

(lbs) 

Fine 

(lbs) 

Cement 

(lbs) 

Fly 

Ash 

(lbs) 

Slag 

(lbs) 

Water 

(lbs) 

AD 1 

(oz) 

AD 2 

(oz) 
 

1C 356.8 1416.9 1091.9 556.0 98.0 - 33.6 3.0 46.0  

2C 345.0 1409.8 1086.4 328.0 196.0 - 31.1 3.8 31.2  

3C 355.0 1420.1 1099.6 492.0 - 166.0 33.6 2.0 46.2  

4C 345.0 1393.9 1094.2 328.0 - 330.0 33.1 3.2 39.6  

5A-C [1] 697.7 1098.5 1169.3 418.0 180.0 - 30.3 4.8 60.6  

5B-C [1] 697.7 1098.5 1169.3 418.0 180.0 - 31.6 4.8 60.6  

5C-C [1] 697.7 1098.5 1169.3 418.0 180.0 - 32.0 4.8 60.6  

6C 628.1 1085.0 1164.0 300.0 - 300.0 31.7 3.0 42.7  

Phase �± II Hot Weather Concreting 

Mix  

No. 

3/4 

TR 

(lbs) 

3/4 

TRAP 

(lbs) 

Fine 

(lbs) 

Cement 

(lbs) 

Fly 

Ash 

(lbs) 

Slag 

(lbs) 

Water 

(lbs) 

AD 1 

(oz) 

AD 2 

(oz) 

AD 3 

(oz) 

1H 782.0 1008.0 1270.0 468.0 156.0 - 30.6 3.1 22.2 12.6 

2H 772.0 1006.0 1290.0 319.0 - 316.0 33.0 3.0 22.2 12.6 

3A-H [2] 796.0 1002.0 1280.0 628.0 - - 31.4 2.5 21.8 12.4 

3B-H [2] 798.0 1290.0 997.0 614.0 - - 32.7 2.5 21.8 12.3 

4H 600.0 598.0 1966.0 456.0 152.0 - 37.4 - 12.2 - 

5H 248.0 1000.0 748.0 401.0 - 404.0 34.0 - 48.6 - 

 
Notes: 
[1] Mi x Design 5C was subjected to two instances of water additions onsite. Mix 5B-C was first instance 
and Mix 5C-C was second instance. (Brena et al., 2021) 
[2] Mix 3H was delivered on different two during placement. Mix 3A-H was identified as the concrete 
mix delivered on the first day and Mix 3B-H was the next day.   
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3.2 Sidewalk Panels 

The concrete sidewalks for Phase II of the research project were placed at Brack 

Structural Engineering Laboratory at the University of Massachusetts Amherst. The 

dimensions of the sidewalks were approximately 6 ft by 4 ft by 6 in. The layout of the 

concrete sidewalks panels for this study is represented in Figure 3.3 

 

Figure 0.3 Layout of concrete sidewalks summarizing mixes, curing, and deicing 

methods  
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3.2.1 Placement and Finishing Practices 

Before placement of the sidewalks, the site was excavated and compacted as per 

MassDOT Standard Specifications for Highway Design (Commonwealth of 

Massachusetts Department of Transportation Standard Specifications, 2022). Then, the 

formwork was placed with the subgrade compacted. For all concrete mixes except Mix 

4, no water was added above the designed water content for the mix. For Mix 4, around 

5 gallons of water was added on site above the design value. It should be noted that some 

water was withheld during mixing of concrete and later added to the concrete mixtures 

either in transit or on site.  

Finishing started after the bleed water disappeared on the sidewalks. The entire 

finishing process was completed between 0.5 to 1.5 hours after concrete placement. First, 

the sidewalks panels were bull floated, followed by an evaporation reducer, and then 

finished with a magnesium trowel and surface brooming. The placement documents of 

the study and weather data during the placement of sidewalks are available in Appendix. 
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Table 0.5 Placement and finishing practices  

Placement and Finishing Practices �± Pictures 

 

 

Placement of concrete sidewalks 

 

 

Screeding 
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Bullfloating 

 

 

Troweling 

 

 

Brooming 
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3.2.2 Curing Methods  

For this study, three methods of curing were adopted: (1) moisture curing using wet 

burlap; (2) curing with chemical compounds, and (3) air drying (no curing). From Figure 

3.3, the panels groups A, D, and G were subjected to an evaporation reducer and 

curing/sealing compound conforming to ASTM C1315. The panel groups B, E, and H 

were moist-cured using a wet burlap covered with a plastic sheet, an evaporation reducer, 

and sealed with a penetrating sealer. Mix No. 3H had three panels in B, E, and H group 

which utilized colloidal silica sealer (CSS) and evaporation reducer. The panel groups C, 

F, and I were air dried without evaporation reducer and sealer.  

Temperature and relative humidity were monitored for seven days after placement. 

According to National Ready Mixed Concrete Association CIP 12- Hot Weather 

Concreting, low relative humidity, high winds, and high temperatures can result in 

evaporation of water from the concrete surface. Figures 3.4 and 3.5 show the temperature 

and relative humidity during the 7 days following the placement of concrete sidewalks.  
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Figure 0.4 Temperature data during 7 days during curing of sidewalks panels 

 

Figure 0.5 Relative humidity during 7 days during curing of sidewalks panels 
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3.2.2.1 Moisture Curing  

The sidewalk panels, which were cured using a wet burlap, had a plastic covering 

over the burlap to keep the burlap from drying in hot weather conditions. The burlap was 

kept moist for 7 days and was not allowed to dry. Drying of the burlap would result in 

the absorption of water by burlap from the concrete surface, hindering the curing process. 

It was noted that the burlap used for curing in the study was not clean and free of soluble 

materials as required by ACI 305R Guide to Hot Weather Concreting, which resulted in 

dark stains and discoloration left on the surface of concrete sidewalks after curing. These 

stains did not disappear and are still observed on the surface.  

3.2.2.2 Curing with a Chemical Compound 

The liquid membrane forming compound used was Cure Shield Ex by SpecChem, 

which conformed with ASTM C1315. This type of curing compound forms a membrane 

over the concrete surface after its application. The compound had a red fugitive dye which 

resulted in pink stains on the surface of the concrete, as shown in Figure 3.6. As per the 

manufacturer, the red/pink stains from the dye were supposed to disappear after a few 

days of application (typically 7 to 10 days). Eventually, over time, the pink stains faded 

to some extent but did not completely disappear.  
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3.2.2.3 No Curing 

The panels that were not subjected to a curing protocol were subjected to ambient 

weather conditions without evaporation reducers and sealers. These panels were left to 

air dry under ambient conditions. Care was taken to avoid accidentally spraying them 

with water when burlap was moistened.  

 

           

Figure 0.6 Red/pink stains left on surface after application of chemical compound 

containing red fugitive dye  
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Figure 0.7 Curing of sidewalks panels in July 2021 

3.3 Winter Maintenance 

During winter, the sidewalks were treated in the same manner that road 

maintenance crew from Massachusetts Department of Transportation treat their sidewalks 

and roads. The sidewalks were pre-treated 24 hours before a snow event. Sidewalks were 

additionally treated with the same compound within 24 hours if snow accumulation 

exceeded 2 in. From Figure 3.3, the panel groups A, B, and C were subjected to only post 

treatment with sodium chloride. The panel groups D, E, and F were sprayed with 

magnesium chloride solution (MgCl2) with a 30% concentration by weight. The panel 

groups G, H, and I were treated without clearing the snow on the sidewalks. When 
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roadways are cleared by trucks, the snow mixed with salt sometimes accumulates on the 

edges of the sidewalks, which is imitated in this study by not clearing the sidewalks and 

applying deicing agents on the snow. Therefore, the sidewalks were subjected to a 

blended brine solution as pre and post treatment without clearing the snow. The blended 

brine solution consists of 85% NaCl and 15% MgCl2.   

