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CHAPTER I 

 INTRODUCTION  

  

The use of concrete maturity as a non-destructive method to determine in situ 

strength has grown in recent years.  Numerous published reports and papers reviewed by 

Malhotra and Carino (2004) have demonstrated this non-destructive technique to be a 

good indicator of compressive strength; provided, the placed concrete receives adequate 

curing and strict quality control is enforced at the batching plant.  Although, great care 

may be taken to ensure adequate curing at the job site, there exists a real possibility for 

the degree of hydration to be less than required.  It is this factor that exposes a weakness 

in current maturity method functions.   

Current maturity functions only consider internal concrete curing temperature and 

concrete age to determine a maturity index, either expressed as a time-temperature factor 

or as an equivalent age.  These maturity models do not directly consider the availability 

of moisture during hydration, which leads to the development of concrete properties (e.g., 

strength development, freeze-thaw resistance, chloride ion penetration resistance, etc.), 

but rather assume sufficient moisture is present during the apparent hydration of concrete.   

Traditionally, concrete strength has been used as a measure to indirectly assess 

the durability properties of concrete.  With a poor curing environment or insufficient 

moisture during concrete hardening/hydration, perceived maturity equivalent ages, as 

determined from the Arrhenius or Nurse-Saul functions, may not be indicative of the true 

age of the concrete and thus predict erroneous in situ strengths.  This in turn could give a 
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false sense of the developing durability properties.  Therefore the maturity concept 

should be studied in more detail if it is to be used as a successful indicator of concrete 

strength and durability.   

This research is a first step in determining a Strength Durability Index (SDI) that 

considers concrete temperature, age, and internal pore humidity.  Thus, the major 

objective of this research was to investigate concrete pore humidity when subjected to 

various cure conditions.  This study together with findings by other researchers in the 

area of concrete water diffusion help develop the framework for a better prediction tool 

for field-cast concrete under a variety of curing conditions.   

   

Significance of Research 

The use of the maturity method to determine in situ strength and/or strength 

development assumes concrete receives sufficient moisture during curing to promote 

hydration.  This was true with the research and findings conducted by Nurse (1949) and 

Saul (1951) since concrete specimens were exposed to steam curing environments.  Some 

researchers found the Nurse-Saul maturity method to be an effective tool in predicting 

compressive strengths while others found it not to be as reliable. 

To improve on the Nurse-Saul method, researchers proposed a method which 

would consider the effect of curing temperature on the hydration rate of concrete.  This 

led to the use of the Arrhenius equation to determine a maturity index expressed as an 

equivalent age.  Experimental studies conducted with the Arrhenius maturity function 

proved to be better than the Nurse-Saul maturity method over a wide range of curing 
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temperatures.  Even with an improved function, the Arrhenius based maturity did not 

consider moisture as a parameter, but assumed it to be satisfactory during concrete 

curing.  Many times this assumption (having sufficient moisture) may not be the case in 

the field and the use of current maturity functions would not indicate proper maturity 

ages or compressive strengths.   

Since the early maturity function has progressed to the Arrhenius function, which 

accounts for a temperature dependant hydration rate, the author feels further 

improvement to concrete maturity assessment can be made which considers moisture 

during concrete curing.  The aim of this dissertation is to establish the framework for a 

relationship between internal concrete moisture, curing temperature, concrete age, and 

compressive strength gain.  This new parameter is defined as the Strength Durability 

Index (SDI) of concrete.  SDIs are expressed in terms of an equivalent age, similar to 

current maturity models.  If a concrete is cured under conditions where the relative 

humidity is nearly 100%, then the concrete will have a SDI value similar to an equivalent 

age as determined by the Arrhenius function.  Otherwise, if pore humidity starts to fall 

during concrete curing then a hydration correction age factor will be applied to the 

Arrhenius equivalent age to consider the slower rate of hydration.  Therefore SDI values 

will always be equal to or less than the equivalent age as determined by the Arrhenius  

Thus, SDIs would be more representative of the actual concrete maturation when 

considering concrete moisture and temperature histories during the curing process.  Once 

a concrete mixture is tested under a variety of cure conditions, a reference SDI-strength 

curve can be developed, similar to maturity-strength curves.  The author believes each 
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concrete mixture will have a unique reference SDI-strength curve.  The experimentation, 

process, and development are given in more detail in the dissertation.    

   

Dissertation Scope and Format 

The scope of this dissertation will focus on the process of establishing the 

framework of a Strength Durability Index (SDI) for concrete.  With a better indication of 

the degree of hydration, a more appropriate concrete equivalent age can be assigned to a 

concrete which considers temperature, moisture, and age.  The traditional Arrhenius 

equivalent age function, which is discussed in more detail in Chapter 2, is drawn on to aid 

in determining a SDI since it has been found to be the more accurate among the maturity 

functions.  Also, findings from previous researchers in the area of moisture diffusion help 

accomplish this task. 

Chapter 2 provides a background on cement composition and hydration.  Concrete 

curing treatments and the impact they have on concrete properties are discussed.  Since 

durability is of importance, concrete permeability assessment techniques are explained.  

Since establishment of the SDI is dependent on the concept of maturity, a historical 

background on this subject and the basic principle and assumptions associated with it are 

discussed.  Several maturity functions used to determine a maturity index (expressed as a 

temperature-time factor or equivalent age) are presented along with strength gain 

functions used to predict concrete strength.  Findings from researchers demonstrate the 

progressions of the maturity concept to the more correct Arrhenius equivalent age 

function.    
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Chapter 3 presents and discusses experimental setups and compiled data from a 

previous field study which monitored concrete temperatures during curing.  It is this 

study which encouraged further investigation of the maturity method.  The purpose of 

this chapter is to illustrate that maturity (considering concrete temperature and age) is not 

sufficient to assign an equivalent age.  The experimental procedures purposely exposed 

concretes to a variety of curing conditions which could affect the accuracy of strength 

prediction based on the Arrhenius function.   

Chapter 4 describes the experimental approach for this study.  Test setup, data 

acquisition (e.g. concrete moisture and temperature), specimen sampling, and specimen 

testing are described.  This experimental setup up was conducted in a laboratory and 

exposed a single concrete mixture to three different cure treatments as well as varying 

cure durations.   

Chapter 5 presents all relevant data which includes the pore humidity history for 

the sections under investigation.  Test procedures, analysis, and findings are discussed in 

this chapter.     

Chapter 6 presents the maturity discrepancies from both the field and laboratory 

studies.  The proposed framework for the developed SDI is presented, which incorporates 

the Arrhenius equivalent age and a modified form of the relative hydration rate proposed 

by Bažant and Najjar (1972).  The developed SDI is tested against the Arrhenius 

equivalent age and an equivalent hydration period to determine which predicts 

compressive strength more accurately.  Permeability is also investigated with the 

proposed SDI. 
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Chapter 7 includes a discussion and conclusions of the results of this study.  

Recommendations for future research regarding possible refinement of the proposed SDI 

to better predict concrete strength and durability.      



 7

CHAPTER II 

LITERATURE REVIEW 

 

The following chapter gives an introduction to concrete composition, hydration, 

curing, and strength development.  Some factors affecting concrete properties are also 

discussed which have been found from the work of other researchers.  In addition, the 

rapid chloride permeability test (RCPT) and ponding test are presented.  With these are 

accompanied the guidelines which assign a permeability classification to the concrete.   

To better understand the origins of the maturity concept, the history and 

background of this idea is presented in this chapter.  Over the years, several functions 

have been proposed to determine the maturity of concrete.  Among these are the Nurse-

Saul, Rastrup, and Arrhenius functions with a discussion of the characteristics and 

methodology behind each one.  A comparison between them is provided along with the 

benefits and drawbacks to using them.  Since, maturity functions indicate the degree of 

maturity (or equivalent age), these indices must be related to a strength gain model to 

predict concrete strength.  Several strength gain functions used in conjunction with 

maturity are presented.   

  

Composition of Cement 

Ordinary Portland cement is generally composed of four major compounds.  

These four compounds are tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium 

aluminate (C3A), and tetracaclicum aluminoferrite (C4AF).  The percentages of these 
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compounds can be manipulated to modify properties of cement to achieve desirable 

qualities.  ASTM C150 distinguished five types of portland cement, Types I, II, III, IV, 

and V.  The characteristics and composition of each cement type are displayed in Tables 

2.1 and 2.2, respectufully. 

 

Table 2.1   Characteristics of Portland Cement 
Types.  (PCA 1998) 

Cement Type Characteristic
I Normal cement (general purpose)
II Moderate sulfate resistance
III High early strength
IV Low heat of hydration
V High sulfate resistance  

 

Table 2.2 Percentages of Compound Contents in Portland 
Cement.  (PCA 1998) 

Chemical
Compound I II III IV V

C3S 55 51 56 28 38
C2S 19 24 19 49 43
C3A 10 6 10 4 4

C4AF 7 11 7 12 9

Portland Cement Type

 
 

Every chemical compound serves a purpose in the composition of portland 

cement.  If rapid hardening is required, higher concentrations of C3S are present in the 

cement.  The rapid strength gain from this compound also generates the most heat.  If 

thermal cracking from high heat of hydration is of concern, then a major portion of C3S 

may be replaced by C2S since it releases less heat.  For resistance against sulfates attack, 

C3A content is lowered in the cement.  C4AF is largely responsible for lowering 
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clinkering temperature during the production of portland cement and also contributes to 

the cement’s color.   

 

Hydration of Cement 

The hydration of concrete is an exothermic chemical process.  Heat generated 

from this process is primarily due to the interaction between water and C3S within the 

cement (Mindess et al., 2002).  Although other chemicals are present in portland cement, 

they generally have minor roles in the production of heat during the hydration process.   

When cement first comes into contact with water a period, of rapid heat evolution 

occurs and lasts approximately 15 minutes.  After this period, the cement experiences 

inactivity during the dormant period.  The dormant period indicates the plastic state of 

concrete.  Concrete will generally remain in a plastic state anywhere from 2 to 4 hours 

after mixing.   

After such time, a renewed reaction within the cement occurs during the 

acceleration period.  Hydration products consisting of a hydrate layer form around the 

surface of C3S particles and are produced at a high rate.  The reaction is accompanied 

with an increased rate of heat generation (Mindess et al. 2002).  As the temperature rises 

in the concrete, the hydration rate is further accelerated and concrete gains strength 

rapidly (PCA, 1997).  It is at the end of this stage that the maximum rate of heat 

generation is achieved.  The acceleration period lasts for about 4 to 8 hours. 

A deceleration period follows the acceleration period.  The deceleration period is 

much like the acceleration stage with the exception that the hydration process decelerates 
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throughout this stage.  The deceleration results from the constant growth of the hydrate 

layer around C3S particles.  The hydrate layer begins to obstruct the path of free pore 

water in the concrete from reaching unhydrated C3S particles.  With ever increasing pore 

water path obstruction from growing hydrate layers, the hydration process approaches the 

steady state, where hydration continues to occur, but at a very slow and steady rate.  The 

steady state period starts about 18 to 36 hours from initial contact between water and 

cement.  Once this stage has been reached, hydration approaches 100% completion 

asymptotically (Mindess et al., 2002).   

 

Pozzolanic Material 

 Pozzolans are siliceous or aluminosiliceous material with little to no cementitious 

attributes in itself.  However, pozzolans do react with water and calcium hydroxide 

produced from the hydration of portland cement. The use of pozzolanic material as a 

cement replacement can produce a lower cost concrete, since some pozzolans can be ½ 

the price of cement (Mindess 2002), and concrete with more desirable properties.  The 

properties warranted for a concrete mixture can determine the quantity and required 

pozzolanic material.   

Pozzolans usually have a slower rate of reduction.  This results in lower heats of 

hydration and reduced early-age strength.  Long-term strength, however, is not affected 

and can be improved with the correct addition of pozzolanic materials.  In order to gain 

the benefits from the addition of pozzolans, a longer period of moist curing is needed to 

progress the hydration of such material, otherwise it will act as a filler.  Pozzolans 
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primarily for cement replacement include fly ash, ground granulated blast-furnace slag 

(GGBS) and silica fume.  The benefits of each are discussed in the following sections.  

 

Fly Ash 

 Fly ash is a noncombustible inorganic residue from coal burning in power plants.  

There are two common types of fly ash.  These are class C and F.  Class C fly ash is high 

in calcium content when compared to class F fly ash.  In addition, class C fly ash will 

react with water and harden whereas class F fly ash will remain relatively dormant.    

 Fly ash in a concrete mixture can help by reducing the amount of heat generated 

during hydration and thus minimize thermal cracking.  Fly ash aids in the placement of 

concrete by improving workability and reducing segregation and bleeding.  Fly ash can 

reduce concrete permeability and improve long term strength provided a prolonged and 

sufficient curing duration is used (PCA 1998).   

 

Ground Granulated Blast-Furnace Slag (GGBS) 

 GGBS is primarily a by-product from blast furnace production of iron from ore.  

The advantages of using GGBS in a concrete mixture include a reduction in heat of 

hydration, improved workability, and reduced permeability with a period of adequate 

curing.  A negative effect of GGBS is the potential of increased bleeding after concrete 

placement (PCA 1998).  
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Silica Fume 

 Silica fume is produced from the oxidized vapor resulting from the manufacture 

of silicon or ferrosilicon alloy.  Silica fume can lessen segregation and bleeding of a 

concrete mixture and is very effective in reducing permeability with appropriate curing.  

However, concrete mixtures containing silica fume generally required more water to 

produce the same slump as in a concrete without silica fume (PCA 1998).  Thus, 

workability may be reduced if mix water is not increased.  

 

Concrete Curing 

Curing is the practice of maintaining a favorable moisture content and 

temperature within a concrete for a period of time.  The duration and effectiveness of a 

curing treatment affects the development of concrete properties such as strength, 

permeability, and resistance to freeze-thaw deterioration.  Insufficient moisture during 

curing has been found to produce cracks, compromise strength, and reduce long-term 

durability (Wojcik and Fitzgarrald 2001).  For portland cements, typically the highest rate 

of heat generation occurs during the first 24 hours after initial contact between water and 

cement, and a large amount of heat due to hydration evolves within the first three days 

(PCA, 1997).  To prevent mix water from evaporating due to the heat of hydration and /or 

ambient conditions and to ensure sufficient moisture is present, concrete should be kept 

moist or saturated during this critical period.   

There are primarily two methods of curing which can be used in the field – water 

and sealed curing.  Water curing supplies additional moisture to the concrete as well as 
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prevents mix water evaporation.  Sealed curing does not supply additional moisture but 

rather relies on the prevention of moisture loss. 

 

Water Curing 

Water curing can be accomplished by spraying or ponding water on the concrete 

surface or applying moist coverings.  The use of lawn sprinklers is one method of 

spraying water on concrete and keeping it saturated.  Spraying tends to consume large 

amounts of water, however, and is not economical when water supplies at the site are 

limited.  If spraying is performed in intervals, drying of the concrete must not be allowed 

to prevent surface crazing (PCA 1998).  Care must also be taken to prevent erosion of 

freshly finished concrete.  

Curing concrete by way of ponding requires maintaining a layer of water on the 

concrete surface.  This is performed by surrounding the perimeter of the concrete with 

earth or sand dikes which can sustain a pond of water.  Ponding is a good method to 

prevent moisture loss, provide sufficient moisture, and maintain a constant temperature 

during concrete hydration.  Although ponding may be a good method, it requires a great 

deal of work.   

Moist coverings are another form of water curing and include cotton mats, burlap, 

and other moisture-retaining fabrics.  These coverings should be:  (1) applied on top of 

the concrete as soon as the concrete has hardened sufficient, (2) saturated with water, and 

(3) kept continually moist for the duration of the curing period.  Periodic supervision is 

necessary since covering tend to dry out and therefore need occasional moistening.   
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If water curing is the method of choice, it should be applied as soon as possible to 

prevent the sealing of capillary pores due to drying.  However, it cannot be applied too 

early due to the possible existence of bleed water, which can increase the water cement 

ratio of the cement paste at the top surface.   

 

Sealed Curing 

Sealed curing can consist of plastic sheeting, waterproof paper or membrane-

forming curing compound.  Plastic sheeting or waterproof paper should be applied to the 

surface of the concrete as soon as possible.  However, it cannot be placed too soon or 

marring of the surface will occur.  Plastic sheeting traps evaporated moisture within the 

sheeting.  The moisture condenses on the sheeting and redistributes itself over the surface 

of the concrete.  This condensed moisture helps continue the hydration process.   

The use of curing compounds or membranes is another method of sealed curing.  

Curing compounds have become a very popular form of curing as they can be applied 

much sooner than sheets or mats.  Although curing compounds have found wide 

acceptance, they provide the least amount of curing protection.  Also, they do not 

necessarily prevent complete evaporation of mix water.  Instead, they only retard this 

process, as it is typically impossible to completely seal the entire concrete deck surface 

with the compound.  As a result of an impermeable layer forming on the concrete surface, 

mix water generally is the primary means for hydration, with some help possible from 

moist curing if applied later.  The use of curing compounds is best after there has been 

some initial time of moist curing (e.g., sprinkling water, ponding, or saturated covering).  
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However, currently in Texas and in most other states, a curing compound typically is 

applied before moist curing (Phelan, 2001). 

 

Studies of Curing Regime Effects on Concrete Properties 

Concrete Temperature  

 Curing method can affect and/or control the temperature rise in concrete 

slabs.  Findings by Cable, Wang, and Ge (2003) have shown moist-curing to be the most 

effective method at minimizing the variation in concrete surface temperatures due to 

diurnal atmospheric conditions when compared to utilizing only a curing compound or 

nothing at all.  Sections receiving the curing compound treatment had better surface 

temperature control with respect to the section with no cure coverage.   

Moreover, Khan, Cook, and Mitchell (1998) have found cure treatment to affect 

peak temperature.  They subjected 4-inch thick concrete slabs to three different cure 

treatments under laboratory conditions of 22 °C (71.6 °F) and relative humidity of 50%.  

The cure treatments used were moist (wet burlap), sealed (covered with polyethylene), 

and air cured.  Both the moist and sealed cured concretes produced relatively high peak 

temperatures (approximately 120 to 127 °F) at 21 hours when compared to the air-cured 

slabs (95 °F at 24 hours).  Moist and sealed curing would be beneficial during cold 

weather concreting since the increase in peak temperature would help progress hydration.   
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Concrete Strength 

 The factors affecting concrete strength development, other than mixture 

composition, are primarily temperature and moisture.  Findings from other researchers 

(Soroka and Baum 1994, Aitcin et al. 1994, Nassif and Suksawang 2002, Conroy-Jones 

and Barr 2003) consistently reveal very low compressive and tensile strengths for air 

cured (no protection against moisture loss) specimens when compared to specimens with 

either water or sealed curing.  These studies support the fact that moisture is an important 

factor for proper hydration and strength development.   

With proper hydration during curing, early age compressive strength may be 

accelerated by increasing curing temperature.  Of course, this increase in temperature can 

cause lower ultimate strengths when compared to curing at normal temperatures (Topcu 

and Toprak 2005, Klieger 1958, Chanvillard and D’Aloia 1997).  If a high early age 

compressive strength is desired, engineers must decide on an acceptable degree of 

strength acceleration without over sacrificing ultimate strength.   

 

Concrete Permeability 

 Nassif and Suksawang (2002) reported lower permeability from concrete samples 

that were moist-cured with wet burlap as opposed to no curing.  Permeability was further 

reduced with increased cure duration.  Cable, Wang, and Ge (2003) discovered that the 

top concrete of a slab was affected by type of concrete treatment.  Slab sections treated 

with either a double application of curing compound or moist covering had lower 
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permeability when compared to uncured slabs.  They however found concrete at the 

bottom of the slabs to have similar permeability irrespective of the cure treatment used.   

Therefore, the structure of the top layer concrete is of major concern during 

curing.  Assuring adequate protection against drying reduces porosity (Alsayed 1994) and 

results in a tighter and less permeable matrix.   

 

History & Background of the Maturity Method 

 The evolution of the maturity concept began as early as the late 1940’s.  Studies 

to accelerate compressive strength gain of concrete floor patch jobs exposed to cold 

temperatures (such as refrigeration rooms) were carried out by McIntosh (1949).  

McIntosh utilized electric current flow to raise the curing temperature by placing 

electrodes to the ends of concrete specimens.  McIntosh’s study compared strengths of 

cubes cured at normal and elevated (due to the electric current) temperatures, but needed 

a method to compare strengths from the different curing regime.  Thus, he suggested a 

quantitative measure based on temperature and time and termed it “basic age.”   

McIntosh also realized this measure should be with respect to the “no-hardening” 

temperature (later referred to as the datum temperature), which he took to be 30 °F 

(1949).  The datum temperature is the lowest curing temperature before hydration stops 

provided the concrete had started gaining strength above a freezing temperature.  

McIntosh concluded that the strength gain of concrete can be accelerated by increasing 

temperature.  
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Nurse (1949) believed the same ideology proposed by McIntosh could be used to 

summarize the effects of different steam curing cycles on precast members.  The 

difference between these two studies was the method of raising the temperature.  

McIntosh used electric current while Nurse used steam to provide a high temperature and 

moisture rich environment.  Nurse concluded the product of kiln temperature and time 

can be used fairly well to predict strengths from various cure temperatures, provided the 

concrete temperature closely follows the kiln temperature.  Thus, Nurse considered the 

kiln temperature as opposed to internal concrete temperature in his determination of 

degree-hours and also did not consider a datum temperature. 

After reviewing research by Nurse, Saul (1951) linked the product of temperature 

and time with the term “maturity.”  Maturity in turn could be used as an indicator of in 

situ strength gain with the aid of pre-established strength-maturity curves for a particular 

mix.  Saul also recognized a datum temperature was necessary to accurately determine 

the maturity of concrete.  His findings revealed strength gain was possible even below the 

freezing point of water provide concrete set had occurred prior to these low temperatures.  

Saul suggested concrete strength gain was possible even at -10 °C (14 °F).  McIntosh 

(1956) later confirmed that -10 °C (14°F) was a better datum temperature than his 

previously proposed value.  Saul’s (1951) findings established the “maturity rule” as is 

known today and stated as follows:  “Concrete of the same mix at the same maturity has 

approximately the same strength whatever combination of temperature and time go to 

make up that maturity.”  Figure 2.1 graphically illustrates this statement.  
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Figure 2.1  Saul's Maturity Rule.  (Kehl et. al., 1998) 

 

Figure 2.1 demonstrates two possible curing histories from the same concrete 

mixture.  This concrete mixture whether exposed to cold or hot curing conditions, as 

depicted by the two left graphs in the figure, will attain similar maturities when the area 

under the temperature-time graphs are equal.  It is apparent the actual age at which the 

maturity ages are equal will be different for each curing scenario.  A maturity of “M” will 

occur much sooner in hot curing temperatures when compared to the cold curing 

temperatures.  Nonetheless, according to the “maturity rule,” both concretes should have 

similar strengths at this maturity “M” as shown on the right graph of the figure.   

