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Abstract: This work developed a flexible resistivity sensor that provides a novel 

perspective to develop a deep understanding of two important problems for concrete, i.e. 

curing influence on concrete hydration and freeze-thaw cycles of concrete in the field. 

First, the resistivity sensor is designed to quantify the influence of different curing 

methods on hydration and subsequent related properties of the fresh concrete. A 

correlation between resistivity and degree of saturation (DOS), tensile strength, and 

porosity was established based on measured data. The work also provides guidance on 

the allowable delay in applying the wet curing before the properties of the concrete are 

compromised. The same resistivity sensor network is modified to measure the DOS, 

temperature, and the ice formation of concrete in the field condition. A series of samples 

were sent out to different field sites with various weather conditions. An equation for 

calculating the temperature when ice forms and thaws for samples with different DOS 

was obtained. The designed sensor was proven to provide a practical approach to making 

widespread measurements of the number of effective freeze-thaw cycles of concrete in 

the field. These new electrical observations offer powerful insights into liquid water 

movement, chemical bonding in hydration products, and the phase change with 

temperature. 

 



v 
 

TABLE OF CONTENTS 

 

 

Chapter          Page 

 

I. INTRODUCTION ..................................................................................................1 

1.1 INTRODUCTION ...................................................................................................1 

1.2 RESEARCH OBJECTIVES ......................................................................................3 

II. USING ELECTRICAL RESISTIVITY TO PREDICT EARLY AGE DOS AND 

TENSILE STRENGTH OF MORTAR ........................................................................4 

2.1 INTRODUCTION ...................................................................................................4 

2.2 EXPERIMENTAL METHODS ..................................................................................6 

2.2.1 Materials and Mixtures ..................................................................................6 

2.2.2 Electrical Resistivity Test ...............................................................................7 

2.2.3 Mass Change .................................................................................................9 

2.2.4 Porosity and Degree of Saturation (DOS) Test ............................................. 10 

2.2.5 Splitting Tensile Strength ............................................................................. 11 

2.3 RESULTS AND DISCUSSION ............................................................................... 12 

2.3.1 Resistivity Response over Time..................................................................... 12 

2.3.2 Porosity and DOS Change ........................................................................... 15 

2.3.3 Splitting Tensile Strength ............................................................................. 21 

2.4 PRACTICAL SIGNIFICANCE ................................................................................ 22 

2.5 CONCLUSIONS .................................................................................................. 23 

III. EARLY AGE HYDRATION INVESTIGATION ON CONCRETE WITH WET 

CURING APPLIED AT DIFFERENT TIMES .......................................................... 25 

3.1 INTRODUCTION ................................................................................................. 25 

3.2 EXPERIMENTAL METHODS ................................................................................ 27 

3.2.1 Materials and Mixtures ................................................................................ 27 

3.2.2 Testing Environments ................................................................................... 28 

3.2.3 Evaporation Rate ......................................................................................... 29 

3.2.4 Electrical Resistivity .................................................................................... 29 

3.2.5 Temperature ................................................................................................ 31 

3.2.6 Porosity and Degree of Saturation (DOS) .................................................... 32 

3.2.7 Diffusion Coefficient .................................................................................... 33



vi 
 

Chapter          Page 

 

3.3 RESULTS AND DISCUSSION ............................................................................... 34 

3.3.1 Evaporation ................................................................................................. 34 

3.3.2 Temperature ................................................................................................ 35 

3.3.3 Electrical Resistivity .................................................................................... 36 

3.3.4 Porosity and DOS Test ................................................................................. 39 

3.3.5 Diffusion Coefficient .................................................................................... 43 

3.4 PRACTICAL SIGNIFICANCE ................................................................................ 46 

3.5 CONCLUSIONS .................................................................................................. 48 

IV. MEASURING EFFECTIVE FREEZE-THAW CYCLES IN THE FIELD....... 50 

4.1 INTRODUCTION ................................................................................................. 50 

4.2 EXPERIMENTAL METHODS ................................................................................ 52 

4.2.1 Field Sample Preparation ............................................................................ 52 

4.2.2 Calibration Sample Conditioning ................................................................. 56 

4.2.3 Determining the Number of Effective Freeze Thaw Cycles ........................... 57 

4.3 RESULTS AND DISCUSSION ............................................................................... 58 

4.3.1 Relationship between Resistivity, Temperature, and DOS for the Mortar 

Samples .................................................................................................................. 58 

4.3.2 Measurement of the Temperature, Resistivity, and DOS of Field Samples .... 62 

4.3.3 Comparing the DOS between Field Samples Installed at Different Locations

 66 

4.3.4 Detection of Freezing Events........................................................................ 68 

4.3.5 Determining Effective Freezing Events ......................................................... 71 

4.4 PRACTICAL SIGNIFICANCE ................................................................................ 74 

4.5 CONCLUSIONS .................................................................................................. 75 

V. A NOVEL METHOD OF EFFECTIVE FREEZE-THAW CYCLE 

MONITORING IN THE FIELD ................................................................................ 78 

5.1 INTRODUCTION ................................................................................................. 78 

5.2 EXPERIMENTAL METHODS ................................................................................ 79 

5.2.1 Field Sample Preparation ............................................................................ 79 

5.2.2 Calibration Sample Conditioning ................................................................. 83 

5.2.3 Field Samples Installation ............................................................................ 84 

5.2.4 Determine Freezing Events using DOS......................................................... 85 

5.3 RESULTS AND DISCUSSION ............................................................................... 86 

5.3.1 Wetting and Drying of the Field Samples ..................................................... 86 

5.3.2 Determining Freezing Events in Different Field Locations ........................... 89 

5.3.3 Freeze-thaw Cycles in the Field ................................................................... 91 

5.3.4 Prediction of Freeze-thaw Cycles using Weather Station Data ..................... 99  



vii 
 

Chapter          Page 

 

5.4 PRACTICAL SIGNIFICANCE .............................................................................. 104 

5.5 CONCLUSIONS ................................................................................................ 105 

VI. CONCLUSIONS ................................................................................................. 107 

6.1 OVERVIEW ..................................................................................................... 107 

6.2 USING ELECTRICAL RESISTIVITY TO PREDICT EARLY AGE DOS AND TENSILE 

STRENGTH OF MORTAR ............................................................................................. 108 

6.3 EARLY AGE HYDRATION INVESTIGATION ON CONCRETE WITH WET CURING AT 

DIFFERENT TIMES ..................................................................................................... 110 

6.4 MEASURING EFFECTIVE FREEZE-THAW CYCLES IN THE FIELD ......................... 111 

6.5 FIELD EFFECTIVE FREEZE-THAW CYCLES MONITORING AND COMPARISON ...... 112 

6.6 FURTHER RESEARCH ...................................................................................... 113 

REFERENCES .......................................................................................................... 115 

APPENDICES ........................................................................................................... 121 

APPENDIX A: SEAL THE EDGE OF THE MORTAR SAMPLE .............................................. 121 

APPENDIX B: ADDITIONAL INFORMATION ON RESISTIVITY MEASUREMENT .................. 122 

B.1: Supplementary hardware for the apparatus ................................................... 122 

B.2: Resistivity raw data process .......................................................................... 122 

APPENDIX C: COEFFICIENT OF DETERMINATION OF THE LINEAR REGRESSION BETWEEN 

RESISTIVITY AND DOS .............................................................................................. 124 

APPENDIX D: LOAD TO STRENGTH CALCULATION....................................................... 125 

APPENDIX E: TOP POROSITY VS THE RESISTIVITY GRADIENT IN THE SAME GRAPH. ....... 127 

APPENDIX F: RESISTIVITY AND TEMPERATURE CALCULATION .................................... 128 

F.1: Resistivity calculation ................................................................................... 128 

F.2: Temperature calculation ............................................................................... 129 

APPENDIX G: RELATIONSHIP BETWEEN RESISTIVITY, TEMPERATURE, AND DOS FOR THE 

MORTAR SAMPLES ..................................................................................................... 130 

APPENDIX H: RH AND PRECIPITATIONS OF LOCATIONS A AND B FROM THE WEATHER 

STATION. .................................................................................................................. 132 

APPENDIX I: TEMPERATURE, DOS, AND RESISTIVITY CURVE WITHIN THE FREEZE-THAW 

CYCLES ..................................................................................................................... 133 

 



viii 
 

LIST OF TABLES 

 

 

Table           Page 

 

2-1. Mixture proportion of mortar. ...................................................................................6 

2-2. Chemical composition of cement. .............................................................................6 

3-1. Mixture proportion of concrete. .............................................................................. 27 

3-2. Chemical composition of cement. ........................................................................... 27 

3-3. Mixture proportion of mortar. ................................................................................. 28 

3-4. Curing methods applied to the concrete samples in different environments. ............ 28 

3-5. Student t-test result between continuous wet curing and the other curing methods in 

different environments on the porosity values at 20mm from the surface. ...................... 42 

3-6. Student t-test results between continuous wet curing and the other curing methods in 

different environments on the diffusion coefficient. ....................................................... 45 

3-7. Allowable delay in wet curing before performance is compromised. ....................... 47 

4-1. Mixture proportion of mortar .................................................................................. 53 

4-2. Chemical composition of cement ............................................................................ 53 

4-3. DOS of the calibration samples. .............................................................................. 57 

4-4. The activation energy of different DOS of the concrete sample. .............................. 58 

4-5. Parameters value in Equation 4-3. ........................................................................... 61 

4-6. Information of the two locations in Oklahoma State for 2019. ................................ 67 

4-7. Summary of freeze-thaw cycles (FT) in the two locations from 11/2019 to 4/2020. 74 

5-1. Mixture proportion of mortar. ................................................................................. 79 

5-2. Chemical composition of cement. ........................................................................... 79 

5-3. DOS of the calibration samples. .............................................................................. 84

 



ix 
 

Table           Page 

 

5-4. Information on the field locations. .......................................................................... 85 

5-5. Parameters value in Equation 5-2. ........................................................................... 86 

5-6. Freezing summary of #1 in Oklahoma from 11/2020 to 4/2021. .............................. 91 

5-7. Freezing summary of #2 in New York from 11/2020 to 4/2021. .............................. 92 

5-8. Freezing summary of #3 in Nebraska from 11/2020 to 4/2021. ............................... 93 

5-9. Freezing summary of #4 in Nebraska from 11/2020 to 4/2021. ............................... 94 

5-10. Freezing summary of #5 in Kansas from 11/2020 to 4/2021. ................................. 95 

5-11. Freezing summary of #6 in Kansas from 11/2020 to 4/2021. ................................. 96 

5-12. Summary of freeze-thaw cycles at 51mm depth from 11/2020 to 4/2021 calculated 

using the weather station temperature. ......................................................................... 101 

A. 1. Parameters of the linear regression between resistivity and DOS in Figure 2-8. ... 124 



x 
 

LIST OF FIGURES 

 

 

Figure           Page 

 

2-1. Configuration of the mortar sample for resistivity measurement. ..............................8 

2-2. Schematic diagrams of (a) mold for splitting tensile strength test and (b) mortar 

sample under splitting test. ............................................................................................ 12 

2-3. Average resistivity curve over the depth of different curing methods. ..................... 13 

2-4. Percent moisture change over time.......................................................................... 14 

2-5. Resistivity gradation profile at different time points of wet curing, sealed curing, and 

air curing. ...................................................................................................................... 15 

2-6. Porosity and DOS gradation profile over the sample depth at 12, 24, 48, 72, 96 h of 

wet, sealed, and air curing. ............................................................................................. 17 

2-7. Resistivity and DOS at 12, 24, 48, 72 h of hydration of wet curing, sealed curing, 

and air curing. ................................................................................................................ 18 

2-8. DOS is shown as a function of resistivity at 19 mm and 57 mm from the surface after 

hydrating for 12, 24, 48, and 72h respectively. ............................................................... 19 

2-9. Predicted DOS from resistivity at 12, 24, 48, 72 h of hydration compared with the 

measured DOS............................................................................................................... 20 

2-10. The relationship between porosity and resistivity at 86% DOS.............................. 21 

2-11. Splitting tensile strength at 72 h and average resistivity along depth at 72 h of the 

three curing methods ..................................................................................................... 22 

3-1. ACI nomograph for estimating surface water evaporation rate of concrete: the ....... 26 

3-2. Configuration of the mortar sample for resistivity measurement. ............................ 30 

3-3. Configuration of the thermocouples of the mortar sample. ...................................... 31 

3-4. Configuration of Diffusion Testing. ........................................................................ 34 

3-5. (a) Evaporation over time of the three curing environments, (b) Evaporation rate 

over time of the three curing environments. ................................................................... 35



xi 
 

Figure           Page 

 

3-6. Temperature over time inside the concrete samples under the heat lamp of (a) air 

curing, (b) continuous wet curing, (c) wet curing after drying for 6h. ............................. 36 

3-7. Electrical resistivity of the concrete in different drying environments for wet curing 

placed at different times on the surface. ......................................................................... 38 

3-8. Porosity and DOS gradation profile along with the sample depth at 72h hydration at 

different environments. .................................................................................................. 41 

3-9. Porosity at 20 mm from the surface versus the resistivity gradient right before wet 

curing is applied for different drying environments. ....................................................... 43 

3-10. Diffusion coefficient of the mortar samples under different curing methods. ......... 45 

3-11. Diffusion coefficient shown as a function of resistivity gradient along with sample 

height right before the application of wet curing at the evaporation rate of 0.85 kg/m2/h.

 ...................................................................................................................................... 46 

4-1. Configuration of the thermocouples and steel rods of the mortar sample. ................ 53 

4-2. Configuration of the instrumentation box. ............................................................... 55 

4-3. Resistivity as a function of temperature for samples with different DOS. ................ 59 

4-4. Resistivity changing rate over temperature (dR/dT) during freezing. ....................... 60 

4-5. Resistivity changing rate over temperature (dR/dT) when thawing. ......................... 60 

4-6. Freezing Temperature is shown as a function of DOS. ............................................ 61 

4-7. DOS represented as a function of resistivity at temperatures from 47°C to 11°FC. .. 62 

4-8. Field sample response in September 2019 in Stillwater, OK: (a) temperature 

response, (b) resistivity response.................................................................................... 63 

4-9. (a) DOS of field sample in September 2019, Stillwater, OK, (b) precipitation from 

the weather station. ........................................................................................................ 65 

4-10. DOS gradation on September 11th and 14th, 2019, Stillwater, OK........................ 66 

4-11. Temperature and DOS of the field samples from November 11th to 19th, 2019. ... 68 

4-12. Freeze-thaw cycles detection at 12.7mm depth of the field samples in the location 

from November 11th to 19th, 2019, Oklahoma: (a) temperature curve, (b) DOS curve 

included the DOS values within freeze-thaw cycles, (c) DOS curve excluded the DOS 

values within freeze-thaw cycles. ................................................................................... 70 

4-13. Freeze-thaw cycles detection at different depths of the 2 locations from November 

11th to 19th, 2019. ......................................................................................................... 72



xii 
 

Figure           Page 

 

4-14. Freeze-thaw cycles detection at different depths from 11/2019 to 4/2020. ............. 74 

5-1. Configuration of the thermocouples and steel rods of the mortar sample. ................ 80 

5-2. Configuration of the instrumentation box. ............................................................... 82 

5-3. Geological positions of different field locations. ..................................................... 85 

5-4. Wetting and drying at 13mm and 51mm depth from sample surface in the locations 

from May 2020 to August 2020: (a) #1 in Oklahoma, (b) #2 in New York, (c) #3 in 

Nebraska, (d) #4 in Nebraska, (e) #5 in Kansas, (f) #6 in Kansas. .................................. 88 

5-5. Temperature, DOS, and resistivity curve within the freeze-thaw cycles detection at 

13mm depth of the field samples in locations #1 and #2 in Table 5-4. ............................ 90 

5-6. Freeze-thaw cycles detection of #1 in Oklahoma at different depths from 11/2020 to 

4/2021. .......................................................................................................................... 92 

5-7. Freeze-thaw cycles detection of #2 in New York at different depths from 11/2020 to 

4/2021 ........................................................................................................................... 93 

5-8. Freeze-thaw cycles detection of #3 in Nebraska at different depths from 11/2020 to 

4/2021. .......................................................................................................................... 94 

5-9. Freeze-thaw cycles detection of #4 in Nebraska at different depths from 11/2020 to 

4/2021. .......................................................................................................................... 95 

5-10. Freeze-thaw cycles detection of #5 in Kansas at different depths from 11/2020 to 

4/2021. .......................................................................................................................... 96 

5-11. Freeze-thaw cycles detection of #6 in Kansas at different depths from 11/2020 to 

4/2021. .......................................................................................................................... 97 

5-12. Freeze-thaw cycles when DOS > 85% in the locations in Table 5-4. ..................... 99 

5-13. Freeze-thaw cycles at 51mm depth from the weather station data compared with the 

measured freeze-thaw cycles of the field instrument in location 3 from 1/20/2021 to 

1/31/2021: (a) temperature over time, (b) DOS when concrete is measured to freeze, (c) 

DOS when concrete is predicted to freeze from the weather station. ............................ 102 

5-14. Freeze-thaw cycles at 51mm depth from the weather station data compared with the 

measured freeze-thaw cycles of the field instrument in location 4 from 3/1/2021 to 

3/18/2021: (a) temperature over time, (b) DOS when concrete is measured to freeze, (c) 

DOS when concrete is predicted to freeze from the weather station. ............................ 103



xiii 
 

Figure           Page 
 

5-15. Freeze-thaw cycles at 51mm depth from the weather station data compared with the 

measured freeze-thaw cycles of the field instrument in location 5 from 11/10/2021 to 

11/17/2021: (a) temperature over time, (b) DOS when concrete is measured to freeze, (c) 

DOS when concrete is predicted to freeze from the weather station. ............................ 104 

A. 1. Steps of sealing the sample edge: (a) wrap the mold top with plastic, (b) tighten the 

plastic with rubber bands, (c) fold the plastic along the mold edge, and (d) cover the 

plastic with mortar……………………………………………………………………...121 

A. 2. Schematic of the free body diagram. ................................................................... 125 

A. 3. Schematic of the cross sectional area of the mortar sample for splitting test......... 126 

A. 4. Porosity at 20 mm from the surface versus the resistivity gradient right before wet 

curing is applied for different drying environments. ..................................................... 127 

A. 5. DOS represented as a function of resistivity at temperatures from 49°C to -18°C.

 .................................................................................................................................... 130 

A. 6. Evaluation of DOS using 2 steps of linear interpolation. ...................................... 131 

A. 7. RH and precipitations of locations A and B from the weather stations from 

November 11th to 19th, 2019....................................................................................... 132 

A. 8. Temperature, DOS, and resistivity curve within the freeze-thaw cycles detection at 

13mm depth of the field samples in locations #3 and #4 in Table 5-4. .......................... 133 

A. 9. Temperature, DOS, and resistivity curve within the freeze-thaw cycles detection at 

13mm depth of the field samples in locations #5 and #6 in Table 5-4. .......................... 134 



1 
 

CHAPTER I 
 

 

1 INTRODUCTION 

 

1.1 Introduction 

This work developed a new data logger and flexible electrical sensors that are used to gain new 

insights into two important problems for concrete. First, the sensor network is used to quantify 

the influence of different curing methods on the moisture content, hydration, and subsequent 

properties of the fresh concrete, and the same sensor network is modified to measure the degree 

of saturation (DOS) and the ice formation in 7 field sites in 4 different states. In all of these cases, 

the sensor network gives us powerful insights into liquid water movement, chemical bonding in 

hydration products, and the phase change with temperature. These new electrical observations are 

combined with other traditional methods to gain even greater insights.  

Curing impacts many properties of concrete such as porosity, permeability, strength, and creep 

[1–5]. Multiple curing methods are used in the field, however, there is not a standard and easy 

way to quantify the influence of curing methods. Curing impacts many properties of concrete 

such as porosity, permeability, strength, and creep [1–5]. Multiple curing methods are used in the 

field, however, there is not a standard and easy way to quantify the influence of curing methods. 