The sidewalk panels treated with sodium chloride were uniformly covered with 10 

lbs of rock salt after the snow was cleared. At the same time, all the other sidewalks were 

sprayed with 300 ml of MgCl2 or blended brine solution 24 hours before snowfall. The 

sidewalks are treated again within 24 hours after snowfall stops. The post-treatment was 

done only when the snowfall was 2 or more inches. Table 3.6 consists of all the winter 

maintenance done for sidewalks from December 2021 to March 2022. 
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Table 0.6 Winter maintenance of sidewalks 

Pre-Treatments 

Panel 

Groups 
Deicer Salt  

December 

2021[1] 

January 

2022 

February 

2022 

March  

2022 

D, E, and F MgCl2  7, 17, 23,27 
4, 6, 8, 16, 

24, 28 
3, 6, 18, 24 9,11 

G, H, and I 
85% NaCl + 15% 

MgCl2 
- 

4, 6, 8, 16, 

24, 28 
3, 6, 18, 24 9,11 

Post-Treatments 

Panel 

Groups 
Deicer Salt 

December 

2021[1] 

January 

2022 

February 

2022 

March  

2022 

A, B, and C     NaCl 9, 24 7, 25, 30 5 10,13 

D, E, and F MgCl2  9, 24 7, 25, 30 5 10,13 

G, H, and I 
85% NaCl + 15% 

MgCl2 
- 7, 25, 30 5 10,13 

Snow Event Days: 

Dec 8th 2021, Dec 24th 2021, Jan 7th 2022, Jan 17th 2022, Jan 24th 2022, Jan 29th 2022, Feb 4th 2022, 

Mar 9th 2022, Mar 12th 2022 

 
Notes: 
[1] Blended brine was not acquired until the beginning of January 2022. Therefore, treatment with 
blended brine solution did not start until January 4th.  
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(a) 

 

 
(b) 

 
Figure 0.8 (a) Panels G, H, and I (left) which were treated with blended brine solution 

without removal of snow. Panels D, E and F (right) were treated with MgCl2 after 

shoveling snow (b) Panels D to I covered with 6 inches of snow on February 26th, 2022 
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3.4 Petrographic Study  

After regular maintenance during winter months, cores were taken from selected 

sidewalk panels for petrographic study. A set of 21 cores with 4-inch nominal diameter 

core were extracted from sidewalk panels in April 2022 and were sent to the Janney 

Technical Center of Wiss, Janney, Elstner Associates, Inc. (WJE) in Northbrook, Illinois.  

The panels from which cores were extracted ranged from severe scaling to no scaling on 

the surface. Two sets of cores were selected from two panels to study variations in 

properties which may have led to scaling, if any, as one of the cores had surface scaling 

while the other core from the same panel did not have surface scaling. The selection 

criteria for each core are further explained in the Appendix. At the laboratory, 

petrographic studies were conducted in accordance with ASTM C856 Standard Practice 

for Petrographic Examination of Hardened Concrete. Characteristics of paste, aggregates 

and air void system of the cores were evaluated by microscopical observations. The 

hardened air void analyses were conducted according to ASTM C457 Standard Method 

for Microscopical Determination of Parameters of the Air-Void System in Hardened 

Concrete. The report with results, observations, and recommendations submitted by WJE 

can be found in Appendix. The summarization of petrographic study results and analysis 

of the results is done in Chapter 4. 
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3.5 Salt Scaling Resistance Test (ASTM C672) 

For both phases of the project, MassDOT conducted ASTM C672 (withdrawn 

2021) Standard Test Method for Scaling Resistance of Concrete Surface Exposed to 

Deicing Chemicals for all the mix designs at their Research and Materials (RMS) 

Laboratory. The test samples were fabricated and cured according to standard curing 

method of ASTM C672 (ASTM C672, 2003). The ten samples were placed during the 

construction of sidewalks panels; after finishing, a dike was built around the perimeter of 

top surface. The dike was built to hold brine solution during freeze and thaw cycles. The 

samples were moist cured in an environmental chamber for 14 days and then were 

allowed to air dry for 14 days at 23.0 ± 2.0 �öC and 45 to 55% relative humidity before 

freeze-thaw cycles. The samples were subjected to 50 freezing and thawing cycles with 

4% CaCl2 solution at a depth of approximately 6 mm. Then, the samples are in a freezing 

environment for 16 to 18 hours and then thawed at 23.0 ± 2.0 �öC and a relative humidity 

of 45 to 55% for 6 to 8 hours. A visual rating was given after  5, 10, 15, 25, and 50 freeze-

thaw cycles. At the end of each cycle, the surface is flushed and replaced with a new 

solution. Table 3.7 lists the visual rating defined by ASTM C672.  
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Table 0.7 Visual rating as per ASTM C672  

Rating Condition of surface 

0 no scaling 

1 very slight scaling (3 mm depth, max, no coarse aggregate visible) 

2 slight to moderate scaling 

3 moderate scaling (some coarse aggregate visible) 

4 moderate to severe scaling 

5 severe scaling (coarse aggregate visible over entire surface) 

 

3.6 Field Evaluation of Sidewalk Panels  

The sidewalks were regularly monitored and photographed throughout the winter 

and before and after cold weather days from November 2021 to May 2022. Along with 

human visual observations, photographs were taken and run through a photogrammetric 

tool developed using MATLAB to compute percent scaling on the surface of the 

sidewalk.  

3.6.1 Temperature study  

A temperature study has been conducted in the area where the sidewalks were 

placed. The ambient temperature and temperature inside the concrete were recorded 

throughout winter months to establish the number of freeze-thaw cycles recorded and 

evaluate whether mix design affects the temperature inside the concrete. An 

environmental meter (Kestrel 5200) was placed next to sidewalks for ambient weather 
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data. To measure temperature inside the concrete mass, five concrete blocks were 

fabricated of the same thickness as the concrete sidewalks. The same source materials 

used in the sidewalks were used to fabricated the blocks. Thermal sensors were embedded 

inside the concrete at the time of casting blocks. 

The concrete blocks with embedded sensors (Giatec SmartRock) were fabricated 

with mix designs per the batch tickets to replicate the sidewalks. The depth of the concrete 

blocks and sidewalk panels is 6 inches. After casting, the concrete blocks were cured in 

a curing box (at around 23 �öC) for seven days before being placed next to the sidewalks 

for temperature monitoring. The thermal sensor had 60 days of memory. Therefore, two 

sets of concrete blocks were fabricated to record temperatures from December 2021 to 

March 2022. Figure 3.9 shows the thermal sensor during the fabrication of the concrete 

sample. The sensor sits on a bar chair at a depth of 2 inches from the top surface. The 

black box and the cable, as seen in the figure below, record the temperature. The cable 

was extended to the center of the panel at 3 inches depth from the top surface. From the 

temperature data collected, the concrete sidewalks were subjected to 18 freezing and 

thawing cycles during the study. One freeze-thaw cycle was defined as a cycle of below 

0 �h�&���I�R�U�����������K�R�X�U�V���D�Q�G���W�K�D�Z�L�Q�J���D�W��above 0 �h�&���I�R�U���������K�R�X�U�V�� 
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Figure 0.9 Thermal sensor before concrete pour 

 

Figure 0.10 Temperature data extracted from environmental meter and concrete 

temperature sensors from December 2021 to March 2022 for hot weather concreting 

mixes 

Figure 3.10 illustrates the ambient temperature and temperature inside the concrete 

for 120 days. From the figure, the temperatures recorded by the environmental meter and 

thermal sensors follow a similar path. The ambient temperature and temperature inside 

the concrete did not differ significantly except for a few occasions like between February 
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25th to 27th where snow accumulates on concrete surface and produced an insulation effect 

resulting in higher temperature recorded inside the concrete blocks when compared to 

ambient recorded temperature.       

3.6.2 Photogrammetric Analysis   

The sidewalks were consistently photographed every month from November 2021 

to April 2022. The photos were captured by using the photo rig shown in Figure 3.11. A 

canopy was set up with covers on three sides around the photo rig to avoid shadows and 

direct sunlight on the concrete sidewalk. The photographs of sidewalks were processed 

using an image processing code developed in MATLAB. The photogrammetric analysis 

MATLAB code was adapted from Phase- I of the project (Brena et al., 2021).  