 

Maturity Functions 

Early findings by McIntosh, Nurse, and Saul led to a maturity function which 

expressed the maturity of concrete in degree-hours (i.e. temperature-time factor).  This 
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function is referred to as the Nurse-Saul maturity function.  The development of other 

maturity functions, which use the same principle of equal maturities result in similar 

strengths for the same concrete mixture, were proposed using different methodologies to 

determine maturity values.  These methodologies still incorporated temperature and time 

as inputs when determining a maturity but differed in the rate of strength gain.  Maturity 

has thus been referred to or called several different names as a result of the various 

functions.  The numerical maturity value can generically be referred as a maturity index 

which includes the temperature-time factor or equivalent age of concrete.   

 

Nurse-Saul Time-temperature Function 

 Findings from Nurse and Saul for a steam curing environment resulted in a 

function which considers time and concrete temperature history with respect to a datum 

temperature (Carino, 1984).  These studies were carried out in a steam chamber and thus 

moisture deficiency during hydration was not a consideration.  Equation 2.1 expresses the 

Nurse-Saul Maturity function as a temperature-time factor (i.e. degree-hour units). 

t)T(TM
t

os ∆−= ∑
0

     (2.1) 

where 

 Ms  = concrete maturity at age t expressed as a “temperature-time factor” 

T  = average temperature between ∆t  

t  = time after pour 

To  = datum temperature, usually taken as 14 °F (-10 °C) 
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∆t  = elapsed time between temperature readings. 

 The two major parameters for Equation 2.1 are temperature and elapsed time 

(concrete age) after placement of concrete.    Equation 2.1 has a linear rate of strength 

gain characteristic.  The linear strength gain of this equation will be further examined and 

discussed when compared to the other discussed maturity function in later sections.   

 

Nurse-Saul Equivalent Age Function 

 Since successive maturity functions expressed the maturity index as an equivalent 

age, Equation 2.1 was modified by including a reference temperature.  The addition of a 

reference temperature allows the equation to be expressed in units of equivalent age as 

opposed to a temperature-time factor and therefore easily compared to other maturity 

functions.  Equivalent age is defined as “the duration of the curing at the reference 

temperature that would result in the same maturity as the curing period at other 

temperatures” (Malhotra & Carino, 2004).  The Nurse-Saul Equivalent Age function is 

written as shown in Equation 2.2. 
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where 

 tens = Nurse-Saul equivalent age at the reference temperature 

 Tr = reference temperature, usually taken as 68 °F (20 °C). 

 Other terms in Equation 2.2 have been defined previously in Equation 2.1. 
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Rastrup Equivalent Age Function 

Rastrup (1956) realized the Nurse-Saul equation did not consider the change of 

reaction rate with respect to increasing or decreasing temperature.  Therefore he proposed 

a function based on a chemistry reaction rule of thumb, which states the reaction rate is 

doubled for every 10 °C increase in temperature.  All temperature variables in the 

Rastrup function are expressed in degrees Celsius and takes the form as shown in 

Equation 2.3.  

  tt
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0
2     (2.3) 

where 

 ter = Rastrup equivalent age at the reference temperature 

TD = temperature change resulting in doubling reaction rate, usually 10 °C. 

Other terms in Equation 2.3 have the same definitions as in Equation 2.1 & 2.2 an 

uses the same reference temperature of 20 °C. 

 Rastrup (1956) tested his equation against the Nurse-Saul function and discovered 

his method was less reliable.  He therefore stated maturity and strength prediction based 

on the Nurse-Saul function was the more reliable method at the time.  

 

Verification Studies with the Nurse-Saul Function 

 Several studies have been performed to determine the validity of the maturity by 

way of the Nurse-Saul function.  Bergström (1953) demonstrated that strength prediction 
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with Nurse-Saul based maturity was satisfactory over a temperature range between 16 °F 

and 115 °F.  His strength predictions, however, were based on 28-day relative strength 

and not absolute compressive strength.   

Lew and Reichard (1978) also had successful attempts with the Nurse-Saul based 

maturity when curing temperatures were held constant and care was taken to avoid 

moisture loss from concrete samples.  Experimentation was conducted with a smaller 

range of temperature, when compared to Bergström, which included 35 °F, 55 °F, and 73 

°F.  Carino, Lew, and Volz (1983) also found the Nurse-Saul maturity method to be 

acceptable provided both in-place structural concrete and concrete specimens (for 

development of maturity-strength reference curves) experienced the same early age 

curing temperatures. 

However, studies by Klieger (1958) and Alexander and Taplin (1962) reported 

poor correlations between compressive strengths and the Nurse-Saul based maturity.  

Klieger’s (1958) work was performed with six different curing temperatures ranging 

between 40 °F and 120 °F.  He found that concrete cured at the high temperatures 

produced a concrete with high compressive strengths at early ages of 1, 3, and 7 days but 

strength at 3 months was compromised when compared to concretes cured at the lower 

temperatures at the same age.  Klieger therefore concluded that early age curing 

temperature will affect the maturity-strength reference curve (1958).    

Alexander and Taplin (1962) also performed a similar study as Klieger but 

focused only on curing temperatures of 41 °F, 69.8 °F, and 107.6 °F.  Each of these 

curing temperatures produced three different maturity-strength relationships.  Carino 
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(1984) later found that the use of the Nurse-Saul maturity to be less accurate with the 

production of new cements which require higher activation energies for hydration.  He 

also states that the Arrhenius method considers the hydration rate of concrete with respect 

to concrete curing temperature more accurately (1984).  The groundwork of the 

Arrhenius method is presented in the next section.   

 
  
Arrhenius Equivalent Age Function 

 Along with the thinking of Rastrup, Freiesleben Hansen and Pedersen (1977) 

suggested concrete hydration or strength gain rate could be represented by the scientific 

Arrhenius equation.   Temperature fluctuations influence the rate of the chemical reaction 

in concrete during the hydration process (Constantino and Carrasquillo, 1998).  The 

fundamental Arrhenius equation (Equation 2.4) accounts for the increasing probability of 

molecule collisions with increasing temperature.  In turn, the high collision rate results in 

a higher kinetic energy, which affects the value of activation energy, E.  Activation 

energy, which is dependent on the temperature of the concrete, is the energy required to 

ensure chemical reaction.  Higher temperatures result in ease of chemical reaction, 

whereas low temperatures will impede the reaction rate.   

RT
E  

T Cek
−

=       (2.4) 

where 

 T = given absolute temperature (Kelvin) 

kT = rate constant at a given absolute temperature, T 

 C = frequency factor 
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 R = universal gas constant (8.314 J/(K*mol)) 

 E = activation energy (common values used given below) 

  E = 33500 J/mol   when T ≥ 293 K (68 °F, 20 °C) 

  E = 33500 + 1470(293-T)  when T < 293 K (68 °F, 20 °C). 

 With the use of the Arrhenius equation, a maturity equivalent age can be 

determined by computing a ratio between the rate constant at a given temperature (kT), 

and a rate constant at a reference temperature (kr).  An equivalent age can thus be 

determined from the ratio (kT / kr ) and applying intervals of time.  Thus, the Arrhenius 

Equivalent Age takes the form shown in Equation 2.5. 

∆tet
t TrTR

E

ea ∑ ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−

=
0

11

     (2.5) 

where  

 tea = Arrhenius equivalent age at the reference temperature 

Tr = standard absolute reference temperature (293 K) 

T = average absolute temperature between ∆t (Kelvin) 

 E and R defined in Equation 2.4 

 ∆t defined in Equation 2.1. 

  

The standard reference temperature, Tr, used in this equation is 293 Kelvin, which 

is equivalent to 68 °F (20 °C).  Equation 2.5 accounts for the rate of hydration by 

including activation energy.  As shown in the definition of Equation 2.4, typical values 

for activation energy remain constant at 3.35 kJ/mol for temperatures above 293 K.  For 



 26

temperatures below this point, more kinetic energy is necessary to ensure chemical 

reactions.  Thus, chemical reactions above 293 K are carried out with relative ease as 

opposed to those below 293 K.  Although, the Arrhenius Equivalent Age function 

describes the chemical reaction more correctly, the more complex formulation is less 

desirable for quick equivalent age determination.  With the speed of modern computers, 

the use of the Arrhenius Equivalent Age function for maturity should be easily 

performed. 

 

Verification Studies with the Arrhenius Function 

 Findings from comparative studies with the Arrhenius equivalent age method has 

shown it to be better strength predictor when compared to the Nurse-Saul method.  

Chengju (1989) found the Arrhenius method to better account for the change in concrete 

temperature when determining equivalent age.  The Arrhenius method also determines 

heat rate generation far more accurately than the Nurse-Saul method (Ballim and Graham 

2003).   

 Ongoing research on the Arrhenius equivalent age has prompted improvements to 

the function.  These modifications result from the differences in long term strength which 

may occur from either low or high early age curing temperatures.  Chanvillard and 

D’Aloia (1997) have realized this is a potential problem when predicting strength with 

the Arrhenius method and proposed a linear decrease of ultimate strength with increasing 

curing temperature.  Careful curing methods must also be set in place in order to accept 

the given Arrhenius equivalent ages which coincide with high curing temperatures.  If 
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drying occurs during curing at high temperatures, maturity equivalent ages can give 

misleading strength results (Wojcik 2004). 

 

Equivalent Age Function Comparison 

 With the maturity functions expressed in units of time (i.e. equivalent age), a 

comparison between the functions is possible with respect to an age conversion factor or 

affinity ratio.  The age conversion factor, α, “converts a curing interval ∆t to the 

equivalent curing interval at the standard reference temperature” (Malhotra and Carino, 

2004).  The Nurse-Saul function, Equation 2.2 can thus be written as shown in Equation 

2.6. 

∑ ∆=
t

nsens t αt
0

     (2.6) 

where 

or

o
ns TT

TT
α

−
−

=       (2.7) 

 All variables previously defined in Equations 2.1 and 2.2. 

 Similarly, the Arrhenius Equivalent Age function can be expressed in terms of an 

age conversion factor as shown in Equation 2.8. 
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where the age conversion factor is as follows 
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 With the given age conversion factors, Equation 2.7 and 2.9 can be compared to 

determine what effect temperature during ∆t has on maturity values calculated from 

Equations 2.2 and 2.5.  This plotted comparison is shown in Figure 2.2. 
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Figure 2.2 Comparison of Maturity Functions. 

 
  

To understand Figure 2.2, consider a curing temperature of approximately 95 °F 

over an interval of one hour, the Nurse-Saul function would indicate a maturity 

equivalent age of about 1.5 hours, whereas the Arrhenius function would indicate about 2 

hours.  As noted before, the Nurse-Saul function is linear in nature.  It also has lower age 

conversion factors when compared to the Arrhenius function once the curing temperature 

exceeds 68 °F (20 °C).  In contrast, the Nurse-Saul function has slightly higher age 

conversion factors when curing temperatures range from approximately 23 °F to 59 °F   
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(-5 °C to 15 °C).  Both functions have a conversion factor of 1 when the curing 

temperature is 68 °F (20 °C) as is expected since this is the reference temperature.  As 

long as curing temperatures do not vary significantly from the reference temperature, 

equivalent ages should be similar whether using the Arrhenius or Nurse-Saul function.  

Constant curing temperatures of 68 °F (20 °C) are never achievable in the field due to 

diurnal temperature fluctuations.  For most sites in Texas, the actual concrete temperature 

exceeds the reference temperature, (i.e., 68° F).  For this reason, equivalent ages based on 

the Arrhenius function are higher than those for the Nurse-Saul function.    

One drawback to the Nurse-Saul maturity function as shown in Equation 2.2 is 

that extreme fluctuations in curing temperatures must be kept to a minimum, as the 

equation does not account for a hydration rate of change due to increasing or decreasing 

curing temperatures.  Another drawback is that the units of temperature-time, for example 

150 °F-hours are not convenient to grasp.  Further, due to the unique expression of this 

maturity index (i.e., temperature-time factor), the Nurse-Saul maturity function is 

difficult to compare to other maturity functions such as the Arrhenius Equivalent Age 

function, where maturity is expressed as a function of time.   

 

Strength Gain Models 

 Once maturity values (i.e., equivalent ages), are known, they must be related to a 

strength gain model.  This strength gain model in turn can be used to predict concrete 

strength at any time.  Strength gain models for the Nurse-Saul and Arrhenius equivalent 

age functions are discussed in the following sections.  The Rastrup strength gain model is 
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not provided since this method of maturity determination is generally not used in 

practice. 

 

Plowman’s Natural Log (LN) Strength Gain Model 

 Strength gain using the Nurse-Saul function is modeled with a natural log curve.  

Plowman (1956) observed that strength data plotted with respect to the natural logarithm 

of the maturity value resembled a straight line.  He therefore based strength gain on a 

natural log curve.  Plowman’s equation (Equation 2.10) shows the natural log strength 

curve with some modifications to the original equation to express strength as a function 

of the Nurse-Saul equivalent age. 

 

21 ln a)(ta)S(t ensens +=     (2.10) 

where 

 S(tens) = compressive strength as a function of equivalent age (tens) 

 a1 = natural log best-fit curve constant 

 a2 = natural log best-fit curve constant 

 tens defined in Equation 2.2. 

Although, a best-fit curve for the natural log strength gain model is easier to 

calculate, some limitations exist.  First, the natural log strength gain model equation, 

Equation 2.10, predicts continual increasing strength with increasing maturity.  Second, 

due to the linear characteristic of the Nurse-Saul equation (Equation 2.2), it is not valid at 

very early maturity values (Malhotra and Carino, 2004).   
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Freiesleben Hansen (FH) Strength Gain Model 

 Freiesleben Hansen and Penderson (1985) suggested that the strength gain model 

used for the Arrhenius equation should be very similar to the relationship between heat of 

hydration and maturity as shown in Equation 2.4.  The Freiesleben Hansen (FH) strength 

gain model is shown in Equation 2.11. 
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where 

 S(tea) = compressive strength as a function of equivalent time (tea) 

 Sinf = final value of strength, S 

 τ = strength time constant 

 tea defined previously in Equation 2.5. 

 Sinf is the asymptotic value of concrete strength associated with an infinite 

equivalent age.  The strength time constant, τ, is the maximum equivalent age value of 

the differential of compressive strength, S, with respect to the log of tea as shown in 

Equation 2.12. 
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 All variables previously defined in Equations 2.11 and 2.5. 

The strength curvature factor, α, is the rate of strength development.  With the aid 

of Quadrel®, a computer software developed by Digital Site Systems, Inc. (DSS), the 
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values of Sinf, τ, and α are easily determined.  These values are determined by inputting 

cylinder compressive strength data with its corresponding maturity value into the 

Quadrel® software.  This data is then analyzed by using a nonlinear regression routine to 

find a curve of best fit. 

 

Evaluations of the Maturity Method 

Although the Nurse-Saul maturity method is inferior to the Arrhenius equivalent 

age method, the Nurse-Saul is still widely used.  The simplicity of the Nurse-Saul 

function is quite appealing even though available computer technology today would 

easily handle the more complex Arrhenius equation.   

The Nurse-Saul maturity method has been effective in slip forming operations 

during the construction of the Canadian National (CN) Tower (Bickley 1975).  The 

implemented program allowed monitoring of concrete temperatures during the Canadian 

winter with ambient temperatures as low as 1 °F.  Monitor concrete temperature served 

two purposes.  First, construction progressed upward once a certain temperature-time 

factor was reached which correlated to a specified concrete compressive strength.  

However, this was not allowed if an unacceptable temperature gradient existed between 

the placed concrete layers and ambient temperatures.  Therefore, cracking due to thermal 

shock was minimized with this practice.    

Primarily, the use of the maturity method has been on pavements, deck slabs, and 

other bridge components.  The highway overpass on Interstate 78 and State highway 21 

in Newark, NJ used the Nurse-Saul method to monitor developing strength of columns, 
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footings and pier caps (Dong et. al. 2002).  Another such example was the reconstruction 

of the North Central Expressway in Dallas, TX.  Implementation of the Nurse-Saul 

maturity method allowed for in situ strengths of the concrete to govern the construction 

progress as opposed to the required 7-day wait before beams could be tested.  Concrete 

usually reached design strengths in as few as 4 days, thus allowing construction to 

proceed.  This 5-year project was finished nine months ahead of schedule and had a total 

cost savings of $60 million (Texas Quality Initiative, 1999).   

The use of the maturity method has sparked some interest among Department of 

Transportation (DOT) agencies.  Tepke and Tikalsky (2001) report that 73% of the 

responding DOTs (44 of 50 responded) have conducted or are conducting research on the 

maturity method.  They also found 30% of the DOTs already have developed maturity 

specifications which help determine pavement openings to public or construction traffic, 

form removal for highway structures, and structural acceptance.  Monitoring concrete 

temperature and quite possibly pore humidity can give contractors/engineers a 

reassurance of the curing conditions.  With the introduction of disposable meters, usually 

about $15 a piece, and a well defined strength-maturity reference curve, the 

implementation of the maturity method for strength determination could be less 

expensive than that of casting, curing, and testing concrete cylinders (Hulshizer 2001) 

 

Methods to Determine Concrete Permeability 

 Concrete strength is sometimes used as an indirect durability measure.  This 

parameter alone is not sufficient to dictate the level of durability but should be coupled 
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with additional parameters.  The level of concrete permeability has long been an accepted 

measure of durability.  A strong durable concrete would be characterized as having a low 

permeability.  Concretes with low permeability have a high penetration resistance 

towards harmful liquids or gases, such as chlorine ions.  This high resistance helps deter 

damaging reactions which may occur from these harmful materials.  Conversely, high 

permeable concretes (low resistance to penetration) offer little protection from such 

intrusion.  These unsafe agents can lead to the breakdown of the concrete matrix by 

creating internal pressures from the formation of rust on reinforcement steel. 

A number of tests are available to determine concrete permeability.  Some of 

these test methods measure chloride ion penetrability directly while others measure it 

indirectly.  Of the test methods available, the rapid chloride permeability test (RCPT) and 

the “salt ponding” test (hereafter referred to as ponding test) are the most popular.  Both 

of these methods have desirable qualities as well as shortcomings and are discussed in the 

following sections. 

 

Rapid Chloride Permeability Test 

RCPT measures permeability indirectly by determining the electrical resistivity of 

concrete.   This is achieved by subjecting a 2-inch by 6-inch diameter specimen to a 60 

volt current for a period of 6 hours.  The surface of the specimen corresponding to the top 

slab surface is exposed to the 3% NaCl solution.  The other end is in contact with a 0.3 M 

NaOH solution.  Detailed testing procedures can be found in AASHTO T 277 or ASTM 

C 1202.  A schematic of a typical RCPT setup is illustrated in Figure 2.3. 
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Figure 2.3  RCPT Setup.  (Stanish, K.D. et al., 1997) 

 

 At the conclusion of the test, the coulombs passing through a sample is 

determined by plotting the recorded current over the 6-hour period.  The area under the 

curve formed by the plotted data is the total coulombs and can be determined by using the 

trapezoidal rule.  These coulomb values can then be used to interpret chloride ion 

penetrability based on coulomb ranges set forth by ASTM C 1202.  Table 2.3 lists 

permeability potential based on coulombs past.   
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Table 2.3   Concrete Permeability 
Based on Charge Passed. 

Charge Passed a Chloride Ion
(coulombs) Penetrability

> 4000 High
2000-4000 Moderate
1000-2000 Low
100-1000 Very Low

< 100 Negligible
a  Taken from ASTM C 1202  

 

 The above permeability classifications were first proposed by Whiting (1981) 

from a study utilizing a limited number of specimens.  Although the above classification 

guidelines are commonly accepted in practice, they can be misleading if one does not 

consider other variables such as aggregate type and size, cement content, and concrete 

density (Whiting 1981).   Additionally, current measurements are related to the 

movement of all ions (not just chloride ions) and can be influenced by increasing 

specimen temperatures resulting from the test (Stanish, K.D. et al. 1997).  With the many 

variables which could affect RCPT results, this test method is still appealing since it is 

relatively inexpensive and fast to perform.   

 
 
Ponding Test 

 The ponding test directly measures chloride ion concentration at different depths 

of a concrete sample.  This procedure is performed on concrete specimens that have a 

minimum top surface area of 300-mm by 300-mm (12-in. x 12-in.) and at least 75-mm 

(3-in.) in height.  Concrete samples are cured for 14 days and stored for 28 days as 

outlined in AASHTO T 259.  Some variations to the curing and storage procedure can be 
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made if experimental work seeks to investigate non-standard laboratory conditions, as is 

the case for this study.  Alterations to the standards are discussed in more detail in 

subsequent chapters. 

Once concrete specimens have undergone prescribed curing and conditioning, 

they are sealed on all sides but the top and bottom surfaces are exposed.  A dike assembly 

is constructed on the top surface of the sample.  A 3% NaCl solution is continuously 

ponded at a depth of 13-mm (0.5-in.) on the surface for a period of 90 days and the 

specimen is stored in a 50% R.H. environment.  A schematic of a ponded concrete 

sample is shown in Figure 2.4 

 

 
Figure 2.4  Ponding Test Setup.  (Stanish, K.D. et al., 1997) 

 

 After the 90-day ponding period, concrete powder samples are collected.  Powder 

samples are taken over a 0.5-inch interval down to a depth of 1.5-inches as suggested by 

AASHTO T 259.  Powder samples are then chemically tested to determine the average 

amount of chloride concentration for a particular depth.  Results from this test present an 

approximate profile of the chloride ion penetration and are not interpreted easily since no 

known standard exists which classifies concrete permeability, (e.g. “high”, “moderate” or 
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“low”), based on chloride concentration (Stanish, K.D. et al., 1997).  There are, however, 

chloride concentration thresholds and some suggested classifications from Whiting’s 

(1981) previous work on RCPT development, which are discussed in the following 

section. 

 

Relating Integral Chloride and RCPT 

 Whiting’s (1981) study of rapid chloride permeability determination led to the 

accepted chloride penetrability classifications presented in Table 2.3.  While establishing 

this coulomb-based classification system, Whiting determined chloride concentrations for 

the same concrete mixtures in the study.  Whiting presented this parameter as total 

integral chloride and defined it as the chloride concentration versus unit depth of 0.2-inch 

increments as opposed to actual depth.  Whiting believed this approach to be best since 

“sufficient results were not available on the lateral distribution of chloride within the test 

slabs”  and “an integration using the actual depth values would only indicate how much 

chloride was contained in the particular drill hole sample, not in the slab as a whole” 

(Whiting 1981).  An example of an integral chloride calculation can be found in 

Appendix A of this dissertation. 