For example, previous studies examined the compression strength, durability, and resistance to 

chloride transport on hardened concrete to evaluate the curing impacts [3, 6–10].
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Those examinations are time-consuming, labor-intensive, and are normally applied when concrete 

is over 28 days old. Although this information is useful, these methods cannot provide useful 

information before the concrete has been set. If these issues are caught early then they can be 

corrected. If there is a moisture gradient during hydration then this will generate nonuniform 

hydration [11]. The ability to control and avoid this would greatly benefit the concrete industry.  

Pairs of electrodes were installed at 12.7 mm from the surface and then every 12.7 mm until 89 

mm from the surface. This allowed a resistivity gradient to be measured to examine how the 

concrete would perform differently with different curing applications and in different evaporation 

rate environments. The change in porosity, DOS, splitting tensile strength, and diffusion 

coefficient were also investigated on the same mixture at comparable depths to the resistivity 

measurements so that direct comparisons could be made between the resistivity and physical 

measurements. The results suggest that the sample's DOS, porosity, and tensile strength can be 

correlated to resistivity. This means that resistivity measurements could be used to provide 

insights into the properties of the sample.  

Concrete can be damaged when there is a high DOS and freeze-thaw cycles occur. Previous 

freeze-thaw studies have shown that critical DOS exists (78%-91%), above which freeze-thaw 

damage will begin to initiate [12, 13]. The DOS and freezing times are determined by the weather 

condition in the field. This indicates that not all weather conditions impact the concrete equally. 

However, lab experiments such as ASTM C666 [14] are typically conservative but they do not 

accurately represent the DOS and freezing rate of structures in the field. This work aims to 

monitor the freeze-thaw cycles of concrete in different field environments and correlates the 

weather condition of different regions to concrete freeze-thaw cycles. This work uses a similar 

sensor setup to the curing test but it measures the DOS, temperature, and ice formation 

simultaneously of concrete in 7 field sites in 4 states. The data obtained in this work is useful 

because the weather is not the same everywhere and this research provides information on how 
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different types of weather affect freeze-thaw cycles in the field. The work can be extended to 

make many practical tools to tailor the design of concrete according to real weather conditions 

and to create improved freeze-thaw models. 

1.2 Research Objectives 

The main tasks are:  

• Chapter 2: Measuring the impact of air, sealed, and wet curing on mortar samples at 

different depths over the first 72h of hydration using electrical resistivity. The resistivity 

correlates with the porosity, DOS, and tensile strength test results and provides new 

insights into different methods of curing that have never been observed.  

• Chapter 3: Investigating the influence of wet curing on concrete applied at different times 

in different evaporative environments using resistivity, porosity, DOS, and diffusion 

coefficient, to determine the allowable delay in applying the wet curing on the concrete 

surface before the concrete performance is compromised. 

• Chapter 4: This chapter uses the developed sensor network to simultaneously measure the 

DOS, ice formation, and temperature of mortar samples placed at two locations with 

different weather conditions in the state of Oklahoma. The effective freeze-thaw cycles of 

the two locations were evaluated and summarized in the time range from Nov. 2019 to 

April 2020. This chapter established the methods to determine effective freeze-thaw 

cycles and makes some important observations that are used in chapter 5. 

• Chapter 5: The effective freeze-thaw cycles of the concrete specimens in 7 fields in 4 

states were summarized and compared in the time range from 2020 to 2021. The weather 

station information was combined with the sensor measurements to determine the freeze-

thaw cycles of the field samples. This chapter set up the method of using the weather 

station information to evaluate freeze-thaw cycles. 
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CHAPTER II 
 

 

2 USING ELECTRICAL RESISTIVITY TO PREDICT EARLY AGE DOS AND 

TENSILE STRENGTH OF MORTAR 

 

2.1 Introduction 

The hydration reaction dissolves materials, consumes water, releases heat, and creates solid 

material through chemical reactions. This work examines how curing in dry air, sealed 

conditions, and wet curing changes the degree of saturation or moisture level as well as the tensile 

strength of the concrete. This is determined by measuring the electrical bulk resistivity from an 

alternating current of a known frequency. This work investigates changes caused by drying by 

comparing the resistivity at different distances from the surface. These differences in resistivity 

correlate to changes in the measured porosity, degree of saturation, and tensile strength. This 

shows that resistivity is an elegant, non-destructive, economical, rapid, and quantitative 

measurement that provides important insights into curing mortar mixtures for controlled systems.  

The purpose of curing is to minimize moisture loss and retain enough heat to promote the 

hydration reaction [1, 2]. Curing impacts the formation of hydration products and the 

development of the microstructure. The microstructure is essential to the physical properties such 

as porosity, permeability, strength, shrinkage, and creep [3–5]. As a result, it would be valuable to 

have a low-cost method that could be used to evaluate the effectiveness of curing. 
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Studies have investigated the influence of different curing methods such as wet curing and air 

curing on the compression strength, durability, and resistance to chloride transport [3, 6–10, 15]. 

A study by Hajibabaee [10] has shown that wet curing increases the resistance to ingress of 

external chemicals compared with air curing or curing compounds. However, those studies were 

carried out on concrete samples after 28 d of hydration. While this work is useful, more 

information is needed about changes in the first 72 h of hydration. Also, more information is 

needed to determine how curing impacts the sample over the depth with time. Studies have shown 

that a moisture gradient forms with a drying surface of the sample and this moisture difference 

will further generate non-uniform hydration and therefore a different microstructure of the 

material [11]. As a result, the influence of curing at the surface is of great importance to the 

ultimate properties of the materials.  

Many studies have used electrical resistivity to measure the process of cement hydration [16–21]. 

Previous work monitored the electrical resistivity of cement paste during the first 30 h of 

hydration and showed that resistivity could be used to follow the stages of hydration of cement 

paste and also give insights into hydration product formation [18]. A study by Xiao shows that 

electrical resistivity is sensitive to the pore structure change as measured by mercury intrusion 

porosimetry (MIP) at 2h and 24h of hydration [20]. Since the measurement of electrical resistivity 

is flexible, effective, and nondestructive, it may be able to be used to make continuous 

measurements of a sample in a simple low-cost manner [18–21]. As a result, electrical resistivity 

has the potential to examine curing methods and the corresponding impacts on the concrete 

microstructure and properties. Besides measuring the resistivity directly, the overall resistivity of 

composite material can also be described by the general effective media (GEM) model [22, 23] 

and calculated using the capillarity porosity, percolation threshold, formation factor, magnificent 

coefficient, for the cementitious material in question [24], however, these measurements are not 
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easy to obtain and at this time these measurements have not been generalized for a wide range of 

materials.  

The goal of this study is to use electrical resistivity to make direct measurements of the influence 

of different curing methods on hydration and material properties over the first 72 h of hydration. 

The change in the porosity, degree of saturation (DOS), and the splitting tensile strength over the 

first 72 h of hydration are investigated for air, sealed, and wet curing methods at different depths 

of the sample. The results suggest that the DOS, porosity, and tensile strength of the sample can 

be correlated to the resistivity from 12h to 72h. A linear relationship between DOS and resistivity 

was established at different times of hydration and was applied to predict the DOS of the sample 

from resistivity. This means that resistivity measurements could be used to determine the 

effectiveness of different curing methods and provide insights into the properties of the sample.  

2.2 Experimental Methods 

2.2.1 Materials and Mixtures 

The mortar mixture in this study was prepared according to ASTM C305 [25] with a w/cm ratio 

of 0.45. The mixture proportion by volume is shown in Table 2-1. The cement used in this study 

met the requirements of an ASTM C150 Type I Portland cement. The fine aggregate used for the 

mortar mixture was locally available natural sand and met the requirements of ASTM C33. The 

Blaine of the cement is 3560 cm2/g and the free lime content is 1.4%. The chemical compositions 

of the cement are shown in Table 2-2.  

Table 2-1. Mixture proportion of mortar. 

 Cement Water Fine Aggregate  Air 

Volume (%) 18.5 23.4 56.7 0.4 

Table 2-2. Chemical composition of cement. 

 SiO2  Al2O3  Fe2O3  CaO  MgO  SO3 Na2O K2O C3S C2S C3A C4AF LOI 

Cement (%) 21.1 4.8 3.1 64.5 2.33 3.2 0.17 0.58 50 23 7 9 2.6 
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2.2.2 Electrical Resistivity Test 

The plastic cylinder molds have a diameter of 152.4 mm and were 228.6 mm in height. The 

cylinders used seven layers of 4-40 threaded stainless steel rods (2.8 mm in diameter, and 40 

threads per 25.4 mm). Each layer used two rods with a horizontal spacing of 92.7 mm and a 

vertical spacing of 12.7 mm. The steel rods were installed through the molds and were stabilized 

and sealed with glue before the mortar was placed. The configuration of the specimen is shown in 

Figure 2-1. Mortar was used to fill the mold to 203.2 mm in height. The top 25.4 mm was not 

filled to allow different curing methods to be applied. The mortar was placed in three layers. For 

each layer, the sample was consolidated for 10 s with a vibrating table at a frequency of 60 Hz to 

remove entrapped air and to promote a good bond with the threaded rod.  

During hydration, water is consumed and the sample shrinks [26]. This volume change may form 

a gap between the mold and the edge of the sample. To ensure that the drying is only from the top 

of the sample and not from the edges, the edge of the fresh mortar was sealed with plastic wrap 

and covered by mortar. More details can be found in Appendix A. 
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Figure 2-1. Configuration of the mortar sample for resistivity measurement. 

This study investigated wet curing, sealed curing, and air curing. All three curing methods were 

conducted in an environmental chamber with a temperature of 23°C and humidity of 50%. 

After the samples were cast into molds, curing methods were applied on the surface of the 

sample. In the wet curing, three layers of water-soaked burlap were placed on the surface and 

then the surface of the mold was sealed with aluminum tape. Every day the burlap was removed 

and soaked with water and replaced on top of the sample. In the sealed curing, the mold was 

covered with aluminum foil and sealed with aluminum tape to prevent moisture loss. The air 

curing method leaves the sample open to the 50% RH environment.  

The resistivity was measured between the rods every 10 minutes through the hydration process. 

The circuit for the resistivity measurement was programmed with the Arduino platform. An 

Arduino Mega 2560 was used as the central processor with a 12-Bit impedance converter 

AD5933. In this research, a frequency of 30 kHz was used. This was chosen because at this 
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frequency the imaginary part of the impedance is close to zero. The system was calibrated with a 

100-ohm resistor. The calibration process was to calculate the Gain Factor of the system based on 

a known resistor. The Gain Factor can then be used to calculate the resistivity in future 

measurements. The detailed calculations for these measurements are included in Appendix B.2. 

Five multiplexers were used to measure 80 channels simultaneously. The results were recorded 

on an SD card and retrieved for analysis. More details about the additional hardware and the raw 

data process of impedance can be found in Appendix B.1. 

Since the frequency range selected has forced the imaginary impedance to close to 0, the 

measured impedance is also called the bulk resistance of the mortar sample. The unit of the 

measured bulk resistance is the ohm. To get the resistivity of the mortar sample, Equation 2-1 was 

used.  

𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝐾Ω ∗ 𝑐𝑚)

=  𝑏𝑢𝑙𝑘 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (Ω) ∗ 𝐴 (𝑚𝑚2) / 𝐿 (𝑚𝑚)/10000 

Equation 2-1 

In Equation 2-1, A is assumed to be the rectangular cross-sectional area of the electrode 

perpendicular to the signal. The area is taken as 338.8 mm2, since the electrode is 2.8 mm in 

diameter and approximately 120.96 mm long. The distance between the electrodes, L, is 92.7 

mm.  

2.2.3 Mass Change 

The mass of the wet, sealed, and air curing samples over the first 72 h of hydration was measured 

and recorded every hour. The percentage of mass change was then obtained with Equation 2-2. 

%𝑀𝑎𝑠𝑠 𝐶ℎ𝑎𝑛𝑔𝑒 =  
𝑀𝑛 − 𝑀𝑖

𝑀𝑖
  × 100 

Equation 2-2 
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2.2.4 Porosity and Degree of Saturation (DOS) Test 

The porosity and degree of saturation (DOS) [27] are investigated to support the resistivity 

measurements. The porosity illustrates the microstructure development, and the DOS shows the 

amount of moisture within the sample. The DOS is a critical factor in promoting early hydration 

within the sample [28–32]. Other research shows that hydration ceases at a relative humidity of 

about 80% due to negative capillary pressure that opposes the reaction [33].  

The mortar samples for the porosity and DOS measurement were cast into tubes of 25.4 mm in 

diameter by 114.3 mm tall. Each tube was filled with three layers of mortar. The mortar was from 

the same mixture as the one for the resistivity measurement. The wet cured DOS samples were 

stored in a fog room with a constant humidity of 100% and temperature of 23°C with its surface 

open to the environment. This is because the surface area of the container is too small to apply 

wet burlap. The sealed curing and air curing were conducted in an environment with 50% 

humidity and 23°C temperature. In the sealed curing, the sample top was sealed with the lid for 

the tube. 

The porosity and DOS were measured when the samples had hydrated for 12 h, 24 h, 48 h, 72 h, 

and 96 h. Each curing method used 3 samples for this test. When the sample reached the 

designated hydration time, it was demolded and cut into 3 segments that were each 38.1 mm tall. 

This means that the distance to the midpoint of each segment was 19.1 mm, 57.2 mm, and 95.3 

mm from the sample surface. This was done so that the porosity and DOS of each segment could 

be compared to the resistivity measurements at similar depths.  

2.2.4.1 Determining the porosity and degree of saturation (DOS) 

The porosity and DOS were determined by ASTM C642 with some minor changes where the 

samples were saturated within a vacuum chamber at a pressure of 37mmHg±5mmHg instead of 

boiling in water. Equation 2-3 and Equation 2-4 were used to calculate the porosity and degree of 
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saturation (DOS), where Wi is the initial weight of the sample, Wd is the oven-dried weight at 110 

ºC, Wsa is the saturated surface dried (SSD) weight, Wsu is the weight of the sample while the 

sample is suspended in water, it’s equal to the difference between the sample weight and its 

buoyant force. 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  
𝑊𝑠𝑎 − 𝑊𝑑

𝑊𝑠𝑎 − 𝑊𝑠𝑢
  × 100 

Equation 2-3 

𝐷𝑂𝑆 =  
𝑊𝑖 − 𝑊𝑑

𝑊𝑠𝑎 − 𝑊𝑑
  × 100 

Equation 2-4 

2.2.5 Splitting Tensile Strength  

The splitting tensile strength test is performed according to the previous work by Robertson et al. 

[34] and Dickey [35]. The detailed calculation of the strength and assumptions can be found in 

Appendix D. The mortar samples for splitting tensile strength were cast into 152.4 mm in 

diameter by 76.2 mm tall plastic cylinders. Metal plates were fixed into the mold to form 2 

notches with a 30° angle at the sample surface along its length shown in Figure 2-2 (a). The mold 

was filled in 2 layers and vibrated for 10 s on the vibration table at 60 Hz. The samples were 

cured the same way as the resistivity samples. 

After the mortar sample was hydrated for 72 h, the sample was demolded and split with a 

hydraulic press as shown in Figure 2-2 (b). The loading platen has the same dimensions as the 

notches. The splitting test was conducted in this way because the sample failure is caused by the 

tension forces caused by the loading platen being pushed in compression and pushing on the 

angled inserts. The platen was loaded at a rate of 2000 N/min. Each curing method used 5 

samples for this test. The samples that did not split at the notches were excluded from the strength 

calculation. Calculation details are included in Appendix D. 
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Figure 2-2. Schematic diagrams of (a) mold for splitting tensile strength test and (b) mortar 

sample under splitting test. 

2.3 Results and Discussion 

2.3.1 Resistivity Response over Time 

The average resistivity along the sample depth of the three curing methods is shown in Figure 

2-3. Every curing method shows growth in resistivity over time and the resistivity curve of 

different curing methods presents a similar shape. The similar shape of resistivity growth is likely 

caused by hydration reactions and consumption of water over time. This will be discussed more 

in the document over these mechanisms. As the hydration reaction proceeds, free water is 

consumed to form hydration products as the mixture changes from a slurry to a solid. As a result, 

the average resistivity of the mortar specimen increases with hydration. The air curing shows the 

highest resistivity followed by the sealed sample, and then the wet cured sample has the lowest 

resistivity. The difference in resistivity could depend on several factors including the amount of 

moisture in the pores, ion concentration in the pores, and the tortuosity of the pore network. In 

this work, the moisture amount and the porosity of the samples are examined. This will be 

discussed further in the paper.  
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Figure 2-3. Average resistivity curve over the depth of different curing methods. 

Figure 2-4 shows the percentage of moisture change for the three curing methods. It shows that 

the wet curing sample has absorbed moisture within the first 20 h and the air curing sample has 

the most mass loss in the first 20 h. A slight moisture loss happens to the sealed sample during 

the first 8 h and then the mass is constant. In all samples, the mass change stopped after roughly 

20 h. This is likely caused by the hydration process reducing the porosity and pore connectivity in 

the mortar. As stated above, the difference in resistivity between curing methods is at least 

partially caused by moisture differences between the samples. The moisture change curve 

supports this statement by showing that the air curing sample has the most moisture loss over 

time and the wet curing sample has moisture absorption over time. 
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Figure 2-4. Percent moisture change over time. 

Figure 2-5 shows the resistivity profile over the sample depth at different times. The wet curing 

sample had uniform resistivity over the depth. There is a resistivity gradient observed for the air 

cured and sealed cured samples. This gradient is first observed at about 8 h in the sealed and air 

cured sample and it continues to magnify over time. These same samples showed measurable 

moisture loss at 8h in the drying experiments from Figure 2-4. This loss of water likely 

contributes to the observed changes in resistivity. The higher resistivity at 12.7 mm compared to 

76.2 mm is expected if there is more moisture loss at the surface of the sample.  
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Figure 2-5. Resistivity gradation profile at different time points of wet curing, sealed curing, 

and air curing. 

2.3.2 Porosity and DOS Change 

The DOS of the wet curing specimen is expected to be higher than the other curing methods 

because of the extra moisture provided over time. Also, this extra moisture promotes the 

hydration reaction and this will reduce the porosity of the wet curing samples compared to the 

other methods. For the sealed sample, the moisture is consumed during the hydration and there is 

some evaporation over the first several hours of hydration. In the air curing sample, water is 

consumed during hydration and also lost to evaporation. Because of the loss of water, the air 

curing sample is expected to have the highest porosity and lowest DOS. 
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Figure 2-6 shows how the porosity and DOS change over time. Each line on the figure represents 

a different curing method. At 12h, the three curing methods have almost the same porosity over 

the depth, which indicates that the degree of hydration of the three curing methods is similar 

despite the difference in moisture content. It should be noted that after hydrating for 24h, there is 

a porosity gradient in every sample with the furthest depth having the lowest porosity and the 

surface having the highest porosity. This higher porosity at the surface may be caused by 

differences in bleeding. When comparing the results at each depth, the air cured sample has the 

highest porosity followed by the sealed cured sample and the wet cured sample has the lowest 

porosity. This difference in porosity between the curing types is caused by the differences in the 

amount of moisture available for hydration. It should be noted that the air cured sample stopped 

showing a porosity change at 19 mm from the surface after 48 h. This is shown by the green line. 

This might be caused by the humidity not being high enough within the sample to sustain 

hydration. More insights into this can be found from the DOS measurements.  

The right column of Figure 2-6 shows the DOS or the moisture content within the samples. There 

is a minimal DOS gradient in the wet cured and sealed cured samples. The sealed cured sample 

has a lower DOS than the wet cured samples. This difference is caused by the continuous amount 

of moisture provided on the surface of the wet cured sample. It should be noted that the DOS of 

the wet curing sample is increasing from 12h to 48h. This is likely caused by the water absorbed 

into the sample during wet curing. This matches the mass increase observed during wet curing 

shown in Figure 2-4. 