 

Figure 0.11 Photo rig and canopy setup for taking images of sidewalks 
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For Phase II of the project, a threshold study was done in order to determine 

scaling from the photographs taken at different times. Histograms of pixels were 

constructed for all the images taken in April 2022, where the scaling is evident. The 

histograms were constructed to understand the distribution of greyscale in an image using 

all pixels captured in the image. For each histogram, the mean and standard deviation 

were computed to select a metric to define the greyscale threshold that would constitute 

scaling for each panel. Any pixel with a greyscale value above or below the threshold 

was identified as scaling. The threshold is utilized to calculate the percent scaling by 

categorizing the pixels based on greyscale. The scaling on the concrete surface is 

essentially greyscale in color. Therefore, the critical point in determining percent scaling 

on the concrete surface is by categorizing various shades of grey. The color of the panel, 

curing stains, broom finishing marks, color of the scaled portion, lighting, and shadows 

are the factors that affect the threshold of the panel.  The threshold study is further 

explained in the Appendix.  
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CHAPTER 4 

RESULTS AND ANALYSIS  

4.1 Laboratory Testing  

The testing was conducted according to ASTM C672 by the Massachusetts 

Department of Transportation at their laboratory. The visual ratings were taken at 5, 10, 

15, 25, and 50 freeze-thaw cycles. The results from both phases as summarized in Table 

4.1 and Figure 4.1. The datasheets of the test results are attached in the Appendix. 

 

 

Figure 0.1 Average visual rating of each mix at 5, 10, 15, 25 and 50 freeze thaw cycles 

of two specimens tested as per ASTM C672 
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Table 0.1 Visual rating of concrete samples tested based on ASTM C672 

Mix Design 

No. 

ASTM C672 Scaling Resistance of Concrete (Standard Curing) �± Visual Rating 

5 cycles 10 cycles 15 cycles 25 cycles 50 cycles 

1C-1 2 2 3 3 4 

1C-2 1 1 1 2 3 

2C-1 2 3 4 5 x 

2C-2 1 3 5 x x 

3C-1 1 1 1 2 2 

3C-2 2 2 2 3 3 

4C-1 5 5 5 x x 

4C-2 4 4 5 x x 

5C-1 3 5 5 x x 

5C-2 3 5 5 x x 

6C-1 5 5 5 x x 

6C-2 5 x x x x 

1H-1 0 1 2 3 3 

1H-2 1 1 1 2 2 

2H-1 1 1 1 3 5 

2H-2 1 1 2 4 x 

3H-1 0 0 0 0 1 

3H-2 1 1 1 1 2 

4H-1 4 5 x x x 

4H-2 x x x x x 

5H-1 2 5 x x x 

5H-2 2 5 x x x 

 
Notes: 
[1] The visual rating X means the sample was discontinued from the test. The rating X is taken as visual 
rating of 5 (the maximum possible value) for all analyses performed herein.  
 

�7�K�H���U�D�W�L�Q�J���³�[�´���U�H�S�U�H�V�H�Q�W�V��failure, at which point the specimen was removed from 

the test program and no longer cycled. It is assumed to be a visual rating of 5 (the 
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maximum possible value) hereafter. As observed from Figure 4.1, Mix no. 3H performed 

best compared to all other mixes. Mix 3H showed very slight scaling after 50 freeze thaw 

cycles. One of the two Mix 3H specimens tested did not show any signs of scaling until 

after 25 freeze thaw cycles. The average visual rating after 50 freeze thaw cycles is 1.5. 

Mix 6C, 4C, and 4H were the worst performing specimens. They reached a visual rating 

of 4 or 5 after five freeze thaw cycles. Out of all the concrete specimens placed in cold 

weather conditions, 66.7% have failed at the end of 50 freeze thaw cycles. At the same 

time, only 50% of concrete specimens have failed after 50 cycles. The visual rating of 2 

or less after 50 freeze thaw cycles is achieved by four specimens out of 22, as observed 

in Table 4.1. Of the four specimens that passed the test, two are placed using hot weather 

concreting procedure. The visual rating of 2 corresponds to slight to moderate scaling, 

which is selected as an acceptable limit for the study. 

A visual rating of 5 prior to reaching 50 freeze-thaw cycles is considered a failure 

in ASTM C672 as it corresponds to severe scaling with coarse aggregate visible on the 

surface. After 10 freeze thaw cycles, 40.9% of the specimens failed the test. The concrete 

mixes 4C, 5C, 6C, 4H, and 5H failed within the first 10 freeze thaw cycles. If a visual 

rating less than 5 is considered as passing the test after 50 freeze-thaw cycles, then 40% 

of hot weather concreting specimens passed the test compared to 33% of cold weather 

concreting specimens. Various parameters related to each mix are analyzed in this section 

to compare which weather concreting procedure is more resistant to scaling in laboratory 

testing.   
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The water-cementitious material ratios and air content of each mix, along with the 

average visual rating after 50 freeze thaw cycles, are tabulated in Table 4.2. The w/cm 

ratios reported are calculated from the mix designs in Table 3.4.   

Table 0.2 W/CM ratio and visual rating after 50 freeze thaw cycles of each mix design  

Mix 
Design 

No. 
w/cm 

Air 
Content 

(%)  

Visual 
rating 

after 50 
cycles [1] 

Mix 
Design 

No. 
w/cm 

Air 
Content 

(%)  

Visual 
rating 

after 50 
cycles [1] 

1C 0.43 5.1 3.5 1H 0.41 6.2 2.5 

2C 0.49 6.6 5 2H 0.43 5 5 

3C 0.43 5.5 2.5 3H [3] 0.43 6.1 1.5 

4C 0.42 6.1 5 4H 0.51 3.1 5 

5C [2] 0.44 4.5 5 5H 0.35 1.5 5 

6C 0.44 5.4 5     

 
Notes: 
[1] The visual rating results from ASTM C672 are average of two samples per mix.   
[2] The w/cm is taken average of 3 w/cm for 3 versions of mix 5C as the version of the mix 5C used for 
ASTM C672 test was not identified.  
[3] The w/cm is taken average of 2 w/cm for 2 versions of mix 3H as the version of the mix 3H used for 
ASTM C672 test was not identified. 
 
 

The best performing Mix 3H has a w/cm ratio of 0.43, which is below the safe 

limit of w/cm in regards to scaling resistance for concrete without SCMs is 0.45 

(Johnston, 1987). The Mix 4H with the highest w/cm of 0.51 had reached a visual rating 

of 5 within 10 freeze thaw cycles. The combination of high fly ash and w/cm ratio will 

decrease concrete scaling resistance, as in Mix 4H (Bilodeau & Malhotra 1992). Mix 2C 

has a high w/cm ratio of 0.49. It can be observed that Mix 2C lasted 5 extra cycles 

compared to 4H, which can be a result of air content higher than 6%. Another reason 
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speculated for lower scaling resistance in mixes with high w/cm is that the amount of 

freezable water available will increase with an increase in the w/cm ratio. The mixes with 

higher than 6% air content typically show better scaling resistance (Amini, Vosoughi, et 

al., 2019). However, Mix 1C and 3C with air content of less than 6% showed good scaling 

resistance in the ASTM C672 test. Mix 1H and 3H, which had air content and w/cm 

within limits described by ACI 201.2R, have shown good scaling performance. In 

contrast, the Mix 4C, which had a w/cm ratio and air content within limits, reached a 

visual rating of 5 within 15 cycles. All the mixes with air content below 5% have reached 

a visual rating of 5 within 10 cycles. 

 

 
Figure 0.2 w/cm ratio and visual rating after 50 freeze thaw cycles of each mix design  
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Figure 0.3 Air content and visual rating after 50 freeze thaw cycles of each mix design  

 

Figures 4.2 and 4.3 show that a direct relation between scaling performance in the 

laboratory and w/cm or air content cannot be observed. The figures show that the mixes 

with appropriate air content or w/cm have failed. 

Table 0.3 SCM content and visual rating after 50 freeze thaw cycles of each mix design  

SCM Type and 
Content  

Mix 
Design 

No. 

Visual rating 
after 50 
cycles [1] 

SCM Type and 
Content  

Mix 
Design 

No. 