 Cross-referencing results between ponding specimens and electrical resistivity 

tests performed on slab specimens, Whiting (1981) determined mean integral chloride 

values for corresponding permeability classifications.  Plotted data correlating coulomb 

and integral chloride did not completely lie on a line of best fit, therefore, Whiting 
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included 95% confidence limits to encompass all data.  Table 2.4 lists the mean and range 

values for given classifications of concrete chloride permeability. 

 
Table 2.4   Chloride Penetrability Based on Integral 

Chloride Range. 
Chloride Ion Calculated Range of 
Penetrability 90-Day Total 95% Confidence
Classification Integral Chloride Limit

High 1.08 0.89 - 1.27
Moderate 0.65 0.50 - 0.80

Low 0.37 0.18 - 0.56
Very Low 0.24 0.02 - 0.46  

 

 It should be noted that the penetrability classification from the previous table was 

derived from electrical resistivity tests performed on slab specimens with a 12-inch by 

12-inch surface area and not the customary 4-inch diameter samples used in current 

practice.  Confidence limits from Table 2.4 show the high end of the “very low” category 

encompasses a large portion of the “low” category and the “low” category slightly 

includes a portion of the “moderate” category.  Whiting (1981) concludes the overlapping 

integral chloride ranges are the result of a broad confidence limit at low permeability.   

The correlation between electrical resistivity from 4-inch diameter cores and 

integral chloride from ponding samples has less agreement (correlation coefficient, R, of 

0.83) when compared to the relationship using slab specimens for both test method (R of 

0.92).  Although the comparison using electrical resistivity from slab specimens is better, 

a comparison utilizing 4-inch diameter specimens is desirable since it is the easiest to 

perform of the two.   
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Results from Whiting’s (1981) study correlating coulombs from the cell test (i.e. 

4-inch diameter cores) and integral chloride are shown in Figure 2.5.  The figure 

illustrates there is little agreement for low values of coulombs and somewhat better 

agreement with increasing values.  Based on the guidelines for RCPT in Table 2.3, range 

values for integral chloride can be inferred.  Vertical lines are drawn from the limit values 

on the abscissa upward to the linear regressed line.  Horizontal lines are then provided 

from the intersection at the linear line to the ordinate.  The values on the ordinate 

approximate the integral chloride for particular coulomb values when using 4-inch 

diameter cores.  The corresponding ranges of coulombs and integral chloride for a 

permeability classification are displayed in Table 2.5. 
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Figure 2.5  Whiting’s RCPT and Integral Chloride Correlation.  (1981) 
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Table 2.5   Concrete Permeability Based on RCPT and 
Ponding. 

Charge Passed a Chloride Ion Integral Chloride b

(coulombs) Penetrability Content per 0.2-in.
> 4000 High > 1.30

2000-4000 Moderate 0.80 to 1.30
1000-2000 Low 0.55 to 0.80
100-1000 Very Low 0.35 to 0.55

< 100 Negligible < 0.35
a  Taken from ASTM C 1202
b  Deduced from findings by Whiting 1981  

 

 Although the correlation shown in Figure 2.5 is not remarkable, the guidelines set 

fourth in Table 2.5 will be used to determine the permeability classification of concrete. 
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CHAPTER III 

 
ANALYSIS OF CONCRETE PROPERTIES FOR 

DIFFERENT WET-MAT CURING DURATIONS 

 
This chapter focuses on findings from previous work conducted by the author and 

other researchers.  This study included testing several concrete mixtures commonly used 

in regional districts throughout the State of Texas.  As part of the testing procedure for 

this phase, each concrete mixture was tested under field conditions and within its 

respective climatic region.  A brief description of field setups is presented within this 

chapter along with results for concrete strength, concrete maturity, and permeability (via 

the RCPT method, ASTM C 1202).  In addition, supplementary laboratory work was 

performed to determine permeability with the salt ponding method (i.e. AASHTO T 259 

& T 260).  Results from both permeability test methods are correlated and also compared 

to 28-day in situ compressive strength.   

 As mentioned, previous work involved investigating several concrete mixtures 

used throughout Texas in both a field and laboratory environment.  Strength development 

and maturity values from field setups from previous work are presented for the following 

districts:  El Paso, Fort Worth, San Antonio, and Houston.  Permeability results are 

provided for the previous listed districts in addition to the following districts:  Lubbock 

(revised mix), Atlanta, and Pharr.  These concrete mixtures will be identified and referred 

to hereafter by its respective shorthand notation as listed in Table 3.1.   
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All concrete mixtures in the study were classified as TxDOT Class “S” with a 

cement factor of approximately 6.5 (i.e. a volume equal to 6 ½ sacks of cement per cubic 

yard) and used either crushed limestone or siliceous gravel as coarse aggregate.  The 

components of the concrete mixtures are presented in Table 3.2.   

 

Table 3.1 Concrete Mixture Identification. 
Notation Description

ELP El Paso District Mix
FTW Fort Worth District Mix
SAT San Antonio District Mix
HOU Houston District Mix
LBBR Revised Lubbock District Mix
ATL Atlanta District Mix
PHR Pharr District Mix  

 

Table 3.2   Concrete Mix Designs. 
Parameter/
Description ELP a FTW a SAT a HOU a LBBR a ATL b PHR b

I/II I/II I/II I/II I/II I I
306 458 469 428 397 458 611
Slag Fly Ash F Fly Ash C Fly Ash C Fly Ash F Fly Ash F
306 131 122 157 181 128

Coarse Agg. (lbs) 1755 1802 1824 1811 1854 1790 2000
Fine Agg. (lbs) 1220 1203 1093 1088 1174 1117 985
W/(C+P) 0.42 0.43 0.43 0.46 0.45 0.46 0.41
Air 5% 6% 6% 5% 6% 6% 6%
a  Mixture contains crushed limestone for coarse aggregate
b  Mixture contains siliceous gravel for coarse aggregate
c  Cement replacement by volume

30% 35% 25% 0%
Cement 
Replacement c

52% 25% 23%

Cement Type 
(lbs)
Mineral 
Admixture (lbs)

Districts

None
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Bridge Deck Field Work 

Field setups involved construction of a full scale bridge deck (typically 10-ft wide 

by 30-ft long) on site for the ELP, FTW, SAT, and HOU districts.  The cast-in-place 

concrete deck, was 4 ½ inches thick and supported by pre-cast panels.  Average bridge 

deck surface heights were approximately 7-ft from the ground.  Each bridge deck was 

divided into 6 sections to allow for various cure durations, as discussed in the next 

section.  

Reinforcement mats were included in the slab design to accurately represent field 

conditions.  Reinforcement bars were elevated from the panels with the use of 1-inch slab 

bolsters (chairs).  Longitudinal reinforcement was spaced evenly at 9 inches center-on-

center and was #4 rebar, (i.e. ½ inch diameter).  Transverse reinforcement consisted of #5 

rebar (i.e., 5/8 inch diameter) spaced at 6 inches center-on-center.  The location of rebar 

was marked with paint on the perimeter of the formwork.  These markings allowed 

detection of rebar and helped reduce the risk of clipping rebar during coring. 

Monitoring of concrete curing temperatures was necessary to determine concrete 

maturity or equivalent age.  This was accomplished by using type “T” 22 gauge copper-

constantan shielded wire.  Shielded thermocouple wire was used to minimize interference 

from outside noise sources.  Thermocouple lead wires were routed to a portable shed 

which housed the data acquisition equipment.  The data acquisition system used was a 

bundled package from Quadrel®.  The package included pre-programmed data loggers 

which acquired temperature data and could display real-time temperature and maturity 

with a handheld device.   



 45

Thermocouples were placed at mid-depth (approximately 2 to 2 ½ inches from the 

surface) throughout the prospective cast-in-place deck.  A prepared bridge deck prior to 

concrete placement and a typical thermocouple are shown in Figure 3.1. 

   

    
 (a)  Bridge deck prior to pour (b) Thermocouple 

Figure 3.1  Typical Field Bridge Deck. 

 

 Once initial bridge deck preparation was complete, the cast-in-place concrete was 

placed with the aid of contractors and/or TxDOT personnel.  Concrete was carefully 

placed in each section to avoid damage to the thermocouples.  During placement, the 

concrete was vibrated and floated, and an appropriate finish, typically a tine finish, was 

applied to the surface.  Finally, before wet-mat curing, a curing compound was sprayed 

onto the surface of each section to prevent moisture loss.  Application was done by hand 

with a spray tank and the exact rate of application was not known.  Typically, curing 

compound is applied at a rate of 180 square feet per gallon with proper equipment 

(TxDOT 2004).  Once initial set was achieved, both saturated cotton mats and 
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polyethylene sheets were placed over bridge deck sections which were designated to 

receive wet-mat curing.  The wet-mat cure treatments were in place for pre-determined 

durations and are detailed in the following section.   

 

Wet-mat Cure Durations 

 The primary objective of this portion of the study was to evaluate the effects of 

different curing durations on the durability of concrete.  Six different curing durations 

were investigated in the entire scope of the study.  Regarding strength development, only 

three of six are presented since these durations give an adequate representation of a) the 

different strength development characteristics and b) the misleading strength prediction 

nature of the current maturity method.  The three durations presented are for 0, 4, and 10 

days of wet-mat curing.  The 0-day cure section of the bridge deck did not receive any 

moist curing, but did receive a curing compound treatment to its surface after final 

surface finish of the concrete.  The 4-day cure section received an initial curing 

compound treatment followed by additional wet-mat curing once the bridge deck 

concrete reached initial set.  Saturated cotton mats and polyethylene sheets were left on 

the surface until Day 4.  Thereafter the curing media were removed and the deck surface 

was exposed to atmospheric conditions.  The 10-day cure section followed a similar 

treatment as the 4-day cure section with the exception of a prolonged curing duration (10 

days of moist curing). 

 Other cure durations from this previous study are for 2, 8, and 14 days of wet-mat 

curing.  Curing for these sections is similar to the cure methods just described but with 
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different periods of wet-mat exposure.  Although the primary focus is on the 0-, 4-, and 

10-day cures, on occasion, results from all six cure durations are included to help 

determine correlations between different sets of data (e.g. correlation between RCPT – 

ponding results and strength – permeability results).  

 

Sampling and Testing for Bride Deck Compressive Strength 

 Compressive strength of the concrete deck was determined from drilled 4-inch 

diameter cores.  Table 3.3 lists the number of cores acquired for each section and age.  

Three cores from each section were drilled from the cast-in-place deck on days 4, 7, 10, 

14, and 28, with the exception for the 10-day cure on days 4 and 7 since this section was 

still covered with the curing media (Table 3.3). 

 
Table 3.3   Bridge Deck Core Sampling. 

Curing 
Duration 4 7 10 14 28

0-day 3 3 3 3 3
4-day 3 3 3 3 3
10-day - - 3 3 3

Concrete Age (days)

 
 

 Following their arrival at the laboratory, core specimens were tested soon after 

they were properly prepared for testing, (i.e. making ends plane and measuring core 

heights), and in their given moisture state.  Readings were corrected to account for 

different height-to-diameter ratios.  A condensed table of correction factors is shown in 

Table 3.4 (TxDOT 2000).  Due to shipping constraints, cores were usually tested 1 to 2 

days after being drilled from the deck.   
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Maturity equivalent ages for each test age, (i.e. actual age of concrete at time of 

testing), and cure duration were determined using the Arrhenius Equivalent Age 

equation.  Equivalent age values were computed from respective concrete temperature 

histories (Appendix B) recorded by the embedded thermocouple wires and elapsed time.  

Strength development trends and maturity values are presented in upcoming sections.   

 

Table 3.4   Height to Diameter 
Correction Factors. 

H/D Factor H/D Factor
1.00 0.870 1.50 0.960
1.05 0.822 1.55 0.964
1.10 0.894 1.60 0.968
1.15 0.906 1.65 0.972
1.20 0.918 1.70 0.976
1.25 0.930 1.75 0.980
1.30 0.936 1.80 0.984
1.35 0.942 1.85 0.988
1.40 0.948 1.90 0.992
1.45 0.954 1.94 0.995

Cores with a H/D between 1.95 and 2.00 do not 
need a correction factor  

 

Sampling and Testing for Bride Deck Permeability  

Bride deck permeability was assessed from drilled 4-inch diameter cores for ELP, 

FTW, SAT, and HOU by the RCPT method.  For each test site and cure duration, a 

minimum of three cores were obtained.  Although cores were sampled on various 

concrete ages, (e.g. 21, 28, 56, and 113 days), test results were not available for each 

concrete mixture on each test age.  After reviewing compiled results from Afroze (2002), 

the 56-day age results were common for each concrete mixture.  Therefore, only results 

from this age group are presented and discussed in upcoming sections.  Since LBBR, 
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ATL, and PHR were not tested in a field setting, RCPT was performed on laboratory cast 

and cured 4-inch diameter cylinders. 

Once 4-inch diameter cores/cylinders were received in the laboratory, they were 

prepared and tested following ASTM C 1202.  This process is briefly described.  Samples 

were kept in a moist state up until sample preparation.  All samples were sliced to obtain 

a 2-inch thick disk.  The side surface of each disk was coated with epoxy and allowed to 

dry until the epoxy had properly cured.  Afterwards, concrete disk samples were placed in 

a vacuum desiccator for a period of 3 hours.  The vacuum desiccator was then filled with 

enough de-aired water to submerge the concrete disk samples.  Both the water and 

specimens were simultaneously subjected to a vacuum to fully saturate the disk.  After 

the specified soaking time, specimens were mounted with silicone rubber caulk to seal 

and secure the specimen ends onto plexiglas electrode cells.  The silicone rubber caulk 

was allowed to dry before testing. 

Following preparation, specimens were tested by first filling each plexiglas cell 

with an appropriate solution.  The cell containing 3.0% sodium chloride solution was 

connected with the negative terminal of a 60 volt source, while the cell with 0.3N sodium 

hydroxide solution was linked to the positive terminal.  Once these tasks were completed, 

the power supply was turned on.  Electric current passing through the samples was 

recorded every 30 minutes.  The voltage was maintained for a period of 360 minutes.  

After such time, the total amount of current passing through the sample over a six-hour 

period was determined and was used to represent the electrical resistivity of the concrete.   
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Permeability Laboratory Work 

 Since the RCPT method does not directly measure chloride ion penetration, 

supplemental work was performed by Ghanem (2004) to help correlate RCPT results 

with a long-term test used to directly measure chloride ion penetration.  All district 

concrete mixtures were batched and cast in a laboratory with the same constituents as 

listed in Table 3.2. 

 

Ponding Specimens 

 Chloride ion penetration was conducted on rectangular prismatic specimens, (12-

in. by 12-in. by 4-in thick).  Similar to the cure durations used in the field, these 

specimens were exposed to 0, 2, 4, 8, 10, and 14 days of curing.  Although these 

laboratory specimens were cured for the same durations, the curing technique was 

different.  None of the specimens received a curing compound treatment, but rather were 

covered with polyethylene sheets for the first 24 hours.  After this initial period, 

specimens were removed from their wooden molds and placed in a lime water bath with 

the exception of the 0-day cure specimens.  The 0-day specimens were placed in a 

laboratory storage room with a temperature of 70 °F and 50% relative humidity until 

testing.  Once specimens received their respective cure duration, they were stored in the 

storage room. 

 AASHTO T 259 served as a guideline for sample preparation.  At 29 days of age, 

specimen surfaces were abraded to simulate traffic wear.  They were then retrofitted with 

a dike capable of retaining a solution.  A 3% sodium chloride solution was ponded on the 
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top surface of all specimens.  This solution remained in place for 180 days, (AASHTO T 

259 requires a minimum of 90 days) and kept at a constant depth of 0.5 inches.  However, 

FTW and LBBR mixtures only had the solution in place for 90 days.  Once the ponding 

period was complete, the salt solution was removed from the surface of the specimen and 

cleaned with a wire brush to remove any salt crystal buildup.   

 

Sampling and Testing Ponding Samples 

Concrete powder samples were retrieved and collected in bottles from 4 different 

depths within each sample as opposed to the three depths recommended by AASHTO T 

259.  The range of each depth level was smaller when compared to the suggested ranges 

in the standard.  The depth levels applied for this investigation are as follows; Depth 1:  

1/16” – 1/4”, Depth 2:  1/4” - 3/4”, Depth 3:  3/4” – 1 1/4”, and Depth 4:  1 1/4” – 1 3/4”.   

The water soluble chloride ion content for each depth was determined using 

AASHTO T 260 as a guideline, but slight deviations from the standard did exist.  

Ghanem (2004) utilized a chloride ion selective electrode (ISE) to determine chloride ion 

concentration in parts per million.  He compared his results from the chloride ISE 

technique with results from the titration procedure outlined in AASHTO T 260 and found 

satisfactory agreement between the two methods.  The modified chloride (ISE) procedure 

follows the initial steps in AASHTO T 260 other than the titration process.  Ghanem’s 

methods are described in more detail in his thesis (2004).  Chloride ion content results 

from his work are presented and discussed in more detail in upcoming sections. 
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Strength and Permeability Findings 

 Results from the field and laboratory study described in the preceding sections are 

shortly presented.  The effects of differing wet-mat cure durations on strength and 

permeability properties are examined and discussed.   

 

Field Bridge Deck Core Strength Analysis 

Concrete core strengths for ELP, FTW, SAT, and HOU field sites are plotted in 

Figures 3.2 – 3.5.  Each plot presents the strengths from each individual core.  For each 

group of cores, (i.e. same cure duration and age), vertical range lines are provided to 

encompass one standard deviation from either side of the mean strength.  In addition, the 

equivalent ages, as determined from the Arrhenius equation (Eq. 2.5), are shown at the 

bottom right corner of the plots for individual cure durations on its respective testing day.  

Compressive strengths for the 0-day cure group are not presented for the HOU mixture 

due to variability in the placed concrete.   

The purpose of these plots is not to determine which concrete mixture performs 

better, but to compare the effect curing duration has on the strength of concrete.  The 

plots illustrate that 0-day cure concrete strengths were much lower when compared to 4- 

and 10-day cure sections for all concrete mixtures.  When evaluating strength based on 

maturity age alone, it is not apparent the 0-day cure concrete would have such a 

difference in strength because similar maturity values for a particular concrete would 

suggest similar strengths.  This is not true for ELP (Figure 3.2) at an age of 29 days, 

equivalent ages alone would imply a 0-day cure concrete would yield comparable 
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strengths as the 4- and 10-day cures.  The strength plot for ELP clearly displays a 

difference of at least 1000 psi.  Examining results for FTW (Figure 3.3), the 0-day cure at 

29 days and the 4-day cure at 5 days have approximately the same strength, yet the 

“calculated” maturity age for the 0-day cure section (771 equivalent hours) is more than 3 

times than that of the 4-day cure (204 equivalent hours).    

This discrepancy is also evident for the SAT mixture.  Consider SAT at a 29 day 

age, the 0- and 4- day cure sections have comparable equivalent ages, (1277 and 1283 

equivalent hours, respectively), but the 0-day cure strength is approximately 2500 psi 

lower when compared to the 4-day cure section.  The use of the maturity method alone 

can lead to incorrect in situ strength assessment from the observations just described.  

With the lack of 0-day concrete strengths for HOU (Figure 3.5), similar trends cannot be 

established.  However, compressive strengths between 4- and 10-day cured sections 

developed similar strengths at 10, 14, and 29 days of age.  
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Figure 3.2  ELP Bridge Deck Core Strength Development. 
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Figure 3.3  FTW Bridge Deck Core Strength Development. 
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Figure 3.4  SAT Bridge Deck Core Strength Development. 
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Figure 3.5  HOU Bridge Deck Core Strength Development. 
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 The underlying assumption associated with the maturity method is that adequate 

curing is always provided.  This idea of adequate curing is desirable but may be difficult 

to attain at times.  Standards do exist which specify the required type and duration of cure 

treatment, but does not guarantee sufficient moisture will be present within the concrete 

to advance hydration.  Several factors could lead to such uncertainties.  Instances may 

exist when construction workers may forget to fully saturate curing media and thus 

hydration would be more representative of a lesser duration of cure.  Ambient conditions 

play a major role in the curing practices of a concrete pavement.  High winds, ambient 

temperatures, and/or low relative humidity could lead to accelerated drying of curing 

media.  Also, curing needs are different for all concrete mixtures depending on the 

constituents (e.g. quantity and type of pozzolanic material, cement, and admixtures). 

 

Field and Laboratory Permeability Analysis 

 Although many uncertainties may exist in field construction, the maturity method 

can be supplemented by considering other parameters such as concrete moisture.  The 

amount of available moisture affects the degree of hydration and in turn affects the 

permeability of concrete. Thus the effect of varying cure durations on permeability is 

explored.      

 Results from both RCPT and ponding are tabulated in Table 3.5 ELP, FTW, SAT, 

and HOU.  Table 3.5 lists the average RCPT from three core samples while integral 

chloride is determined from the chemical analysis of two concrete powder samples.  The 

integral chloride value is determined as mentioned in Appendix A.  The permeability 
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“classifications” for each permeability result are displayed in Table 3.5 based on 

classifications from Table 2.5.  Figure 3.6 displays the data from Table 3.5 with respect 

to each mixtures 10-day result to distinguish any relative improvement in permeability 

resistance among the cure durations.   

 

Table 3.5  RCPT & Ponding Measurements. 
Cure

Duration ELP FTW SAT HOU ELP FTW SAT HOU
3170 1994 1250 - 0.93 0.95 0.83 0.76
Mod. Low Low - Mod. Mod. Mod. Low
617 1208 815 784 0.66 0.70 0.68 0.54

V. Low Low V. Low V. Low Low Low Low V. Low
668 1096 845 750 0.70 0.49 0.66 0.52

V. Low Low V. Low V. Low Low V. Low Low V. Low
10-D

Charge Passed (coulombs) Integral Chloride Per 0.2-in.

0-D

4-D
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Figure 3.6  Field and Laboratory Permeability Results. 
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As with compressive strength comparisons, the objective of the permeability plots 

is not to determine which mixture performs best, but how permeability is affected with 

increased cure duration.  The 0-day cure concretes exhibited higher permeability when 

compared to their counterparts with some period of wet-mat curing.  This is shown with 

values greater than 1.  Generally, both the 4- and 10-day cure durations had similar 

permeability resistance.  The FTW 4-day cure did show a higher permeability compared 

to the 10-day cure when examining results for the ponding test.  This is unexplainable 

since the trend with the other comparisons between 4- and 10-days appears to be well 

established.  Curing environment cannot be a reason for this disparity since ponding 

samples were cured, prepared, and tested in laboratory conditions.  At the moment, it is 

considered to be human error.  If anything, the RCPT data would have been expected to 

vary more between the 4- and 10-day cure duration since curing of the sections are 

exposed to diurnal conditions and the test method itself has shown to have a high 

variability. 