The air cured samples in Figure 2-6 show a lower DOS at all depths compared to the wet and 

sealed cured samples; however, at 19 mm from the surface, the air cured sample shows a much 

lower DOS than the wet and sealed cured samples. This lower DOS in the air cured samples is 

caused by the loss of water from the surface. A direct comparison of the moisture change is 

shown in Figure 2-4. It should be noted that the DOS for the sample at 19 mm depth is below 
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60% DOS after 48 h for the air cured sample. Based on the previous literature this suggests that 

hydration should stop when the relative humidity is below 80% [33].  

  

Figure 2-6. Porosity and DOS gradation profile over the sample depth at 12, 24, 48, 72, 96 h 

of wet, sealed, and air curing. 

Figure 2-7 shows the resistivity and DOS at 12, 24, 48, and 72 h of hydration over the sample 

depth for the three curing methods. The graph shows that the DOS and resistivity curves are 

correlated. For example, as the DOS begins to decrease, the resistivity increases. This means the 

resistivity value gives important insights into the moisture content inside the concrete. This also 

means that a resistivity value taken near the surface and one taken in the depths of the sample 

could be used as an indicator of the DOS and hence the moisture in the concrete. This could be 

used as a useful tool to measure the quality of the curing applied to the concrete. 
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Figure 2-7. Resistivity and DOS at 12, 24, 48, 72 h of hydration of wet curing, sealed curing, 

and air curing. 

Figure 2-8 shows that the resistivity and DOS can be assumed to be linearly related between 12h 

and 72 h of hydration. The fitted curve between resistivity and DOS through linear regression at 
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different times is shown in Figure 2-8. The resistivity at each point was determined by linear 

interpolation of the two adjacent points that vary by +/- 5 mm.  

Figure 2-8 shows that the resistivity and DOS are linearly related between 12 h and 72 h of 

hydration. The fitted curve between resistivity and DOS through linear regression at different 

times is shown in Figure 2-8 and this linear regression function can be used to predict the DOS 

value with resistivity measurements. The parameters of each fitted line are shown in Table A. 1 in 

Appendix C. The R square value is close to 1 for 24h, 48h, and 72h, which illustrates the high 

accuracy of the linear relationship. These fitted curves can then be used to predict the DOS at any 

depth within the sample at a given time. 

 

 

Figure 2-8. DOS is shown as a function of resistivity at 19 mm and 57 mm from the surface 

after hydrating for 12, 24, 48, and 72h respectively. 

Figure 2-9 shows the predicted DOS based on the resistivity measurements. The predicted DOS 

shows good agreement with the measured DOS value. This means using resistivity measurement 

can quantitatively compare the DOS created by different curing methods for a given set of 
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materials. This can be used as a new tool to measure how water loss from hydration or drying 

correlates to the DOS or water content within a concrete sample. Since this moisture content 

during hydration is so important to the properties of the concrete, these resistivity measurements 

can provide important insights into the material properties of the concrete.  

  

Figure 2-9. Predicted DOS from resistivity at 12, 24, 48, 72 h of hydration compared with 

the measured DOS. 

It can be noted in Figure 2-8 that as the hydration proceeds, the DOS versus the resistivity curve 

shifts to the right, the slope of the curve decreases, which indicates that resistivity becomes more 

and more sensitive to DOS change as hydration proceeds. This is likely because the formation of 

hydration products decreases the porosity and increases the resistance of electron mobility. Figure 

2-10 shows the measured porosity versus the resistivity at 86% DOS at different hydration times. 

This porosity and resistivity were chosen from the sealed curing specimen and a DOS of 86% was 
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chosen because it would ensure hydration is continuing. Because a constant DOS is used, the plot 

shows how the porosity would change with resistivity at a fixed DOS. This means that as the 

hydration reaction proceeds, the porosity decreases, and the resistivity increases. The relationship 

seems to be bilinear between 12 h and 72 h. This change in the shape of the curve could be 

caused by differences in pore solution chemistry or the connectivity of the pore structure at 

different times. These are areas of future research. This is an important finding because it shows 

the ability of resistivity to give insights into the pore structure properties of mortar as it hydrates.  

  

Figure 2-10. The relationship between porosity and resistivity at 86% DOS. 

2.3.3 Splitting Tensile Strength 

Figure 2-11 shows the splitting tensile strength at 72 h for the three different curing methods in 

comparison to the average resistivity at the same time and the same depth. The results show that 

the resistivity is inversely proportional to the splitting tensile strength of the concrete. For 

example, the wet curing sample exhibited the highest splitting tensile strength and the lowest 

resistivity and the air cured sample showed the lowest splitting tensile strength and the highest 

resistivity. These differences in strength and resistivity are likely caused by differences in the 

DOS during hydration. This means that under certain conditions the resistivity can give insights 
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into the tensile strength of the concrete. This is not surprising as Figure 2-8 and Figure 2-10 show 

that the resistivity can be related to both the porosity and DOS during the first 72 h of hydration. 

 

 

Figure 2-11. Splitting tensile strength at 72 h and average resistivity along depth at 72 h of 

the three curing methods 

2.4 Practical Significance 

This work compares the resistivity of air, sealed, and wet curing at different depths in a sample. 

The results suggest that the resistivity can be correlated to the DOS, porosity, and tensile strength 

of the sample between 12h and 72h. This means that resistivity measurements during this period 

could be used to determine the uniformity and effectiveness of different curing methods and 

provide insights into the uniformity of the hydration over the depth of the sample. This 

information can provide insights into the porosity and ultimately the strength of the samples at 
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different depths by making real-time measurements that are minimally intrusive. These 

measurements could be used in either the field or the lab to inexpensively evaluate concrete 

quality in almost real-time. For example, this technique could be used to determine how sensitive 

a concrete mixture is to different curing practices. This technique could also be used in the field 

to use the resistivity gradient in the concrete to give insights into the quality of the real-time 

curing and hydration of the concrete. Since the resistivity measurements can be made easily and 

economically then this makes the measurements very useful. 

2.5 Conclusions  

A new technique of comparing curing effects using electrical resistivity at different depths was 

investigated in this study. The electrical resistivity was compared between wet curing, sealed 

curing, and air curing methods, at different depths within the sample and at different hydration 

times. These measurements are compared to the porosity, DOS, and tensile strength of the 

sample, and a linear relationship between resistivity and DOS is created for these materials. The 

following conclusions can be drawn for mortar between 12h and 72h:  

• Resistivity corresponds to the degree of saturation, porosity, and tensile strength of a 

mortar mixture.  

• A linear relationship is developed between resistivity and degree of saturation and this 

relationship changes as hydration proceeds.  

• A bi-linear relationship exists between resistivity and porosity at a fixed DOS that is high 

enough to promote hydration. 

• Wet curing samples showed uniform moisture gradients and had the highest degree of 

saturation and tensile strength of the samples measured. These samples also showed a 

0.5% increase in the mass over the first 20 h of hydration. 

• The air cured sample at 23°C and 50% relative humidity environment showed a 

significant drying gradient over the top 85 mm and the refinement of the pore structure 
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stopped after 48 h. This sample also showed a 0.78% decrease in the mass over the first 

70 h of hydration.  

• The sealed sample showed a uniform moisture gradient and had a degree of saturation, 

porosity, and tensile strength that is between the wet cured and air cured samples. This 

sample showed only a slight change in mass during hydration which is likely from an 

imperfect seal. 

• A porosity gradient was observed in all the mixtures regardless of the curing method 

used. This gradient is likely caused by differences in curing and also bleeding. 

This work establishes a systematic method to use resistivity to rapidly and economically measure 

the in situ degree of saturation, porosity, and provide insights into the tensile strength of the 

concrete. This could provide a useful scientific and practical measurement technique for future 

work.  
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CHAPTER III 
 

 

3 EARLY AGE HYDRATION INVESTIGATION ON CONCRETE WITH WET 

CURING APPLIED AT DIFFERENT TIMES 

 

3.1 Introduction 

Curing is an important process in producing durable concrete. Wet curing is often used when 

concrete needs to be the most resistant to deterioration. The purpose of wet curing is to provide 

continuous moisture to the fresh cement-based system to promote hydration [1, 2]. As a result, 

wet curing can improve the porosity, permeability, strength, shrinkage, and creep of the resulting 

concrete [3–10]. While there are many benefits to applying wet curing to concrete, there are also 

challenges because it is labor-intensive and can therefore it can be challenging to apply the wet 

curing in a timely manner. 

The goal of this work is to investigate the influence of wet curing applied at different times in 

different evaporative environments to determine the allowable delay in applying the wet curing 

on the surface before the properties of the concrete are compromised. This work examines the 

performance in evaporation rates between 0.15 kg/m2/h and 0.85 kg/m2/h. These evaporation rates 

are commonly observed in practice but are not the highest evaporation rates that can be measured. 

This research purposely focused on lower evaporation rates as they would show the most 

potential to delay the application of wet curing. A nomograph predicting the evaporation rates 
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based on different weather conditions is shown in Figure 3-1. The evaporation rates investigated 

are shown. 

 

Figure 3-1. ACI nomograph for estimating surface water evaporation rate of concrete: the  

“ACI Hot Weather Concreting Evaporation Nomograph” [36]. 

The curing methods evaluated include wet curing applied to the surface with no delay or 

continuous wet curing, wet curing applied with a delay between 2h and 10h, and samples with no 

curing applied to the surface or air curing. When wet curing is applied to the surface with no 
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delay it will be called “continuous wet curing”. The samples that were not cured will be called 

“air curing”.  

The impact of these different curing methods is measured by the diffusion coefficient, porosity, 

and degree of saturation (DOS) [27] after 72h of hydration. The resistivity along the sample depth 

was also used to monitor the hydration for the first 72h, as resistivity measurement is sensitive, 

effective, nondestructive, and it can perform rapid and continuous measurement with low cost 

[16–21]. In addition, the temperature gradient of the samples with the highest evaporation rate 

(0.85 kg/m2/h) is also measured.  

3.2 Experimental Methods 

3.2.1 Materials and Mixtures 

The concrete mixture in this study was prepared according to ASTM C305 [25] with a w/cm ratio 

of 0.45. The mixture proportion by volume is shown in Table 3-1. The cement used in this study 

met the requirements of an ASTM C150 Type I Portland cement. The fine and coarse aggregates 

used for the mixture are local aggregates that meet the requirements of ASTM C33. The Blaine of 

the cement is 3560 cm2/g and the free lime content is 1.4%. The chemical compositions of the 

cement are shown in Table 3-2. This mortar mixture is designed to be the mortar portion of the 

concrete mixture used in the other tests in the paper (See Table 3-3).  

Table 3-1. Mixture proportion of concrete. 

w/cm 
Cement

(kg/m3) 

Coarse Aggregate 

(kg/m3) 

Fine Aggregate 

(kg/m3) 

Water 

(kg/m3) 

0.45 366.7 1078.6 747.6 142.6 

Table 3-2. Chemical composition of cement. 

 SiO2  Al2O3  Fe2O3  CaO  MgO  SO3 Na2O K2O C3S C2S C3A C4AF LOI 

Cement (%) 21.1 4.8 3.1 64.5 2.33 3.2 0.17 0.58 50 23 7 9 2.6 
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Table 3-3. Mixture proportion of mortar. 

w/cm 
Cement 

(kg/m3) 

Fine Aggregate 

(kg/m3) 

Water 

(kg/m3) 

0.45 598.0 1495.0 266.9 

s 

3.2.2 Testing Environments  

The concrete samples were tested under three different environments as summarized in Table 3-4. 

The 0.15 and 0.55 kg/m2/h evaporation rates were obtained by storing the samples at 50% RH and 

23oC and 38oC respectively. The highest evaporation rate was obtained by storing the concrete 

30.5 cm away from a 250 Watt heating lamp. A hygrochron sensor showed that the air 

temperature was 43oC with a 12% RH. When wet curing was applied, three layers of water-

soaked burlap were placed on the surface and then this was sealed with aluminum tape to prevent 

evaporation. Every day the burlap was removed and soaked with water and placed on top of the 

sample. The air curing sample was open to the environment. 

Table 3-4. Curing methods applied to the concrete samples in different environments. 

Environments 

Maximum 

Evaporation 
Rate  

Temperature & 

Humidity 

Curing methods applied to concrete 

samples 

Low Evaporation 0.15 kg/m2/h 23°C+50% RH 

Air curing; Continuous wet curing; 

Wet curing after being exposed to the 

environment for 3h, 6h, 9h 
respectively 

Middle 

Evaporation 
0.55 kg/m2/h 38°C+50% RH 

Air curing; Continuous wet curing; 

Wet curing after being exposed to the 

environment for 3h, 6h, 9h 
respectively 

High 
Evaporation 

0.85 kg/m2/h 43°C+12% RH 

Air curing; Continuous wet curing; 

Wet curing after being exposed to the 
environment for 2h, 4h, 6h, 8h, 10h 

respectively 
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3.2.3 Evaporation Rate 

The evaporation rate of the three curing environments was determined by measuring the mass 

change of the concrete sample over time. The evaporation rate was determined according to 

Equation 3-1, where r is the evaporation rate, Mi is the initial mass of the sample, Mn is the mass 

after evaporation, and A is the surface area of the sample, t is the elapsed time. The evaporation 

was determined by the integration of the evaporation rate over time shown in Equation 3-2. 

𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒: 𝑟 =  
𝑀𝑖 − 𝑀𝑛

𝐴 ∗ 𝑡
 Equation 3-1 

Evaporation = ∫ r dt 
Equation 3-2 

3.2.4 Electrical Resistivity  

The molds were 152.4mm in diameter by 228.6mm tall plastic cylinders. The cylinders used 

seven layers of 4-40 threaded stainless steel rods with a 4.57mm diameter. Each layer used two 

rods with a horizontal spacing of 92.7mm and a vertical spacing of 12.7mm. The steel rods were 

installed through the molds and were stabilized and sealed with glue before the concrete was 

placed. The configuration of the specimen is shown in Figure 3-2. Concrete was used to fill the 

mold to 203.2mm in height. The top 25.4mm was not filled to allow curing methods to be 

applied. The concrete was placed in three layers. For each layer, the sample was consolidated for 

10 s with a vibrating table at a frequency of 60 Hz to remove entrapped air and to promote a good 

bond with the threaded rod.  

During hydration, water is consumed and the sample shrinks [26]. This change in volume may 

form a gap between the mold and the edge of the sample. To ensure that the drying is only from 

the top of the sample and not from the edges, the edge of the fresh mortar was sealed and covered 

by mortar. More details can be found in Appendix A. 
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Figure 3-2. Configuration of the mortar sample for resistivity measurement. 

After the samples were cast into molds, the resistivity was measured between the rods every 10 

minutes through the hydration process. The circuit for the resistivity measurement was 

programmed with the Arduino platform. An Arduino Mega 2560 was used as the central 

processor with a 12-Bit impedance converter AD5933. In this research, a frequency of 30 kHz 

was used. The system was calibrated with a 100-ohm resistor. The calibration process was to 

calculate the Gain Factor of the system based on a known resistor. The Gain Factor can then be 

used to calculate the resistivity of future measurements. The detailed calculations are in Appendix 

B.2. Five multiplexers are used to measure 80 channels simultaneously. The results are recorded 

on an SD card and retrieved for analysis. More details about the additional hardware and the raw 

data process of resistivity can be found in Appendix B.1. 

3.2.4.1 Resistivity gradient 

The resistivity gradient is calculated along with the sample depth from 13 mm to 89 mm from the 

sample surface. Equation 3-3 was used to calculate the resistivity gradient, where R13mm and 

R89mm are the resistivities at the depth of 13 mm and 89 mm from the surface measured at the 
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same time of hydration. The gradient is a helpful measurement to compare the resistivity between 

curing methods because before the application of wet curing, the bottom of the sample at 89 mm 

is moist and the sample at the surface could be different. Using the resistivity at 89 mm this 

normalizes the measurement between mixtures. 

𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 (𝐾Ω ∗ 𝑐𝑚 / 𝑚𝑚) =  (𝑅13𝑚𝑚 − 𝑅89𝑚𝑚) / (89 − 13)  Equation 3-3 

3.2.5 Temperature  

The temperature at different depths was measured on concrete samples in the highest evaporation 

environment during air curing, continuous wet curing, and wet curing after drying for 6h. The 

concrete samples for temperature measurement were cast into the same molds as those for the 

resistivity test. Four type T thermocouples were used along with the depth as shown in Figure 3-3 

before the concrete was filled. The thermocouples were stabilized and sealed by glue. The molds 

were filled in the same way as that of the resistivity test. The temperature was measured with a 

time interval of 10 minutes. 

 

Figure 3-3. Configuration of the thermocouples of the mortar sample. 
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3.2.6 Porosity and Degree of Saturation (DOS)  

The porosity and degree of saturation (DOS) [36] are investigated to examine the curing influence 

in the three environments by using mortar samples. Mortar samples are used because coarse 

aggregates can significantly impact the measurements of these tests. The mixture design of mortar 

samples is shown in Table 3-3. The mortar samples were cast into tubes of 25.4 mm in diameter 

by 114.3 mm tall. Each tube was filled with three layers of mortar.  

The porosity measurement allows the total pores to be compared between mixtures. As the 

hydration continues then it is expected that the porosity would decrease. This means that a sample 

with a higher porosity will have a lower amount of hydration and lower strength and possibly 

higher diffusion coefficient.  

The DOS shows the amount of moisture within the sample. This allows the relative moisture 

content of the different samples to be compared when the samples are 72h old. This is useful 

because the moisture content of the sample is important to understand the diffusion results. Also, 

the air-dried samples provide insight into the amount of drying in the sample and how that 

impacts hydration. Other research shows that hydration ceases at a relative humidity of about 

80% due to negative capillary pressure that opposes the reaction [33], and this is close to a DOS 

of 65% [37].  

The porosity and DOS were measured when the samples were 72h old. For each curing method, 

three samples were measured. At 72h the sample was demolded and cut into 3 segments that are 

each 38.1 mm tall. This means that the distance to the midpoint of each segment is 19.1 mm, 57.2 

mm, and 95.3 mm from the sample surface. This is helpful to determine the porosity and DOS at 

different depths. 

The porosity and DOS were determined by ASTM C642 with some minor changes where the 

samples were saturated within a vacuum chamber instead of boiling in water. Equation 3-4 and 
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Equation 3-5 were used to calculate the porosity and DOS, where Wi is the initial weight of the 

sample, Wd is the oven-dried weight at 110 ºC, Wsa is the saturated surface dried (SSD) weight, 

Wsu is the suspended apparent mass of the saturated samples.  

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  
𝑊𝑠𝑎 − 𝑊𝑑

𝑊𝑠𝑎 − 𝑊𝑠𝑢
  × 100 

Equation 3-4 

𝐷𝑂𝑆 =  
𝑊𝑖 − 𝑊𝑑

𝑊𝑠𝑎 − 𝑊𝑑
  × 100 

Equation 3-5 

3.2.7 Diffusion Coefficient 

The mortar mixture used for diffusion testing is the same as the porosity and DOS and is shown 

in  

Table 3-3. The containers for the mortar sample were 15.44 mm in diameter by 113.54mm long 

cylinders. The mortar samples were cured in the same way as the concrete samples. When it was 

time to wet cure the samples, water was placed on the top. The air cured sample never received 

water. For each curing method, four samples were measured.  

The configuration of the diffusion test is shown in Figure 3-4. In this test, the diffusion coefficient 

of the mortar was obtained by placing KI solution on the sample and monitoring the ion 

penetration depth over time. This method has been described in previous publications [38–41]. 

The higher the diffusion coefficient, the easier for the sample to be penetrated by outside 

chemicals, this makes the concrete more susceptible to damage caused by chlorides or other 

chemicals. 
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Figure 3-4. Configuration of Diffusion Testing. 