Visual rating 
after 50 
cycles [1] 

Fly Ash �± 15% 1C 3.5 Slag �± 25.2% 3C 2.5 

Fly Ash �± 25% 
1H 2.5 Slag �± 49.7% 2H 5 

4H 5 Slag �± 50% 6C 5 

Fly Ash �± 30.1% 5C 5 
Slag �± 50.2% 

4C 5 

Fly ash �± 37.4 % 2C 5 5H 5 

No SCM  3H 1.5 - - - 

 
Note: 
[1] The visual rating results from ASTM C672 are average of two samples per mix. 
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As observed from Table 4.3, the mix without SCMs showed the most resistance 

against scaling. Among the mixes with various percentages of SCMs, 40% of the mixes 

with fly ash and 20% of mixes with slag had shown better performance. Therefore, it can 

be concluded that higher percentages of fly ash and slag did not improve scaling 

resistance. Both Mix 1H and 4H had an equal amount of fly ash, but Mix 4H had not 

performed well against scaling as 1H due to poor air content and high w/cm ratio. 

As the amount of fly ash increases, the resistance against scaling decreases, similar 

to the observation made in other studies (Johnston, 1987). Boyd and Hooton concluded 

that concrete with 50% slag showed the least resistance to scaling, which is valid for 

mixes 2H, 5H, 6C, and 4C (around 50% slag). It can be noted that irrespective of 

�F�R�Q�F�U�H�W�L�Q�J���S�U�R�F�H�G�X�U�H�����W�K�H���P�L�[�H�V���Z�L�W�K���D���K�L�J�K���Y�R�O�X�P�H���R�I���V�O�D�J�����§�����������D�Q�G���I�O�\���D�V�K�������•����������

have all failed in laboratory testing. The minimum percentage of fly ash and slag in the 

concrete mix, according to ACI 201.2R, are 25% and 50%, respectively. The mixes with 

SCM content above the ACI recommended values failed in laboratory testing.  

4.2 Field Evaluation  

The sidewalk panels of Phase I (Cold weather concreting) were subjected to 

approximately 16 freeze thaw cycles between November 2019 to March 2020. They were 

placed on October 29th, 2019 (Mix 1H, 3H, and 5H) and November 5th, 2019 (Mix 2H, 

4H, and 6H). The temperature dropped �E�H�O�R�Z�� ���� �h�&�� �L�Q�� �H�D�U�O�\�� �1�R�Y�H�P�E�H�U�� ������������ �Z�K�L�F�K��

explains that the sidewalk panels were subjected to a freezing environment within a few 

days of placement. The panels of Phase II (Hot weather concreting) were subjected to 18 



 

50 

 

freeze thaw cycles between December 2021 to March 2022. They were placed on July 

26th, 2021 (Mix 1C, 3C, and 5C) and July 27th, 2021 (Mix 2C and 4C). The sidewalks 

were not subjected to freezing until around four months after placement.   

4.2.1 Scaling performance of in-situ sidewalks 

The sidewalk panels were analyzed using the same photogrammetric program 

used for Phase I of the project. However, the approach to selecting the threshold for image 

processing is different. As explained in Chapter 3, a threshold study has been conducted 

to compute the percentage scaling for all panels. The results of the photogrammetric 

analysis for both hot and cold weather concreting procedures are summarized in Tables 

4.4 and 4.5.  
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Table 0.4 Percentage of scaled area of Phase I sidewalks  

Panel 

Group 

Deicing 

Method 
Curing Method 

Percent Scaled (%) - Phase I 

Mix Design Formulation No. 

1C 2C 3C 4C 5A-
C 

5B-
C 

5C-
C 

6C 

A 

NaCl 

Saturated Cover 6.4 4.3 1.5 3.9 2.7 - - 3.7 

D 
ASTM C1315 

Curing and Sealing 
Compound 

8.8 4.7 2.1 3.0 - 2.5 - 2.3 

G No Curing 12.9 1.5 1.8 1.6 - 12.8 - 2.1 

B 

NaCl and 

MgCl2 

Saturated Cover 3.0 1.8 2.2 0.9 - 1.9 - 1.5 

E 
ASTM C1315 

Curing and Sealing 
Compound 

1.7 1.7 1.4 0.6 - - 1.3 1.4 

H No Curing 3.0 12.6 1.9 0.9 - - 1.9 1.9 

C 
Residual 

NaCl 
from 

Spreader 
and 

Traffic 
Spray  

Saturated Cover 2.3 5.2 1.7 4.6 - - 8.3 1.4 

F 
ASTM C1315 

Curing and Sealing 
Compound 

1.2 6.0 1.4 11.4 - - 1.8 1.6 

I No Curing 2.0 36.6 3.8 9.8 - - 21.3 33.6 
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Table 0.5 Percentage of scaled area of Phase II sidewalks 

Panel 

Group 

Deicing 

Method 
Curing Method 

Percent Scaling (%) - Phase II 

Mix Design Formulation No. 

1H 2H 3A-H 3B-H 4H 5H 

A 

NaCl 

ASTM C1315 
Curing and Sealing 

Compound 

0.0 2.8 - 0.0 0.0 0.0 

B 
Saturated Cover 0.0 0.0 0.0 - 8.8 0.0 

Colloidal Silica 
Sealer 

- - - 0.0 - - 

C No Curing 0.1 5.4 0.0 - 9.6 2.2 

D 

MgCl2 

ASTM C1315 
Curing and Sealing 

Compound 

0.0 0.6 0.0 - 6.8 0.0 

E 
Saturated Cover 0.0 0.0 0.0 - 0.0 [1] 0.0 

Colloidal Silica 
Sealer 

  - - 0.0 - - - 

F No Curing 0.1 0.1 0.0 - 2.2 2.4 

G 

Blended 
Brine 
(85% 

NaCl + 
15% 

MgCl2) 

ASTM C1315 
Curing and Sealing 

Compound 

0.1 1.1 0.0 - 1.2 0.0 

H 
Saturated Cover 0.0 [1] 0.0 [1] 0.0 - 0.0 [1] 0.0 [1] 

Colloidal Silica 
Sealer 

- - 0.0 - - - 

I No Curing 0.7 0.0 0.0 - 6.1 2.2 

 
Notes: 
[1] These panels had very little scaling (2-3 flakes) which was not detected by the photogrammetric 
analysis program due to dark stains resulting from use of wet burlap during curing. Therefore, the percent 
scaling is considered as zero.  
 
 

It can be observed from the percent scaling results that Mix 3H is the best 

performing concrete mix with no signs of scaling. Within the panels placed using hot 

weather concreting, 62.5% have shown no signs of scaling, a scaling percent of 0. Among 
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the panels placed using cold weather concreting, Mix 3C had shown better scaling 

performance compared to other mixes, with an average scaling of 1.9%. The concrete 

mix with the least resistance to scaling is Mix 2C which has an average scaling of 8.3%. 

It is important to note that the panel groups A, D, G, B, E, and H from Phase I(Brena et 

al., 2021) of the project were also subjected to vehicular loads, which may have 

accelerated the scaling pattern.     

 

          Figure 0.4 Panel 2C-I with a percentage of scaled area of 36.6% 

 

           Figure 0.5 Panel 4H-C with a percentage of scaled area of 9.6% 
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From the above tables, it can be observed that sidewalks placed with hot weather 

concreting have performed significantly better than sidewalks placed with cold weather 

concreting procedure. The average scaling of panels placed in hot weather is 1.1%. 

Whereas for panels placed in cold weather, the average scaling is 5.1%. Figures 4.4 and 

4.5 consist of panels which show the highest percentage of scaling from both concreting 

procedures. 

4.2.1.1 Curing Methods  

It can be observed from the percentage of a scaled area on each panel that panels 

with no curing showed the least resistance to scaling. The average scaling of all the panels 

with no curing is 5.9%. No curing consisted of letting the sidewalks be exposed to 

ambient temperature during curing and not applying evaporation reducers or sealers, 

except for panels of Phase I were covered in plastic sheets for 24 hours to protect the 

surface from rainfall after brooming. The average scaling of all sidewalk panels cured 

with wet burlap and panels cured with a chemical compound is 2%. The panels sprayed 

with a colloidal silica sealer (CSS) have shown no signs of scaling, though only one mix 

was used for the CSS specimens, so it is difficult to draw broad conclusions on the impact 

the colloidal silica sealer on a range of mix designs. 
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Table 0.6 Percentage of scaled area based on curing method and concreting procedure  

Curing Methods Cold weather concreting Hot weather concreting 

Moisture curing using a wet 
burlap 

3.2% 0.6%  

Use of ASTM C1315 Curing 
and Sealing Compound 

3.1% 0.8% 

No curing 
9.0% 2.1% 

 

It can be observed from Table 4.6 that among the sidewalk panels placed in cold 

weather, the panels cured with chemical compound performed slightly better than 

moisture cured panels, by a 0.1% difference. In contrast, for sidewalk panels placed in 

hot weather, the moisture cured panels performed better than those cured with a chemical 

compound. The panels placed in cold weather were subjected to freezing temperatures 

after five days of placement. It can be speculated that additional freezable water might 

have been provided from the wet burlap used for curing. In comparison, the wet burlap 

may have helped the panels placed in summer gain enough strength by accounting for the 

surface moisture lost due to evaporation. The same reason can be extended to better 

performance of moisture cured panels than compound curing in hot weather conditions. 