Table 3.5 shows that 4- and 10-day cure sections for a particular mix and a given 

test method have the same permeability classification.  Usually there was no 

improvement in chloride resistance with increasing the cure duration to 10 from 4 days.      

 

Correlation Between RCPT and Ponding Method 

 There has been much debate whether RCPT can assess a concrete permeability 

adequately.  Although determination of chloride permeability using the ponding test is 

preferred, time constraints may not allow the use of this method.  In this section, RCPT 
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and water soluble integral chloride (ponding) results are plotted to determine a 

relationship between the two methods.  Figure 3.7 displays paired data for all 7 concrete 

mixtures and all cure durations (i.e. 0, 2, 4, 8, 10, and 14 days of curing) to observe a 

possible correlation.  Each data point is accompanied with a number indicating the 

duration of moist curing. 
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Figure 3.7  RCPT & Integral Chloride Correlation for All Cure Durations. 

 

 From plotted data points (Figure 3.7), a true one-to-one correlation does not exist 

based on classification criteria for each particular test method.  There is, however, a 

tendency for data points to be within the provided diagonal boundaries.  These diagonal 

lines have no scientific basis but merely encompass the upper and lower intersection 

regions of the common permeability classifications between the two methods.   
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 Further investigation of individual data sets for each mixture reveals more erratic 

variability between RCPT results and more consistency with ponding results.  Consider 

the data set for FTW (Figure 3.7), water soluble integral content is reduced with 

increasing moist curing.  The FTW 0-day cure data point is highest and the remaining 

FTW data points follow in ascending curing duration order.  This is also apparent with 

data sets for PHR, ATL, LBBR, and to some extent for SAT, and HOU.  However, this is 

does not hold true for ELP.  Additionally, mixtures containing siliceous gravel (i.e. PHR 

and ATL) had higher RCPT values and to some extent higher integral chloride contents 

when compared to mixtures containing crushed limestone.  

Regarding RCPT values, high scatter and variability exists between cure durations 

within a concrete mixture.  A pattern cannot be established and thus indicates the large 

variability of the test method.  Although the ponding test appears to assess permeability 

much better, RCPT can provide a “good enough” representation of permeability if a 

quick evaluation is required.  When utilizing RCPT for permeability assessment, one 

must use caution and not take it as a true representation of permeability.  The reader 

should recognize the correlation made in Figure 3.7 is mainly between field cured cores 

(RCPT) and laboratory cured blocks (ponding).  Differences in curing environment can 

add to the lack of correlation. 

 

Strength and Permeability Potential Relationship 

 Compressive strength is generally used as a quick indicator of concrete durability.  

Though concrete durability depends on several concrete properties, permeability is 
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another property (other than strength) that is greatly used to determine durability.  Figure 

3.8 is a plot of these properties to determine if a relationship exists between strength and 

permeability.  Results from 56-day RCPT cores are plotted against 28-day compressive 

strengths from either field site cores (if field cores are available) or 6-inch cylinders for 

laboratory cast mixtures.    

 From Figure 3.8, mixtures containing crushed limestone tend to decrease slightly 

in RCPT reading with increasing compressive strength.  The two boundary lines help 

illustrate this gradual trend.  For the given mixtures containing crushed limestone, RCPT 

readings level off after 5000 psi strength.   

Siliceous gravel mixtures do not follow the same pattern as the other mixtures.  

PHR and ATL have higher RCPT readings and may be attributed to the higher 

conductive nature of the siliceous gravel when compared to crushed limestone.  Although 

sufficient data is not available, siliceous gravel mixtures could possibly form similar 

trends as crushed limestone mixtures but with a higher shifted trend.   

Since the RCPT method measures electrical resistivity, comparing two mixtures 

composed of materials with different electrical conductivities may be misleading.  

Therefore, strengths and ponding results may eliminate the conductivity aspect as shown 

in Figure 3.9.   
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Figure 3.8  Core Strength & RCPT Relationship. 
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Figure 3.9  Core Strength & Integral Chloride Relationship. 
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 As seen in Figure 3.9, mixtures containing siliceous gravel plot closer to the 

crushed limestone containing mixtures.  Two boundary lines have been added to help 

distinguish a possible trend.  The conductivity potential of siliceous gravel has been 

eliminated with the ponding method since moist cured concretes for ATL are essentially 

within the grouping of other mixtures.  However, both the 0-day ATL and PHR concretes 

stray from the rest of the results.  PHR has no pozzolanic material and therefore would 

explain the higher permeability potential.  The 0-day ATL concrete could be a 

combination of a lack of curing and a weak bond between cement paste and the rounded 

nature of siliceous gravel.  Both FTW and LBBR have several points below the 

encompassed region.  These data points correspond to higher cure durations (e.g. 4, 8, 10, 

and 14 days).  

For tested mixtures containing some percentage of pozzolanic replacement and 

some duration of moist curing (Figure 3.9), it is observed that strengths greater than 6000 

psi would yield a permeability classification no worse than “low”.  Additionally, 

strengths between 3000 and 6000 psi would suggest a permeability classification no 

worse than “moderate”.  However, these observations are based on the presented concrete 

mixtures. 

 

Summary of Findings for Varying Cure Durations 

Strengths for 4- and 10-day cures were comparable to each other.  Concretes 

receiving no additional moist curing had significantly lower strengths.  However, based 

on concrete curing temperatures, concretes of the same mixture achieved similar 
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equivalent ages.  This would thus suggest similar strengths between the different cure 

durations within the tested mixture.  This of course is not true.  Therefore, if durability 

evaluation is based solely on strength from maturity values, then an erroneous assessment 

would be made.  Therefore other parameters must be investigated to get an accurate 

strength and durability assessment.  

Permeability classification usually supplements a durability assessment.  From 

presented data of this study, ponding tests give a more accurate representation of chloride 

permeability.  Although this may be true, the length of this test may not be an option.  

Comparing RCPT results for the same mixtures generally show the much shorter test 

method (RCPT) to provide a “good enough” permeability classification.  Care should 

however be exercised when interpreting results for mixtures containing siliceous gravel.  

Siliceous gravel has a higher electrical conductivity and can therefore alter the 

permeability classification of a given concrete. 

Correlations between strength and permeability resistance demonstrate to some 

degree a lower permeability for increasing strength.  A combination of both strength and 

permeability resistance can help determine concrete durability more accurately.  Since 

non-destructive concrete testing is more desirable, the maturity method can be further 

improved into a more robust strength/durability indicator by considering moisture 

presence during hydration.  An improved model would predict a more accurate 

equivalent age, which leads to a better in situ strength assessment, and thus give a better 

indication of durability.  In situ moisture monitoring is a primary objective in the second 

portion of this investigation and will be discussed in the following chapters.   



 65

CHAPTER IV 

INVESTIGATION OF THREE MOIST 

CURE METHODS 

 

As discussed in the previous chapter, concrete strength assessment based on the 

maturity method can lead to a misrepresentation of in situ strength.  Thus, an erroneous 

evaluation of durability can be made if strength is used as the primary indicator of such 

assessment.  Therefore, the objective of this portion of the study is to make changes to the 

maturity method by considering moisture presence during hydration for a better indicator 

of concrete strength and durability.  

Results from the previous portion of this study demonstrated a comparable 

correlation between strength and permeability resistance.  Increased strength typically 

indicated a less permeable concrete.  Low permeability concrete was usually produced by 

subjecting the specimen to some period of moist curing, (e.g. 4 days or more of moist 

curing based on results presented in Chapter 3).  Therefore, the presence of moisture 

during hydration proves to be critical for adequate permeability resistance and in turn, 

strength development.  As part of this portion of the study, concrete moisture is 

monitored during the curing process to help determine a relationship between maturity, 

strength, and permeability.   

The following sections describe the procedures used to accomplish the objectives 

of this study.  The experimental setup included testing a single concrete mixture typically 

used in the Amarillo (AMA) District.  The components of the six-sack concrete mixture 
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used for this portion of the study are listed in Table 4.1.  This mixture was subjected to 

varying curing durations and different moist cure treatments.  Details of the cure 

durations and moist cure treatments are discussed in later sections. 

As part of data collection, internal concrete temperature and moisture were 

monitored during curing with numerous sensors.  Physical properties of the concrete 

mixtures such as strength and permeability were determined from core samples and 

prepared test specimens.  Temperature and moisture data will aid in establishing 

relationships between strength, permeability, and maturity properties.  This data and the 

correlations from this portion of the investigation are discussed in the subsequent chapter.   

 

Table 4.1   Amarillo Concrete Mixture. 
Parameter / Description AMA
Cement Type I/II

(lbs) 367
Mineral Admixture Fly Ash C

(lbs) 158
Cement Replacement a 35%
Coarse Aggregate siliceous gravel

(lbs) 1976
Fine Aggregate  (lbs) 1231
W/(C+P) 0.40
Air 5%
a  Cement replacement by volume  

 

Laboratory Setup 

The experimental setup for this investigation was performed in February 2004 in 

the structures laboratory at Texas Tech University.  Although, the placed concrete was 

shielded from environmental elements, (i.e., snow, wind, rain, and sunlight), the 
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experiment was not in a totally controlled environment.  Atmospheric ambient conditions 

coupled with existing ongoing experimental work in the structures laboratory, (e.g. 

leaving overhead door open to move items in and out of the laboratory), caused internal 

laboratory temperature and relative humidity to fluctuate at times. 

 

Slab Descriptions 

Three concrete slabs were placed and cured in the laboratory conditions just 

described.  Each concrete slab was 18-feet long, 4-feet wide and 4 ½-inches thick.  The 

slabs were elevated approximately six inches from the laboratory floor by resting 

plywood formwork on steel C-channels.  This slab elevation was the only option at the 

time of testing.  The slab was sloped longitudinally approximately 1.5% by adjusting the 

height of the steel C-channels with wood blocks and shims.  By elevating and sloping the 

slabs, the accumulation of humidity underneath the slab was minimized and proper 

surface water drainage was provided.   

Each slab was divided into six sections, similar to the previously tested bridge 

deck sites.  Each section had an area of 3 feet by 4 feet and 4 ½-inches thick.  

Reinforcement mats were placed in each section.  Number 4 rebar was spaced 9 inches 

center-to-center in the overall longitudinal direction of the slab while number 5 rebar was 

spaced 6 inches on center in the transverse direction.  Slab bolsters were used to maintain 

the rebar mat 1 ½-inches from the bottom of the formwork.  To help establish the proper 

slab thickness, a ¾-inch chamfer strip was used to outline the top surface perimeter of 
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each section.  The formwork and rebar layout for the slabs are shown in Figures 4.1 and 

4.2, respectively.     

 

 
Figure 4.1  Slab Arrangement in Structures Laboratory. 

  

Slab 1 

Slab 2 

Slab 3 
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Figure 4.2  Typical Slab Section. 

 

Temperature and Moisture Sensors 

Since temperature and moisture are of interest during curing, each slab was 

instrumented with thermocouples and a number of digital temperature/moisture sensors.  

Thermocouples were made from type “T” shielded copper-constantan wire.  The ends of 

thermocouple wires were protected from corrosion with heat-shrink tubing.  Relative 

humidity within the slabs was measured with SHT75 temperature and humidity sensors 

from Sensirion.  These sensors record relative humidity (RH) within ± 2% between the 

range of 10% to 90% RH and recorded temperature within ± 3 °F between the range of -

40°F to 200°F.  The two types of sensors used for instrumentation are shown in Figure 

4.3. 
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 (a)  Type “T” thermocouple  (b)  Sensirion digital moisture sensor 

Figure 4.3  Data Acquisition Sensors. 

 

To protect the digital chip sensor during concrete placement and from direct 

exposure to plastic concrete, each sensor was housed in PVC tubing.  The tubing was ½-

inch in diameter and 4-inches long with a nylon screen attached to one end with duct 

tape. The nylon screen was used to prevent direct contact between the concrete and 

sensor, yet allowed the internal concrete humidity and temperature to be measured.  

Sensors were inserted through the open end of the tubing to approximately ½-inch from 

the nylon screened end.  The open end of the PVC tubing was sealed with plumber’s 

putty to secure the sensor wire in place and to prevent concrete from reaching the housed 

digital chip sensor.  Digital sensor depths were maintained by securing the pvc housing 

with plexiglas brackets as shown in Figure 4.4.   
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 (a) Side view (b)  Front view 

Figure 4.4  Digital Chip Sensor Enclosures. 

 

Continuously data was recorded to either a data logger or a computer hard drive 

for both type “T” thermocouple and SHT75 sensors.  All lead wires from the sensors 

were secured to the steel reinforcement with zip ties and routed towards the exterior of 

the slab.  Lead wires were bundled and connected to their respective channel inputs at the 

data acquisition hub as shown in Figure 4.5. 
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Figure 4.5  Concrete Temperature and Relative Humidity Data Acquisition Hub. 

 

 Type “T” thermocouples were placed at mid-depth and in the center of the rebar 

grid in locations of the slab as shown in Figure 4.6 (rebar location is shown with a dashed 

line).  The depth of thermocouples was maintained by inserting thermocouple ends 

through a secured plastic bracket as depicted in Figure 4.3a.   

 Due to the high cost of Sensirion digital sensors, only 20 sensors were purchased.  

These sensors were placed in select sections of the slab, for  0-, 4-, and 10-day cures.  

Sensirion sensors were placed near the longitudinal edge of the slabs.  Sensors along the 

edge were at two different depths, mid-depth (approximately 2 ¼-inches below the 

surface) and 1-inch below the surface.  The digital Sensirion sensors were also placed at 

mid-depth in the center of the 10-day cure section for slabs 2 and 3 (i.e. “throw-on” and 

mist cure slabs, respectively, as described in the next section).  A typical layout 

identifying sensor locations is shown in Figure 4.6.   
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Figure 4.6  Typical Slab Layout with Temperature and Moisture Sensor Locations. 
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Cure Treatments 

Previous work described in Chapter 3 focused primarily on varying moist-cure 

durations.  Work presented in this chapter investigates varying moist-cure durations as 

well as three different types of curing treatments.  Each cure treatment is applied to its 

respective slab for durations of 0, 2, 4, 8, 10, and 14 days.  Different cure treatments are 

studied to evaluate any differences in concrete property development.  The three cure 

treatments applied to the slabs are referred to as either conventional, “throw-on,” or 

“mist.”  These are described in more detail in subsequent sections.  Two areas of interest 

are a) the availability or presence of moisture and b) the retention of heat during 

hydration each of the cure treatments and durations provide. 

 

Conventional Cure 

The conventional moist cure treatment is the same treatment used in previous 

detailed work.  After placement of concrete, the surface was finished with a broom 

texture.  Type I-D pink-pigmented curing compound was applied to the concrete surface 

approximately 45 minutes to 1 hour after placement.  Once final set of the concrete is 

achieved, approximately 3 hours after placement, saturated cotton mats were placed on 

the concrete surface and covered with 4 mil thick polyethylene sheeting.  Curing media 

was kept in place for durations of 2, 4, 8, 10, and 14 days.  After a section of a slab 

received its predetermined duration cure, curing media were removed and the concrete 

was exposed to laboratory conditions.  The 0-day cure section of the conventional cure 

slab received a curing compound treatment but no additional moist curing.  The 
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conventional cure slab prior to covering with wet mats and polyethylene is shown in 

Figure 4.7. 

 

 
Figure 4.7  Conventional Slab with Curing Compound Prior to Wet Mat Placement. 

 

Throw-on Cure 

The second treatment used is referred to as a “throw-on” cure.   Once the concrete 

in each section was placed and floated, saturated cotton mats were placed on the smooth 

finished surface and covered with polyethylene.  Curing compound was not applied to 

any surfaces of the “throw-on” slab.  Moisture in the cotton mats was retained with 

polyethylene and periodic cotton mat soaking.  Curing media was in place for the 

durations of 2, 4, 8, 10, and 14 days on certain sections of the slab.  The 0-day cure 

section of this slab had a smooth finish with no curing compound or moist cure treatment 

applied.  This section was exposed to laboratory conditions at all times and evaporation 

Conventional Cure Slab 
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of mix water was not deterred.  The “throw-on” cure slab prior to polyethylene sheet 

placement is shown in Figure 4.8. 

 

 
Figure 4.8  “Throw-on” Cure Slab with Saturated Cotton Mats. 

 

Mist Cure 

The third treatment was a “mist” cure.  After placement of concrete, each section 

was leveled, floated, and a broom finish applied.  None of the sections of the slab 

received a curing compound application.  Immediately after final finish of the surface, an 

elevated polyethylene sheeting canopy was set in place over individual sections.  The 

misting canopy assembly was comprised of a wooden frame, plastic sheeting, and water 

misters.  A hose and a number of water misters were secured to the interior of the wooden 

frame.  The wooden frame was fitted with polyethylene sheeting to help prevent moisture 

loss.  After placement of the misting canopy assemblies over concrete sections, care was 

0-Day cure Section 

Thrown-on Saturated 
Cotton Mats 
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taken to prevent any exposure to the atmosphere by securing overlapping polyethylene 

sheeting to formwork.  Hoses from each of the canopies were connected to a water 

manifold.  Water misters were turned on periodically within the first 24 hours when 

needed based on a visual inspection.  A slight sheen of water on the concrete surface 

indicated saturated conditions.    

Misting canopies were removed after the initial 24 hours and counted for 1 day of 

curing.  After removal of misting canopies, saturated cotton mats and polyethylene sheets 

were placed over the curing concrete surfaces.  This curing media was left in place for the 

remainder of the predetermined curing duration for each section.  For example, the 4-day 

cure section received 1 day of mist canopy curing followed by 3 days of saturated cotton 

mat curing, (i.e. a total of 4 days of curing).  The 0-day section of the “mist” cure slab 

was similar to the “throw-on” cure slab as neither section received a curing compound 

application and were exposed to laboratory conditions throughout the investigation.  The 

two differed since the 0-day section of the “mist” slab received a broom finish as opposed 

to the smooth finish of the “throw-on” slab.  A misting canopy assembly and the “mist” 

cure slab after concrete placement are shown in Figure 4.9.   
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  (a)  Misting canopy assembly  (b)  Placed canopy assemblies 

Figure 4.9  “Mist” Cure Slab. 

 

Concrete Test Specimens 

 In addition to the concrete slabs, numerous concrete test specimens were prepared 

and cured within the structures laboratory environment.  Six-inch diameter cylinders and 

rectangular prismatic specimens were used to determine the strength and permeability 

properties of the AMA concrete mixture.  These specimens, however, were not exposed 

to different cure treatments, but were exposed to different durations of curing in lime 

saturated water baths.   

Over sixty six-inch diameter cylinders were cast from the AMA concrete mixture.  

ASTM C 192 procedures were followed in the preparation of test cylinders.  Several 

cylinders were instrumented with thermocouples to monitor concrete curing 

temperatures.  Once prepared, cylinders were capped with plastic lids to maintain 

moisture during the first 24 hours, which accounted for one day of curing.  After this 

Hose & Spaced 
Water Misters 
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initial period, concrete cylinders receiving additional curing were removed from their 

plastic molds and submerged in a non-temperature controlled saturated lime water bath.  

Similar to sections of the slabs, sets of cylinders were cured for durations of 2, 4, 8, 10, 

and 14 days.  The 0-day cylinders were subjected to laboratory ambient conditions once 

removed from their molds after the 24 hour period.  

Ponding specimens were 12”x12”x4” prismatic slabs.  Concrete was placed in 

two layers and consolidated sufficiently between layering.  Surfaces received a smooth 

finish and were covered with polyethylene sheets for the first 24 hours to minimize mix 

water evaporation.  After this period, samples were removed from their molds and 

submerged in a non-controlled temperature lime bath for the remainder of their specified 

curing duration.  Ponding samples were subjected to 2, 4, 8, 10, and 14 days of curing 

while the 0-day cure samples were exposed to the ambient conditions once removed from 

their molds.  Test specimens for strength (6-inch diameter cylinder) and permeability 

(ponding slab) are shown in the following figures. 
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 (a)  Being prepared (b)  Completed 

Figure 4.10  Six-inch Test Cylinders. 

 

   
 (a)  Being prepared (b) Completed 

Figure 4.11  Ponding Slabs. 

 

Compressive Strength Sampling and Testing 

In situ strength for the different cure methods was determined from 4-inch 

diameter cores.  Samples were drilled with a portable coring machine fitted with a water-

cooled diamond core bit (Figure 4.12a).  During drilling, reinforcement bars were 
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avoided by marking the reinforcement grid on the surface of the slabs (Figure 4.12b).  

Strength for a section on a given age was taken as the average of 3 core samples.  

Compressive strengths for the slabs were determined for 4, 7, and 14 days of age.   

 

    
 (a)  Portable coring machine (b)  Cored slab section 

Figure 4.12  Sampling Laboratory Bridge Deck Slabs.  
 

Although testing dates were set for 4, 7, and 14 days after casting, not all sections 

were accessible for sampling since curing media were still in place for sections incurring 

longer curing durations.  Table 4.2 details the number of cores taken from a section on a 

specified test day.  Compressive strength cores were typically tested 1 day after they had 

been removed from the slab.  ASTM C 42 testing procedures were followed and the 

average strength for a section was determined from the average of three cores.   
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Table 4.2   Four-inch Core Strength Sampling Schedule. 
Age

(days) 0-day 2-day 4-day 8-day 10-day 14-day
4 3 3 3 - - -
7 3 3 3 - - -

14 3 3 3 3 3 3

Curing Duration

 
 

 In addition to in situ slab strengths, concrete strengths were determined from 

standard 6-inch diameter cylinders.  A schedule detailing the number of cylinders tested 

for a particular age is shown in the following table.  Cylinders were tested for 

compressive strength at ages of 1, 3, 7, 14, and 28 days.  Cylinders were subjected to 

varying moist cure durations as the slabs, (i.e. 2, 4, 8, 10, & 14 days).  Cylinder strengths 

were determined from the average of three test specimens.    Since cure duration is one of 

the variables of the investigation, test specimens were not moisture preconditioned, as 

suggested by ASTM C 39, but were rather tested in their moisture state at time of testing, 

(i.e. no moisture preconditioning prior to the test). 