3.3 Results and Discussion 

3.3.1 Evaporation 

The total amount of evaporation and the rate of evaporation is shown in Figure 3-5. The 

maximum evaporation rate will be used for discussion in this paper because a widely available 

tool exists in Figure 3-1 to calculate this value. Within the first hour of measurement, the 

maximum evaporation rate was measured for each sample. The lowest evaporation rate of 0.15 

kg/m2/h is for a sample that was stored at 23°C and 50%RH. This sample had an almost constant 

evaporation rate. The sample stored at 38°C and 50%RH had the next highest evaporation rate at 

0.55 kg/m2/h. The evaporation rate was constant from the first measurement until 4h later. The 

highest evaporation rate is 0.85 kg/m2/h. This sample was stored 304.8 mm away from a 250 

Watt heating lamp. This maximum evaporation rate was only held for about 2h and then 

decreased. Interestingly, the evaporation rate for the 0.55 and 0.85 kg/m2/h samples followed a 

very similar trend between 5h and 12h. This could be because both surfaces are predominately 
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solid and so they have similar resistance to evaporation. More work is needed to better understand 

this.  

 

(a)       (b) 

Figure 3-5. (a) Evaporation over time of the three curing environments, (b) Evaporation 

rate over time of the three curing environments. 

3.3.2 Temperature  

The temperature at different depths within the concrete in the highest drying environment is 

shown in Figure 3-6. The results are shown for air curing, continuous wet curing, and wet curing 

after drying for 6h. Each curve shows the heat from the exothermic reaction of hydration that 

occurs at roughly 9h. The results show that the temperatures within the concrete are greatly 

impacted by how the samples are cured. The air curing sample had the highest temperature at 

13mm from the surface of about 43°C and the other depths were about 40°C after 10h of 

hydration. The continuous wet curing had a uniform temperature that was about 15°C less than 

the air curing sample. The sample initially open to the environment for the first 6h had a similar 

temperate as the air curing sample over the first 6h; however, after the wet burlap was placed on 
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the concrete the temperature dropped to be similar to the sample with continuous wet curing. This 

shows that even after 6h of drying, the wet curing can reduce the internal temperature of the 

concrete to levels that are similar if it was continually wet cured even in hot and dry 

environments. This is useful to understand the internal temperature gradient within the concrete.

 

Figure 3-6. Temperature over time inside the concrete samples under the heat lamp of (a) 

air curing, (b) continuous wet curing, (c) wet curing after drying for 6h. 

3.3.3 Electrical Resistivity  

The average electrical resistivity over the depth of the concrete samples for the three different 

drying environments is shown in Figure 3-7. An overview graph is shown as well as a zoomed 

graph that provides more details. Note that the reduction in resistivity corresponds with the time 

when the wet curing was placed on the sample. There is no correction for differences in 

temperature in this data as the impact of temperature is shown to be insignificant because the 

resistivity is controlled by the DOS of the sample during this period [37]. 

In each environment, before the wet curing is applied, the resistivity curve follows the air curing 

sample. One important observation is that once the wet curing is placed on the samples with the 

0.15 and 0.55 kg/m2/h evaporation rates, the resistivity matches the concrete that received 

continuous wet curing. This seems to suggest that even though the samples have been drying in 
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these environments, once the water is placed on the surface the electrical resistivity returns to the 

same values as if it was continuously wet cured. This seems to indicate that a drying period of 9h 

in 0.15 and 0.55 kg/m2/h evaporation rate did not keep water from penetrating the concrete; 

however, this is not the case in the 0.85 kg/m2/h evaporation rate environment. In this 

environment, the sample that was drying for 2h returned to the same electrical resistivity level as 

the sample that had been under continuous wet curing but the sample that was cured for 4h did 

not. This higher resistivity level after placing the wet curing suggests that the material has been 

altered by the drying. This suggests that the material has been microcracked or the structure has 

been altered in a way that the drying has created a permanent change in the material. 
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Figure 3-7. Electrical resistivity of the concrete in different drying environments for wet 

curing placed at different times on the surface.  
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3.3.4 Porosity and DOS Test 

The porosity and DOS change for samples with different periods of wet curing are shown in 

Figure 3-8. For the air curing sample, water is consumed during hydration and is also lost to 

evaporation. Because of the loss of water, the air curing sample is expected to have the highest 

porosity and lowest DOS compared to the other samples with wet curing. The DOS of the 

specimen with wet curing applied is expected to be higher than the air curing sample because of 

the extra moisture provided over time.  

The DOS of the air cured samples is helpful to understand the severity of the drying that occurs at 

different depths of the sample. As expected, the relative ranking of the DOS at the surface 

matches the relative ranking of the maximum evaporation rate. It is interesting to note that all 

three drying environments showed very similar DOS at 60 mm and 100 mm from the surface. 

This shows that differences in surface drying primarily impact the top 100 mm of the sample. For 

all of the evaporation rates, the DOS of the wet cured samples at any time period are very similar. 

Since the DOS measures the amount of water in the pores, this shows that the wet curing filled 

the available pores.  

The porosity measures the total volume of pores in the sample. A student t-test between 

continuous wet curing and the other curing methods of the porosity at 20mm depth from the 

surface is shown in Table 3-5. In the t-test results, if the calculated t value is greater than the 

theoretical t value (2.776 for a 95% confidence interval), the groups are categorized as not 

similar, if the calculated t value is less than the theoretical t value then the groups are categorized 

as similar.  

Differences in the porosity between the samples shows that the drying caused a change in the 

amount of hydration and this, in turn, created more pores in the concrete. These additional pores 

could result in a reduction in strength at the surface. This can cause increased cracking and 
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reduced abrasion resistance. The increase in the diffusion coefficient depends on how 

interconnected the pores are. This will be investigated in a future section.  

For the 0.15 kg/m2/h evaporation rate, the t-test shows there is no significant difference in the 

porosity for the continuously wet cured samples and the samples with a delay in wet curing up 

until 6h. The sample with a delay in wet curing of 9h did show an increase in porosity at 20 mm 

and 60 mm from the surface but no difference at 100 mm from the surface. This means that for 

the evaporation rate of 0.15 kg/m2/h that wet curing could be delayed up until 6h and there is no 

significant impact on the porosity but there is an impact after 9h of drying.  

For the 0.55 kg/m2/h evaporation rate, there is no difference for the sample where the wet curing 

was delayed 3h but there is a measurable difference for the sample where the wet curing was 

delayed 6h. The sample where the wet curing was delayed 9h showed even higher porosity at the 

surface. The t-test also shows the same result at the surface. This means that for this environment 

the wet curing could be delayed 3h at the surface without impacting the porosity of the sample.  

For the highest evaporation rate of 0.85 kg/m2/h, the porosity measurements show that the longer 

the sample is exposed to the environment, the higher the porosity of the sample at the surface. 

The student t-test also shows there is a statistical difference between the continuous wet curing 

and the other curing methods at the surface porosity. These measurements show that the surface 

porosity is significantly modified even after 2h of drying. This means that wet curing would need 

to be applied earlier than 2h in this drying environment to not impact the porosity of the sample.  
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Figure 3-8. Porosity and DOS gradation profile along with the sample depth at 72h 

hydration at different environments. 
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Table 3-5. Student t-test result between continuous wet curing and the other curing 

methods in different environments on the porosity values at 20mm from the surface. 

0.15 kg/m
2
/h 

 Wet_3h Wet_6h Wet_9h Air Curing 

Continuous 

Wet 

2.51 2.65 12.04 14.93 

similar similar Not similar Not similar 

0.55 kg/m
2
/h 

 Wet_3h Wet_6h Wet_9h Air Curing 

Continuous 

Wet 

2.14 6.28 17.94 32.25 

similar Not similar Not similar Not similar 

0.85 kg/m
2
/h 

 Wet_2h Wet_4h Wet_6h Wet_8h Wet_10h Air Curing 

Continuous 

Wet 

6.37 13 12.38 18.95 19.46 22.42 

Not 

similar 

Not 

similar 

Not 

similar 

Not 

similar 

Not 

similar 
Not similar 

1. The t-test hypothesis is that: the two group means are the same. 
2. Parameters for the t-test:  
significance value α = 0.05; degree of freedom = 4; theoretical t value = 2.776. 
All of these measurements are comparing the results at 20 mm from the surface. 

 

Because the electrical resistivity measurements are made continuously, they can be compared to 

the porosity. Further analysis shows that the slope or the gradient of the electrical resistivity 

measurement correlates to the porosity at 20 mm from the surface. These results are shown in 

Figure 3-9.  

For the 0.55 kg/m2/h and 0.85 kg/m2/h evaporation rates, the porosity at 20 mm increased with an 

increase in the resistivity gradient. This increase in gradient means that more water has been lost 

to the sample. This means the concrete has had less water available for hydration and so this has 

impacted the porosity. For the 0.15 kg/m2/h evaporation rate, there is little difference between the 

evaporation rate and the porosity for the sample at 3h and 6h.  
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Figure 3-9. Porosity at 20 mm from the surface versus the resistivity gradient right before 

wet curing is applied for different drying environments.  

3.3.5 Diffusion Coefficient  

The diffusion coefficient for different evaporation rates and curing times is shown in Figure 3-10, 

and a t-test between continuous wet curing and the other curing methods is shown in Table 3-6. In 

the t-test results, if the calculated t value is greater than the theatrical t value (2.447 in this case 

for a 95% confidence interval), the groups are categorized as not similar, otherwise, the groups 

are categorized as similar.  

In all cases, the continuously wet cured sample performed the best and the air cured sample 

performed the worst. Also, as the evaporation rate became more severe, the diffusion coefficient 

increased. As the diffusion coefficient increases, this means the resistance to outside chemical 

penetration also decreases and this decreases the durability of the concrete.  

All the samples in the 0.15 kg/m2/h evaporation rate seem to have a similar diffusion coefficient. 

A t-test was used to show that there is no statistical difference in these measurements. The results 

are shown in Table 3-6. This means that the drying did not impact the measured diffusion 

coefficient. In the 0.55 kg/m2/h evaporation rate, all the curing periods have a similar diffusion 

coefficient except for the air cured sample. It does not appear that the diffusion coefficient detects 



44 
 

a difference in delaying the curing to be placed on the concrete until at least a 9h delay, and this 

shows agreement with the t-test results. The diffusion coefficient does not seem to be as sensitive 

to the delay in curing as does the porosity measured in the previous section.  

At the 0.85 kg/m2/h evaporation rate, the continuously wet cured sample has a higher diffusion 

coefficient than the other drying environments. This could be caused by the higher temperature 

impacts on the uniformity and quality of the hydration products. Also, when the wet curing is 

delayed this causes the diffusion coefficient to increase almost linearly with time until 8h. The 

results also show that even delaying the application of the wet curing by 2h will cause an increase 

in the diffusion coefficient. The t-test results also show that all the delayed wet curing has a 

statically different mean from that of the continuously wet cured sample. This shows the 

importance of placing wet curing on the surface quickly in a high drying environment as a 2h 

delay will impact the diffusion coefficient.  

Care should be taken in evaluating the diffusion coefficient of the air cured samples to the other 

evaporation rates. The air cured samples will have a lower amount of water in their pores from 

drying that was never replenished with applied water. When the tracer solution is added to 

measure the diffusion coefficient then these samples it will be drawn in by a combination of 

diffusion and absorption. This will make the measured diffusion coefficient appear to be larger. 

This doesn’t occur in the wet cured samples because the water added to the surface increases the 

DOS and so the movement of the outside fluid into the concrete would only be caused by 

diffusion. This diffusion coefficient is a good indication of how the concrete will perform after a 

severe drying period. 
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Figure 3-10. Diffusion coefficient of the mortar samples under different curing methods. 

 

Table 3-6. Student t-test results between continuous wet curing and the other curing 

methods in different environments on the diffusion coefficient. 

0.15 kg/m
2
/h 

 Wet_3h Wet_6h Wet_9h Air Curing 

Continuous 

Wet 

1.46 1.03 0.75 1.06 

similar similar similar similar 

0.55 kg/m
2
/h 

 Wet_3h Wet_6h Wet_9h Air Curing 

Continuous 

Wet 

2.35 2.4 1.66 4.87 

similar similar similar Not similar 

0.85 kg/m
2
/h 

 Wet_2h Wet_4h Wet_6h Wet_8h Wet_10h Air Curing 

Continuous 

Wet 

2.87 4.27 10.93 7.34 14.55 9.63 

Not 

similar 

Not 

similar 

Not 

similar 

Not 

similar 

Not 

similar 
Not similar 

1. The t-test hypothesis is that: the two group means are the same. 
2. Parameters for the t-test:  
significance value α = 0.05; degree of freedom = 6; theoretical t value = 2.447. 
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Since the diffusion coefficients of different wet curing methods in the 0.85 kg/m2/h evaporation 

rate environment are statistically different, the relationship between diffusion coefficient and 

resistivity gradient immediately before application of the wet curing is shown in Figure 3-11. It 

shows a linear relationship between resistivity gradient and diffusion coefficient at the highest 

evaporation rates. Other relationships are not shown because the evaporation rate was not high 

enough to make a statistically measurable impact on the diffusion coefficient. 

  

Figure 3-11. Diffusion coefficient shown as a function of resistivity gradient along with 

sample height right before the application of wet curing at the evaporation rate of 0.85 

kg/m
2
/h. 

3.4 Practical Significance 

This work compares the resistivity, diffusion coefficient, porosity, and DOS of wet curing at 

different times and air curing on concrete and mortar samples. The results show that the critical 

timing for applying wet curing is based on the evaporation rate of the concrete.  



47 
 

The work also shows that the porosity measurements in this work are more sensitive to changes in 

early age drying than the diffusion coefficient. Table 3-7 shows the critical time for applying the 

wet curing to the surface for porosity and diffusion coefficient for the three different drying 

environments investigated. 

Table 3-7. Allowable delay in wet curing before performance is compromised. 

Maximum Evaporation 
Rate 

Allowable delay in wet curing before performance is 
compromised based on the statistical significance of porosity or 
diffusion coefficient at 20 mm from the surface. 

Porosity Diffusion Coefficient 
0.15 kg/m2/h 6h >9h 
0.55 kg/m2/h 3h 9h 
0.85 kg/m2/h <2h <2h 

 

This shows that in the least severe drying environment of 0.15 kg/m2/h evaporation rate, the wet 

curing can be delayed for 6h and there will be no statistically significant change in the porosity or 

diffusion coefficient at 20 mm from the surface. When the drying rate is increased to 0.55 

kg/m2/h, wet curing can be delayed for 3h before there is a statistically significant change in the 

porosity or diffusion coefficient. For the highest rate of evaporation of 0.85 kg/m2/h evaporation 

rate, the delay must be less than 2h. It should be noted that Table 3-7 shows the exact time when 

performance is found to be compromised and that it is typical to use a safety factor for 

specification requirements. Also, this work only used a single concrete mixture and the testing 

only examined three different drying environments. However, with more measurements and a 

wider range of materials and drying environments then a recommendation could be made on safe 

delays in applying wet curing. 

There are two possible ways to future implementation of these findings. First, a specification 

could be used where the evaporation rate in the environment is measured, and based on the 

maximum evaporation rate a certain delay is allowed in applying the curing to the concrete. 

Handheld weather stations already exist that could do this by measuring all of the variables and 
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the nomograph from Figure 3-1. However, there has been some question about the validity of the 

nomograph and also criticism that the recommendations of the nomograph do not depend on the 

type or quality of the concrete or the solar radiation [42].  

Another option would be to measure the resistivity gradient in the field of the fresh concrete. This 

measurement would capture the difference in moisture loss between the top and bottom of the 

sample. This would allow you to measure the impact of the environment on the concrete while 

taking into account the bleeding rate of the concrete. For this to be a practical approach, work 

needs to be done to understand what resistivity gradient is allowable before the properties of the 

material are compromised.  

It is also important to note that this work suggested the allowable limits based on the changes in 

the porosity. It is not clear how these changes would relate to a loss in other physical properties 

like abrasion resistance or cracking resistance. These measurements of the direct properties would 

be more useful to determine the impact of the curing on the concrete. More measurements would 

provide greater insights into when a critical property is impacted by the delay in the wet curing. 

3.5 Conclusions  

The influence of wet curing at different times was investigated in this study. The experiments 

were conducted under three different evaporation conditions for the first 72h of hydration. The 

diffusion coefficient, porosity, DOS, and resistivity of the sample were measured and compared 

between curing methods. The following conclusions can be drawn:  

• The electrical resistivity measurements are able to show the loss in moisture over time in 

all three drying environments. When wet curing was applied to the surface after 9h of 

drying for the samples in the 0.15 kg/m2/h and 0.55 kg/m2/h evaporation rate, the 

resistivity decreased to values similar to the sample was never allowed to dry. However, 
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in the 0.85 kg/m2/h evaporation rate for at least 2h, the resistivity did not decrease to the 

same level as the sample continuously wet cured.  

• At the 0.15 kg/m2/h evaporation rate environment, delaying the wet curing for 6h did not 

impact the porosity of the sample. The diffusion coefficient was not impacted when the 

wet curing was delayed for 9h.  

• At the 0.55 kg/m2/h evaporation rate environment, delaying the wet curing for 3h did not 

impact the porosity of the sample. The diffusion coefficient was not impacted until the 

wet curing was delayed for 9h.  

• The average porosity at 20 mm in depth is related to the resistivity gradient right before 

the application of curing in the 0.85 kg/m2/h evaporation rate. The resistivity gradient 

was also useful in predicting the change in the diffusion coefficient in the 0.85 kg/m2/h 

evaporation rate. This shows that the resistivity gradient in the sample during curing 

could be used to track changes in the surface porosity and the diffusion coefficient from 

drying.  

This work would benefit from additional testing done in the field to verify the measurements and 

also to compare the predicted performance with a wider range of materials; however, the results 

show promise for establishing a method to measure the impacts of delaying wet curing in 

different environments on the porosity and diffusion coefficient of concrete. 
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CHAPTER IV 
 

 

4 MEASURING EFFECTIVE FREEZE-THAW CYCLES IN THE FIELD  

 

4.1 Introduction 

The durability and service life of cementitious material is impacted greatly by the surrounding 

environments. Field structures are continuously interacting with the environments and this 

interaction can cause durability issues.  An important durability issue is freeze-thaw damage [43, 

44]. The temperature and degree of saturation (DOS) of a cementitious material play a critical 

role in the freeze-thaw durability of cementitious materials [45–49]. The degree of saturation is 

defined as the percentage of voids that are filled by water in a porous system, and it’s determined 

by ASTM C642 with some minor changes where the samples were saturated within a vacuum 

chamber instead of boiling in water. 

Previous freeze-thaw studies have shown that once a critical DOS is reached, this is typically 

between 78% and 91%, freeze-thaw damage will begin to initiate in the past [12, 13]. This means 

that concrete that is continually exposed to moisture raises the probability of freeze-thaw damage. 

In this work, an average DOS of 85% is chosen as the critical DOS for analysis. Besides the level 

of freeze-thaw damage, the DOS is also important in the temperature that a cementitious material 

freezes [50, 51]. Studies have shown that as the DOS increases then the temperature at freezing 

will approach 0 oC [51].  Also, the amount of ice that forms will increase with a higher DOS [50]. 
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As a result, understanding the DOS in field concretes exposed to water, such as an area with poor 

drainage, can give great insight into how to design concrete to resist freeze-thaw damage.  

Unfortunately, lab experiments such as ASTM C666 [14] are typically conservative but they do 

not accurately represent the DOS and freezing rate of structures in the field.  For example, the 

ASTM C 666 samples are constantly surrounded by moisture and the freezing rates are around 4 

to 9 times faster than what is experienced in the field [52–55]. 

Making field measurements of DOS and ice formation is not trivial.  Methods are needed that are 

reliable and economical.  Measuring the resistivity of cementitious materials has been used since 

1928 [56].  This measurement technique has been used to measure hydration [18, 57], chloride 

transport [58, 59], corrosion [60], cracking [61, 62], as well as measuring DOS of cementitious 

materials.  Electrical resistivity is also a useful tool to study freezing concrete [63–66]. A 

previous study used electrical resistivity to assess the freezing process of concrete [65]. The study 

of freeze-thaw performance would benefit from investigating concrete performance in 

complicated wetting, drying, and freezing environments in the field.  Also, it would benefit from 

simultaneously measuring the DOS and the freezing response of the concrete.  This paper aims to 

fill some of these gaps and make important observations that can be extended to additional sites 

in the future. 