During hot weather conditions, the evaporation of surface moisture is typically faster than 

the bleeding rate. For panels placed using hot weather concreting, the curing compound 

was applied between 54 to 146 minutes. As the average temperature during two days of 

placement was 86.7 �öF and 93.2 �öF, there is a high probability of surface water 

evaporation. The use of wet burlap replenishes the loss surface moisture. It should be 

noted that for moisture cured and chemical compound cured panels, an evaporation 
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reducer is applied. However, the petrographic study of cores reported the observation of 

drying shrinkage microcracks which is typically in concrete placed in hot weather 

conditions due to faster rate of evaporation.  

When comparing the curing methods for a concrete mix with 50% slag (Mix 6C), 

the panels cured with chemical compound had an average scaling of 1.8%, while moisture 

cured panels had an average scaling of 2.2%. Boyd and Hooton (Boyd & Hooton, 2007) 

reached similar conclusions; they confirmed that the performance of concrete cured with 

curing compound performed better than moisture cured concrete, especially for 50% slag 

and 15% fly ash. However, for concrete mix with 49.7% slag (Mix 2H), the panels cured 

with saturated cover have shown better resistance to scaling than those cured with a 

chemical compound. For concrete mix with 15% fly ash (Mix 1C), both curing methods 

had an average scaling of 3.9%. Among the panels placed during hot weather conditions, 

only moisture cured panels of mix 4H have shown less resistance to scaling compared to 

panels of mix 4H cured with a chemical compound. For the rest of the mixes, moisture 

cured panels either performed better or the same as the panels cured with a chemical 

compound. In the case of panels placed using cold weather concreting, Mix 2C and 4C 

panels cured with saturated cover performed better than panels cured with a chemical 

compound. For the rest of the mixes, panels cured with a chemical compound either 

performed better or the same as the moisture cured panels.   
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4.2.1.2 Types of Deicers  

The average percentage of scaled area based on the types of deicing method used is 

tabulated in Table 4.7. The sidewalks subjected to cold weather concreting and residual 

NaCl from spreader and traffic spray as the deicing method have shown the least 

resistance to scaling. 

Table 0.7 Percentage of scaled area based on deicer application and concreting procedure 

Types of Deicers Cold weather concreting Hot weather concreting 

NaCl 4.4% 1.8% 

NaCl + MgCl2 
2.3% - 

Residual NaCl from Spreader 
and Traffic Spray 

8.6% - 

MgCl2 
- 0.8% 

Blended Brine 
(85% NaCl + 15% MgCl2) 

- 0.7% 

 

The panels covered in snow or ice and subjected to NaCl from roadway treatment 

have shown the least resistance to scaling. When subjected to freeze thaw cycles, these 

panels were under a moist condition with water containing chloride, which may have 

accelerated the scaling (Brena et al., 2021). In contrast, the panels sprayed with a blended 

brine solution performed better than the other deicing application methods. These panels 

were sprayed with blended brine before and after a snow event, but the snow was not 

cleared. Therefore, the panels were subjected to freeze thaw cycles when snow or ice 

mixed with chlorides covered the panels. It should be noted that until January 2022, 
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blended brine solution was not applied to the panels, which indicates that during the initial 

freeze thaw cycles, no chlorides were mixed with snow or ice on the sidewalks. 

In the case of the NaCl application, the panels placed using the hot weather 

concreting procedure performed better than panels placed using the cold weather 

concreting procedure. Comparing all the sidewalks, the panels subjected to the MgCl2 

application performed better than the NaCl application. The concentration of MgCl2 was 

30% which confirms that a low concentration of salts will result in more damage due to 

scaling (Valenza & Scherer, 2007a; Verbeck & Klieger, 1957). For NaCl application, 

rock salt was utilized instead of a solution. Therefore, the concentration of NaCl in the 

solution of a mixture of melted snow and rock salt cannot be predicted. 

4.2.1.3 Supplementary Cementitious Materials 

The average percentage of scaled area based on the type and quantity of supplementary 

cementitious materials used in the concrete mix in tabulated in Table 4.8. The concrete 

mix without supplementary cementitious materials had shown no signs of scaling. 

Table 0.8 Percentage of scaled area based on SCM content and concreting procedure 

SCM Type and 
Content  

Mix 
Design 

No. 
Scaling (%)  

SCM Type and 
Content  

Mix 
Design 

No. 
Scaling (%) 

Fly Ash �± 15% 1C 4.6 Slag �± 25.2% 3C 2.0 

Fly Ash �± 25% 
1H 0.1 Slag �± 49.7% 2H 1.1 

4H 3.9 Slag �± 50% 6C 5.5 

Fly Ash �± 30.1% 5C 6.1 Slag �± 50.2% 4C 4.1 

Fly ash �± 37.4 % 2C 8.3 5H 0.8 
No SCM  3H 0    
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It can be observed from Table 4.8 that as the amount of fly ash increases in the 

mix, the resistance against scaling in concrete decreases in the case of panels placed in 

cold weather conditions. The panels with 25% fly ash placed using hot weather concreting 

procedure showed better scaling resistance than concrete with 15% fly ash placed using 

cold weather concreting. Panels with around 50% slag (49.7% and 50.2%) placed in hot 

weather conditions performed better than panels placed in cold weather conditions. Even 

though mix 4H (25% fly ash) was not air entrained, it showed better resistance to scaling 

than 1C (15%), which had air entraining admixtures.  

Similarly, mix 5H, which was not air entrained, performed better than other mixes 

with 50% slag. These observations of better performance of panels placed in hot weather 

concreting is a result of concrete maturing before the first freeze thaw cycle. Both fly ash 

and slag have low early age strength. The panels placed using cold weather concreting 

procedure were subjected to freezing conditions about 5 days after placement. This 

indicates that the concrete did not reach its desired strength before being subjected to 

freeze thaw cycles. It can be concluded that young concrete with SCMs can suffer more 

damage than mature concrete with SCMs when subjected to a freezing environment.  

The average percent scaling of all the panels incorporated with fly ash is 4.6% 

which is higher than the average percent scaling of all panels with slag of 2.7%, 

irrespective of concreting procedure. The better performance of concrete with slag than 

fly ash has been observed in several studies (Bouzoubaâ et al., 2008; Mohammadi Ahani, 

2009). These studies have theorized that the better performance of slag is due to high 
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compressive strength and air content in concrete with slag. In contrast, in this study, the 

mixes (5H, 4H) with no air entrainment outperformed those with air entrainment. It is 

hypothesized that another parameter that affects scaling performance is the time between 

placement and the first freeze thaw cycle.  

Mix 2H and 5H were placed during hot weather and had around 50% slag 

incorporated into the mix. However, mix 5H is considered a poor mix due to an excess 

amount of coarse aggregates and low air content, but it showed better scaling resistance 

than mix 2H. The mix 5H panels, which were moisture cured and compound cured, did 

not show any signs of scaling. Only mix 5H, which had no curing, showed severe scaling. 

However, for mix 2H, curing with a chemical compound and no curing panels exhibited 

scaling. It can be speculated that a low w/cm in Mix 5H may have resulted in surface 

strength to be close with overall strength of concrete due to minimal bleeding (Valenza 

& Scherer, 2007a). The reason for these observations could not be explained. In the case 

of mix 4C and 6C, 4C showed better scaling resistance than 6C. The plastic air content 

of mix 4C was higher than mix 6C, which may be the reason for better performance.   