 

Table 4.3   Concrete Cylinder Testing Schedule. 
Age

(days) 0-day 2-day 4-day 8-day 10-day 14-day
1 3 - - - - -
3 3 3 3 - - -
7 3 3 3 3 - -

14 3 3 3 3 3 3
28 3 3 3 3 3 3

Curing Duration

 

Permeability Sampling and Testing 

Permeability for the AMA concrete mixture was determined by both the RCPT 

and chloride ion ponding test methods.  Four-inch diameter cores were used to determine 
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the electrical resistivity of the in situ concrete.  Drilled cores were taken during the ages 

of 56 and 57 days for this purpose.  Due to problems with coring equipment and 

procedures, core sampling was performed over two days and limited to the sections 

shown in the Table 4.4.  Table 4.4 lists the number of cores taken for a particular section 

of a slab.   

 

Table 4.4   Day 56/57 4-inch Core RCPT Sampling Schedule. 

0-day 2-day 4-day 8-day 10-day 14-day
3 3 3 3 3 3
3 - 3 - - 3
3 - 3 - - 3

"throw-on"
"mist"

Curing DurationCure
Treatment

conventional

 
 

After removal from the slab, cores were wrapped with moist paper towels and 

sealed in plastic bags.  Samples were kept in this state until testing.  Testing of RCPT 

core sets (4 cores in a set) started at a 100 day age.  A total of 9 core sets were tested and 

each set required a 24-hour period for preparation and testing.  Thus, a total of 9 days was 

required to complete testing of all cores.   

Before testing, samples were prepared by first removing the top ¼-inch of each 

core and sawing off a bottom portion leaving a 2-inch thick disk specimen.  Disk 

specimens were further conditioned and tested as briefly detailed in Chapter 3 following 

ASTM C 1202 procedures.   A RLC Instrument Company 164A 4-cell model was used to 

determine the electrical resistivity of the disk samples.    
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Figure 4.13  RCPT Four Cell Apparatus Setup. 

 

 Chloride ion permeability potential was determined by ponding a salt solution on 

the specimen slabs.  A setup of the ponded specimen is seen in Figure 4.14.  AASHTO T 

259 was used as a guideline but a few variations from the procedure were used.  Since 

cure duration was a variable for this study, specimens were not cured for the specified 28 

days but rather moist cured for durations of 2, 4, 8, 10, and 14 days.  During the interval 

between moist curing and salt ponding, specimens were stored under standard laboratory 

conditions, (i.e. at room temperature with approximately 50% R.H.).  Ponding of AMA 

specimens started at 29 days of age and the solution was maintained on the surface for a 

period of 120 days instead of the recommended 90 days. 

 Once specimens underwent the 120-day period of ponding, the salt solution was 

removed and the surface was brushed to remove salt crystal buildup.  The surface was 

further abraded to simulate traffic wear.  Four different powder samples from each 

specimen slab were taken with a rotary hammer at 4 different depth ranges.  The depth 
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ranges were as follows: 0” – ¼”, ¼” – ¾”, ¾” – 1 ¼”, 1 ¼” – 1 ¾”.  Once powder 

samples were collected, the water soluble chloride content was determined by preparing 

the samples according to AASHTO T 260.  After this step, a calibrated chloride ion 

selective electrode (ISE) was used to determine the water soluble chloride content of the 

concrete.  The modified approach used to determine chloride content is detailed in 

Ghanem’s work (2004).   

 

  
 (a)  Close-up view (b) A group of specimens 

Figure 4.14  Ponding Specimen Slabs.  
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 CHAPTER V 
 

RESULTS FOR DIFFERENT CURE 

METHODS AND DURATIONS 

 

 Data from the experimental setup for different cure treatments (detailed in 

Chapter 4) is presented in this chapter.  Due to the large amount of data and to maintain 

consistency with previously presented data, comparisons and discussion are limited to the 

three different cure durations of 0, 4, and 10 days.  At times other cure durations may be 

presented to distinguish trends in data.   

First, ambient atmospheric conditions are presented to relate any influence diurnal 

patterns may have had on concrete curing within the laboratory.  Concrete curing 

temperatures for the first 15 days are presented for certain concrete sections of the AMA 

slabs.  Additionally, concrete internal moisture, (i.e. measured as a R.H.) is presented.  

This includes the pore humidity of the slabs during the first 15 days and drying potentials 

after curing media had been removed. 

Concrete strength and electrical resistivity are examined for the three different 

cure treatments and specified cure durations.  Compressive strength development from 6-

inch diameter cylinders is presented to determine the behavior of the AMA mix under 

controlled conditions.  For a more accurate depiction of concrete permeability resistance, 

ponding results from 12-inch by 12-inch slab specimens are presented.   
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Ambient Conditions during Curing 

 Temperature and relative humidity conditions were not available for the interior 

of the structures laboratory for the first 14 days due to data logging equipment errors.  

Therefore outside atmospheric conditions were acquired from a local weather station to 

determine any influences ambient patterns may have had on curing temperature or 

moisture state.  Figure 5.1 displays data for the first 14 days from date of pour.  Concrete 

slabs were cast on February 6, 2004.  The average outside temperature for the first 5 days 

was approximately 40 °F and dropped to about 25 °F between day 5 and 8.  Thereafter, 

outside temperatures gradually increased to an average temperature of about 40 °F to 55 

°F between days 8 and 14.     
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Figure 5.1  Ambient Temperature and Relative Humidity Conditions in Lubbock, TX. 
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Although laboratory temperature data was not available the first 14 days, errors 

with the data logging equipment inside the laboratory were fixed and recordings revealed 

laboratory temperature to range between 60 and 70 °F (Figure 5.2).  The laboratory 

temperature history shown in Figure 5.2 is for the period between day 14 and 24 (i.e. 

February 20, 2004 to March 1, 2004).  During this period, outside temperatures 

approximately fluctuated between 70 °F and 28 °F.  Even with low outside temperatures 

between days 18 and 20, laboratory temperatures remained above 60 °F.  Therefore, for 

discussion purposes, the average laboratory temperature during the curing period will be 

considered as approximately 65 °F.   
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Figure 5.2  Outside and Laboratory Temperature History.  
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Concrete Slab Temperature History 

 Figures 5.3 through 5.5 depict the concrete temperature history of the slabs during 

the first 15 days after casting.  Dotted vertical lines have been provided to distinguish the 

concrete age at Days 1, 4, 7, 10, and 14.  Additionally, a solid vertical line indicates the 

removal of curing media from a section (Figures 5.4 and 5.5).  The evaluation made in 

each figure is between sections with similar cure durations but different cure treatments.   

Concrete temperature during placement ranged between 46 and 47 °F for all 

sections of the slabs.  These figures also depict when coring of the slab occurred by a 

sudden drop in temperature.  This resulted from the cooling effect of the water used while 

taking core specimens.  This temperature drop is apparent on Days 4 and 7 for the 0-, and 

4-day cure sections (Figures 5.3 and 5.4).  This is also true on Day 14 for the three curing 

durations.  A sudden drop in temperature does not occur for the 10-day concrete until 

Day 14 since it does not undergo any wet drilling until this time.   
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Figure 5.3  Slab Temperature History for 0-Day Cure Sections. 
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Figure 5.4  Slab Temperature History for 4-Day Cure Sections. 
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Figure 5.5  Slab Temperature History for 10-Day Cure Sections. 

 

Slab Temperature for AMA 0-day Sections 

 The 0-day cure temperature history (Figure 5.3) shows a slight divergence in peak 

temperature between the conventional cure and the other two cure treatments at about 24 

hours from casting.  The slight increase of temperature for the conventional cure is 

attributed to the application of a curing compound to this section while the other two 

sections received no protection at all.  Under conditions of this experimental work, the 

curing compound helped increase the initial peak temperature of the 0-day cure duration 

by approximately 2 to 3 °F.  Concrete curing temperatures for the 0-day sections ranged 

between 60 and 70 °F between the ages of 1 and 15 days.  For the most part, temperatures 

between the different 0-day cure treatments were similar and usually within 1°F of each 
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other (the exception being for a period between Day 4 and 6 for the “mist” cure treatment 

which showed a lower temperature). 

 

Slab Temperature for AMA 4-day Sections 

An increase in peak temperature is observed within the initial 24-hour period 

when a cure treatment is applied to the slab surfaces (Figures 5.4 and 5.5).  The 4-day 

cure sections peaked at a temperature of 77 °F around the 20th hour.  After this time, 

concrete temperature gradually decreased until Day 4 and then a sudden drop occurred.  

At such time curing media was removed from this section and coring was also performed.  

Once coring activities were complete and each section rebounded from the cooling 

effects of the water, the concrete slab temperatures appear to be within the range of 60 

and 70 °F, similar to laboratory temperatures.  The three cure treatments used for the 4-

day cure duration show no drastic differences in curing temperature between each other, 

except that the conventional cured concrete tends to retain slightly more heat. 

 

Slab Temperature for AMA 10-day Sections 

Sections receiving 10 days of curing reflect the same temperature profile as the 4-

day cure sections for the first 4 days.  Initial peak temperatures were similar between the 

4- and 10-day sections.  The protection provided by the prolonged duration of the 10-day 

cure is noticeable when comparing Figure 5.4 and 5.5.  The 10-day cure sections have 

less erratic temperature fluctuations between ages 4 and 10 days.  After the removal of 



 93

curing media from the 10-day section, there was no immediate drop in concrete 

temperature since coring was not scheduled on this day.  However, a sudden drop is 

noticed on Day 14 which is the first coring opportunity for these sections.  Generally 10-

day cure sections did not experience extreme temperature differences between cure 

treatments and temperatures were typically between 60 and 70 °F after the 2-day age.  

 

Slab Temperature for Different Cure Treatments 

Figure 5.6 depicts the temperature profiles of the conventional cure slab for 0-, 4-, 

and 10-day cure durations.  As mentioned before, the 0-day cured concrete has a lower 

peak temperature during the first 24 hours when compared to sections with some duration 

of moist curing.  Once curing media is removed from the 4-day section, the slab 

temperature of this section is similar to the 0-day section.  The 10-day section also tends 

to follow the 0- and 4-day temperature pattern once the curing media is removed from its 

surface.  A similar temperature pattern, as described for the conventional treatment, is 

observed for the “throw-on” and “mist” cured slabs and are not included in this section 

but appear in Appendix C. 
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Figure 5.6  Temperature History for Conventional Cure Treatment. 

 

Arrhenius Equivalent Ages Determined from AMA Slab Temperature Data 

From Figures 5.3 to 5.5, it is observed that type of curing treatment did not greatly 

influence curing temperatures but curing duration did have an effect.  Therefore, it can be 

deduced that sections with the same cure duration could have similar maturity ages based 

on the parameters (i.e. temperature and concrete age) current models use.  Table 5.1 lists 

the Arrhenius maturity age of each concrete section at age of testing based on its 

respective temperature history.  The tabulated maturity equivalent ages show the 4- and 

10-day sections generally had slightly higher values when compared to the 0-day sections 

at any particular testing age.  However, differences in equivalent age are small (usually 

within 12 equivalent hours for a given test age) that they can be considered to be 

approximately the same age.  Although all the 0-, 4-, and 10-day sections may have 
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similar equivalent ages at 360 hours of age, it is inherent that all 0-day section (lower 

moisture availability) would have less desirable concrete properties compared to the 4- 

and 10-day sections.  Therefore pore humidity during curing should be considered when 

determining equivalent age.  Slab relative humidity is explored in more detail in 

upcoming sections.  

 

Table 5.1   Maturity Equivalent Ages for Different AMA Slab Sections. 
Concrete

Age
(hr) 0-D 4-D 10-D 0-D 4-D 10-D 0-D 4-D 10-D
120 117.9 125.3 - 116.0 124.2 - 114.7 125.2 -
192 177.0 182.9 - 173.7 179.9 - 170.5 178.5 -
360 334.0 338.8 338.1 327.5 332.2 330.2 324.5 330.0 331.4

Conventional Throw-On Mist
Arrhenius Equivalent Age (hrs)

 

 

Slab Moisture 

Slab Moisture History 

 Figures 5.7, 5.8 and 5.9 display pore humidity histories within respective slab 

sections measured as a relative humidity (RH).  The values shown in part “a” of the 

figures are the averaged RH values between the top, (i.e. 1-inch below the surface), and 

mid-depth sensor, (i.e. 2 ¼-inches below the surface) while part “b” represents a liner 

humidity range between the top and mid-depth sensors within the slab sections.  Each 

figure is for a given cure duration and compares cure treatments.  Average internal RH is 

shown for the first 15 days while the humidity range is for 30 days.  Solid vertical lines 

are provided to indicate the time when curing media is removed.  During the initial 24 



 96

hours, pore humidity readings increased for all sections indicating possible migration and 

condensation of mix water into the sensor enclosure.   

Sections receiving no moist curing, (i.e. 0-day) exhibited continuous drying after 

the apparent 24-hour period for sensor equilibrium (Figure 5.7a).  At times moisture 

increased as a result of water from core drilling, (i.e. Days 4, 7, and 14).  The 0-day 

section treated with a curing compound, conventional cure, retained more moisture when 

compared to the other two 0-day untreated sections.  The 0-day conventional section lost 

moisture at a much lower rate and had less potential to absorbing water during coring 

activities.  Both the “throw-on” and “mist” cure sections had similar moisture profiles.  

This was expected since both sections received no curing compound or moist coverings.   

More moisture was present in the conventional 0-day cure section at Day 14 when 

compared to the other two 0-day sections.  Additionally at 30 days of age, the 0-day 

conventional sections had a mid-depth RH of approximately 94% while the other two 

treatments resulted in a RH of approximately 88% (Figure 5.7b). 

Figure 5.8a, which compares 4-day curing using different cure methods, reveals a 

period of sustained moisture while the curing treatments are in place.  Thereafter, the 

concrete gradually dries but regains moisture with core drilling activity on Day 7.  Once 

curing media is removed, the drying rate for the “mist” cure is higher and appears to be 

more sensitive to water presence when compared to the other two treated sections.  This 

is apparent following coring on Day 7.  The “mist” section showed a greater increase in 

moisture during coring activity and a higher drying rate after coring (Figure 5.8a).  The 

ease of moisture increase or decrease for the “mist” section suggests the concrete may be 
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more permeable when compared to conventional and “throw-on” sections.  Figure 5.8b 

reveals the pore humidity at 30 days of age to be approximately 80% for the 4-day 

conventional and “throw-on” sections while the “mist” section is at 74% at the same age.  

For this cure duration, the conventional and “throw-on” treated section attain similar pore 

humidity profiles. 

High RH’s were maintained throughout the moist cure period for 10-day cured 

sections (Figure 5.9a).  The 10-day conventionally cured concrete recorded a lower RH 

than the two other treatments during the cure treatment period.  A difference between the 

4- and 10-day “throw-on” cure is noticed between Figures 5.8a and 5.9a.  Between the 

ages of 24 and 96 hours, the 4-day “throw-on” cure had a lower RH when compared to 

the 10-day “throw-on” cure.  This of course was not anticipated since both sections were 

nearly identical and experienced the same type of treatment and care during this period.  

An explanation to this disparity could be possible condensation of mix water inside the 

enclosure used to protect the digital sensor.   

The following section will present the average drop in pore humidity per day for 

each of the cured sections.  This parameter will be referred to as the drying rate.  The 

drying rate will help distinguish the effectiveness of the cure treatment by disregarding 

initial pore humidity and focusing on pore humidity loss potential.  Presenting data in this 

manner minimizes the error introduced by condensation presence or hardware 

calibration/functionality. 
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(a)  Average humidity profile for first 14 days 
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(b)  Humidity range between top and middle of slab for first 30 days 

Figure 5.7  Pore Humidity for 0-Day Cure Sections. 
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(a)  Average humidity profile for first 14 days 
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(b)  Humidity range between top and middle of slab for first 30 days 

Figure 5.8  Pore Humidity for 4-Day Cure Sections. 
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(a)  Average humidity profile for first 14 days 
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(b)  Humidity range between top and middle of slab for first 30 days 

Figure 5.9  Pore Humidity for 10-Day Cure Sections. 
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Slab Moisture Retention/Drying for Different Cure Methods 

 Drying rates for the slab sections are presented in Figures 5.10 and 5.11.  Drying 

rate for the slabs is expressed as the average change in RH per day based on the average 

RH between top and mid-depth sensors, (i.e. part “a” of Figures 5.7 to 5.9).  Figure 5.10 

shows the average drying rate of the slabs for the period between 11 and 14 days of age.  

The conventional cure sections show an increasing drying rate with increasing cure 

duration, but this should not be misinterpreted as a negative effect as a result of a longer 

curing period.  The increase in drying rate is due to the amount of moisture present in the 

conventional sections at the beginning of Day 11.  The more moisture present in a slab 

results in a higher potential of drying.  Since the 0-day conventional cure section had 

been drying for some time, less moisture is present at Day 11 and a lower drying rate 

results during the period depicted in Figure 5.10.   

The “throw-on” cure shows no clear trend regarding drying rate with change in 

cure duration.  The lack of drying trend can be explained by the immediate placement of 

saturated cotton mats on the surface after the pour.  Water from the saturated mat could 

have increased the water-cement ratio resulting in a marred surface.  From visual 

inspections made 15 minutes after placement of saturated mats, the surface makeup 

appeared to be non-uniform.  Some areas had a glossy appearance, indicating moisture 

concentration, while other areas appeared to be dry.  This surface inconsistency could be 

the reason for the lack of trend in drying rate with an increase in cure duration for the 

“throw-on” treatment.  It should also be noted that the 0-day “throw-on” section had a 
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higher drying rate than the 0-day conventional section since the conventional section had 

a curing compound applied to it and helped retain more moisture.  

“Mist” cure sections demonstrate decreasing drying rate with prolonged cure 

duration.  The combination of mist canopies for 24 hours along with wet mat curing after 

canopy removal appears to have helped retain more moisture.  Since “mist” curing did 

not involve direct contact with the surface for the first 24 hours, the water-cement ratio 

was not changed.  Concrete was allowed to harden during this time while retaining and 

receiving moisture from the mist canopy enclosures.  The longer cotton mats were left in 

place, the less moisture was lost.  As seen in Figure 5.10, the 10-day cure “mist” section 

had a lower drying rate when compared to the 4-day section. 
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Figure 5.10  Drying Rate for Period between Age of 11 and 14 Days. 
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Figure 5.11 presents the drying rate potential 48 hours after the removal of curing 

treatments.  The drying rate shown for the 0-day sections is 48 hours after moisture 

stabilization, (i.e. 72 hour concrete age).  Conventional cured sections revealed little to no 

difference in drying rate with increase in cure duration.  Both the “throw” and “mist” cure 

sections had the greatest drying rate when considering the 0-day sections.  This again 

demonstrates the ability of the curing compound to retain some of the moisture. 

As mentioned before, the “throw” treatment fails to produce any clear trend with 

respect to drying.  This again can be due to the change in water-cement ratio from the 

immediate placement of saturated mats.   
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Figure 5.11  Drying Rate 48 Hours after Removal of Curing Media. 
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Figure 5.11 shows the high drying potential of the unprotected 0-day “mist” cure 

section.  With some protection, as seen with the 4- and 10-day “mist” cure sections, the 

drying rate can be reduced gradually.  Leaving the curing media in place for 10 days 

shows drying rates to be lower when compared to the 4- and 0-day rate.  The curing 

protection from the 10-day “mist” treatment reduces the amount of moisture loss and thus 

would imply a less permeable concrete.   

 

Effectiveness of Cure Treatment on Concrete Moisture 

 The previous sections dealt with the drying potential of the slabs under different 

cure treatments and durations.  This section focuses on the amount of moisture present in 

a concrete slab section for a given time.  Table 5.2 lists the average RH values between 

the top and mid-depth of the slab sections at 306 hours of age (approximately 30 hours 

before Day 14) and 672 hours (Day 28).  Pore humidity values for these two ages are 

presented since the 306 hour age represents a time when all curing media has been 

removed but prior to coring on Day 14 and the 672 hour age is chosen due to the common 

practice of evaluating compressive strengths at 28 days of age.  

The values in Table 5.2 give the impression that the 0-day conventional cure 

section may be a better treatment when compared to the 4-day cure duration.  The 

application of the curing compound seems to retain moisture and minimize moisture 

fluctuations and gives reason as to why the 0-day conventional cure appears to perform 

better than the 4-day “throw-on” and “mist” treatments. 
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To better quantify the effectiveness of each treatment, the values in Table 5.2 are 

normalized with their respective 0-day cure treatment RH value for each measurement 

age.  Therefore normalized values are relative to the value in the first row for each cure 

treatment and age shown in Table 5.2.  The normalized data are displayed in Figures 5.12 

and 5.13 and illustrate how a prolonged curing duration can retain more pore humidity 

for each respective cure treatment.  By establishing the 0-day cure of each treatment as 

the bench-mark, it is seen that extended cure durations help increase the moisture content 

at ages 306 and 672 hours with the exception of the conventional cure.   

 

Table 5.2  In Situ Relative Humidity of Slab Sections. 
Cure

Duration Conv. "Throw" "Mist" Conv. "Throw" "Mist"
0-D 93.82 88.08 86.81 88.50 82.29 80.58
4-D 93.28 92.62 90.97 87.20 86.87 82.59

10-D 95.23 96.95 98.74 86.89 87.29 89.73

672 hour age306 hour age

 
 

 From the following figures, little increase or decrease in moisture is noticed when 

comparing the different durations of the conventional treatment at 306 or 672 hours of 

age.  The moisture percent difference among the conventional cure sections is ±2% from 

respective 0-day cure RH values.  Although there may be little difference in the amount 

of moisture present among same-age conventional cure sections, it does not necessarily 

mean they are the same quality concrete.  In fact, compressive strengths and permeability 

resistance results will show each of the three sections to be unique.  Therefore, the 

observation made from this treatment demonstrates the amount of moisture present at a 
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particular time is not as important as the cumulative moisture history up to a certain time 

(Figures 5.7 – 5.9). 

 Sections receiving the “throw-on” and “mist” treatments do show some type of 

improvement with increase in cure duration.  Of course any increase in moisture is 

expected since the 0-day cure section of both these treatments had no protection at all 

(i.e. no curing compound).  With “throw-on” and “mist” treatments in place for 4 days, 

moisture was increased by more than 4% at 306 hours when compared to their 0-day 

counterparts at the same age.  An increase in moisture was also noticed for the 4-day cure 

“throw-on” and “mist” treatments at 672 hours when compared to their respective 0-day 

cure sections.  These increases were about 5% and 2% for “throw-on” and “mist” 

treatments, respectively. 

 The 10-day cure duration yielded the highest RH for the “mist” cured slab section.  