Resistivity is widely used to measure concrete because of its convenience, efficiency, useful 

measurements, and ease of operation. The influence of specimen geometry, temperature, DOS, 

and pore solution chemistry must be considered when interpreting the results of electrical 

measurements. A previous publication tracked water penetration by using electrical 

measurements and taking into account the electrode position and sample geometry and making 

corrections for sample geometry by using finite element models [67].  This work does not make 

these same corrections but instead carefully controls variables and uses calibration samples [68–

71]. In this work, the field samples and calibration samples have the same configuration and are 
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from the same mixture design, the resistivity relationships established for the calibration samples 

are then applied to the field samples.   

This work reduces the number of variables by using a single mortar mixture that is more than 60 

d old in all of the experiments.  Calibration samples are used in the lab to better understand the 

relationship between temperature, DOS, and ice formation. The calibration data is then used in 

the field to compare the weather at two locations and how it impacts the temperature, DOS, and 

ice formation at different depths within the specimen.  This provides a systematic way to compare 

the impact of the weather in these two locations. 

These measurements can provide critical data and new observations to quantify the impact of the 

environment on the freeze-thaw durability of cement-based materials. This fills a needed gap in 

the knowledge of how weather impacts the durability of concrete structures.  This approach is 

used at two different sites in this paper but is being extended to close to 40 others.  This work 

establishes the measurement methods and provides important insights.  This new information can 

lead to improved concrete designs that are better tailored for their environment.  This will reduce 

the cost and improve the sustainability and constructability of concrete structures. 

4.2 Experimental Methods 

4.2.1 Field Sample Preparation 

The field samples were made from a mortar mixture and cast into 152.4 mm in diameter by 228.6 

mm tall plastic cylinders. The mixture proportion by volume is shown in Table 4-1. The water-to-

cement ratio (w/c) was 0.45. The cement used for the mortar mixture met the requirements of an 

ASTM C150 Type I Portland cement. The chemical compositions of the cement are shown in 

Table 4-2. The fine aggregate used was local natural sand and met the requirements of ASTM 

C33.  No supplementary cementing materials (SCM) were used in the samples to minimize the 

change in resistivity over time [72]. 
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Table 4-1. Mixture proportion of mortar 

 Cement Water Fine Aggregate  Air 

Volume (%) 18.5 23.4 52.7 4.4 

Table 4-2. Chemical composition of cement 

 SiO2  Al2O3  Fe2O3  CaO  MgO  SO3 Na2O K2O C3S C2S C3A C4AF LOI 

Cement (%) 21.1 4.8 3.1 64.5 2.33 3.2 0.17 0.58 50 23 7 9 2.6 

 

The configuration of the mortar samples is shown in Figure 4-1. Four type T thermocouples and 

eight pairs of 4-40 threaded stainless steel rods (2.8 mm in diameter, and 40 threads per 25.4 mm) 

were held in place by drilling holes in the empty mold along with the depth at known locations.  

Some glue was used at each drilled hole to hold the thermocouples and rods in place.  The steel 

rods had a center-to-center distance of 92.7 mm at each depth. The top steel rods and 

thermocouples were installed above the mortar surface and exposed to the air to detect water 

accumulation and air temperature respectively. The surface of the mortar samples was 25.4 mm 

lower than the mold top to promote water accumulation.  This space forces any rainwater to be 

retained and evaporate naturally.  This is done to mimic concrete with poor drainage.  

 

Figure 4-1. Configuration of the thermocouples and steel rods of the mortar sample. 
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The mortar samples were wet cured for 60 d by adding water on their top and covering the top 

with a plastic tarp. This was done to keep the samples at a high DOS before they were sent out to 

the field. After the samples were over 28 days old, copper wires of 16 AWG were soldered on 

each steel rod. The copper wires extended the distance between the mortar sample and the data 

logger. Electrical tape was used to cover the copper wires after they were soldered on the steel 

rods to isolate the circuit from the outside concrete cover.  

As the mortar sample dries then it will shrink [73]. To avoid a gap created by shrinkage between 

the sample and the plastic mold, a low shrinkage mortar is used to seal the edge of the sample 

along with the plastic mold. The low shrinkage mortar was the same mixture from Table 4-1 but 

it used a 9% replacement of the water with a shrinkage reducing admixture. Each block contained 

two mortar samples so that redundant measurements can be made.  The fiber-reinforced concrete 

cover protected the wiring and samples, it also ensured the samples stayed upright and it insulated 

the samples to simulate a sample within a concrete pavement.  The surrounding concrete used 

0.45 w/cm concrete mixtures with macro synthetic fibers at 2% by volume of the mixture. The 

size of the final concrete block is 457 mm x 305 mm x 178 mm.  

The equipment used to monitor the performance of the mortar samples is shown in Figure 4-2. 

The mortar specimens were connected into the instrument box through thermocouples and 

extended copper wires for temperature and resistivity measurements respectively. A data logger 

was installed inside the instrument box and powered by a 12 voltage battery charged through the 

solar panel. The instrument box was fixed 0.9 m above the ground. 
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Figure 4-2. Configuration of the instrumentation box. 

The data logger is a printed circuit board (PCB) developed for resistivity and temperature 

monitoring. The PCB was designed with KiCAD and programmed with the Arduino platform. An 

ATmega 2560 was used as the central processing unit. The circuit used a clock to record the time 

of each measurement. The resistivity and temperature are measured every 30 minutes and the data 

is recorded on an SD card. The data was then retrieved into a USB drive for later analysis. 

Several multiplexers were embedded into the PCB to expand the measurement ability to 16 

channels. 
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A 12-Bit impedance converter AD5933 was the sensor used to measure resistivity. The frequency 

generator of the AD5933 allows the mortar specimen to be excited at a frequency of 4KHz, at 

which the imaginary impedance is close to 0, which means the concrete acts as a pure resistor, 

and the real impedance is used as the bulk resistance of the mortar specimen in ohms [16]. This 

simplifies the interpretation of the impedance response of the concrete sample. To get the 

resistivity of the mortar sample, Equation 4-1 was used.  

𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝐾Ω ∗ 𝑐𝑚)

=  𝑏𝑢𝑙𝑘 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (Ω) ∗ 𝐴 (𝑚𝑚2) / 𝐿 (𝑚𝑚)/10000  

Equation 4-1 

In Equation 4-1, A is assumed to be the rectangular cross-sectional area of the electrode 

perpendicular to the signal.  Since the electrode is 2.8 mm in diameter and approximately 121 mm 

long, the area is taken as 338.8 mm2.  The distance between the electrodes, L, is 92.7 mm.  More 

details on how the impedance and temperature sensors work in the data logger could be found in 

Appendix F. 

4.2.2 Calibration Sample Conditioning 

The calibration samples were made with the same mortar mixture as the field samples and cured 

in the same way but did not contain thermocouples.  These samples were first conditioned at a 

fixed relative humidity and stored in an environmental chamber according to ASTM E-04 [74].  

After the samples reached a constant mass, a 40g sample was removed and tested for DOS 

according to ASTM C642.  To get a wider array of DOS, some samples were vacuum saturated 

and then dried to meet a target DOS. This was done to avoid drying samples in an oven that may 

cause microcracking.  This process was completed to obtain a DOS of 36.2%, 45.6%, 65%, 75%, 

86.8%, 90%, 95%, and 100%.  A summary of the different humidity and DOS are shown in Table 

4-3.   
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Table 4-3. DOS of the calibration samples. 

Humidity 
(%) DOS (%) 

The 
standard 
deviation 
of DOS 

(%) 

Freezing  
temperature (°C) 

Thawing  
temperature(°C) 

59 36.2 0.21 -4.8 0.0 
75 45.6 0.10 -4.9 0.0 
85 65.0 0.16 -4.2 0.0 
- 75.0 0.07 -4.6 0.0 

100 86.8 0.11 -2.8 0.0 
- 90.0 0.03 -2.6 0.0 
- 95.0 0.11 -2.5 0.0 
- 100.0 - 0.0 0.0 

 

The temperature of the sealed calibration samples was changed from 49°C to -18°C at an interval 

of 2°C. Each temperature was maintained for 6 hours to minimize any temperature gradients.  

After reaching a uniform temperature, the resistivity of each sample was measured.  The freezing 

and thawing temperature is reported for each DOS.  More details are provided later in the 

document about these measurements.  The measured freezing temperature is about 3°C higher 

than other publications [51]. This might be because the samples used in this study are 1.28x108 

times larger in volume than the previous work (25.4mm×25.4mm×300mm in the previous work).  

Larger samples have a higher probability for ice nucleation and so the ice is observed at a higher 

temperature.   

4.2.3 Determining the Number of Effective Freeze Thaw Cycles  

In this work, an effective freezing event is expected to occur if the DOS is above 85% and if ice 

forms in the sample.  This work will first find the relationship between temperature, DOS, and ice 

formation.  Then it will verify the formation of the ice in the field with the electrical resistivity 

measurements.  Ultimately, the number of effective freeze-thaw cycles at the two locations will 

be a function of the predicted ice formation, measured DOS before the ice forms, and then this 

will be validated by directly observing the ice formation in the samples.   
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4.3 Results and Discussion 

4.3.1 Relationship between Resistivity, Temperature, and DOS for the Mortar Samples 

Figure 4-3 shows the resistivity of the samples with different DOS as a function of temperature. 

The measured value of the calibration samples is also compared with the theoretical model 

between resistivity and temperature of concrete [75]. The model is described in the following 

Equation 4-2. 

𝑍𝑟𝑒𝑓 = 𝑍 × 𝑒𝑥𝑝[(−𝐸𝑎)/𝑅 × (1/(𝑇 + 273) − 1/(𝑇𝑟𝑒𝑓 + 273))] Equation 4-2 

Where: 

Z and Zref = resistivity of concrete, KΩ*cm, 

T and Tref (typically 23°C) = temperatures of the concretes, °C, 

Ea = activation energy of conduction, kJ/mol, and 

R = universal gas constant, 0.008314 J/(mol K). 

The calculated activation energy of each DOS is shown in Table 4-4. The resistivity 

measurements match the model when the temperature is greater than 0°C. When the temperature 

is below 0°C, the measured resistivity can be much higher than the theoretical value. This is 

because of the phase of water and higher activation energy (Ea) is expected to use. 

Table 4-4. The activation energy of different DOS of the concrete sample. 

DOS (%) 36.2 45.6 65 75 86.8 90.0 95.0 100.0 
Activation energy (kJ/mol) 33 30.1 27 25 23 23 23 23 

 

For all the samples, the resistivity decreases as the temperature increases. The increase in 

temperature also increases ion mobility.  This higher ion mobility causes the resistance to 

decrease [70, 76–78]. It is also noticed that a sample with a higher DOS gives a lower resistivity 
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for a given temperature. In the higher DOS sample, the additional free water allows more ion 

movement, and this causes a lower resistivity.   

There is a non-linear relationship between resistivity and temperature as shown in Figure 4-3.  

The non-linearity is more obvious when the temperature is below the freezing point of water. 

Since ice has a higher resistivity than liquid water, this will cause an increase in resistivity [64, 

79]. To learn more, the rate of the change of the resistivity versus temperature (dR/dT) is plotted 

in Figure 4-4. From Figure 4-4, the freezing temperature can be estimated by finding the point 

where the slope changes. The freezing point of different DOS values is summarized in Table 4-3. 

The freezing temperatures show that samples with a DOS higher than 85% would freeze at a 

higher temperature than those with a lower DOS.  This is consistent with the previous literature 

[51]. The thawing temperatures were obtained in the same way and the results are shown in 

Figure 4-5. The thawing point was taken as the point where the water was completely melted.  

The temperature was increased from -16°C to 15°C, and the change in slope near 0°C was 

selected as the thawing temperature. The thawing temperatures of the samples with different DOS 

gave a consistent value of 0°C. This was consistent with the findings in previous research [50]. 

 

Figure 4-3. Resistivity as a function of temperature for samples with different DOS. 
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Figure 4-4. Resistivity changing rate over temperature (dR/dT) during freezing. 

 

Figure 4-5. Resistivity changing rate over temperature (dR/dT) when thawing. 

The freezing temperature versus DOS is shown in Figure 4-6.  A 5-degree polynomial function is 

used to fit the data.  The equation used is shown in Equation 4-3. The fitted parameters are given 



61 
 

in Table 4-5.  The r2 value of the fit is 0.944, which is higher than a fourth or sixth-degree 

polynomial fit. 

Freezing Temperature = 

a0+a1*DOS+a2*DOS2+a3*DOS3+a4*DOS4+a5*DOS*5 

Equation 4-3 

Table 4-5. Parameters value in Equation 4-3. 

Parameters a0 a1 a2 a3 a4 a5 

value 3.81e-08 1.2e-05 1.4e-03 -8.1e-02 2.3e+00 -2.9e+01 

 

Figure 4-6. Freezing Temperature is shown as a function of DOS. 

Figure 4-7 shows the DOS as a function of resistivity at different temperatures. For easy 

observation, only the data from 47 to 11°C is shown. The whole range of temperature change 

from 49°C to -18°C is shown in Appendix G. The results show that for a given DOS that the 

resistivity is higher as the temperature decreases.  The data is plotted in this way to show how the 
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resistivity and temperature measured in the field can be used to find the DOS.  An example of this 

is shown in Appendix G.   

 

Figure 4-7. DOS represented as a function of resistivity at temperatures from 47°C to 

11°FC. 

4.3.2 Measurement of the Temperature, Resistivity, and DOS of Field Samples  

Figure 4-8 shows the temperature and resistivity response of the field samples installed in 

Stillwater, Oklahoma USA in September 2019. For easy observation, only 3 depths are shown. 

The curve of other depths shows a similar response. The temperature of the weather station data 

in Figure 4-8(a) is obtained from the Local Climatological Data (LCD) of the National Centers 

for Environmental Information [80]. The weather station is installed in the Stillwater regional 

airport, which is about 2 miles away from the field sample.  

Figure 4-8(a) shows that the mortar sample has a uniform temperature along with its depth and 

the temperature of the mortar samples shows a good agreement with the local weather station but 

with higher daily peaks. The average difference is within 1.7°C between the weather station and 
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the field samples. This temperature difference is likely from differences in the specific heat 

capacity of the mortar compared to the air and the impact of radiant heat [81, 82]. The diurnal 

amplitude of the temperature is about 33°C. Figure 4-8(b) shows the resistivity response of the 

field sample along with its depth. The resistivity is also fluctuating and appears to be inverse to 

the temperature changes.  The resistivity is not uniform along with the sample depth. The top 

depth generally gave a higher resistivity value than the lower depths. This is likely caused by a 

lower saturation level or a lower DOS near the top of the sample. This indicates that a DOS 

gradient formed along with the sample depth. 

 

Figure 4-8. Field sample response in September 2019 in Stillwater, OK: (a) temperature 

response, (b) resistivity response. 

By using the laboratory calibration samples, the resistivity and temperature measurements can be 

used to determine the DOS at different depths.  These results are shown in Figure 4-9(a). Figure 

4-9(b) shows the precipitation from the weather station.  
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Figure 4-9(a) indicates that the measurement at 12.7 mm from the surface was the most sensitive 

because it was the closest to the surface.  For example, on 9/12, There was a rain event and the 

DOS at 12.7 mm from the surface increased rapidly from 73% to 80%.  The DOS continued to 

increase over the next 24 h to about 85% DOS and then it started to decrease.  On 9/22, a rain 

event increased the DOS from 75% to 82%. In the latter days, several small amounts of 

precipitation occurred and the DOS at 12.7 mm depth continued increasing to 87%. 

It is interesting that at the 50.8 mm and 88.9 mm depths the DOS do not immediately change after 

a rain event and they do not seem to be immediately impacted by the subsequent drying.  

However, when moisture was present on the surface for extended times, as occurred on 9/14, it 

can be observed that the DOS at 50.8 mm depth does increase.  This shows that the DOS 

increases around 20 h after the rainfall.  This is shown with a rectangular box and note. This 

seems to indicate that the water from the rainfall has penetrated to 50.8 mm and increased the 

moisture level.  
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Figure 4-9. (a) DOS of field sample in September 2019, Stillwater, OK, (b) precipitation 

from the weather station. 

Figure 4-10 shows the DOS gradient along with the sample depth on 9/11, 9/14, and 9/18 along 

with a horizontal line showing the assumed critical degree of saturation of 85%.  This is an 

average degree of saturation and would be conservative for most concrete mixtures.   

These dates are chosen as they are before and after a rain event.  From the 11th to the 14th, the 

overall DOS within the sample increased by at least 8% at 40 mm and higher.  At 12.7 mm from 

the surface, the DOS increased by more than 10%.  After four days of drying the DOS was almost 

the same as it was before drying.  These results show how precipitation events can locally raise 

the moisture level of mature concrete to 50.8 mm into the depth and this increase in moisture can 

lower over time.   
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This work also shows that a freezing event that occurred on 9/11 would only be expected to 

damage between 40 mm and 80 mm in the sample.  However, after the rain event, the entire 

sample would be expected to be damaged.  This emphasizes how important it is to understand 

both the moisture content in the concrete as well as the temperature.  It also shows how 

complicated the moisture profile can be and how it is impacted by precipitation events.  

 

Figure 4-10. DOS gradation on September 11th and 14th, 2019, Stillwater, OK. 

4.3.3 Comparing the DOS between Field Samples Installed at Different Locations 

In this section, the field samples installed at two different locations are compared.  These 

locations are approximately 350 mi apart and have similar latitudes.  Both locations are in the 

same state but have different average relative humidity and average precipitation.  More details 

about the two locations are shown in Table 4-6.  
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Table 4-6. Information of the two locations in Oklahoma State for 2019. 

Location latitude longitude 
Average 

temperature(°C) 
Average 
RH (%) 

Average 
precipitation 

(mm) 

Number of times 
air temperature 

below 0°C 

A 36.8° N 101.4° W 12.8 60 0.004 120 
B 36.1° N  97.1° W 15.3 69 0.017 67 

 

A subset of the temperature and DOS from 9/11 to 9/19 is shown in Figure 4-11 for the two 

locations.  By comparing the temperature graphs, location B has a higher average temperature.  

This is consistent with the ranking of the average annual temperatures shown in Table 4-6.   

In Figure 4-11, the dashed line in the DOS plots are times when ice formation occurs.  This will 

be discussed in the next section.  The DOS of the 12.7 mm depth was always lower than the 50.8 

mm and 88.9 mm depths.  This means the surface is less saturated than deeper into the concrete.  

Further, location A had the lowest DOS, followed by location B.  The DOS observation is 

consistent with the average RH of the three locations. The RH and precipitations of the two 

locations from weather stations within the same time range are shown in Appendix H. 

While the relative ranking of the moisture content and temperature at different depths is useful, it 

does not provide insights into the ice formation, or the amount of damage expected from the ice 

formation.  This will be investigated next. 
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Figure 4-11. Temperature and DOS of the field samples from November 11th to 19th, 2019.  

4.3.4 Detection of Freezing Events  

Based on the calibration samples, a freezing event is predicted to occur as shown in Equation 4-3 

or Figure 4-6 at different combinations of DOS and temperature.  To examine how accurate this 

is, the combination of the temperature and resistivity is used in Equation 4-3 to predict a freezing 

event and then compared to the measurements made on the field blocks.   

Figure 4-12 shows freezing events at 12.7mm depth at location A from November 11th to 19th, 

2019.  A horizontal line is shown in Figure 4-12(a) at 0°C to highlight the freezing point of water.  

It should be noted that this is the highest temperature when freezing may occur but it will depend 

on the DOS of the sample as shown in Equation 4-3.  The blue dashed vertical lines show where 

the ice should start forming based on Equation 4-3 and the green dashed vertical line shows 
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where the ice should be melted.  There are several locations where the temperature of the 

concrete decreased below 0oC but ice is not expected to form.  The reason ice does not form is 

that at the DOS of the sample the temperature needs to be lower than 0oC for the ice to form.  