4.2.2 Petrographic Analysis  

After the sidewalks were subjected to freeze thaw cycles during winter, cores from 

the panels were sent to Wiss, Janney, Elstner Associates, Inc. (WJE) for petrographic 

study. The results from the study are analyzed to identify how the properties of concrete 

affect the scaling performance. The w/cm ratios, air content, spacing factor, and specific 
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surface area are considered for the analysis based on curing methods, deicers, and type of 

concreting procedure.    

4.2.2.1 Observations From Study Of Cores  

The analysis of each core concluded that cores from panels placed using cold 

weather concreting exhibited a thin, weak top layer. The thickness of the layer ranged 

from 0.02 to 0.1 inch. The weak layer had lower air content, a poor air void system, and 

a high w/cm ratio making the top surface of concrete susceptible to scaling. The weak 

layer may be a result of inadequate curing or trowel finishing. Trowel finishing creates a 

weak layer with low air content and w/cm above a densified layer with a greater w/cm 

ratio and air content. This makes the top layer weak and prone to damage, even without 

freezing and thawing. The freezing and thawing during hydration stage will result in 

development of a weak layer as explained in ACI 201.2R Guide to Durable Concrete. 

The sidewalk panels placed in cold weather were subjected to freezing environment 

around 5 days after placement, which indicates that the sidewalks were in early stages of 

hydration. Cores from panels placed using hot weather concreting did not exhibit a weak 

layer. It was reported that few of these cores had localized weak top layers due to the sub-

parallel alignment of elongated or blocky coarse aggregates. This alignment prevents the 

bleeding water from reaching the top layer and hydrates the area, which results in a 

weakened layer above these aggregates. These localized weak layers in the cores may 

also be due to the trowel finishing of air entrained concrete.   
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It should be noted that most of the cores from panels placed using hot weather 

concreting exhibited more mortar flaking than scaling. Mortar flaking may occur due to 

inadequate curing or no proper protection from high heat or sun exposure. It can also 

occur when the rate of bleeding is reduced due to SCMs. Mortar flaking and scaling can 

occur together, or mortar flaking can extend to severe scaling. It was also suggested that 

the timing and application of curing compounds in Phase II (hot weather concreting) was 

better compared to Phase I (cold weather concreting) due to less severe mortar flaking 

observed in the cores of Phase II.  

4.2.2.2 Curing and Deicing Methods  

The parameters determined from the petrographic study are plotted with the 

percent scaling determined for the sidewalk panels corresponding to the core tested in 

Figures 4.6 and 4.7.  
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(a)                                                                 (c) 

  

(b)                                                                 (d)  

 

Figure 0.6 The percentage of scaled area of a sidewalk panel corresponding to (a) w/cm 

ratio (b) air content (c) spacing factor and (d) specific area determined for each core 

based on curing methods  
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(a)                                                                 (c) 

 

                                   (b)                                                               (d)  

          

Figure 0.7 The percentage of scaled area of a sidewalk panel corresponding to (a) w/cm 

ratio (b) air content (c) spacing factor and (d) specific area determined for each core 

based on deicing methods 
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Figures 4.6 and 4.7 (a) show that only 14.3% of cores from the hot weather 

concreting procedure had a w/cm ratio above 0.4. Most of the cores with a w/cm ratio 

less than 0.4 have exhibited no scaling except for 2 cores subjected to no curing. 

Therefore, it can be concluded that lower w/cm can aid concrete in increasing resistance 

against scaling. However, concrete cores with higher w/cm have exhibited good 

resistance to scaling. As seen in the figure, most cores with a w/cm ratio between 0.4 and 

0.5 have a scaling of less than 5%. The sidewalks which exhibited severe scaling (above 

12%) have a w/cm ratio above 0.40 and are not cured. 

ACI 201.R Guide to Durable Concrete recommends an air content between 5.5% 

and 8.5% to provide good scaling resistance. Nevertheless, the panels which showed signs 

of severe scaling are within this range. It can be observed that panels that showed no signs 

of scaling have an air content ranging between 2% to 8%. Several studies have concluded 

that a spacing factor below 250-�������� ���P�� �������������������± 0.0118 inch) gives a satisfactory 

scaling resistance. Yet some of the panels with spacing factor below 0.01 inch have shown 

scaling. Especially the panels which scaled severely (panels with percent scaling above 

10%) have a spacing factor below 0.01 inches. It should also be noted that two cores with 

a spacing factor above 0.06 inches showed no signs of scaling. Therefore, it can be 

concluded that scaling is independent of the spacing factor, which was corroborated by 

several studies (Amini, Vosoughi, et al., 2019; Liu et al., 2016). A spacing factor below 

�������������L�Q�������������W�R�������������P�����Z�L�O�O���Q�R�W���H�Q�V�X�U�H���D���V�D�W�L�V�I�D�F�W�R�U�\���V�F�D�O�L�Q�J���U�H�V�L�V�W�D�Q�F�H���R�I���F�R�Q�F�U�H�W�H���D�V��

concluded in studies by Amini and Liu. Similarly, a relationship between specific surface 
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area and scaling resistance cannot be established. The specific surface area of panels with 

less than 5% scaling ranged from 77 to 1038 in2/in3. 

From Figure 4.6 and 4.7, it can be concluded that the combination of no curing 

and Residual NaCl from Spreader and Traffic Spray has produced the highest amount of 

scaling. Also, the cores tested from panels placed using hot weather concreting have a 

wide range of parameters but performed better than those placed using cold weather 

concreting. A correlation between a single parameter and scaling cannot be established. 

However, the scaling resistance can be related to the combination of properties of 

concrete, finishing, and curing. 
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CHAPTER 5 

CONCLUSIONS  

5.1 Conclusions  

The main aim of the study was to identify concrete placing, curing, and winter 

treatment practices that would affect the scaling performance of the concrete sidewalks. 

From laboratory testing, field evaluation, and petrographic study of sidewalk panels 

placed using hot and cold weather concreting procedures, the following conclusions are 

drawn: 

1. The concrete sidewalk panels placed using hot weather concreting have shown 

significantly better scaling performance than those placed using cold weather 

concreting. For the scaling resistance test conducted in the laboratory (ASTM C672), 

hot weather concreting samples performed slightly better than cold weather 

concreting samples. Time until the first freeze-thaw cycle accounts for this difference 

between laboratory and field performance. It should be noted that laboratory 

specimens followed only standard moisture curing per ASTM C672. In comparison, 

the field sidewalks were subjected to various curing methods. 

2. For sidewalks placed in hot weather, the concrete mix fabricated of 100% cement (no  

supplementary cementitious materials) exhibited the highest resistance to scaling in 

laboratory testing and on the field.  

3. ACI 201.2R recommends a maximum limit of 25% of fly ash and 50% of slag for 

concrete exposed to freezing and thawing in combination with deicing chemicals. 
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These limits seem appropriate as confirmed in the laboratory testing conducted in this 

research; the mixes with 50% slag and mixes with fly ash equal to or greater than 25% 

failed the scaling resistance test (visual rating of 5 after 50 freeze thaw cycles) 

irrespective of concreting procedure. However, one of the mixes (1H) with 25% fly 

ash demonstrated adequate scaling resistance due to a low w/cm ratio and adequate 

air content. 

4. Scaling resistance of sidewalks in the field declined as the percentage of fly ash 

increased. However, the mix with 25% fly ash placed using hot weather concreting 

had exhibited a smaller scaled area than the mix with 15% fly ash placed using cold 

weather concreting. Similarly, the mix with 25.2% slag placed using cold weather 

concreting scaled more than mixes with around 50% slag placed using hot weather 

concreting.  

5. Curing using a chemical compound for cold weather concreting and moisture curing 

for hot weather concreting will result in better scaling resistance. Panels not subjected 

to any curing method have consistently exhibited the least resistance to scaling.  

6. Irrespective of the type of deicing salts used, the panels placed using hot weather 

concreting have collectively shown better salt scaling performance than panels placed 

using cold weather concreting. Particularly, the time lapse between concrete 

placement and the occurrence of the first freezing temperature affecting sidewalks 

seems to be strong indicator of scaling resistance. Higher concrete maturity leads to 

stronger surfaces that will likely have higher scaling resistance.  
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7. The petrographic study determined that cores of sidewalks placed in cold weather 

conditions have a weak top layer susceptible to scaling, which was not observed in 

cores from sidewalks placed using hot weather concreting. A localized weak layer 

was observed in a few cores from sidewalks placed using hot weather concreting.   