The 10-day cure “mist” section had a 12% higher RH when compared to its 0-day 

counterpart at 306 hours.  “Throw-on” treatments for the 10-day cure had an increase of 

10% compared to the 0-day section at the same age.  Similar trends are noticed for both 

treatments at 672 hours of age.  At this age, the “throw-on” and “mist” sections had 6 and 

11% more moisture, respectively, than their companion 0-day slab sections.  
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Figure 5.12  Moisture with Respect to 0-Day Cure Sections at 306-hr Age.  
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Figure 5.13  Moisture with Respect to 0-Day Cure Sections at 672-hr Age. 
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AMA Slab Strength  

AMA Slab Strength Comparison 

 Slab strengths for each section were determined from the average strength of three 

drilled cores.  Table 5.3 lists the average strengths for the different cure treated slab 

sections at test ages of 5, 8, and 15 days.  Values are not available for 10-day cure 

sections at 5 and 8 days of age since the curing media was still on the slab surface.   

 
Table 5.3  Average Compressive Strengths for Slab Sections. 

(day) (hrs) Conv. "Throw" "Mist" Conv. "Throw" "Mist" Conv. "Throw" "Mist"
5 120 2688 3132 2920 3661 3639 4042 - - -
8 192 3133 3592 3639 4224 4601 4253 - - -
15 360 2883 3962 3630 4589 4966 4832 4527 5598 5103

-Values are in pounds per square inch

0-Day 4-Day 10-DayTest Age

 
 
 Average compressive strength values have a wide range when considering 

different cure treatments and duration at Day 15.  The lowest strength value corresponds 

to the 0-day conventional cure (2883 psi) and the highest is for the 10-day “throw-on” 

cure (5598 psi).  This is an approximate difference of 2700 psi between these two sets of 

samples. 

 For a better comparison, compressive strength data in Table 5.3 is presented in 

relative terms in Table 5.4.  Current TxDOT Standards (2004) specify a minimum of 10 

curing days for concrete mixtures containing Type I/II cement; therefore all displayed 

compressive strength data in Table 5.4 is relative to the 10-day conventional cure 

strength.  The conventional cure treatment is chosen as the cure treatment bench-mark 
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since it is the most common method in practice.  With the absence of 28-day slab 

compressive strengths, the 15-day age compressive strength is used as a datum.  Thus all 

values in Table 5.4 are relative to the 10-day conventional cure at 15 days of age.  

 
Table 5.4   Strength Ratios Relative to 10-Day Conventional Cure at 15-Day Age. 

(day) (hrs) Conv. "Throw" "Mist" Conv. "Throw" "Mist" Conv. "Throw" "Mist"
5 120 0.59 0.69 0.65 0.81 0.80 0.89 - - -
8 192 0.69 0.79 0.80 0.93 1.02 0.94 - - -

15 360 0.64 0.88 0.80 1.01 1.10 1.07 1.00 1.24 1.13

Test Age 0-Day 4-Day 10-Day

 
 
 

 The information displayed in Table 5.4 reveals several things about strength gain 

characteristics of the different cure scenarios.  First, all 0-day cure compressive strengths, 

irrespective of cure treatment or test age, were generally lower when compared to the 4-

day cure treatments at 5 days of age (the only exception is the 0-day “throw-on” cure at 

age 15).  Given the curing histories between the 0-day conventional, “throw-on,” and 

“mist” treatments, one would intuitively reason the conventional cure treatment would 

yield higher strengths since a curing compound was applied to this section, which would 

provide protection from drying.  In fact, the amount of humidity present in the 

conventional section was higher when compared to the other two treated sections.  Table 

5.2 lists the pore humidity at 306 hours of age for 0-day cure conventional, “throw-on,” 

and “mist” treatments as 93.82%, 88.08%, and 86.81%, respectively.   Previous studies 

have shown specimens with drier moisture states at time of testing to have higher 

strengths (Bloem 1968, Malhotra 1977, Bartlett and MacGregor 1994).  In this case, both 
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the 0-day “throw-on” and “mist” specimens are drier and have higher strengths compared 

to the 0-day conventional specimen and thus agree with findings from other researchers. 

Additionally the difference associated with the 0-day specimens may be due to the 

degree of hydration.  Conventional cured specimens indicate a higher moisture presence 

which would suggest the possibility of a higher degree of hydration which would result in 

a stronger more brittle concrete.  Malhotra (1977) found that “stronger concrete offers 

more resistance to drilling and, in the process, may introduce micro-cracks or other 

damages to the cores.”  Given the combination of a more brittle concrete and higher 

moisture presence, the result is a lower compressive strength for the 0-day conventional 

slab section when compared to the other 0-day sections. 

Findings by Bloem (1968) found concrete exposed to favorable cure conditions, 

(i.e. adequate moisture during curing), had a slower decrease in internal pore humidity.  

This would imply the 0-day conventional section would have a better degree of hydration 

when compared to the other two 0-day cure regimens (Figures 5.10 and 5.11). 

 All slab sections receiving 4 days of curing had similar or slightly better strengths 

at 15 days of age when compared to the standard specimen (10-day conventional cure 

section at Day 15).  Of course this does not necessarily suggest the sections cured for 4 

days are better than the “standard” 10-day cure period.  The reason for the higher 

strengths associated with the 4-day cured sections can be attributed to the moisture state 

of the specimens.  Referring to Table 5.2, the 4-day cure sections generally had lower 

pore humidity compared to 10-day cure sections.  Recalling that drier samples tend to 
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produce higher strength values, the 4-day cure specimens appear to have enhanced 

compressive strengths. 

Compressive strength results for the 4-day cure sections at 15 days of age (Table 

5.4) reveal the “throw-on” and “mist” cure schemes to yield higher values than the 

conventional cure.  Exploring the moisture content and drying rate of each section can 

help explain the degree of compressive gain.  Among the 4-daycure sections, the 

conventionally treated concrete had the highest moisture content (93.28%) and the 

highest drying rate (0.75 RH/day) which resulted in the lowest compressive strength 

within the group.  A high moisture state at time of testing has been shown to reduce 

compressive strength while a relatively high drying rate is indicative of poor curing.   

The 4-day cure “throw-on” section had the lowest drying rate (0.64 RH/day) and a 

median pore humidity content (92.62 %) compared to the other two cure treatments at 

306 hours of age (Figure 5.10 and Table 5.2).  This combination of drying rate and 

moisture content resulted in the highest compressive strength among the 4-day cure group 

at Day 15.  The 4-day “mist” cured specimens had the lowest moisture content (90.97 %) 

among the 4-day cure group and a lower drying rate than the 4-day cure conventional 

section (0.69 RH/day).  The moisture and drying conditions of the “mist” treated concrete 

yielded a compressive strength slightly lower than the “throw-on” specimens.  

Strengths for 10-day cure specimens deviate from the moisture and drying 

condition patterns associated with the 0- and 4-day cure specimens.  Specimens 

undergoing a “throw-on” treatment yielded the highest compressive strength at Day 15 

followed by “mist” and conventional treatments, respectively (Table 5.4).  However, 
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“throw-on” specimens had the highest drying rate among the 10-day cure group at 306 

hours of age (Figure 5.10) which suggests a less desirable cure since, according to Bloem 

(1968), better cured concrete dries out slower.  This is not the trend among the 10-day 

cure group. 

Specimens subjected to 10 days of “mist” curing appear to have the best curing 

based on its low drying rate of 0.41 RH/day at 306 hours of age among the 10-day cure 

sections (Figure 5.10).  The 10-day conventional cured slab, which is characterized as the 

“standard” section, had the least moisture at a 306 hour age (Table 5.2) among the 10-day 

group and a drying rate that is double of that of the 10-day “mist” cured specimens.  The 

low moisture content and high drying rate of the 10-day conventionally cured sections 

attribute to the lower compressive strengths when compared to the other two treatments.  

It appears prolonged cure durations, such as 10 days, help increase strength for 

“throw-on” and “mist” treatments at later test ages.  Strength assessment for the 10-day 

specimens is less dependent on drying rate and moisture presence at time of testing.  

Noting this last point, a curing duration threshold may exist when concrete strengths are 

no longer dependent on the drying rate or presence of pore humidity.    

 

Slab Strength Development and Equivalent Age 

 This section graphically displays the compressive strength gain for the first 15 

days of concrete sections subjected to different cure treatments and durations (Figures 

5.14 – 5.16).  These figures illustrate the data range of three cores for a particular cure 

duration, treatment, and age.  A vertical line is provided to indicate one standard 
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deviation from each side of the average from the set of three cores.  In addition, straight 

trend lines are provided to connect the average value from each set of cores to the next 

test age.  The solid, dotted, and broken trend lines correspond to the conventional, 

“throw-on”, and “mist” cures, respectively.   

 Each figure compares the strength development of the three different treatments 

with the same cure durations.  Along with strength development, equivalent ages are 

provided in a table within each figure for each set of cores.  Equivalent ages were 

determined with the Arrhenius function (Eq. 2.5) and the recorded slab temperature 

histories (Figures 5.3 – 5.7).  It should be noted that compressive strength values are not 

available for 10-day cured section during the first two test dates since curing media was 

still in place.  Therefore, Figure 5.16 only includes data points at Day 15.  

 Evaluating the equivalent ages for the 0-day sections reveal that they are 

relatively close to each other for any given test age.  At 360 hours of age, the 

conventionally cured slab sections had the higher equivalent age among the 0-day 

sections, yet had the lowest strength among this set (Figure 5.14).  Reasons for the lower 

strength values can be due to moisture content, brittleness of the concrete, and the 

application of a curing compound as previously mentioned.  Both the 0-day “throw-on” 

and “mist” treated sections show similar strength gain trends and depart from the 

conventional treated sections and is expected since the 0-day “throw-on” and “mist” 

sections are nearly identical. 

Concrete subjected to cure durations of 4 days do not show the disparity as shown 

by the 0-day cured sections.  Compressive strengths for this cure group (4 days) at each 
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test age for the three cure treatments generally were close to each other (Figure 5.15).  

Equivalent ages for this cure duration also exhibited similar trends as the 0-day cure 

sections.  The equivalent ages were similar for the three treatments at any given test age.     
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Figure 5.14  Slab Strength Development of 0-Day Cure Sections. 
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Figure 5.15  Slab Strength Development of 4-Day Cure Sections. 
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Figure 5.16  Slab Strength of 10-Day Cure Sections. 
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  Again, the conventional treated section has the highest equivalent age (338.8 

hours) at 360 hours, but has a slightly lower average compressive strength compared to 

the other sections.  The lower strength associated with the conventional treatment can be 

due to the moisture state of the specimen at time of testing and the rate of drying 

experienced during maturation.  Although slightly lower in compressive strength, the 10-

day conventionally cured section is still within 500 psi of the other two treated sections. 

Compressive strength data for 10-day cure section is only available at 360 hours 

of age and therefore equivalent ages are only provided for this age (Figure 5.16).  

Regarding compressive strength for this set, the conventional treated cores had the lowest 

average strength (4527 psi) compared to the other two treatments.  However, it is noticed 

that more scatter exists among the strength data associated with “throw-on” and “mist” 

treatments.  This variability is examined in more detail in the next section.   

 

Slab Compressive Strength Coefficient of Variability 

Referring to Figure 5.16, compressive data for the 10-day conventional cured 

section varied less than for the other two treatments.  This generally was true of the 0- 

and 4-day conventional cured section (i.e. less variability among compressive strength 

data for conventional sections).  Table 5.5 lists the coefficient of variability for each set 

of core specimens.  The values in the table reveal lower variability among strength data 

for most of the conventional treated specimens at a given test age and cure duration.   

This is more distinguishable if an average of the coefficient of variability is taken 

for each cure treatment and duration, (i.e. averaging the values of each column).  These 
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average values are tabulated in Table 5.6 and have been further averaged in the last row 

to depict the variability in strength for each cure treatment.   

 

Table 5.5   Compressive Strength Coefficient of Variability for Slab Sections. 

(day) (hrs) Conv. "Throw" "Mist" Conv. "Throw" "Mist" Conv. "Throw" "Mist"
5 120 1.7 13.0 17.7 3.6 21.1 9.0 - - -
8 192 5.3 5.3 9.6 2.7 3.8 4.3 - - -
15 360 8.3 13.9 4.8 6.0 11.1 10.5 1.3 6.0 4.6

-Values are in percent

Test Age 0-Day 4-Day 10-Day

 
 

Table 5.6  Strength Coefficient of 
Variability – Averaged. 

Cure
Duration Conv. "Throw" "Mist"

0-D 5.1 10.7 10.7
4-D 4.1 12.0 7.9
10-D 1.3 6.0 4.6

Average 3.5 9.6 7.7

Cure Treatment

-Values are in percent  
 

 Referring to the average values in Table 5.6, the conventional treatment has the 

lowest coefficient of variability among strength data when considering the different cure 

durations.  Assuming all test specimens were handled and tested in the same manner, 

concrete cured in a conventional manner would produce a more consistent composition.  

Coefficients of variability of 9.6% and 7.7% for the “throw-on” and “mist” treatments, 

respectively, are substantially higher when compared to 3.5% for the conventional 

treatment.   

The lower variability of the conventional treatment could be due to the curing 

compound.  When applied to slab surfaces, curing compound forms a membrane that 
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retards mix water evaporation and, quite possibly to some degree, the ingress of moisture 

for moist cure treatments.  As a result, the pore humidity of the conventionally treated 

concrete is more constant throughout its age and experiences less internal moisture 

fluctuations.  This is fairly noticeable when examining pore humidity profiles for the 0- 

and 4-day cure durations (Figures 5.7a and 5.8a).  “Throw-on” and “mist” treatments 

typically absorbed the most moisture during water coring and dried out quicker compared 

to sections treated with a curing compound.   

 

Cylinder Strength Comparison 

 The six-inch diameter cylinders were not subjected to the different cure 

treatments of the slabs.  Rather, they were exposed to the more traditional treatments of 

test cylinders with some modifications.  Handling and curing of test cylinders are 

described in Chapter 4.   

Since cure treatments were not compared for test cylinders, strength data is used 

as a representative of the strength behavior development of the AMA concrete mixture to 

cure duration effects.  Figure 5.17 displays the strength data for each of the three 

durations at each test age.  Cylinders were tested at Days 1, 3, 7, 14, and 28.  Similar to 

previous strength graphs, a horizontal line is provided to distinguish the standard 

deviation from each side of the mean value.  Trend lines have also been provided with the 

solid, dotted, and broken lines corresponding to the 0-, 4-, and 10-day cured cylinders, 

respectively.   
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It is apparent the 0-day cured cylinders have lower strength values compared to 

cylinders receiving some duration of curing in the lime bath.  Non-moist-cured cylinders 

reach an approximate compressive strength of 3000 psi and level off.  The 4- and 10-day 

cure cylinders continuously gain strength and are similar in strength at 336 hours and 

somewhat at 672 hours.   
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Figure 5.17  AMA Cylinder Strength Development. 

 

 Compressive strengths from the 6-inch cylinders are more representative of 

strengths for the conventional treated sections.  Cylinder strengths on Days 7 and 14 were 

usually slightly lower than corresponding core strengths from the conventional cured 

sections.  Differences between cylinder strengths and conventional cured cores were 

typically less than 500 psi.  The lower strengths from cylinders are due to the larger size 

of the specimen, (i.e. size effects).  Although correction factors were applied to core 

strengths, it is believed that this will not always be a true 1 to 1 correlation between 
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specimens of different height and diameter.  Ultimately, the test cylinder (6-inch diameter 

by 12-inch height) serves as an acceptable means to correlate strength with drilled cores.   

 

AMA Permeability 

 Permeability results for the AMA mixture are somewhat limited.  RCPT data for 

10 days of curing was not available for “throw-on” and “mist” treatments.  Instead RCPT 

data for the 14-day cure duration is presented when comparing the three different cure 

treatments (Table 5.2 and Figure 5.18).  RCPT data was available for all cure durations of 

the conventional treated slab and thus included in some of the comparisons made in 

upcoming sections.    

 Water soluble integral chloride results for the prismatic ponding blocks are 

presented in Figure 5.20.  These blocks were not exposed to the three different cure 

treatments, but rather submerged in a lime bath as describe in Chapter 4.  Water soluble 

integral chloride results from ponding blocks depict the resistance to chloride 

permeability with increasing cure duration.   

 

AMA RCPT  

 Since 10-day cure RCPT results for the “throw-on” and “mist” sections are not 

available, it is assumed the 14-day cure duration results (which were available) would be 

fairly representative of a 10-day cure period.  RCPT values for the different cure 

treatments and durations are presented and are the average of three tested specimens 

(Table 5.7 and Figure 5.18).  All treatments for the 0-day cure sections had approximate 
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RCPT values between 4200 to 4800 coulombs.  These RCPT values correspond to 

concretes having a high permeability based on ASTM C1202 classification criteria (Table 

2.5).  RCPT values for the three treatments were generally lower with 4 and 14 days of 

curing when compared to no curing.  Conventional cured concrete had a high reduction in 

electrical conductance with 4- and 14-days of moist-curing.  RCPT values were 1858 and 

2342 for the 4- and 14-day cures, respectively.  Both these values are on the borderline of 

a “low” and “moderate” permeable classification based on ASTM C1202.   

 “Throw-on” treated sections had a lower reduction in RCPT values when 

compared to the conventional cured concrete.  The RCPT values between the 4- and 14-

day “throw-on” cure are 2783 and 3096 respectively.  These values indicate that the 

“throw-on” treatment for this concrete mixture would produce a “moderate” permeable 

concrete. 

 

Table 5.7   AMA RCPT Core Data. 
Cure

Duration Conv. "Throw" "Mist"
0-D 4427 4796 4198
4-D 1858 2783 4269
14-D 2342 3096 3352

Cure Treatment

- Values are in coulombs  
 

 “Mist” treated sections did not show an improvement in electrical resistivity with 

a 4-day cure duration.  A lower RCPT value is noticed with 14 days of curing.  A drop of 

about 850 coulombs is noticed between the 0- and 14-day cure for the “mist” treated 

sections.  From the results, it appears the “mist” cure would produce a moderately high 

permeable concrete for the AMA concrete mixture.   
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The only noticeable trends for electrical resistivity are for both the conventional 

and “throw-on” treatments.  Since RCPT is highly variable, it is difficult to determine any 

clear trends.  This is obvious when comparing the 0-day cure data for both the “throw-

on” and “mist” treatments.  The six specimens used for RCPT for the 0-day “throw-on” 

and “mist” sections are practically the same.  The same concrete mixture was used for 

both and no cure protection was provided.  Nevertheless, RCPT data between them 

differs by an average of 600 coulombs.  It is also noticed that RCPT values slightly 

increased when the curing duration went from 4 days to 14 days.  This was not expected 

since, intuitively, increased curing duration should promote hydration and lessen 

permeability potential.   
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Figure 5.18  AMA Core RCPT Comparison. 
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AMA In Situ Strength and RCPT Relationship 

 A relationship between in situ strength and RCPT for the three cure treatments are 

shown in Figure 5.19.  Strength and RCPT for all cure durations of the conventional 

treated slab are included in Figure 5.19.  Additional RCPT data was not available for the 

other two cure treatments due to limited sampling time. 

 Since RCPT data is limited, an accurate correlation between compressive strength 

and permeability via RCPT cannot be established.  Although from the data which is 

available, RCPT readings appear to decrease with increasing strength.  However, this 

trend is broad.  If RCPT data for the conventional treatment is isolated from the other 

cure treatments, a more distinct linear RCPT decline is notice with increasing strength.  

The RCPT trend for the conventional treatment is shown with a solid line, while those for 

the “throw-on” and “mist” treatments are shown with a broken and dotted line, 

respectively. 

 A correlation between strength and RCPT is not as distinct as the previous 

correlation made from the field site study (Figure 3.8) for several different reasons.  First, 

AMA RCPT core samples were anywhere from 100 to 109 days old when tested 

compared to 56 days of age for the previous concrete mixtures.  Also, in situ strengths for 

the established comparison were for 15 days of age compared to 28 days of age.     

 An important factor to consider is the composition of the AMA mixture.  This 

mixture contains siliceous gravel and such aggregate type usually yields higher and 

erratic RCPT results.  This was observed in Figure 3.8 for the PHR and ATL mixtures.  

Another difference of this mixture is the amount of binder, (i.e. cement and fly ash).  This 
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mixture is a 6 sack mixture whereas all mixtures from the field study had a 6.5 sack 

quantity.  Additionally curing temperature can influence permeability as well.  Owens 

(1985) found that concrete containing fly ash had lower permeability when cured at 

higher temperatures.  Curing temperatures for the AMA slabs were generally below 70 °F 

for the entirety of their age whereas field decks presented in Chapter 3 were well above 

this temperature. 
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Figure 5.19  AMA Core Strength & RCPT Relationship. 

 

AMA Ponding Permeability 

 Water soluble integral chloride was determined from 12-inch by 12-inch block 

specimens.  These specimens were not subjected to the three different cure treatments as 

the slabs in the structures laboratory.  Results shown in Figure 5.20 only display the 

effect cure durations have on permeability.  Permeability plots for both the 10- and 14-
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day cures are included.  Both of these are presented since previous RCPT and 

compressive strength discussions have been primarily with the 10-day cure duration and 

recent RCPT data results were only available for the 14-day cure sections.  Water soluble 

integral chloride is determined by procedures discussed in Chapter 2 and detailed in 

Appendix A.   
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Figure 5.20  AMA Permeability for Varying Cure Durations. 

 

The content of water soluble integral chloride decreases with increasing cure 

periods.  Decrease in chloride content is initially relatively large with the introduction of 

a moist curing period.  Thereafter, chloride permeability is gradually lowered, with 

increasing cure periods.    

The AMA ponding test presents much clearer results than the RCPT.  The 

ponding test minimizes the influence siliceous gravel may have on the results.  Ponding 
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specimens are in a more controlled environment since they are completely submerged in 

a lime water bath during curing.  This eliminates the constant attention required of the 

three cure treatments such as periodic saturation of cotton mats.  In addition, RCPT 

samples may experience some damage during drilling or sawing.  This activity may 

introduce micro-cracks into the concrete matrix thus allowing a higher permeability 

reading.  Ponding samples do not have to undergo the same degree of potential damage. 

 

AMA Cylinder Strength and Integral Chloride Relationship 

Cylinder compressive strengths and integral chloride contents from block 

specimens are displayed in Figure 5.21 to distinguish the relationship between these two 

parameters.  Data points reveal increasing compressive strength results in lower chloride 

permeability.  The trend for this relationship is more evident in this plot than in Figure 

5.19.  Chloride content data is not as variable compared to RCPT results and is not 

extremely affected by the type of aggregate used.  Also, cylinder compressive strengths 

give more consistent results compared to 4-inch diameter drilled cores of varying heights.  