This again shows the complexity of predicting ice formation without simultaneous information 

about the DOS and the temperature of the samples. 

Figure 4-12(b) shows the predicted DOS over time based on the resistivity measurements. It can 

be noted that sudden changes in the predicted DOS appear during the predicted freezing event.  

This DOS is not accurate. It is instead a reflection of the change in resistivity caused by the ice 

formation in the sample.  Because of this, the measured DOS during a freezing event is shown as 

a dashed horizontal line.  This can be seen in Figure 4-12(c). This resistivity change of freezing 

typically causes a sudden 8% or higher resistivity change. 

This shows that the predicted freezing from Equation 4-3 closely matches the detected ice 

formation in the field.  This validates the use of calibration samples to predict field performance 

and it also shows that Equation 4-3 can be used on the data to predict the number of freezing 

events.  This creates a useful approach to determine the number of freezing events at different 

depths and times for the two locations.  This work defines an effective freeze-thaw cycle if the 

temperature and DOS met the requirements for Equation 4-3 and if there is an 8% or higher 

change in the resistivity value from ice formation. 
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Figure 4-12. Freeze-thaw cycles detection at 12.7mm depth of the field samples in the 

location from November 11th to 19th, 2019, Oklahoma: (a) temperature curve, (b) DOS 

curve included the DOS values within freeze-thaw cycles, (c) DOS curve excluded the DOS 

values within freeze-thaw cycles. 
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4.3.5 Determining Effective Freezing Events 

As stated previously, a freezing event is only expected to be damaging if the moisture level is 

above the critical DOS.  For this work, this is assumed to be 85% or higher.  Because the 

temperature, DOS, and presence of ice are known then all of this can be used to determine if the 

observed freezing event occurred when the DOS is 85% or higher.  This means that the number of 

effective freezing events can be determined. 

For example, Figure 4-13 shows the DOS and determined freezing events for the two locations.  

This figure shows the freezing events as dashed lines where ice was detected to form.  A 

horizontal line is shown with a DOS of 85%.  Any freezing event above this DOS is expected to 

be an effective freezing event that causes damage and a freezing event below this DOS is not 

expected to cause damage.   

The data shows that the sample in location B has a higher DOS than that in location A. This is 

also consistent with Table 4-6, as location B has a wetter environment than A. This means that 

location B tends to be more susceptible to freeze-thaw damage when freezing occurs. It also 

shows that, in both locations, the DOS is not consistent over the depth of the sample. The middle 

of the sample tends to have a higher DOS than the surface and so they will lead to more effective 

freezing events. For example, in location A, the freeze-thaw events below 51mm depth are 

susceptible to damage as the DOS is higher than 85%; however, the freeze-thaw events at higher 

depths are not. In both locations, the DOS at 51mm and lower is higher than 85%, which means a 

freezing event will always cause ice that can cause damage. 
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Figure 4-13. Freeze-thaw cycles detection at different depths of the 2 locations from 

November 11th to 19th, 2019. 

3.6 Differences in Performance in the Field  

To compare the two locations, a summary of the freeze-thaw cycles and environmental conditions 

of both locations from 11/2019 to 4/2020 is shown in Table 4-7 and the freeze-thaw cycles that 

occurred are shown in Figure 4-14. These days are analyzed because this is the time when the 

temperature is below 0°C.  

The freezing events in Table 4-7 are the times when ice was observed to form.  The effective 

freezing events are when ice is formed and the DOS is greater than 85%.   Entries are also added 

for the average air temperature, relative humidity, precipitation, and the number of times the air 

temperature was below 0oC.  This information is included to compare the two sites. 
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Several useful observations can be made.  First, the number of freezing events experienced by the 

concrete is approximately the same at each depth within the sample.  This means that the 

insulation provided by the overlaying concrete or ground did not reduce the number of observed 

freeze-thaw cycles for this test setup.  This means that if ice formation was observed in one depth 

then it was observed in all depths at both locations. 

Also, there are more effective freezing events below 51mm than near the surface of the samples.  

In fact, for both samples, there were almost no effective freezing events observed at less than 25 

mm from the surface.  This occurs because the DOS near the surface was consistently less than 

85% when a freezing event occurred and at 51 mm from the surface the DOS seems to be close to 

85% at these two locations.  More details are shown in Figure 4-14.  Figure 4-14 shows a dot for 

each freezing event and the DOS that was measured when it occurred.  Location A had more 

freezing events and many of them occurred when the depths had a DOS greater than 85%.  

Location B has fewer freezing events and effective freezing events were consistently observed at 

38 mm and 51 mm from the surface.  This was consistent for both samples at location B 

throughout the 6 months observed.  These differences likely happen because of differences in 

wetting and drying between locations A and B.  This is an area of future study. 

Since certain locations within each sample have a DOS at 85% or above and the freezing events 

will happen at all depths of the sample, this means that any freezing event has the potential to 

cause damage at some location within the sample.  This can simplify the prediction of the number 

of effective freezing events.  More work will be needed to better understand the DOS profile 

within the concrete and how it changes over time at different depths. 

Another important observation is that the number of times the air temperature goes below 0oC 

only roughly correlates with the number of freeze-thaw cycles observed.  For example, location A 

has roughly 67% more times the air temperature went below 0oC, but location A experienced 
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433% more freezing events than location B.  This shows that it is important to understand the 

combination of DOS and temperature when determining the number of freezing events.   

Table 4-7. Summary of freeze-thaw cycles (FT) in the two locations from 11/2019 to 4/2020. 

Depth 
from 
the 

surface 
(mm) 

Location A Location B 
Avg. 
air 

T(°C) 

Avg. 
air 

RH(%) 

Avg. 
precipitation 

(mm) 

Air 
T<0°C 

Avg. 
air 

T(°C) 

Avg. 
air 

RH(%) 

Avg. 
precipitation 

(mm) 

Air 
T<0°C 

5.9 59.6 0.05 171 8.9 68.0 0.18 102 

Freezing events 
Effective freezing 

events 
Freezing events 

Effective freezing 
events 

13 71 0 13 0 
25 77 3 13 3 
38 80 11 15 14 

51 89 75 14 14 
64 84 84 9 2 
76 80 79 8 4 
89 77 74 3 0 

 

 

Figure 4-14. Freeze-thaw cycles detection at different depths from 11/2019 to 4/2020. 

4.4 Practical Significance 

This work provides specific insight into the DOS, temperature, and presence of ice at two 

locations.  This is a starting place to understand how effective freeze-thaw cycles vary in different 
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geographic conditions.  While this work only looked at two locations this same approach is being 

extended to more than 40 locations throughout the United States with different weather patterns.  

While the wider number of observations is future work, this work establishes the validity of the 

method and makes several important findings. 

These findings are the first step in developing a measurement-based map or system that can 

quantify the amount of effective freeze-thaw cycles.  Further, this work can establish a procedure 

to allow local weather conditions to predict the number of effective freeze-thaw cycles in the field 

through machine learning or some other data-based model.   

Care needs to be taken in interpreting this work as the relationship between resistivity, DOS, and 

ice formation may only apply to these samples and conditions.  This also means that the number 

of effective freeze-thaw cycles determined by this method can be influenced by the mixture, local 

weather conditions, and specific drainage conditions.  Despite these limitations, these results are 

useful as they use the same material in each location.  This means that these measurements are an 

indicator of the impact of the weather on horizontal concrete surfaces with poor drainage.  Since 

these samples are directly stored on the soil they are most applicable to a pavement, sidewalk, 

runway, or a slab on grade; however, these findings can likely be extended to bridge decks since 

the freezing events shown in Table 4-7 are similar at each depth.  More observations are needed 

to validate these findings.  This work likely does not apply to vertical concrete except in areas 

where there is poor drainage. 

4.5 Conclusions 

In this study, a method has been established to determine the temperature and DOS in mortar 

samples at varying depths that are surrounded by concrete and placed on soil.  This process was 

calibrated with laboratory studies on a single mixture to establish ice formation and this was 

validated in the field.  These processes can then be used to evaluate the DOS of the mortar when 
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ice formation occurs.  This information can be used to determine the number of damaging or 

effective freeze-thaw cycles by assuming the critical DOS based on previous studies.  The 

following observations can be drawn from this work: 

• The measured temperatures in the mortar samples show a good agreement with local air 

temperature measurements with the average difference being 1.7° C. 

• The DOS at 12.7 mm from the surface was impacted by the wetting and drying of a rain 

event.  The DOS at 25 mm lagged did not change until 20 h after the event and 

sometimes the DOS at 25 mm did not change after a rain event.   

• By using the resistivity and temperature, the ice formation and the melting temperature 

has been established for a large mortar sample with different DOS with a polynomial 

regression equation. for the mixture and sample size in this work.  These results show 

that mortars with DOS closer to 100% or greater than 90% will freeze closer to 0o C and 

that mortars with DOS lower than 75% freeze at -5o C.  These laboratory results match 

field measurements of ice formation made with resistivity and temperature 

measurements. 

• The number of times the air temperature around a sample went below 0oC only roughly 

correlates with the number of freeze-thaw cycles observed.  This highlights the 

importance of understanding the combination of DOS and temperature when determining 

the number of freezing events.   

• The number of freezing events measured is approximately the same at each depth for two 

different field locations.  This means that the insulation provided by the ground or the 

depth of the mortar didn’t reduce the number of freezing events in the 178 mm thick 

samples. 

• Because the DOS is typically lower at the surface, there were practically zero effective 

freezing events for the two locations between the surface and 25 mm in depth.  For these 
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two locations, the DOS at 51 mm is always greater than 85% and so each freezing event 

created an effective freeze-thaw cycle.  The moisture gradients are important to 

understand the number of effective freeze-thaw cycles at different depths.   

The work presented in this paper is an early step to establish a procedure to determine the relative 

number of effective freeze-thaw cycles based on local weather conditions.  This method is being 

extended to a larger number of locations and seasons to bring more insights into effective 

freezing events in the field. 
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CHAPTER V 
 

 

5 A NOVEL METHOD OF EFFECTIVE FREEZE-THAW CYCLE MONITORING 

IN THE FIELD 

 

5.1 Introduction 

The freeze-thaw durability of concrete is greatly impacted by its surrounding environments [43, 

44]. The environmental influence on temperature and degree of saturation (DOS) ( the percentage 

of water that occupies the pore space present in the sample) plays a critical role in this process 

[45–51]. Previous freeze-thaw studies have shown that the level of damage from freeze-thaw 

cycles depends on the DOS during freezing and a critical DOS range of 78% to 95% is suggested 

to be harmful when concrete is freezing [12, 13].  

As a result, understanding the DOS change of concrete under freeze-thaw cycles is critical for the 

design of freeze-thaw durability. However, the lab experiments such as ASTM C666 [14] cannot 

provide representative situations to the field environments [52–55]. In the previous chapter, a 

field instrument has been proven to help gather DOS and freeze-thaw cycles in two locations in 

Oklahoma and the freeze-thaw details in these two locations have been analyzed. 

The objective of this work is to gather field data on the DOS and subsequent freeze-thaw cycles 

inside an insulated mortar specimen. The field measurements use thermocouples to measure 

temperature and electrical resistivity to measure the moisture and ice formation. These
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measurements will be taken at different depths and this can be used to determine the number of 

freezing events and quantify the ice formation of the samples in the field. The purpose of this 

chapter is to prove that the same method of determining DOS and freeze-thaw cycles are also 

applicable for other locations where the instrument is installed and the details of the freeze-thaw 

cycle were analyzed and summarized. A method of using weather station temperature is proposed 

to predict the concrete freeze-thaw cycles and the result is compared with the field measurements. 

5.2 Experimental Methods 

5.2.1 Field Sample Preparation 

The field samples were made from a mortar mixture and cast into 152.4 mm in diameter by 228.6 

mm tall plastic cylinders. The mixture proportion by volume is shown in Table 5-1. The water-to-

cement ratio (w/c) was 0.45. The cement used for the mortar mixture met the requirements of an 

ASTM C150 Type I Portland cement. The chemical compositions of the cement are shown in 

Table 5-2. The fine aggregate used was local natural sand and met the requirements of ASTM 

C33.  No supplementary cementing materials (SCM) were used in the samples to minimize the 

change in resistivity over time [72]. 

Table 5-1. Mixture proportion of mortar. 

 Cement Water Fine Aggregate  Air 

Volume (%) 18.5 23.4 52.7 4.4 

Table 5-2. Chemical composition of cement. 

 SiO2  Al2O3  Fe2O3  CaO  MgO  SO3 Na2O K2O C3S C2S C3A C4AF LOI 

Cement (%) 21.1 4.8 3.1 64.5 2.33 3.2 0.17 0.58 50 23 7 9 2.6 

 

The configuration of the mortar samples is shown in Figure 5-1. Four type T thermocouples and 

eight pairs of 4-40 threaded stainless steel rods (2.8 mm in diameter, and 40 threads per 25.4 mm) 

were held in place by drilling holes in the empty mold along with the depth and holding the 

thermocouples and rods in place with glue.  The steel rods had a diameter of 4.6 mm and a center-
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to-center distance of 92.7 mm at each depth. The top steel rods and thermocouples were installed 

above the mortar surface and exposed to the air to detect water accumulation and air temperature 

respectively. The surface of the mortar samples was 25.4 mm lower than the mold top to promote 

water accumulation.  This space forces any water that falls to be retained and evaporate naturally 

to mimic a structure with poor drainage.  

 

Figure 5-1. Configuration of the thermocouples and steel rods of the mortar sample. 

The mortar samples were wet cured for 2 months by adding water to their top and covering the 

top with a plastic tarp. This was done to keep the samples at a high DOS before they are sent out 

to the field. After the samples were over 28 days old, copper wires of 16 AWG were soldered on 

each steel rod. The copper wires extended the distance between the mortar sample and the data 

logger. Electrical tape was used to cover the copper wires after they were soldered on the steel 

rods to isolate the circuit from the outside concrete cover.  

As the mortar sample dries then it will shrink [73]. To avoid a gap created by shrinkage between 

the sample and the plastic mold, a low shrinkage mortar is used to seal the edge of the sample 

along with the plastic mold. The low shrinkage mortar was the same mixture from Table 5-1 but 

it used a 9% replacement of the water with a shrinkage reducing admixture.  
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The equipment used to monitor the performance of the mortar samples is shown in Figure 5-2. 

The mortar specimens were connected to the instrument box through thermocouples and extended 

copper wires for temperature and resistivity measurements respectively. A data logger was 

installed inside the instrument box and powered by a 12 voltage battery charged through the solar 

panel. The instrument box was fixed 0.9 m above the ground. 

Each block contained two mortar samples so that redundant measurements can be made.  The 

fiber-reinforced concrete cover protected the wiring and samples, it also ensured the samples 

stayed upright and it insulated the samples to simulate a sample within a concrete pavement.  The 

surrounding concrete used 0.45 w/cm concrete mixtures with macro synthetic fibers at 2% by 

volume of the mixture. The size of the final concrete block is 457 mm × 305 mm × 178 mm.  
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Figure 5-2. Configuration of the instrumentation box. 

The data logger is a printed circuit board (PCB) developed for resistivity and temperature 

monitoring. The PCB was designed with KiCAD and programmed with the Arduino platform. An 

ATmega 2560 was used as the central processing unit. The circuit used a clock to record the time 

of each measurement. The resistivity and temperature are measured every 30 minutes and the data 

is recorded on an SD card. The data was then retrieved into a USB drive for later analysis. 

Several multiplexers were embedded into the PCB to expand the measurement ability to 16 

channels. 
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A 12-Bit impedance converter AD5933 was the sensor used to measure resistivity. The frequency 

generator of the AD5933 allows the mortar specimen to be excited at a frequency of 4KHz, at 

which the imaginary impedance is close to 0, and the real impedance is used as the bulk 

resistance of the mortar specimen in ohms. To get the resistivity of the mortar sample, Equation 

5-1 was used.  

𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 (𝐾Ω ∗ 𝑐𝑚)

=  𝑏𝑢𝑙𝑘 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (Ω) ∗ 𝐴 (𝑚𝑚2) / 𝐿 (𝑚𝑚)/10000  

Equation 5-1 

In Equation 5-1, A is assumed to be the rectangular cross-sectional area of the electrode 

perpendicular to the signal.  Since the electrode is 2.8 mm in diameter and approximately 121 mm 

long, the area is taken as 338.8 mm2.  The distance between the electrodes, L, is 92.7 mm.  More 

details on how the impedance and temperature sensors work in the data logger could be found in 

Appendix F. 

5.2.2 Calibration Sample Conditioning 

The calibration samples were made with the same mortar mixture as the field samples and cured 

in the same way but did not contain thermocouples.  These samples were first conditioned at a 

fixed relative humidity and stored in an environmental chamber according to ASTM E-104 [74].  

After the samples reached a constant mass, a 40g sample was removed and tested for DOS 

according to ASTM C642.  To get a wider array of DOS, some samples were vacuum saturated 

and then dried to meet a target DOS. This was done to avoid drying samples in an oven that may 

cause microcracking. This process was completed to obtain a DOS of 36.2%, 45.6%, 65%, 75%, 

86.8%, 90%, 95%, and 100%.  A summary of the different humidity and DOS are shown in Table 

5-3.   
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Table 5-3. DOS of the calibration samples. 

Humidity 
(%) DOS (%) 

The 
standard 
deviation 
of DOS 

(%) 

Freezing  
temperature (°C) 

Thawing  
temperature(°C) 

59 36.2 0.21 -4.8 0.0 
75 45.6 0.10 -4.9 0.0 
85 65.0 0.16 -4.2 0.0 
- 75.0 0.07 -4.6 0.0 

100 86.8 0.11 -2.8 0.0 
- 90.0 0.03 -2.6 0.0 
- 95.0 0.11 -2.5 0.0 
- 100.0 - 0.0 0.0 

 

The temperature of the sealed calibration samples was changed from 49°C to -18°C at an interval 

of 2°C. Each temperature was maintained for 6 hours to ensure the samples reach a uniform 

temperature. After reaching a uniform temperature, the resistivity of each sample was measured. 

The relationship between resistivity, temperature, and DOS is in Appendix G. 

5.2.3 Field Samples Installation 

The field samples were installed at 42 locations in 14 different states across the US to understand 

the field freeze-thaw response in the field. In this work, the freeze-thaw cycles of 6 locations are 

studied from November 2020 to April 2021. The details about the 6 field locations are listed in 

Table 5-4 and their geological position is shown in Figure 5-3. These 6 locations are studied 

because they have full measurements through the winter from 11/2020 to 4/2021, which allows 

the details of freeze-thaw cycles to be examined for a common time frame. The temperature, 

relative humidity, and precipitation of the locations are the average for the year 2020 and are 

obtained from the Local Climatological Data (LCD) of the National Centers for Environmental 

Information [80]. 
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Table 5-4. Information on the field locations. 

State Location 
Latitude

(°N) 
Longitude 

(°W) 

Distance 
from the 
closest 
weather 
station 
(km) 

Annual 
Avg. 

temperature 
(°C) 

Annual 
Avg. RH 

(%) 

Annual Avg. 
precipitation 
(mm/month) 

Annual 
Avg. 
Wind 
Speed 
(m/s) 

OK 1 36.7 -101.5 21.0 13.5 59.7 76.7 5.2 
NY 2 41.0 -72.3 20.0 11.5 76.4 150.7 3.1 
NE 3 40.8 -96.8 11.2 10.9 68.5 118.5 4.5 
NE 4 42.0 -100.6 3.7 10.4 65.6 44.6 4.2 
KS 5 38.9 -101.0 35.0 12.1 59.1 145.2 3.5 
KS 6 38.9 -95.7 20 12.9 73.8 210.8 4.0 

 

 

Figure 5-3. Geological positions of different field locations. 