8. From petrographic analysis, a direct correlation could not be determined between the 

properties of concrete, like w/cm ratio and air void parameters and scaling.  

5.2 Recommendations for Future Work  

Based on the conclusions from the testing and analysis done in this study, the following 

recommendations are listed, which would help expand this study to create durable 

sidewalks:  

1. Long-term performance of sidewalks placed using hot and cold weather concreting 

procedures. Understanding the long-term performance will help with creating 

durable concrete sidewalks. 

2. Establishing a relation between laboratory and field performance to help predict the 

field performance of a concrete mix.  

3. Examine the type of curing compound and time of application of curing compounds. 

Conduct experimental studies to understand the influence of curing with a chemical 

compound on the durability of sidewalks and the type of concreting procedure.  
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APPENDIX  

SUPPLEMENTAL INFORMATION  

Concrete mix design 

Concrete mix batch tickets 
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Admixtures �± Datasheets 
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Placement Finishing and Curing Practices  

Mixture 1 Placement Sheet 
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Mixture 2 Placement Sheet 
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 Mixture 3 Placement Sheet 1 
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 Mixture 3 Placement Sheet 2 
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Mixture 4 Placement Sheet 
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Mixture 5 Placement Sheet 
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Evaporation Reducer 
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Curing Compound with 4 GM Red Fugitive Dye  

 



 

91 

 

 

 



 

92 

 

 

 Placement and Finishing Practices  
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 Curing Methods  

 

Panels cured with a chemical compound conforming to ASTM C1315  
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Panels covered with a wet burlap and plastic sheet. A plastic sheet is typically used so 
that the wet burlap does not dry out quickly.  

 

 

Panels which were not subjected to any curing method. 
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Weather Data During Placement  
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Winter maintenance 

 MassDOT Protocol for maintenance of sidewalks: 

Standard practice for sidewalks is to address them within 24 hours of a snow event 
ending. If the accumulation does not �D�P�R�X�Q�W���W�R���R�Y�H�U�����´���R�I���V�Q�R�Z�����V�L�G�H�Z�D�O�N�V���D�U�H���Q�R�W��
cleared. Sidewalks are cleared by Skid steer or snow blower and then treated with salt 
after snow has been removed. An application rate is not followed for sidewalk 
treatment.  
Concentration of salts: 
Salt Brine - 23.5 % NaCl 
Magnesium chloride - 30% by weight MgCl2 - Pro Melt MAG 
Blended brine - 85% NaCl (23.5 % by weight) + 15% MgCl2  
 

NaCl: 

16 panels �± panel size = 6 ft x 4 ff 
Area of 16 panels (One row of sidewalks) = 6*4*16 = 384 sq ft 
 

Temperature  Application rate lb/1000 sq ft Application rate lb/384 sq ft 

>30 0.75 0.29 

30 1.5 0.58 

25 �± 30 1.5 0.58 

20 �± 25 2.5 0.96 

15 �± 20 2.8 1.07 

0 �± 15 & <0 3.0 1.15 

 

Application Procedure: 
After snow event, clear the snow on the sidewalk. After clearing snow, apply salt 
uniformly through the sidewalks according to the application rate. 
For temperatures between 15 -20 F the rate is 2.8 lb/1000 sq ft. For 384 sq ft, it is 1.075 
lb for 16 panels, which is not sufficient. Therefore, the rate of application from the 
Minnesota standards is not followed.  
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For post treatment of sidewalks with rock salt from the MassDOT facility, 
approximately 10 lbs of salt is applied uniformly  throughout 16 panels and the same 
amount is used for every application. 
MgCl 2 : 

Area of 16 sidewalk panels = 384 sq ft 
Application rate (gallons/384 sq ft): 
0.0385 gal �± 0.077 gal ~ 175 ml �± 350 ml (300 ml is used) 
Prior to a snow or frost event spray solution uniformly through the sidewalks according 
to the application rate. After clearing snow, apply MgCl2 uniformly through the 
sidewalks according to the application rate 
NaCl & MgCl 2 Snow Banks: 

Same application rate as MgCl2 is used (300 ml) 
Before snow event, spray the solution uniformly applied through the sidewalks 

according to the application rate. After the snow event, snow shall not be cleared on  
the sidewalk. Apply salt solution again uniformly through the sidewalks according to 
the application rate 
 

 Method followed to apply MgCl2 and Blended brine solution: 

Rate of application - From Minnesota rate of application sheet the amount is between 
0.1 to 0.2 gal/1000 sq ft. The rate of application for the project is 300 ml/ 384 sq ft  
The method followed to satisfy the rate of application is not accurate. At full pressure, 
the time taken for the sprayer to use 300 ml of MgCl2, or blended brine liquid is 
recorded. The time was approximately 1 minute.  
Then MgCl2 or blended brine is sprayed uniformly through the sidewalks for one 
minute. This method is followed because the rate of application is low (~300 ml for 16 
panels)  to use from a sprayer. 
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Photogrammetric Analysis 

Sidewalk Panel Images  

For photogrammetric analysis, the sidewalk panels were regularly photographed. Starting 
from November 18th 2021, the images are taken using a Canon EOS Rebel T6 DSLR 
camera. The dismantled rig from Phase I of the project was reassembled in November 
2021. A canopy was set up with covers surrounding three sides to avoid direct sunlight 
and shadows from the setup on the sidewalks while taking pictures.  The Canon Camera 
Connect mobile application was utilized to take pictures. The application helped the 
�S�K�R�W�R�J�U�D�S�K�H�U���W�R���V�H�H���I�U�R�P���W�K�H���F�D�P�H�U�D�¶�V���Y�L�H�Z���� 
 

 

Photo of sidewalk 4I taken on February 9th, 2022 
There are a lot of factors the affect the processing of the image to identify percent scaling. 
�6�K�D�G�R�Z�V�����O�L�J�K�W�L�Q�J�����Z�D�W�H�U���P�D�U�N�V�����G�L�V�F�R�O�R�U�D�W�L�R�Q�����H�W�F�����D�O�O���W�K�H���D�I�I�H�F�W���W�K�H���S�U�R�J�U�D�P�¶�V���D�E�L�O�L�W�\���W�R��
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identify scaling. All of the panels which were moisture cured had dark brown stains from 
the soiled burlap. The burlap utilized had dirt and oil which left dark stains on the panels 
which did not fade away with time. Therefore, the identification of scaling on these panels 
was difficult. Figure below shows the surface of a panel cured with a saturated cover. 
 

 

Panel 5H on March 4th, 2022 

For panels cured with a chemical curing compound, there are spray stains which affect 
the identification of scaling in some panels. A few of these stains faded with time but they 
were not entirely gone. Figure below shows spray stains on panels.  
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Panel 4G on March 4th , 2022 

 
 
Apart from discoloration and stains from curing process, all the panels had broom 
finishing marking clearly visible like in figure below. 
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Panel 1D on December 20th, 2021 

 

 

Along with the above mentioned factors, the threshold selected on the process will also 
affect the percent scaling on a panel. Therefore, a threshold study was conducted to 
determine thresholds for each image.  
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Threshold Study  

 
The study is done based on the fact that each pixel of the grayscale image has a color 
which corresponds to a certain value raging from 0 to 1. On the greyscale, 0 is the color 
black and 1 is the color white. The pixels of greyscale images had various shades of grey 
within the range. Therefore, a histogram is created for each panel which shows the 
occurrences of each color on that panel. Figure below shows the histogram of a panel.  
 

 

Histogram of Panel 3A 

 

After creating histograms of each panel, the mean and standard deviation of each 
histogram are computed through a program written on MATLAB. Then standard 
deviations one each side of the mean are computed which are utilized as thresholds to 
identify the percent scaling on a panel. It should be noted that, even though no 
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occurrences are appearing on the figure beyond 0.3 and 0.7, there are pixels existing for 
every color on the greyscale.  
 
 

 
Histogram with mean and standard deviations for Panel 1A 

 
Similar figures as figure above are created for each sidewalk panel. Based on the standard 
deviations a threshold is selected for each panel and the percent scaling is computed. 
After the percentage of scaled area of each panel was identified, CDF plots were created 
for each panel to recognize if any a relation exists between all the thresholds selected. As 
each panel had its own histogram, the thresholds selected for each panel were different. 
Also, based on each curing method, the standard deviation selected for each panel 
changes.  
 