Therefore, the type of specimens and test results used for this comparison give a better 

relationship.   
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Figure 5.21  AMA Cylinder Strength & Integral Chloride Relationship. 

 

AMA RCPT and Integral Chloride Relationship 

 Figure 5.22 correlates RCPT and chloride content for the AMA mixture.  Each 

data point is accompanied by a number indicating the duration of moist curing.  

Intuitively, one would expect permeability resistance to increase with prolonged curing.  

This is not the case when an assessment is based on RCPT.  It would be expected that the 

0-day data would be the farthest to the right in Figure 5.22 (which is true for this set of 

data) followed by data points with ascending cure durations to the left.  Instead, the 4-day 

cure data point is farthest to the left with a cluster of remaining data points in no 

particular order between the two extreme points.  Based on established criteria for RCPT 

readings (Table 2.5), the data classify the AMA mixture as having “high” to “low” 

permeability depending on cure duration.   



 128

 On the other hand, ponding test data do follow an anticipated pattern.  The 0-day 

data point is expected to be the highest point in Figure 5.22 followed by data points with 

ascending cure durations downward.  With regard to this pattern, there is more 

confidence in chloride content results from ponding tests.   

Paired RCPT and integral chloride do not lie within the boundaries established in 

Chapter 3.  These points lie at the lower boundary and may be due to the siliceous gravel 

within the mixture.  Substituting the coarse aggregate in the mixture with a less 

conductive aggregate, such as limestone, may theoretically result in lower RCPT readings 

and thus would potentially shift data points to the left.  In this case, paired data points 

may then lie within the boundaries.  Ponding data classify all cure durations for the AMA 

mixture as a “low” permeable concrete from findings of Whiting’s work (Table 2.5)  
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Figure 5.22  AMA RCPT & Integral Chloride Correlation. 

 

Summary of Results for Different Cure Treatments 

 Temperature history plots demonstrate higher and more consistent concrete 

temperatures are maintained with longer cure durations.  It is also observed that the 

curing compound does affect the initial peak temperature of concrete slabs.  This is 

demonstrated by the 0-day sections.  The 0-day conventional section, which had a curing 

compound application, had a slightly higher peak temperature when compared to the 

other two 0-day treatments.   

Moisture monitoring revealed less moisture fluctuation associated with the 

sections receiving a curing compound application.  Conventionally cured sections 

underwent lower adsorption during water coring and usually had lower drying rates.  
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There is some improvement in moisture retention with the “mist” treatment is kept in 

place for 10 days.  However, a 4-day “mist” treatment does not yield the satisfactory 

properties associated with the 10-day duration.  Sections exposed to “throw-on” 

treatments had unusual drying trends.  Drying trends did not suggest a lowering or 

increasing drying rate with an extended curing duration.     

In situ compressive strengths were somewhat lower for conventional treated 

sections compared to the two other treatments.  Most often, pore humidity was highest in 

the conventional sections.  The higher pore humidity content suggested a more saturated 

sample and may be responsible for lower compressive strength values.  In addition, less 

variability was noticed among compressive data for the conventional cured sections.  The 

“throw-on” and “mist” sections both had overall standard deviations that were more than 

two times higher than the conventional treated sections.  The lower strength variability 

associated with the conventional treated section may indicate a more consistent concrete 

matrix. 

Equivalent ages were not affected by the type of curing treatment.  For example, 

the 10-day equivalent ages at 360 hours of age (Figure 5.16) were similar for all three 

treatments.  Equivalent ages are affected to some degree by the length of treatment.  In 

the extreme case between the 0- and 10-day conventional cure sections at Day 15, 

average compressive strengths differ by 1500 psi but only differ by 4 equivalent hours.  

Equivalent age therefore should consider concrete moisture during curing to determine a 

better degree of hydration and progression of concrete maturity.   
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All concrete sections which received no moist curing exhibited high RCPT 

values.  Slab sections undergoing conventional treatment for 4 and 10 days showed the 

most improvement in RCPT readings.  “Mist” treated section had the highest RCPT 

values when a cure treatment was in place.  Intermediate RCPT values resulted from the 

“throw-on” treatment.  Since the AMA mixture contained siliceous gravel, RCPT values 

may be higher than expected.  But with the acquired results, it can be assumed that the 

conventional treatment offers the best protection against permeability relative to the 

“throw-on” and “mist” treatments. 

Chloride penetration via ponding was not conducted for the three different cure 

treatments.  It was however tested for varying cure durations in a lime bath.  Results from 

the ponding test reveal that permeability resistance increases with prolonged curing 

duration.  The correlation between RCPT coulomb readings and water soluble integral 

chloride demonstrate the ponding test is the better choice to determine permeability if 

time is not an issue. 

Findings from the AMA study will be used in the next chapter to establish 

improvements to current maturity functions.  With an improved method, strength and 

durability can be better assessed.  The scope of this modification encompasses moisture 

as a parameter to calculate equivalent ages.   
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CHAPTER VI 

DEVELOPMENT OF A CONCRETE STRENGTH 

DURABILITY INDEX (SDI) 

 

The maturity method when implemented under ideal conditions, (i.e. near 100% 

pore humidity and minimal concrete temperature fluctuations) can be a very effective 

strength prediction tool.  However, field-cast conditions are rarely ever ideal and one 

cannot say with certainty how much moisture is available within a hydrating concrete to 

determine an appropriate equivalent age.  Results from field cast deck slabs (i.e. ELP, 

FTW, SAT and HOU) under varying curing durations have demonstrated that 

compressive strength cannot be properly assessed with current maturity models.  This 

was also true of the AMA deck slabs which were in a much more controlled environment 

when compared to field cast specimens.  The following chapter re-emphasizes the results 

from the tested mixtures and sets the framework and ideology for a proposed strength 

durability index (SDI). 

 

Arrhenius Equivalent Age, Compressive 
Strength, and RCPT 

Arrhenius Equivalent Age and Compressive Strength for 
Field Deck Slabs 
 
 Figure 6.1 shows normalized equivalent ages and compressive strength for each 

concrete mixture tested in the field with respect to its 10-day cured section at a test age of 

29 days.  Arrhenius equivalent ages for 10-day cured sections for ELP, FTW, SAT, and 
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HOU at this age are 1193, 764, 1306, and 1141 equivalent hours, respectively.  

Accompanying compressive strengths for the 10-day cured sections for ELP, FTW, SAT, 

and HOU at this age are 5086, 4262, and 6464, and 6937 psi.  By normalizing Arrhenius 

equivalent age and strength data for each concrete mixture with respect to its 10-day 

section, a comparison of calculated Arrhenius equivalent ages and compressive strength 

among the three cure durations can be made. 
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Figure 6.1  Normalized Calculated Arrhenius Equivalent Age and 

Observed Compressive Strength at 29-Day Age. 
 

 The maturity method implies that two maturing concretes with similar equivalent 

ages should have similar strengths.  Observing the left-side of Figure 6.1, the three 

different cure durations for a given concrete mixture yield very similar equivalent ages.  

For example, the 10-day equivalent age for ELP at 29 days of age is 1193 equivalent 
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hours, and the corresponding 0- and 4-day bar graphs for ELP (Figure 6.1), show similar 

equivalent ages.  This in turn would suggest that the 0-, 4-, and 10-day cure durations all 

would produce concretes with similar strength.  This is not the case when observing the 

right-side of Figure 6.1.  The 0-day cured sections yielded compressive strengths 

relatively lower when compared to their 4- and 10-day cured counterparts.  Compressive 

strengths from 0-day cured HOU cores were not available but it is concluded that these 

strengths would be lower than the 4- and 10-day cured sections.  On the other hand, 4- 

and 10-day cured sections for each respective concrete mixture in Figure 6.1 had 

reasonably similar compressive strengths to each other.  With respect to the ELP, FTW, 

SAT, and HOU compressive strengths shown in Figure 6.1, one can infer that the 4- and 

10-day wet-mat cure durations would result in similar concretes.      

 

Arrhenius Equivalent Age and RCPT for Field Deck Slabs 

 Figure 6.1 demonstrated that the 4- and 10-day cure durations for a given concrete 

mixture produced similar compressive strengths at a test age of 29 days.  Figure 6.2 

examines the 56-day permeability of each concrete mixture and its respective equivalent 

age at 29 days of age.  The left-hand side bars are the same in Figure 6.1 while the right-

hand side bars represent RCPT for each concrete mixture with respect to its respective 

10-day cure section. 

 Figure 6.2 reveals that the 0-day cure sections had much higher RCPT values 

when compared to the 4- and 10-day wet-mat cured sections.   The 0-day section of each 

concrete mixture varied differently when compared to the two other cure durations.  The 



 135

mixture constituents and proportions affected the degree of permeability for the 0-day 

cured concrete.  The 4- and 10-day cured wet-mat sections had very similar RCPT values.  

For the given concrete mixtures tested, it appears that a 4- and 10-day wet-mat cure 

would produce concretes with similar strengths and permeability. 
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Figure 6.2 Normalized Calculated Arrhenius Equivalent Age and Observed 

RCPT at 29-Day Age. 
 

Arrhenius Equivalent Age and Compressive Strength for 
AMA Slabs 
 
 Figure 6.3 displays the Arrhenius equivalent age at a concrete age of 15 days for 

each cure duration and treatment with respect to the 10-day conventionally cured section.  

The Arrhenius equivalent age of the 10-day conventional cure section at test age of 15 

days is 338 hours.  Compressive strengths at 15 days of age are shown on the right-hand 
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side of Figure 6.3.  These strengths are relative to the 10-day conventionally cured 

strength of 4527 psi. 

 The bars on the left-hand side, representing equivalent age, are all relatively close 

to a value of one.  This means that the three different cure durations and treatments used 

for the AMA mixture would produce concretes with similar equivalent ages under similar 

ambient conditions.  Therefore in theory, all the concrete sections shown in Figure 6.3 

would have similar compressive strength characteristics.  The bars on the right-hand side 

dispute this claim.  If the concrete strengths were similar, then the bars on the right-hand 

side would all be relatively close to a value of one.  The 0-day cured sections for the three 

different treatments were fairly lower when compared to the 10-day conventionally cured 

section.  Since the 0-day cured sections received no additional moisture, proper hydration 

could not continue to increase compressive strength.    
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Figure 6.3 Normalized Calculated AMA Arrhenius Equivalent Age and 

Observed Compressive Strength at 15-Day Age. 
 

The 4- and 10-day conventional cured sections show a similar trend as with the 

wet-mat cured sections in Figure 6.1.  Both Arrhenius equivalent ages and compressive 

strengths for the 4- and 10-day conventionally cured sections were similar at 15 days of 

age.  Therefore the amount of moisture available for hydration is critical for strength 

development for the period prior to 4 days.   

The 4- and 10-day “throw-on” and “mist” sections developed slightly higher 

compressive strengths when compared to the 10-day conventional section at 15 days of 

age.  This suggests that not only does the duration of cure affect strength gain, but that 

the curing treatment employed will also affect it. 
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Arrhenius Equivalent Age and RCPT for AMA Slabs 

 The right-hand side of Figure 6.4 displays the RCPT values with respect to the 

14-day conventional section at an age of approximately 105 days.  The RCPT value for 

the 14-day conventional section is used as opposed to the 10-day conventional section 

since no RCPT cores were available for any of the 10-day cure treatments.  The 14-day 

conventional section has a RCPT value of 2342 coulombs.     
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Figure 6.4  Normalized Calculated AMA Arrhenius Equivalent Age at 15-Day 

Age and Observed RCPT at Approximately 105-Day Age. 
 

 When comparing the relative RCPT values to the relative Arrhenius equivalent 

ages on the left-hand side of Figure 6.4, it is obvious that similar equivalent ages do not 

result in similar RCPT readings.  The 0-day cured sections for the three cure treatments 

and the 4-day “mist” cure section yielded substantially higher RCPT values.  Sections 
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cured with the 4- and 10-day “throw” treatment and the 14-day “mist” treatment had 

fairly high RCPT values compared to the 14-day conventional section.   

The 4-day conventional section had a lower RCPT value compared to the 14-day 

conventional section.  This is unexpected since a prolonged curing period would typically 

hydrate more cement particles and produce a denser concrete matrix and thus reduce 

permeability.  This inconsistency could have been caused by the siliceous gravel of the 

concrete mixture.  Although all concrete was batched from the same concrete truck, the 

handling and placement of the concrete could have been slightly different for each 

section.  One section may have had more segregation than the other causing a significant 

portion of the larger aggregate particles to settle to the bottom.  Another explanation 

could be the handling and preparation of cores prior to testing.   

 

Arrhenius Equivalent Age – Misrepresenting 
Concrete Properties 
 
 Figures 6.1 to 6.4 have shown that the Arrhenius equivalent age cannot depict 

compressive strength and permeability accurately when considering only concrete age 

and curing temperature.  If these two parameters were the only ones needed, then the data 

in the right-hand side of Figures 6.1 to 6.4 would support this with values close to one.  

However, this is not the case.  Therefore, considering the amount of moisture during 

hydration will help determine a more accurate equivalent age for any given concrete.  

This ideology is explored in more detail in the following sections. 
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Equivalent Hydration Period 

 Bažant and Najjar (1972) introduced the equivalent hydration period, te, to 

determine water diffusion of concrete.  The equivalent hydration period can be expressed 

as follows: 

 

dtt
t

hae ∫ ⋅=
0

βα .      (Eq. 6.1) 

 

In Equation 6.1, βh is considered to be the relative hydration rate expressed as a function 

of pore humidity.  The αa term in Equation 6.1 is the same parameter as the age 

conversion factor used in the Arrhenius equivalent age function and is defined in 

Equation 2.9.  The equivalent hydration equation is similar to the Arrhenius equation 

with the exception of the addition of the relative hydration rate.  

 It has been reported that hydration of concrete slows down considerably or stops 

completely when concrete pore humidity is equal to or less than 80% (Powers 1947, 

Mindess et al. 2002).  Bažant and Najjar (1972) have approximated the dependence of the 

relative hydration rate to pore humidity, h, with the following equation: 

 

4)5.75.7(1
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h
h

⋅−+
=β .    (Eq. 6.2) 
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Equation 6.2 takes the s-curve shape shown in Figure 6.5.  This curve, however, does not 

consider hydration to stop altogether when pore humidity is less than 80%.  The relative 

hydration rate is low, approximately 0.15 at 80% pore humidity.   
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Figure 6.5  Relationship between Pore Humidity and Relative Hydration Rate. 

 

Relative Hydration Age Factor 

 Equation 6.2 can be expressed in a more generic form as shown in Equation 6.3.   

 

naf
h)(1

1
⋅−+
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φφ

β      (Eq. 6.3) 
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The shift factor, φ, moves the s-curve either to the left or the right while the 

power, n, alters the slope of the s-curve.  Equation 6.3 can be expressed in terms of an 

inflection pore humidity tolerance, hc.  For the value of φ = 7.5 as suggested by Bažant 

and Najjar (1972), it is determined that the corresponding hc would be 86.67%.  From this 

known relationship, φ can be expressed as shown in Equation 6.4. 

 

ch−
=

1
1φ       (Eq. 6.4) 

 

 Substituting Equation 6.4 into 6.3 expresses the relative hydration factor with 

respect to concrete pore humidity and an inflection pore humidity tolerance.  The 

resulting equation is shown in Equation 6.5. 
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 The hc parameter is similar to φ, in that different values shift the s-curve either to 

the left or right.  Figure 6.6 demonstrates the various positions of the s-curve when hc = 

80, 85, 90, and 95% with n = 4.  The curve proposed by Bažant and Najjar (1972) would 

correspond to a curve that is approximately between the curves with hc equal to 0.85 and 

0.90 in Figure 6.6.   
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Figure 6.6  Relative Hydration Rate with Different hc Values and n = 4. 

 

The position of a curve that most closely represents hydration slowing down or 

stopping completely when pore humidity is equal to or less than 80% in Figure 6.6 would 

lie to the right of hc = 0.90, (i.e. any curve with hc ≥ 0.90).  Therefore, the relative 

hydration age factor with hc = 0.95, an arbitrary value greater than 0.90, is plotted with 

various values of n in Figure 6.7 to demonstrate the effect this parameter has on the 

relative hydration age factor.  All curves in Figure 6.7 have the same inflection humidity 

point of 0.95 and have half the relative hydration age factor at this point.  Whether the 

relative hydration rate is actually one-half can only be revealed with additional research 

on this subject.   

The Bažant and Najjar (1972) proposed curve indicates the relative hydration rate 

to be one-half when hc = 86.67% (Figure 6.5), but no scientific explanation is given for 
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the use of this value other than experimental data fits this curve well.  It is the belief of 

the author that each concrete mixture behaves differently and the constituents and 

proportions of the mixture and the cure method used will dictate the values of hc and n.  

These values however cannot be determined with the insufficient amount of data 

available from this research.   
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Figure 6.7  Relative Hydration Rate with Different n Values and hc = 0.95. 

 

Strength Development with Arrhenius Equivalent Age 

 
 Strength prediction based on compressive strength and Arrhenius equivalent ages 

can typically be quite accurate if adequate moisture is provided during curing.  In this 

study, curing was intentionally altered to simulate poor curing conditions, (i.e. 0-day) and 
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several treatment schemes were also studied.  To understand the differences curing 

conditions could have on strength development or prediction, Arrhenius equivalent ages, 

as determined by Equation 2.5, were determined for the different cure treatments and 

durations.  These equivalent ages are plotted with its corresponding average compressive 

strength in Figure 6.8.  The plotted data is accompanied with the best-fit Freiesleben 

Hansen (FH) strength gain model (Equation 2.11).  The parameters of best fit for the data 

in Figure 6.8 are as follows:  Sinf = 4636.75 psi, τ = 72.04 hrs, α = 2.08. 
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Figure 6.8  Arrhenius Equivalent Age and Strength Data for AMA Slabs. 

 

 From Figure 6.8, it is observed that data is highly scattered vertically along three 

different areas.  These areas coincide with the test ages of 5, 8, and 15 days.  As test age 

increases, so does the range of compressive strength.  If the plotted FH Strength Model in 
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Figure 6.8 was used as a reference strength-maturity curve, compressive strengths could 

not be accurately predicted given the variation in curing methods and current equivalent 

age determination.   

 

Strength Development with an Equivalent Hydration Period 

The equivalent hydration period as proposed by Bažant and Najjar (1972) is 

investigated to see how well strength data correlates with their proposed age.  The 

equivalent hydration period in Equation 6.1 is modified for ease of calculation and 

Equation 6.2 is used for βh.  The resulting equation is shown in Equation 6.6 where all its 

parameters have been defined previously.  The equivalent hydration ages and 

corresponding compressive strengths are plotted in Figure 6.9 with the parameters of 

best-fit for the FH strength gain model as the following:  Sinf = 5352.43 psi, τ = 59.05 hrs, 

α = 1.06. 

 

( )
∆t

h
et

t
TrTR

E

e ⋅
⋅−+

⋅=∑ ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−

4

0

11

5.75.71
1     (6.6) 

  



 147

0

1000

2000

3000

4000

5000

6000

0 48 96 144 192 240 288 336 384 432

Equivalent Age (hrs)

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(p

si
)

Conv. "Throw" "Mist" F-H Strength Model Fit

 
Figure 6.9  Equivalent Hydration Age and Strength Data for AMA Slabs. 

  

The data in Figure 6.9 no longer lines up vertically along test dates, but appears to 

shift with the adjustment made from the relative hydration rate, βh.  This, however, does 

not give very satisfactory results when attempting to predict compressive strength with 

the provided FH strength gain model.  The range of compressive strength at an equivalent 

age of about 336 hours is between 3000 and 5500 psi.  The adjustment made with the 

relative hydration rate demonstrates that equivalent ages can possibly be altered to 

account for the availability of moisture during curing.  An initial proposition to the 

correction of Arrhenius equivalent ages by applying the relative hydration age factor 

(Equation 6.5) is discussed in the following section and referred to as the Strength 

Durability Index (SDI). 
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Modeling of Strength Development with Strength 
Durability Index (SDI) 

 
 The compressive strength of concrete can be accurately modeled provided correct 

parameters are being used.  In the previous sections, the Arrhenius equivalent age and the 

equivalent hydration period were used to characterize the strength development of the 

AMA mixture under three different cure durations and treatments.  Both performed 

poorly when assigning an equivalent age to its corresponding compressive strength.   The 

introduction of the strength durability index (SDI), tsdi, attempts to improve the 

determination of a concrete equivalent age.  The SDI is an altered form of the equivalent 

hydration period, te.  It is believed that each concrete mixture and cure method will have 

a unique relative hydration age factor as opposed to the values suggested by Bažant and 

Najjar (1972).  The SDI is expressed as shown in Equation 6.7 and all its parameters have 

been defined in previous sections.   
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 Initially when determining values for hc and n, all AMA compressive strengths for 

the various cure durations and treatments were treated as a single set.  This, however, did 

not yield equivalent ages resulting in strengths in the proximity of the best-fit FH strength 

model.  Therefore, the cure durations for each specific cure treatment were treated as one 

set of data to determine the parameters of the relative hydration age factor.  For example, 
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the 0-, 4-, and 10-day conventionally cured sections were grouped in a single data set 

while the 0-, 4-, and 10-day “throw-on” cured sections were grouped in another data set 

and the same was performed for the “mist” cured sections.     

First, SDI values for a particular set of hc and n parameters were plotted against 

their corresponding compressive strengths.  These data points were fitted with a best-fit 

natural log curve.  The natural log curve was used since compressive strength has been 

shown to follow this trend at an early age (Plowman 1956).  The corresponding R2 value 

for the best-fit natural log curve was used as a measure of how well the data was 

corrected.  This process was iterated until a set of hc and n values generated a R2 closest 

to 1.   The resulting relative hydration age factor parameters along with the R2 values for 

each cure treatment are listed in Table 6.1.  It is interesting to see that the hc values are 

relatively close to 0.95 since Parrott (1991) has stated that “the rate of cement hydration 

is halved when the relative humidity drops to ~ 95%.”  The determined hc values in Table 

6.1 would coincide with such a statement.  

 

Table 6.1  Parameters for Relative 
Hydration Age Factor. 

Conv. "Throw" "Mist"
h c 0.97 0.93 0.93
n 6 4 4
R2 0.87 0.97 0.96

Parameter Cure Treatment

 
 

 Table 6.1 shows that both the “throw-on” and “mist” treatments had the same 

parameters with very similar R2 values.  These treatments did not receive a curing 
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compound application but the conventional sections did.  The conventional treatment had 

values different from the other two treatments and had a lower R2 value.  The parameters 

in Table 6.1 suggest that the “throw-on” and “mist” treatments would produce concretes 

with similar strengths, since these parameters were primarily determined from strength 

data.   