5.2.4 Determine Freezing Events using DOS 

In the previous chapter, the freeze-thaw cycles in the field are determined by using the DOS to 

calculate the freezing temperature based on Equation 5-2, as well as a simultaneous 8% or higher 

resistivity change. The parameter of Equation 5-2is shown in Table 5-5. This method has been 

proven to be useful when examining the field data in Oklahoma. In this section, the field data 
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from other locations in different states are examined and the usability of the method from the 

previous chapter is examined as well. 

Freezing Temperature = 

a0+a1*DOS+a2*DOS2+a3*DOS3+a4*DOS4+a5*DOS*5 

Equation 5-2 

Table 5-5. Parameters value in Equation 5-2. 

Parameters a0 a1 a2 a3 a4 a5 

value 3.81e-08 1.2e-05 1.4e-03 -8.1e-02 2.3e+00 -2.9e+01 

 

5.3 Results And Discussion 

5.3.1 Wetting and Drying of the Field Samples 

Using the laboratory calibration samples, the resistivity and temperature measurements can be 

used to determine the DOS of the field samples. This method has been applied to the field data 

from Oklahoma in the previous chapter. In this section, the same method is utilized on the field 

data from the six locations in Table 5-4. The DOS within the sample can indicate the interaction 

between field samples and the precipitation in the local weather.  

Figure 5-4 shows the DOS change from May 2020 to October 2020 in the six locations in Table 

5-4. Depths 13mm and 51mm from the surface were shown for each location, and an example of 

DOS increase from precipitation is highlighted with arrows. The 13mm depth is the closest to the 

surface in the concrete sample, this means that this sensor is expected to be the first to show any 

influence from the weather.  The 51mm depth is at the center of the concrete sample, and it is the 

depth that based on the previous chapter has the most effective freeze-thaw cycles because the 

DOS content is typically the highest.  

In all the locations, the DOS at 13mm from the surface was the most sensitive to precipitation 

because it is the closest to the surface. This is consistent with the observations in the previous 
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chapter. For example, in location 1 in Oklahoma, the DOS at 13mm depth increased from 65% to 

80% after the rain on May 25th and slowly decreased with time as it dried. Similarly, in location 

4 in Nebraska, after the rain on September 10th, the DOS at 13mm depth increased from 83% to 

90% and slowly decreased as it dried. In location 2 in New York, the DOS decreased with time 

but stayed constant with precipitation.  For example, the rainfall on October 15th caused the DOS 

to jump and increased the DOS at the 13mm and 51mm depth, and then the DOS decreased over 

the next 15 days.  

In all the locations the DOS at 51 mm in depth did not change as much as the 13mm depth.  

However, some precipitation events can still cause an increase in the DOS at 51mm depth. For 

example, in location 6 in Kansa on May 31st, after precipitation, the DOS at 13mm increased 

from 80% to 95%. Since moisture was present on the surface and will penetrate the concrete, it 

can be observed that the DOS at 51mm increased from 95% to 98%.  
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Figure 5-4. Wetting and drying at 13mm and 51mm depth from sample surface in the 

locations from May 2020 to August 2020: (a) #1 in Oklahoma, (b) #2 in New York, (c) #3 in 

Nebraska, (d) #4 in Nebraska, (e) #5 in Kansas, (f) #6 in Kansas. 
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5.3.2 Determining Freezing Events in Different Field Locations 

The field temperature, DOS, and, resistivity at 13mm depth from the sample surface when freeze-

thaw happened in locations 1 and 2 are shown in Figure 5-5. The data from January 2021 to 

February 2021 is used because freezing occurred at all six locations.  A horizontal line is shown 

at 0°C in the temperature graph to specify the freezing point of water.  This is the highest 

temperature when freezing may occur but it will depend on the DOS of the concrete as outlined in 

Equation 5-2 and Table 5-5. The blue dashed vertical lines show where the ice should start 

forming and the green dashed vertical line shows where the ice should be fully melted. The same 

graphs for locations 3, 4, 5, and 6 are added in Appendix I. 

 In all the six locations, there are times when the concrete temperature decreased below 0°C but 

ice is not expected to form because the DOS is too low. This is also observed in the locations in 

Oklahoma in the last chapter. This also emphasizes that DOS is important when determining 

freeze-thaw cycles of concrete.  

The DOS curve in Figure 5-5 is obtained based on the resistivity measurements. It can be noted 

that sudden changes in the predicted DOS appear within the freeze-thaw cycles in all the six 

locations. This observation is consistent with the field sample in Oklahoma in the previous 

chapter. This DOS is not accurate. It is instead a reflection of the change in resistivity caused by 

the ice formation in the sample. This can be observed from the resistivity curve in the figures. 

Each freeze-thaw cycle generates a resistivity jump at the same time when freezing is predicted to 

happen. Since the calculated DOS in the freeze-thaw cycle is not real, the DOS in freeze-thaw 

cycles is assumed to be the same as the DOS right before freezing happens. 

This shows that the predicted freezing from Equation 5-2 closely matches the detected ice 

formation not only in Oklahoma but also in the fields with different geological conditions.  This 

validates the use of calibration samples to predict field performance and it also shows that 
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Equation 5-2 can be used on the data to predict the number of freezing events for all the locations 

where the field instruments are measuring. 

 

Figure 5-5. Temperature, DOS, and resistivity curve within the freeze-thaw cycles detection 

at 13mm depth of the field samples in locations #1 and #2 in Table 5-4. 
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5.3.3 Freeze-thaw Cycles in the Field 

To compare the field locations, a summary of the freeze-thaw cycles and environmental 

conditions from 11/2020 to 4/2021 is shown in Table 5-6 to Table 5-11 for each location and the 

freeze-thaw cycles that occurred are shown in figures from Figure 5-6 to Figure 5-11 for each 

location as well. The precipitation during the same time is also shown in Figure 5-6 to Figure 

5-11 for each location. These days are analyzed because this is the time when the temperature is 

below 0°C. The freezing events in Table 5-6 to Table 5-11 are the times when ice was observed to 

form from the increase in resistivity.  The effective freezing events are calculated for three 

different critical DOS of 80%, 85%, and 90%.  These different DOS represent concrete with 

different quality air void systems.  Entries are also added to Table 5-11 for the average air 

temperature, average air relative humidity, and precipitation from the Local Climatological Data 

(LCD) for the period from 11/2020 to 4/2021 [80], and the number of times the air temperature 

was below 0oC.  All of these metrics can be used to compare the different locations. 

Table 5-6. Freezing summary of #1 in Oklahoma from 11/2020 to 4/2021. 

Depth 
from 
the 

surface 
(mm) 

Avg. air T(°C) Avg. air RH(%) 
Total Precip. 

(mm) 
Avg. Wind 
Speed (m/s) 

Air T < 0°C 

4.7 60.9 276.9 5.3 148 

Freezing events 
Freezing events with 

DOS > 80% 
Freezing events with 

DOS > 85% 
Freezing events with 

DOS > 90% 
13 50 2 0 0 
25 41 2 0 0 
38 45 5 0 0 
51 50 50 2 0 

64 50 50 26 0 
76 42 42 4 0 
89 42 42 2 0 
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Figure 5-6. Freeze-thaw cycles detection of #1 in Oklahoma at different depths from 11/2020 

to 4/2021. 

Table 5-7. Freezing summary of #2 in New York from 11/2020 to 4/2021. 

Depth 
from 
the 

surface 
(mm) 

Avg. air T(°C) Avg. air RH(%) 
Total Precip. 

(mm) 
Avg. Wind 
Speed (m/s) 

Air T < 0°C 

4.2 71.7 1001.5 3.4 166 

Freezing events 
Freezing events with 

DOS > 80% 
Freezing events with 

DOS > 85% 
Freezing events with 

DOS > 90% 
13 47 0 0 0 
25 49 6 0 0 

38 56 54 0 0 
51 69 69 11 0 
64 55 55 10 0 
76 55 55 6 0 
89 54 54 0 0 
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Figure 5-7. Freeze-thaw cycles detection of #2 in New York at different depths from 11/2020 

to 4/2021 

 

Table 5-8. Freezing summary of #3 in Nebraska from 11/2020 to 4/2021. 

Depth 
from 
the 

surface 
(mm) 

Avg. air T(°C) Avg. air RH(%) 
Total Precip. 

(mm) 
Avg. Wind 
Speed (m/s) 

Air T < 0°C 

1.8 68.8 550.9 4.4 227 

Freezing events 
Freezing events with 

DOS > 80% 
Freezing events with 

DOS > 85% 
Freezing events with 

DOS > 90% 
13 80 69 46 13 
25 72 70 68 41 
38 79 79 79 55 
51 108 108 108 103 
64 95 95 95 86 
76 64 59 58 36 
89 63 62 51 19 
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Figure 5-8. Freeze-thaw cycles detection of #3 in Nebraska at different depths from 11/2020 

to 4/2021. 

Table 5-9. Freezing summary of #4 in Nebraska from 11/2020 to 4/2021. 

Depth 
from 
the 

surface 
(mm) 

Avg. air T(°C) Avg. air RH(%) 
Total Precip. 

(mm) 
Avg. Wind 
Speed (m/s) 

Air T < 0°C 

2.0 65.6 104.4 4.0 152 

Freezing events 
Freezing events with 

DOS > 80% 
Freezing events with 

DOS > 85% 
Freezing events with 

DOS > 90% 
13 46 0 0 0 
25 57 57 25 0 
38 49 49 37 1 
51 58 58 57 2 
64 47 47 47 9 
76 40 40 38 0 
89 26 1 1 0 
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Figure 5-9. Freeze-thaw cycles detection of #4 in Nebraska at different depths from 11/2020 

to 4/2021. 

Table 5-10. Freezing summary of #5 in Kansas from 11/2020 to 4/2021. 

Depth 
from 
the 

surface 
(mm) 

Avg. air T(°C) Avg. air RH(%) 
Total Precip. 

(mm) 
Avg. Wind 
Speed (m/s) 

Air T < 0°C 

3.1 58.1 121.7 3.6 131 

Freezing events 
Freezing events with 

DOS > 80% 
Freezing events with 

DOS > 85% 
Freezing events with 

DOS > 90% 
13 31 3 1 1 
25 30 14 10 1 
38 35 31 21 9 
51 40 39 30 15 
64 36 35 30 16 
76 33 33 29 17 
89 21 16 14 7 
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Figure 5-10. Freeze-thaw cycles detection of #5 in Kansas at different depths from 11/2020 

to 4/2021. 

 

Table 5-11. Freezing summary of #6 in Kansas from 11/2020 to 4/2021. 

Depth 
from 
the 

surface 
(mm) 

Avg. air T(°C) Avg. air RH(%) 
Total Precip. 

(mm) 
Avg. Wind 
Speed (m/s) 

Air T < 0°C 

4.5 73.3 545.6 4.6 129 

Freezing events 
Freezing events with 

DOS > 80% 
Freezing events with 

DOS > 85% 
Freezing events with 

DOS > 90% 
13 54 42 19 0 
25 53 53 47 17 
38 51 51 51 30 
51 60 60 60 59 
64 69 65 60 58 
76 61 61 60 55 
89 63 63 57 57 
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Figure 5-11. Freeze-thaw cycles detection of #6 in Kansas at different depths from 11/2020 

to 4/2021. 

Figure 5-12 shows the maximum effective freeze-thaw cycles for each sample measured when the 

DOS is greater than 85%.  This occurs at 51mm from the surface for locations 1 to 5 and 89mm 

for location 6. 

In Figure 5-12, locations 3 and 4 are both from Nebraska. However, location 3 has almost twice 

the effective freeze-thaw cycles of location 4. Their relative humidity (68.8% in location 3 and 

65.6% in location 4) and average air temperature (1.8°C in location 3 and 2.0°C in location 4) are 

close. But the total amount of precipitation in location 3 is over 5 times of location 4 (550.9mm in 

location 3 and 104.4mm in location 4) and so the higher amount of precipitation is important in 

determining the number of critical freeze-thaw cycles.   

Similarly, locations 5 and 6 are both in Kansas, but the effective freeze-thaw cycles in location 6 

are 50% more than in location 5. The average temperature in location 6 is 50% higher than 

location 5 (3.1°C in location 5 and 4.5°C in location 6) and its relative humidity is 30% higher 
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than location 5 (58.1% in location 5 and 73.3% in location 6). Furthermore, the total precipitation 

in location 6 is over 4 times of location 5 (121.7mm in location 5 and 545.6mm in location 6). As 

a result, location 6 has more effective freeze-thaw cycles. The comparison between locations 3 

and 4, locations 5 and 6 indicates that the east side of Nebraska and Kansas is much more 

susceptible to freeze-thaw damage because of a higher amount of precipitation. 

Locations 4 and 5 are both on the western side of their state and have similar longitudes but 

different latitudes.  The number of effective freeze-thaw cycles is 50% less in location 5. The 

total precipitation (104.4mm in location 4 and 121.7mm in location 5) and relative humidity 

(65.6% for location 4 and 58.1% in location 5) are similar, but the average temperature at location 

5 is 50% greater than location 4 (2°C for location 4 and 3.1°C for location 5). This might be the 

reason that location 5 has less effective freeze-thaw cycles than location 4. 

Similarly, location 1 has 13% less effective freeze-thaw cycles than location 5. The total 

precipitation in location 1 is higher than in location 5 (276.9mm in location 1 and 121.7mm in 

location 5) and the relative humidity is also higher in location 1 (60.9% in location 1 and 58.1% 

in location 5). But the average temperature is 35% lower in location 5 (4.7°C in location 1 and 

3.1°C in location 5), which might be the reason that location 5 has more effective freeze-thaw 

cycles than location 1.  The same comparison can also be found in locations 6 and 3. Location 3 

has 80% more effective freeze-thaw cycles than location 6. Their relative humidity (68.8% in 

location 3 and 73.3% in location 6) and the total precipitation (550.9mm in location 3 and 

545.6mm in location 6) are similar, but the temperature in location 3 is 60% lower in location 3 

(1.8°C in location 3 and 4.5°C in location 6). 

Location 2 has the least freeze-thaw cycles overall. This is because it has the lowest DOS of the 

locations investigated.  This can be observed in Figure 5-7. Besides, Figure 5-4 (b) also shows 

that the DOS of the concrete in location 2 is decreasing over time even though precipitation is 
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occurring.  However, more details are needed to explain why location 2 has the lowest DOS 

because its total precipitation is the highest (1001.5mm) and its relative humidity is the second 

highest (71.7%). The average temperature is the second-highest in location 2 (4.2°C). But none of 

the above entries explains why the DOS is low for this location.  

 

Figure 5-12. Freeze-thaw cycles when DOS > 85% in the locations in Table 5-4. 

5.3.4 Prediction of Freeze-thaw Cycles using Weather Station Data 

 From the Local Climatological Data (LCD), the temperature over time can be obtained. 

Assuming the temperature is the concrete temperature, given the DOS of concrete, the freeze-

thaw cycles can be obtained using Equation 5-2.  

The method of calculating the freeze-thaw cycles using weather station data is as follows: (1) in 

each cycle when the weather station temperature is below 0°C, the DOS of the concrete right 

before the temperature goes below 0°C is calculated through linear interpolation using the 

measured DOS from the field instrument. (2) the freezing temperature (Tfreeze) of the DOS in the 

previous step is calculated using Equation 5-2. (3) in each cycle where the weather station 
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temperature is below 0°C, the lowest temperature within this cycle is determined as Tlow. (4) if 

Tlow is lower than Tfreeze, then the concrete is determined to freeze in this cycle, otherwise, it is 

determined to not freeze. 

Using the above method, the freeze-thaw cycles at the 51mm depth of the six locations are 

estimated using the weather station temperature. The 51mm depth is used because it is typically 

the depth that has the most freeze-thaw cycles in the 6 locations. Table 5-12 shows the summary 

of the calculated freeze-thaw cycles. The measured freeze-thaw cycles are also added to show a 

comparison with the method using weather station data.  

It can be noted from Table 5-12 that the evaluation using weather station data gives a close 

estimation of the measured freeze-thaw cycles in half of the locations (locations 1,2 and 6) and 

the evaluation is not as close in the other locations. 

In location 3, the evaluated freeze-thaw cycles are 30% less than the measured value. This is 

because the weather station temperature didn’t reflect the temperature change inside the concrete 

as shown in Figure 5-13. The weather station is 11.2 km away from the field instrument. In 

Figure 5-13 (a), from January 2nd to 29th, the weather station temperature is continuously below 

0°C, as a result, this time range is calculated as 1 freeze-thaw cycle. However, there were 8 times 

the concrete temperature went above 0°C from the field measurement and this resulted in 8 more 

freeze-thaw cycles of the measured value than the weather station value. Besides, on January 

30th, the weather station temperature was above 0°C, however, the concrete temperature was 

measured below 0°C and reached the freezing point which added another freeze-thaw cycle to the 

measured value. 

In location 4, the weather station is 3.7km away from the concrete samples, and the evaluated 

freeze-thaw cycles are 20% more than the measured value. As shown in Figure 5-14, this is 

because, from the weather station temperature, in some cycles, when the temperature is below 
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0°C (for example, on March 4th, 5th, and 17th), the lowest temperature from the weather station 

is lower than the concrete temperature and passed the freezing point. This results in more freeze-

thaw cycles using weather station data. Similarly, in location 5, the weather station is 35km away 

from the concrete samples, and the number of evaluated freeze-thaw cycles is almost twice the 

measured value. This is also because the weather station temperature is lower than the concrete 

temperature. As shown in Figure 5-15, on November 10th, 12th, 15th, and 16th, the weather 

station temperature is lower than the concrete temperature and exceeded the freezing point, which 

results in 4 more calculated freeze-thaw cycles in the selected time range. 

Table 5-12. Summary of freeze-thaw cycles at 51mm depth from 11/2020 to 4/2021 

calculated using the weather station temperature. 

Location 

Freezing events  
at 51 mm 

Freezing events with 
DOS > 80% 

Freezing events with 
DOS > 85% 

Freezing events with 
DOS > 90% 

Measured 
Weather 
station 

Measured 
Weather 
station 

Measured 
Weather 
station 

Measured 
Weather 
station 

#1 50 43 50 43 2 1 0 0 

#2 69 52 69 52 11 18 0 0 
#3 108 73 108 73 108 71 103 63 
#4 58 72 58 72 57 71 2 5 
#5 40 79 39 78 30 53 15 12 
#6 60 59 60 59 60 59 59 59 
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Figure 5-13. Freeze-thaw cycles at 51mm depth from the weather station data compared 

with the measured freeze-thaw cycles of the field instrument in location 3 from 1/20/2021 to 

1/31/2021: (a) temperature over time, (b) DOS when concrete is measured to freeze, (c) DOS 

when concrete is predicted to freeze from the weather station. 
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Figure 5-14. Freeze-thaw cycles at 51mm depth from the weather station data compared 

with the measured freeze-thaw cycles of the field instrument in location 4 from 3/1/2021 to 

3/18/2021: (a) temperature over time, (b) DOS when concrete is measured to freeze, (c) DOS 

when concrete is predicted to freeze from the weather station. 
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Figure 5-15. Freeze-thaw cycles at 51mm depth from the weather station data compared 

with the measured freeze-thaw cycles of the field instrument in location 5 from 11/10/2021 

to 11/17/2021: (a) temperature over time, (b) DOS when concrete is measured to freeze, (c) 

DOS when concrete is predicted to freeze from the weather station. 

5.4 Practical Significance 

This chapter continues the work of the previous chapter and extends the method of determining 

freeze-thaw cycles using Equation 5-2 in another 6 different geological locations. This work 

proves the usability of using Equation 5-2 to determine to freeze-thaw cycles of concrete in 

different locations, and it is important to better understand how effective freeze-thaw cycles vary 

in different geographic conditions. A method of using weather station data to determine freeze-

thaw cycles is presented and the method shows good predictions when the weather station is close 
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to the concrete and represents the temperature change of concrete. This method could establish a 

procedure to allow local weather conditions to predict the number of freeze-thaw cycles in the 

field.  