Figure below shows the CDF plots for all panels which had moderate to severe scaling. 
The markers on the plot correspond to the probability of the threshold selected to be on 
the panel. From the plot, it can be seen that all the thresholds selected are at 0% percentile.  
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CDFs of all panels with scaling 

 
From the figure, it can be observed that the shape of the curve depends on the outspread 
of various colors on the surface. The Mix 4 with moisture cure has a curve starting at 
around 0.25 and ending at 0.6, this relates to widespread of various on colors due to stains 
from burlap on the panel. The panels which were not cured have steeper curves as there 
are no stains or discoloration. As observed, most of the no cure panels have curves 
bundled between 0.4 and around 0.55. The panels cured with chemical compound have 
slightly less steep curves compared to the ones with no cure. The table below summarizes 
the thresholds, mean, standard deviation and probability of threshold for each panel. 
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Threshold and probabilities for each panel 
panel panel no mean  Standard 

deviation  
threshold  CDF-

probability  
1A 1 0.563 0.066 0.497 0.158655254 
1B 2 0.425 0.092 0.333 0.158655254 
1C 3 0.577 0.04 0.297 1.27981E-12 
1D 4 0.463 0.054 0.355 0.022750132 
1E 5 0.475 0.101 0.475 0.5 
1F 6 0.663 0.045 0.303 6.22096E-16 
1G 7 0.524 0.061 0.158 9.86588E-10 
1H 8 0.39 0.094 0.108 0.001349898 
1I 9 0.507 0.041 0.179 6.22096E-16 
2A 10 0.614 0.044 0.13 1.91066E-28 
2B 11 0.447 0.081 0.123 3.16712E-05 
2C 12 0.627 0.042 0.081 6.11716E-39 
2D 13 0.552 0.035 0.167 1.91066E-28 
2E 14 0.527 0.084 0.443 0.158655254 
2F 15 0.591 0.031 0.281 7.61985E-24 
2G 16 0.625 0.035 0.135 6.11716E-39 
2H 17 0.487 0.075 0.112 2.86652E-07 
2I 18 0.649 0.04 0.489 3.16712E-05 
3A 19 0.567 0.056 0.399 0.001349898 
3B 20 0.546 0.045 0.501 0.158655254 
3B-CSS 21 0.502 0.093 0.316 0.022750132 
3C 22 0.606 0.039 0.45 3.16712E-05 
3D 23 0.481 0.049 0.334 0.001349898 
3E 24 0.6464 0.04 0.566 0.022215594 
3E-CSS 25 0.408 0.074 0.334 0.158655254 
3F 26 0.681 0.047 0.587 0.022750132 
3G 27 0.573 0.062 0.449 0.022750132 
3H 28 0.527 0.047 0.433 0.022750132 
3H-CSS 29 0.442 0.092 0.35 0.158655254 
3I 30 0.604 0.039 0.565 0.158655254 
4A 31 0.57 0.053 0.411 0.001349898 
4B 32 0.446 0.082 0.036 2.86652E-07 
4C 33 0.631 0.054 0.091 7.61985E-24 
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4D 34 0.593 0.057 0.137 6.22096E-16 
4E 35 0.516 0.09 0.066 2.86652E-07 
4F 36 0.667 0.048 0.139 1.91066E-28 
4G 37 0.593 0.058 0.129 6.22096E-16 
4H 38 0.406 0.082 0.078 3.16712E-05 
4I 39 0.623 0.062 0.127 6.22096E-16 
5A 40 0.547 0.062 0.485 0.158655254 
5B 41 0.434 0.077 0.357 0.158655254 
5C 42 0.646 0.037 0.091 7.79354E-45 
5D 43 0.462 0.044 0.418 0.158655254 
5E 44 0.482 0.061 0.421 0.158655254 
5F 45 0.604 0.039 0.097 1.77648E-33 
5G 46 0.564 0.066 0.498 0.158655254 
5H 47 0.426 0.087 0.426 0.5 
5I 48 0.571 0.032 0.187 1.77648E-33 

 
Percentage of Scaling 

For panels with burlap and spray stains, the program is identifying the stains as scaling. 
To correct this problem, the percent scaling for panel with scaling is subtracted from 
percent scaling without scaling. This practice was done for a few panels where the 
program is overestimating the scaling by identifying stains as scaling. For panels cured 
with a wet burlap, the color of scaling is lighter than rest of panels. Therefore, all of the 
burlap stains are identified. In this case, the scaling is computed by subtracting the percent 
scaling form 100%.  
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Panel 4B has severe scaling along with burlap stains.  

 

    

 Histogram: SD= 0.082 , Mean= 0.446 

Standard Deviation for threshold - 5 left 

Threshold = 0.036 

Percent Scaling =100- 91.23=8.77% 

 

 

 

 

 



 

117 

 

 

Panel 4G with spray stains  

 

    

Histogram: SD= 0.058 , Mean= 0.593 

Standard Deviation for threshold - 8 left  

Threshold = 0.129 

Percent Scaling = 7.675 - 6.449  

                          = 1.22% 

 

However, this practice was not working for a few panels where some of the stains have 

faded over time leading to over-estimating the percent scaling 
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Panel 3B-CSS 
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ASTM C672 Scaling resistance Test  
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Petrographic study 

The selection criteria for the 21 cores sent for petrographic study. 
 
Mix 1:  
 
At 17 cycles, 1CC (Mix 1 - compound curing) had a visual rating of 2. 1A did not have 
any visible scaling in the field, but 1G showed some scaling (location of core) similar to 
its laboratory companion.  
 
1H performed similarly to its lab companion 1MCS (Mix 1- moisture curing), with a 
visual rating of zero.  
 
1NC (Mix 1- no curing) had a visual rating of 2. 1C had the most scaling out of all Mix 
1 panels in the field with no curing. Two different locations on 1C are selected for 
coring. One with scaling and another location with no scaling. 
 

Mix 2:  
 
2CC (Mix 2 - compound curing) had a visual rating of 3 at 17 cycles. In the field, out of 
all Mix 2 compound curing panels, 2D had the least scaling.  
 
2B has one location with coarse aggregate visible (core location). 2MCS (Mix 2 - 
moisture curing) had a visual rating of zero in the lab.  
2NC (Mix 2 - no curing) had a visual rating of 4 at 17 cycles. Out of all Mix 2 
compound curing panels, 2C is the only panel with scaling in the field. 2I had no 
scaling.  
 

Mix 3:  
 
All panels with Mix 3 did not show any scaling in the field. 
 
3CC (Mix 3 - compound curing), which is the companion for 3A, had a visual rating of 
2 at 17 cycles. 
 
3CSS (Mix 3 - colloidal silica sealer), whose companion is 3E-CSS had no scaling  
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3MCS (Mix 3 - Moisture curing) performed similarly to its companion 3E and had a 
visual rating of zero.  
 
3NC (Mix 3 - no curing), the companion for 3F and 3C, had a visual rating of 2 at 17 
cycles. 
 

Mix 4:  
 
All mix 4 specimens except 4MCS-02 were pulled out of the test in the laboratory as 
they failed at seven cycles.  
 
Out of all Mix 4 compound curing panels, 4A is the only panel with no scaling in the 
field. Conversely, in all moisture cured Mix 4 panels, 4B has the most scaling. 
Similarly, in all of the no cured Mix 4 panels, 4C has the most scaling.  
 
Mix 5:  
 
5CC (Mix 5 - compound curing), the companion for 5D, had a visual rating of 5 at 17 
cycles. 
 
5MCS (Mix 5 - moisture curing) performed similarly to its companion 5H and had a 
visual rating of zero. All of Mix 5 moisture cured panels had no scaling. 
 
5NC (Mix 2 - no curing) had a visual rating of 5 at 17 cycles. In the field, out of all Mix 
5 no curing panels, 5I is the panel with the least scaling. 
 
 
The petrographic study report submitted by WJE is available in appendix of 
Construction & Materials Best Practices for Concrete Sidewalks: Phase 2 �± Long-
term performance and hot-weather placement effects 
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