5.5 Conclusions 

In this study, the experimental method has been extended to examine the field data from 6 

different locations and presented a method to predict the freeze-thaw events using weather station 

data. The following observations can be drawn: 

• The 13mm depth is sensitive to the wetting and drying from precipitation in all the 

locations. The depth at 51mm is not as sensitive but is sometimes modified by 

precipitation events.   

• In all the locations, resistivity increases as a freezing event are detected in the field 

samples and this generates the abnormal change of DOS within freeze-thaw cycles. 

• In all the locations, the field samples formed ice more often in the middle depths (51 mm 

from the sample surface) of the sample and this is because the DOS is higher at this depth 

than the others.  

• Locations in the east of Nebraska and Kansas have more precipitation and also more 

effective freeze-thaw cycles than on the western side. 

• The average air temperature is also an indication of the number of freeze-thaw cycles.   

• Small changes in the temperature can make a significant difference in the predicted 

number of effective freeze-thaw cycles. 

• The air temperature from the weather station can be used to predict freeze-thaw cycles in 

the concrete samples if the air temperature closely matches the temperature in the 

concrete samples. 
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The work presented in this paper continues the work to establish a procedure to determine the 

relative number of effective freeze-thaw cycles based on local weather conditions.  This study 

shows the potential of using weather station temperature to predict freeze-thaw cycles of 

concrete. This method is being extended to a larger number of locations and brings more insights 

into effective freezing events in the field. 
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CHAPTER VI 
 

 

6 CONCLUSIONS 

 

6.1 Overview 

The main tasks of this research were to: 

• Chapter 2: Use electrical resistivity to make direct measurements of concrete over the 

first 72h of hydration with air, sealed, and wet curing methods at different depths of a 

mortar sample. Determine a correlation between resistivity and DOS, tensile strength, and 

porosity. Establish resistivity as a method that can be used to determine the effectiveness 

of different curing methods and provide insights into the properties of the sample. 

• Chapter 3: Investigate the influence of wet curing applied at different times in different 

evaporative environments using electrical resistivity, DOS, porosity, and the diffusion 

coefficient. This work examines the measurements in evaporation rates between 0.15 

kg/m2/h and 0.85 kg/m2/h, which are commonly observed in practice.  This work 

provides guidance on the allowable delay in applying the wet curing before the properties 

of the concrete are compromised.



108 
 

• Chapter 4: Develop a novel method to simultaneously measure the DOS, ice formation, 

and temperature at different depths of a concrete sample in the field.  An equation for 

calculating the temperature when ice forms and thaws for samples with different DOS 

was obtained using calibration samples. This method is first applied to the field samples 

in 2 locations in Oklahoma and makes several important observations based on the 

gathered data.  It presents a practical approach to making widespread measurements of 

the number of effective freeze-thaw cycles in field concretes.  

• Chapter 5: Apply the above method to 6 different locations and prove that the method of 

determining DOS and freeze-thaw cycles is applicable for other locations with different 

weather conditions.  A method of using weather station temperature is proposed to 

predict the concrete freeze-thaw cycles and the result is compared with the field 

measurements. 

The conclusion from each chapter is included below. 

6.2 Using Electrical Resistivity to Predict Early Age DOS and Tensile Strength of 

Mortar 

A new technique of comparing curing effects using electrical resistivity at different depths was 

investigated in this study. The electrical resistivity was compared between wet curing, sealed 

curing, and air curing methods, at different depths within the sample and at different hydration 

times.  These measurements are compared to the porosity, DOS, and tensile strength of the 

sample, and a linear relationship between resistivity and DOS is created for these materials.  The 

following conclusions can be drawn for mortar between 12h and 72h:  

• Resistivity corresponds to the degree of saturation, porosity, and tensile strength of a 

mortar mixture.   
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• A linear relationship is developed between resistivity and degree of saturation and this 

relationship changes as hydration proceeds.  

• A bi-linear relationship exists between resistivity and porosity at a fixed DOS that is high 

enough to promote hydration. 

• Wet curing samples showed uniform moisture gradients and had the highest degree of 

saturation and tensile strength of the samples measured.  These samples also showed a 

0.5% increase in the mass over the first 20 h of hydration. 

• The air cured sample at 23°C and 50% relative humidity environment showed a 

significant drying gradient over the top 85 mm and the refinement of the pore structure 

stopped after 48 h.  This sample also showed a 0.78% decrease in the mass over the first 

70 h of hydration.   

• The sealed sample showed a uniform moisture gradient and had a degree of saturation, 

porosity, and tensile strength that is between the wet cured and air ured samples.  This 

sample showed only a slight change in mass during hydration which is likely from an 

imperfect seal. 

• A porosity gradient was observed in all the mixtures regardless of the curing method 

used.  This gradient is likely caused by differences in curing and also bleeding. 

This work establishes a systematic method to use resistivity to rapidly and economically measure 

the in situ degree of saturation, porosity, and provide insights into the tensile strength of the 

concrete.  This could provide a useful scientific and practical measurement technique for future 

work.  
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6.3 Early Age Hydration Investigation on Concrete with Wet Curing at Different Times 

The influence of wet curing at different times was investigated in this study. The experiments 

were conducted under three different evaporation conditions for the first 72h of hydration.  The 

diffusion coefficient, porosity, DOS, and resistivity of the sample were measured and compared 

between curing methods.  The following conclusions can be drawn:  

• The electrical resistivity measurements can show the loss in moisture over time in all 

three drying environments.  When wet curing was applied to the surface after 9h of 

drying for the samples in the 0.15 kg/m2/h and 0.55 kg/m2/h evaporation rate, the 

resistivity decreased to values similar to the sample was never allowed to dry.  However, 

in the 0.85 kg/m2/h evaporation rate for at least 2h, the resistivity did not decrease to the 

same level as the sample continuously wet cured.   

• At the 0.15 kg/m2/h evaporation rate environment, delaying the wet curing for 6h did not 

impact the porosity of the sample.  The diffusion coefficient was not impacted when the 

wet curing was delayed for 9h.   

• At the 0.55 kg/m2/h evaporation rate environment, delaying the wet curing for 3h did not 

impact the porosity of the sample.  The diffusion coefficient was not impacted until the 

wet curing was delayed for 9h.   

• The average porosity at 20 mm in depth is related to the resistivity gradient right before 

the application of curing in the 0.85 kg/m2/h evaporation rate.  The resistivity gradient 

was also useful in predicting the change in the diffusion coefficient in the 0.85 kg/m2/h 

evaporation rate.  This shows that the resistivity gradient in the sample during curing 

could be used to track changes in the surface porosity and the diffusion coefficient from 

drying.   
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This work would benefit from additional testing done in the field to verify the measurements and 

also to compare the predicted performance with a wider range of materials; however, the results 

show promise for establishing a method to measure the impacts of delaying wet curing in 

different environments on the porosity and diffusion coefficient of concrete. 

6.4 Measuring Effective Freeze-Thaw Cycles in the Field 

In this study, a method has been established to determine the temperature and DOS in mortar 

samples at varying depths that are surrounded by concrete and placed on soil.  This process was 

calibrated with laboratory studies on a single mixture to establish ice formation and this was 

validated in the field.  These processes can then be used to evaluate the DOS of the mortar when 

ice formation occurs.  This information can be used to determine the number of damaging or 

effective freeze-thaw cycles by assuming the critical DOS based on previous studies.  The 

following observations can be drawn from this work: 

• The measured temperatures in the mortar samples show a good agreement with local air 

temperature measurements with the average difference being 1.7° C. 

• The DOS at 12.7 mm from the surface was impacted by the wetting and drying of a rain 

event.  The DOS at 25 mm lagged did not change until 20 h after the event and 

sometimes the DOS at 25 mm did not change after a rain event.   

• By using the resistivity and temperature, the ice formation and the melting temperature 

has been established for a large mortar sample with different DOS with a polynomial 

regression equation. for the mixture and sample size in this work.  These results show 

that mortars with DOS closer to 100% or greater than 90% will freeze closer to 0o C and 

that mortars with DOS lower than 75% freeze at -5o C.  These laboratory results match 

field measurements of ice formation made with resistivity and temperature 

measurements. 
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• The number of times the air temperature around a sample went below 0oC only roughly 

correlates with the number of freeze-thaw cycles observed.  This highlights the 

importance of understanding the combination of DOS and temperature when determining 

the number of freezing events.   

• The number of freezing events measured is approximately the same at each depth for two 

different field locations.  This means that the insulation provided by the ground or the 

depth of the mortar didn’t reduce the number of freezing events in the 178 mm thick 

samples. 

• Because the DOS is typically lower at the surface, there were practically zero effective 

freezing events for the two locations between the surface and 25 mm in depth.  For these 

two locations, the DOS at 51 mm is always greater than 85% and so each freezing event 

created an effective freeze-thaw cycle.  The moisture gradients are important to 

understand the number of effective freeze-thaw cycles at different depths.   

The work presented in this paper is an early step to establishing a procedure to determine the 

relative number of effective freeze-thaw cycles based on local weather conditions.  This method 

is being extended to a larger number of locations and seasons to bring more insights into effective 

freezing events in the field. 

6.5 Field Effective Freeze-thaw Cycles Monitoring and Comparison 

In this study, the experimental method has been extended to examine the field data from 6 

different locations and presented a method to predict the freeze-thaw events using weather station 

data. The following observations can be drawn: 

• The 13mm depth is sensitive to the wetting and drying from precipitation in all the 

locations. The depth at 51mm is not as sensitive but is sometimes modified by 

precipitation events.   
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• In all the locations, resistivity increases as a freezing event are detected in the field 

samples and this generates the abnormal change of DOS within freeze-thaw cycles. 

• In all the locations, the field samples formed ice more often in the middle depths (51 mm 

from the sample surface) of the sample and this is because the DOS is higher at this depth 

than the others.  

• Locations in the east of Nebraska and Kansas have more precipitation and also more 

effective freeze-thaw cycles than on the western side. 

• The average air temperature is also an indication of the number of freeze-thaw cycles.   

• Small changes in the temperature can make a significant difference in the predicted 

number of effective freeze-thaw cycles. 

• The air temperature from the weather station can be used to predict freeze-thaw cycles in 

the concrete samples if the air temperature closely matches the temperature in the 

concrete samples. 

The work presented in this paper continues the work to establish a procedure to determine the 

relative number of effective freeze-thaw cycles based on local weather conditions.  This study 

shows the potential of using weather station temperature to predict freeze-thaw cycles of 

concrete. This method is being extended to a larger number of locations and brings more insights 

into effective freezing events in the field. 

6.6 Further Research 

This work of studying wet curing applications at different times would benefit from additional 

testing done in the field to verify the measurements and also to compare the predicted 

performance with a wider range of materials. The results of wet curing work show promise for 
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establishing a method to measure the impacts of delaying wet curing in different environments on 

the porosity and diffusion coefficient of concrete. 

Examining the data of field instruments in all the other locations and comparing the freeze-thaw 

details of different locations will provide more information on examining the local freeze-thaw 

performance of concrete. It will also contribute to refining the model of predicting the freeze-

thaw cycles using weather station data. 
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APPENDICES 

 

 

APPENDIX A: Seal the edge of the mortar sample 

The steps of sealing the mortar sample edge are shown in Figure A. 1 (a). Wrap the mold top 

with plastic. Two layers of plastic were used on each sample. (b) Tighten the plastic with rubber 

bands. Five rubber bands were used for each sample. (c) Fold the plastic into the mold along the 

mold edge. (d) Cover the plastic with fresh mortar from the same mixture. The coverage of 

mortar formed a concentric circle with an inner diameter of 102 mm. and an outer diameter of 

152 mm. 

 

Figure A. 1. Steps of sealing the sample edge: (a) wrap the mold top with plastic, (b) tighten 

the plastic with rubber bands, (c) fold the plastic along the mold edge, and (d) cover the 

plastic with mortar. 
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APPENDIX B: Additional information on resistivity measurement 

B.1: Supplementary hardware for the apparatus 

Since the resistivity of the mortar samples at the early age of hydration was relatively low, it is 

necessary to adjust the AD5933 to the right range for the measurement. This is achieved by 

attenuating the excitation voltage from the AD5933 to reduce the signal current. As the result, an 

amplifier AD8531 was added to the circuit. An amplifier circuit can either amplify or attenuate 

the circuit signal. The purpose of the amplifier circuit is to ensure the AD5933 system is within 

the linear range when measuring the small resistivity of the mortar sample. As a result, the 

external amplifier attenuates the peak-to-peak voltage at the output point of the AD5933 circuit, 

thereby reducing the signal current flowing through the sample and minimizing the effect of the 

output series resistance in the resistivity calculations [83-84].  

An AD5933 chip contains one input and output channel, which is only able to measure the 

resistivity value of one pair of rods. Therefore, a dual 16-to-1 channel, serial controlled analog 

multiplexer ADG725 was used in the circuit to upgrade the measuring ability of the AD5933 

from 1 dual-channel to 16 dual channels [85]. Five multiplexers were used in the circuit for this 

study. This allows 80 channels to be measured at once. As a result, 11 mortar samples with 7 

layers in each sample were able to be measured at the same time. An SD card recorder was 

combined into the circuit to record the data. 

B.2: Resistivity raw data process 

The first step of calculating the resistivity value is to get the magnitude of the DFT on AD5933 at 

the known frequency point. The magnitude of the DFT is given by Equation A. 1, where R and I 

are the real and imaginary impedance obtained from the real and the imaginary data register 



123 
 

respectively on the AD5933. To convert the magnitude into an impedance, the magnitude needs 

to be multiplied by a scaling factor called the gain factor. The gain factor was obtained during the 

calibration of the apparatus with a known impedance connected with the circuit. In this study, a 

calibration resistor of 100 ohms and a frequency of 30 kHz was used and the gain factor was 

8.54E-7 calculated from Equation A. 2, where Magnitude calibration is the magnitude number 

obtained during calibration. With the gain factor, the unknown impedance at each depth of the 

mortar sample was calculated according to Equation A. 3. 

𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 = √𝑅2 + 𝐼2 Equation A. 1 

Gain factor = (1 / 100 ohms) / Magnitude calibration Equation A. 2 

Impedance = 1 / (Gain factor × Magnitude unknown) Equation A. 3 

Since the frequency range selected has forced the imaginary impedance to close to 0, the 

measured impedance is also called the bulk resistance of the mortar sample. 
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APPENDIX C: Coefficient of determination of the linear regression between resistivity and 

DOS  

Table A. 1. Parameters of the linear regression between resistivity and DOS in Figure 2-8. 

Hydration time 12h 24h 48h 72h 

R2 0.82 0.96 0.98 0.96 

Slope(% / (KΩ*cm)) -411.07 -572.67 -498.77 -443.00 

Intercept(%) 105.29 120.71 127.60 128.89 
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APPENDIX D: Load to strength calculation 

The schematic of the free body diagram is shown in Figure A. 2. 

 

Figure A. 2. Schematic of the free body diagram. 

Because there is no sliding observed during the test there is assumed to be no friction between the 

wedge and the load platen [86-88]. If the forces are summed in the vertical direction the force on 

the wedge (N) is equal to 1.93F. This horizontal component of this force is 1.86F and since there 

is a wedge on the top and the bottom of the beam the total horizontal force is 3.72F. The tension 

stress in the beam can be found by dividing this load by the effective area at the point of the 

crack. The diameter of the cylinder is 152.4 mm and the depth of each notch is 25.4 mm. This 

means the width of the sample is 101.6 mm. Since each sample is 76.2 mm deep, the cross-

sectional area is 7741.9 mm2. An image of the sample is shown in Figure A. 3.
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Figure A. 3. Schematic of the cross sectional area of the mortar sample for splitting test.



127 
 

APPENDIX E: Top porosity vs the resistivity gradient in the same graph. 

 

Figure A. 4. Porosity at 20 mm from the surface versus the resistivity gradient right before 

wet curing is applied for different drying environments.
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APPENDIX F: Resistivity and temperature calculation 

F.1: Resistivity calculation 

A 12-Bit impedance converter AD5933 was the sensor used in this study for measuring 

resistivity. The AD5933 chip is an impedance converter system with high precision. It’s a 

combination of an on-board frequency generator with a 12-bit, 1 Mega sample per second 

(MSPS), analog-to-digital converter (ADC). After initial calibrating with resistors of 560 ohms 

and 2000 ohms respectively, the magnitude and the relative phase of the impedance at the 

designated frequency are easily calculated [83].  

After the AD5933 starts to work, the response signal from the mortar mix is sampled by its 

onboard ADC, and a discrete Fourier transform (DFT) is processed by its onboard digital signal 

processing (DSP) engine. The real (R) and imaginary (I) impedance are returned by the DFT 

algorithm at the designated frequency. 

The first step of calculating the impedance value is to get the magnitude of the DFT on AD5933 

at the known frequency point. The magnitude of the DFT is given by Equation A. 1, where R and 

I are the real impedance and imaginary impedance obtained from the real data register and the 

imaginary data register respectively on the AD5933. To convert the magnitude number into an 

impedance, the magnitude needs to be multiplied by a scaling factor called the gain factor. The 

gain factor was obtained during the calibration of the apparatus with a known impedance 

connected with the circuit. In this study, a calibration impedance of 560 ohms and 2000 ohms at 

the frequency of 4KHz was used and the gain factors are 1.43E-7 and 4.84E-8 respectively 

calculated from Equation A. 2, where Magnitude calibration is the magnitude number obtained 

during calibration. With the gain factor, the unknown impedance of each layer of the mortar 
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sample was calculated according to Equation A. 3, where the Magnitude unknown is the DFT 

magnitude of each mortar layer calculated from Equation A. 1. 

F.2: Temperature calculation 

A thermocouple-to-digital converter MAX31855T is the specific chip for measuring temperature. 

The MAX31855 is a sophisticated thermocouple-to-digital converter with a built-in 14-bit 

analog-to-digital converter (ADC). The MAX31855T performs cold-junction compensation 

sensing and correction and is available in several versions to digitize the signal from different 

types of thermocouples. The T-type thermocouple was used in this research. Signal-conditioning 

hardware is included in the MAX31855 to convert the thermocouple’s signal into a voltage 

compatible with the input channels of the ADC. The two ends of the thermocouple wire T+ and 

T- connected to the data logger help reduce the introduced noise errors. The MAX31855 assumes 

a linear relationship between temperature and voltage to the device’s output data. For a T-type 

thermocouple, the voltage changes by about 52.18µV/°C, which approximates the thermocouple 

characteristic based on Equation A. 4, where VOUT is the thermocouple output voltage (µV), TR 

is the temperature of the remote thermocouple junction (°C), and TAMB is the temperature of the 

device (°C) [89]. 

VOUT = (52.18µV/°C) x (TR - TAMB) Equation A. 4 
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APPENDIX G: relationship between resistivity, temperature, and DOS for the mortar 

samples 

The DOS is shown as a function of resistivity at different temperatures 49 to -18°C in Figure A. 5 

below.  

 

Figure A. 5. DOS represented as a function of resistivity at temperatures from 49°C to -

18°C. 

With the data set from the calibration samples, if given the temperature and resistivity, the DOS 

of a sample can be evaluated through 2 steps of linear interpolation. For example, Figure A. 6 

shows an isotherm of 20°C obtained through linear interpolation between 21°C and 17°C. With 

the isotherm of 20°C, given a resistivity value of 0.4 KΩ*cm, the DOS can be evaluated as 70% 

through another step of linear interpolation.
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Figure A. 6. Evaluation of DOS using 2 steps of linear interpolation.
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APPENDIX H: RH and precipitations of locations A and B from the weather station. 

 

Figure A. 7. RH and precipitations of locations A and B from the weather stations from 

November 11th to 19th, 2019.
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APPENDIX I: Temperature, DOS, and resistivity curve within the freeze-thaw cycles 

 

Figure A. 8. Temperature, DOS, and resistivity curve within the freeze-thaw cycles 

detection at 13mm depth of the field samples in locations #3 and #4 in Table 5-4.
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Figure A. 9. Temperature, DOS, and resistivity curve within the freeze-thaw cycles 

detection at 13mm depth of the field samples in locations #5 and #6 in Table 5-4. 
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