 Using the parameters listed in Table 6.1, the SDI for the AMA mixture can be 

determined at any age and treatment by considering the pore humidity history during 

curing.  The SDI at any given test age are given for each of the cure treatments and 

durations in Table 6.2 along with the Arrhenius equivalent age and the equivalent 

hydration period.   

 

Table 6.2  Equivalent Age Values for Three Different Functions. 
Conc.
Age Arr. a t e 

b SDI Arr. a t e 
b SDI Arr. a t e 

b SDI
(hrs) (eq. hr) (eq. hr) (eq. hr) (eq. hr) (eq. hr) (eq. hr) (eq. hr) (eq. hr) (eq. hr)
120 117.9 117.3 52.0 116.0 109.8 73.1 114.7 107.0 67.8
192 177.0 175.7 63.4 173.7 158.5 90.7 170.5 156.0 88.0
360 334.0 327.1 77.2 327.5 267.2 118.7 324.5 256.4 111.0
120 125.3 124.7 92.7 124.2 123.8 119.6 125.2 125.0 124.6
192 182.9 182.2 115.5 179.9 179.1 171.1 178.5 178.2 176.1
360 338.8 331.4 128.8 332.2 323.2 265.3 330.0 314.2 248.8

10-D 360 338.1 336.0 185.0 330.2 329.7 324.5 331.4 331.4 331.1

"Throw" "Mist"

a   Arrhenius Equivalent Age
b  Equivalent Hydration Period

0-D

4-D

Cure 
Duration

Conventional

 
 

 The SDI values in Table 6.2 are plotted in Figure 6.10 with its corresponding 

compressive strength at age of testing.  The data is fit with a FH strength gain curve with 

the following parameters:  Sinf = 7335.88 psi, τ = 54.36 hrs, α = 0.62.  
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Figure 6.10  SDI Age and Strength Data for AMA Slabs. 

 

 The data in Figure 6.10 correlates relatively well with the F-H strength gain 

curve.  The erratic scatter of the Arrhenius equivalent ages has been minimized by 

adjusting the equivalent ages to consider the dependency of moisture for proper concrete 

hydration.  The FH strength gain curve depicted in Figure 6.10 could potentially be used 

for any cure treatment or duration for an AMA mixture.  Therefore it could be thought of 

as the reference SDI-strength curve.   

 

Using the SDI to Determine In Situ Strength 

The key factor to using this curve as a strength assessment tool is the proper 

determination of an appropriate relative hydration age factor which in turn allows a more 
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accurate portrayal of the concrete age.  The parameters for the relative hydration age 

factor can be determined for a particular concrete mixture by subjecting it to various cure 

treatments which explore poor and good curing prior to casting in the field.  In this study, 

poor curing consisted of the 0-day cure sections with and without curing compound.  

Good curing was represented with the 10-day cure sections with the various cure 

treatments.  The 4-day cure sections are thought to have intermediate curing.  The 

determination of the relative hydration age factor can be further refined if additionally 

intermediate curing treatments are used. 

Once proper parameters of the relative hydration age factor are determined, a 

reference SDI-strength curve can be established with the FH strength gain model similar 

to Figure 6.10.  Field concrete can then be monitored for temperature and moisture to 

determine a SDI.   

This SDI can be used with the reference curve to determine the approximate in 

situ strength.  Keeping in mind that the cure treatment used in the field can dictate which 

relative hydration age curve should be used.  If the AMA mixture is placed in the field 

and a curing compound is applied to the surface, then the parameters used to determine 

the SDI would coincide with the values for the conventional cure treatment in Table 6.1.  

However, if curing is performed without a curing compound, similar to the “throw-on” 

and “mist” treatments, then the SDI can be determined using the “throw-on” and “mist” 

parameters in Table 6.1.      
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RCPT and Arrhenius Equivalent Age 

 Compressive strength is usually the primary property used to determine the 

quality of concrete and usually dictates when it can be loaded.  Although this measure of 

concrete quality is convenient and has been widely accepted, other durability related 

parameters such as concrete chloride permeability must be considered to determine the 

potential ingress of deleterious substances which may cause concrete or reinforcing steel 

deterioration. 

 RCPT values for the three cure durations and treatments are plotted with the 15-

day Arrhenius equivalent ages in Figure 6.11.  RCPT values are for ages between 100 to 

109 days.  Arrhenius equivalent ages are not available for concrete age at time of RCP 

testing.  It is assumed that the differences between the 15-day Arrhenius equivalent ages 

of the different cure durations and treatments would be fairly constant as the concrete 

ages.   
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Figure 6.11  Arrhenius Equivalent Age and RCPT for AMA Slabs. 

 

The RCPT and Arrhenius equivalent age trends suggest that increasing equivalent 

age results in lower permeability.  Figure 6.11, however, also suggests that the AMA 

concrete can have a high variability of coulomb readings within a period of 15 Arrhenius 

equivalent hours.  RCPT values range between 4800 and 1900 coulombs within this 

period and encompass the “low”, “moderate”, and “high” permeability classifications.  

Intuitively, a broader range in equivalent age would be expected to see such changes in 

the degree of permeability resistance.  It would therefore be more appropriate to adjust 

the Arrhenius equivalent age to reflect a longer equivalent age period to realize these 

changes in permeability. 
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RCPT and SDI 

A comparison between RCPT and equivalent hydration period is not given since 

the equivalent hydration period values are similar to Arrhenius equivalent ages as 

observed in Table 6.2.  This data comparison would have been similar to Figure 6.11.  

Therefore only the relationship between RCPT and SDI are examined.  Again, similar to 

the Arrhenius equivalent age scenario, SDI values were not available at 100 – 109 days 

during the time of RCP testing.  The RCPT data is plotted against the 15-day SDI values, 

(i.e. calculated values at 360 hours as shown in Table 6.2), in Figure 6.12. 

The data in Figure 6.12 does not produce a clear trend among the three cure 

treatments.  “Throw-on” and “mist” treatments have similar permeability trends with 

increasing SDI.  The increase in permeability resistance for these treatments is slow when 

compared to the conventional cured sections.  “Throw-on” and “mist” treatments had a 

range of approximately 216 equivalent hours (11 equivalent days) where permeability 

went from a “high” to a mid “moderate” classification based on ASTM C1202 guidelines.   
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Figure 6.12  SDI Age and RCPT for AMA Slabs. 

 

The conventional cure reacts differently and permeability is reduced in a shorter 

range of equivalent hours when compared to other two cure treatments.  The approximate 

SDI range is 120 equivalent hours (5 equivalent days) for a change of permeability from 

“high” to “low”.  

It is quite interesting that the conventional cured sections develop permeability 

resistance differently from the “throw-on” and “mist” sections.  This is also apparent in 

the parameters used for the relative hydration age factor in Table 6.1, which the 

conventional cure did not have the same values as the two other cure treatments.  The 

application of a curing compound on the conventionally cured sections has clearly 

affected the manner in which concrete properties develop.  It appears as if the application 

of a curing compound acts as the equivalent of having an extra layer of concrete above 
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the concrete layer that is being tested.  This could be the reason the conventional cure 

sections are less sensitive to the lack or prolonged curing since moisture appears to vary 

less over the age of the concrete.  This however has to be studied in more detail to 

determine if this is the case. 

 

SDI as a Durability Tool 

 SDI can be used both as a strength and durability assessment tool for a particular 

concrete mixture if sufficient data has been gained on a number of tests.  First the 

concrete mixture should be subjected to a number of cure treatment scenarios to cover 

poor and good curing conditions.  Concrete properties for each cure scheme should be 

determined.  With these data and some best fit curve optimization, a reference SDI-

strength curve and quite possibly a SDI-permeability curve can be determined.  These 

curves can serve as a tool to determine the progress of concrete durability.  Between these 

two curves an optimal SDI value can be suggested to attain a durable concrete.   

 For the AMA mixture in this study, if a compressive strength of 4000 psi is 

desirable to allow construction equipment on a concrete pavement, then a SDI value of 

approximately 130 hours (based on Figure 6.10) must be attained to reach this strength.  

This SDI value can be attained by several ways.  One method would be to conventionally 

cure a section for 4 days and wait until day 15 to reach this approximate SDI values as 

suggested by Table 6.2.  Alternatively, the “throw-on” and “mist” treatments can be used 

for 4-days and wait approximately 2 more days later to attain a SDI of 130 equivalent 
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hours.  Of course, it would probably be more assuring to continuously cure concrete until 

this equivalent age is reached. 

 Little can be stated at this stage about an acceptable SDI value for permeability 

since data was limited.  If RCPT data was available at different stages of the concrete 

age, a more well defined SDI-permeability curve could be produced such as the SDI-

strength curve in Figure 6.10.  Such curve could indicate the SDI when an appropriate 

permeability resistance is reached.  This can then lead to the termination of curing and 

help contractors complete construction sooner.    

The SDI can be used effectively if the technique is enhanced with future research 

which is devoted to monitoring temperature, internal relative humidity and other 

important variables during curing.  Discussion and recommendations on the SDI are 

provided in the following chapter. 
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CHAPTER VII 

DISCUSSION AND RECOMMENDATIONS 

 

The objective of this dissertation was to establish the developing framework for a 

strength durability index (SDI) parameter.  This parameter has been developed with the 

aim to determine concrete quality, both in terms of compressive strength and durability.  

First, the current Arrhenius equivalent age function was used to determine maturity and 

to examine corresponding in situ strengths for field-cast deck slabs under various cure 

durations, (i.e. curing ranging from none to 14 days).  The pairings of these two 

parameters at times did not accurately predict in situ strengths for a particular equivalent 

age.  A more accurate assessment can be made if it is assured that sufficient moisture is 

available throughout the curing process.  This, however, may not be realized out in the 

field.  Therefore if pore humidity is monitored during curing, a more accurate equivalent 

age can be assigned to a maturing concrete as opposed to just considering concrete age 

and curing temperature. 

Thus, pore humidity as well as temperature in the concrete during curing became 

the major focus in the experimental laboratory setup for the AMA mixture.  Slabs with 

this concrete mixture were cast and cured using three different methods while also 

varying the duration of the cure treatments.  The three cure treatments are the 

conventional, “throw-on” and “mist” treatments as defined in Chapter 4.  The cure 

durations investigated for this research ranged from 0 to 14 days.  However, only cure 

durations of 0, 4, and 10 days are discussed since these are the only sections which were 
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monitored for moisture during curing.  Findings from the AMA tests are discussed and 

recommendations are given in the following sections.   

 

Influence of Cure Treatment & Duration on 
Concrete Temperature 

 
 From the AMA test setup in the structure lab, it was found that concrete 

temperature over the curing period on the concrete was not affected by the cure treatment 

used.  All the 0-day sections had similar temperature profiles throughout their age with a 

slight exception for the 0-day conventional section.  This section had a slightly higher 

peak temperature (approximately 2 °F higher) at 24 hours.  The 4-day cure sections all 

experienced the same concrete temperature history irrespective of the cure treatment 

used.  This was also true of the 10-day cure group. 

 Cure duration did affect the concrete temperature for the AMA laboratory setup.  

Prolonged moist-cure durations usually helped maintain higher and consistent 

temperatures during this period.  This was noticeable between the 0-day sections and the 

other sections receiving some duration of moist-curing.  During the first 24 hours, the 

concrete temperature for the 0-day sections peaked at approximately 65 to 67 °F and then 

followed the laboratory temperature.  The concrete temperature for the 4- and 10-day 

sections both peaked at approximately 77 °F during this same period.  Sections from both 

of these cure durations gradually decreased in temperature.  Curing media used for these 

cure durations helped maintain temperature by providing insulation.  Once cure treatment 

media were removed from the 4-day section, this section experienced a quick drop in 
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temperature and then followed laboratory temperatures.  The 10-day cure sections did not 

experience this quick drop in temperature once coverings were removed since the 

majority of the heat of hydration had dissipated by this time.   

Comparing temperature profiles between the AMA setup and the field setup for 

the ELP, FTW, SAT, and HOU sites yielded different results regarding effect of cure 

duration on concrete temperature.  In the field, differences in concrete temperature 

between cure durations were not detected.  Additionally, nothing can be stated regarding 

concrete temperature affected by cure treatments since only one type of treatment (i.e. 

conventional) was used for all field sites.  The reason temperature differences are noticed 

in the laboratory setup between cure durations is that these slabs were housed in a 

laboratory with an average temperature of 65 °F.  This low constant laboratory 

temperature allowed variations in concrete temperature to be more detectable.  Field-cast 

concrete, on the other hand, experienced significant variation in temperatures which 

ultimately dictated concrete temperature.  Since concrete slabs had a large surface area to 

volume ratio, heat could be easily transmitted into and out of the concrete.   

 

Influence of Cure Treatment & Duration on 
Concrete Moisture 

 
 Pore humidity for the AMA slabs was affected by both the cure treatment and 

duration.  Of the three treatments, all cured durations of the conventional cure treatment 

appeared to provide a more stable pore humidity throughout the concrete age when 

compared to the fluctuations observed from the other two treatments.  At an age of 14 
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days, “throw-on” and “mist” treatments with 0 days of curing went from producing a 

concrete with lower pore humidity to higher pore humidity with 10 days of curing when 

compared to the conventional treatment.  

Among the three 0-day sections, the conventional section had a higher pore 

humidity profile.  This, however, changed when the cure duration increased to 4 days.  At 

this cure duration, all treatments had similar pore humidity profiles throughout the age of 

the concrete.  With 10 days or curing, both the “throw-on” and “mist” treatments had 

higher pore humidity profiles when compared to the conventional section with this same 

cure duration.    

 

Influence of Cure Treatment & Duration on 
Compressive Strength 

 
 Under the laboratory conditions for the AMA mixture, all sections with 0 days of 

curing had lower compressive strengths when compare to section with 4 and 10 days of 

curing.  Compressive strengths from the conventional, “throw-on” and “mist” treatments 

with no days of moist-curing were relatively close to each other except at a test age of 15 

days.  At this age, the 0-day conventional section produced lower strengths compared to 

the 0-day “throw-on” and “mist” treatment.  This was not expected since the 0-day 

conventional section received a curing compound which helped maintain higher pore 

humidity throughout its age.  The higher pore humidity in this case caused a negative 

effect on compressive strength results but does not mean it is a weaker concrete.   
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The higher pore humidity for the 0-day conventional specimens suggests the 

possibility of a higher degree of hydration which could have led to a more brittle 

concrete.  This in turn may have caused more micro-cracking in the 0-day conventional 

specimens during coring.  Additionally, these specimens were in a more moist state when 

observing the pore humidity prior to testing.  This moisture condition may have also been 

a factor in lowering the compressive strength.   

At test age of 15 days, “throw-on” and “mist” treatments with cure durations of 4 

and 10 days had higher compressive strengths when compared to the 4- and 10-day 

conventionally cured sections.  Typically the 4- and 10-day sections for a given cure 

treatment yielded similar compressive strengths at 15 days.  This was also evident of the 

4- and 10- day cure sections of the field-cast deck slabs at test ages of 14 and 29 days.  

This suggests that a prolonged cure period beyond 4 days for a slab will not significantly 

increase compressive strength.   

 

Influence of Cure Treatment & Duration on 
Concrete Permeability 

 
 From the limited AMA RCPT data available, results show that 0-day cure 

sections had a “high” permeability for all three treatments.  The most improvement in 

permeability resistance was within the conventionally cured sections.  Increasing the cure 

duration to 4 and 14 days for this treatment resulted in concrete with a permeability 

bordering between “low” and “moderate”.  There was some improvement with an 

increase in cure duration for the “throw-on” treatment.  Both the 4- and 10-day cure 
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durations for this treatment produced a “moderate” permeable concrete.  However, there 

was hardly any improvement for the 4-day “mist” cured section.  This section remained 

at a “high” classification for 4 days of curing.  Permeability was reduced to “moderate” 

with 14 days of “mist” curing.  These results imply that permeability can be reduced by 

utilizing a curing compound in conjunction with a period of moist-curing.  Moist-curing 

with the absence of a curing compound will limit the improvement in resistance to 

permeability for this mixture.   

RCPT results for the 0-day field-cast decks slabs revealed higher electrical 

conductivity when compared to the 4- and 10-day sections.  Cure durations of 4 and 10 

days had similar permeability values.  This implies little improvement in permeability 

resistance will be achieved between 4 and 10 days of curing.  This is the same pattern 

noticed with compressive strength development. 

Ponding results from the ELP, FTW, SAT, and HOU concrete mixtures revealed 

that 0 days of curing produce the highest chloride concentrations when compared to 

counterpart specimens with some duration of cure.  The 4-day cure for these mixtures 

generally identified the curing threshold for an improved resistance against chloride 

permeability.  Curing past 4 days typically resulted in little to no improvement in 

permeability resistance.  Similarly, the AMA mixture demonstrated an increasing 

resistance to chloride ion ingress with prolonged curing durations.   

   



 165

Arrhenius Equivalent Age, Equivalent Hydration 
Period, and SDI 

 
Results of the Arrhenius equivalent age – compressive strength relationship show 

a wide scatter from the best-fit Freiesleben Hansen (FH) strength gain curve.  The reason 

of the wide scatter is because Arrhenius equivalent ages are computed using age and 

concrete temperature history.  Although this method has been shown to work when 

adequate moisture is provided during concrete, it is not certain that these conditions may 

exist in the field.  It was the intention of this study to subject concrete to a variety of 

curing conditions.  Therefore to improve the determination of the equivalent ages, pore 

humidity was monitored throughout the age of the concrete. 

With a pore humidity profile for each cure treatment and duration, an equivalent 

hydration period was determined for each section.  The equivalent hydration period was 

first suggested by Bažant and Najjar (1972) to determine water diffusion in concrete.  

Using their suggested relative hydration curve parameters, these equivalent hydration 

ages were plotted with their corresponding compressive strengths.  The data points were 

slightly altered but still scattered from the best-fit FH strength gain curve. 

Therefore in finding ways to improve on the calculation of equivalent hydration 

period, the author was not restricted to the relative hydration rate proposed by Bažant and 

Najjar (1972).  It is believed that each concrete mixture and cure treatment poses its own 

characteristics and thus will dictate the relative hydration rate.  These revised hydration 

curves are referred to as relative hydration age factor curves to distinguish them.   
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The combination of the Arrhenius equivalent age function and the relative 

hydration age factor resulted in the strength durability index (SDI).  With this 

improvement, SDI values were plotted with corresponding compressive strengths.  The 

result was a better agreement between observed data points and the predicted best-fit FH 

strength gain curve.  This shows some evidence that Arrhenius equivalent ages can be 

adjusted to account for the moisture history of the concrete by incorporating a relative 

hydration age factor.   

The limited amount of RCPT data suggests that an increasing SDI will result in a 

lower permeable concrete.  This however must be investigated further to determine its 

validity to many concrete mixtures.   

Intuitively, it is considered that each concrete mixture has a given SDI value it 

must reach for it to attain adequate strength and permeability resistance.  With the 

development of SDI-strength and SDI-permeability curves, an optimal SDI value can be 

determined and used as a guideline to terminate curing or load concrete pavement. 

 

Recommendations and Future Research 

The SDI has shown promise that it can better assess a true concrete age from the 

gathered temperature, pore humidity, and compressive strength data for the AMA 

mixture.  The idea of improving Arrhenius equivalent ages with a relative hydration age 

factor, resulting in a SDI, must be examined with other concrete mixtures and conditions 

to gain confidence in this method.   
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It is still unknown how concrete mixture composition and cure treatment directly 

affect the relative hydration age curve.  This relationship could be defined by conducting 

sensitivity studies on various concretes.  For example, a concrete mixture with a certain 

amount of cement and no pozzolanic material may first be tested to determine values of 

hc and n for the relative hydration age curve.  Ensuing studies may test the same concrete 

mixture with variations of pozzolanic material replacement to determine the change in the 

relative hydration age curve.  An extensive database of such tests for different concrete 

mixtures will help reveal general values and guidelines for hc and n for an array of 

concrete mixtures.   

This study was conducted in a laboratory environment with an average 

temperature of 65 °F and absence of direct sunlight, wind, and natural precipitation.  This 

is unrealistic of a field-cast environment and thus the SDI method should be tested and 

validated under field conditions.  With further research, both in the laboratory and in the 

field, the SDI method can be further refined and become a useful tool when assessing 

quality and durability of concrete in the field.  
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APPENDIX A 

DETERMINING INTEGRAL CHLORIDE 
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 The data shown in Table A.1 is measured chloride concentration data from 

ponding tests for the ELP 0-day cure.  These are used as an example to demonstrate the 

calculation of integral chloride.  The uncorrected values in Table A.1 are the average of 

two powder sample measurements from each depth.  Each value is corrected for a 

baseline chloride content which is measured from a control sample, (i.e. not ponded) 

from its respective concrete mixture.  For this set of data, the baseline chloride content 

for the ELP mix is 0.0267.  The corrected data points have been plotted in Figure A.1.   

 

Table A.1  ELP 0-Day Chloride 
Concentration by % Wt. 
of Concrete. 

Depth Uncorrected Corrected a

0 - ¼” 0.390 0.363
¼” - ¾” 0.205 0.178
¾” - 1¼” 0.043 0.016
1¼”- 1¾” 0.029 0.002

a  Uncorrected - baseline, (baseline = .0267)  
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Figure A.1  Chloride Profile for ELP 0-Day Slab Section. 
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 The data points have been fitted with a curve which may be representative of the 

chloride profile with depth.  The area under the curve is the total integral chloride.  

Therefore by determining this area and dividing by 0.2 inches, the integral chloride per 

0.2 inches for a concrete can be assigned.  To simplify calculations, the area under the 

solid line will be determined and will represent the total integral chloride.  This 

simplification assumes that the measured chloride concentration per depth is constant 

throughout the depth layer.  Integral chloride calculation considers only a depth down to 

1.60 inches and is the reason why the total depth of 1.75 inches is not used in the 

calculation.  Data from Table A.1 and the visual provided by Figure A.1 help 

demonstrate the calculation of integral chloride, I, and is shown below. 

 

94.0
in20.0

in 35.0002.0in 50.0016.0in 50.0178.0in 25.0363.0
=

⋅+⋅+⋅+⋅
=I  
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APPENDIX B 

FIELD SITE CONCRETE TEMPERATURE HISTORIES 
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Figure B.1  ELP Bridge Deck Temperature History. 
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Figure B.2  FTW Bridge Deck Temperature History. 
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Figure B.3  SAT Bridge Deck Temperature History. 
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Figure B.4  HOU Bridge Deck Temperature History. 
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APPENDIX C 

AMA SLAB TEMPERATURE COMPARISON 

BETWEEN CURE DURATIONS 
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Figure C.1 Temperature History for “Throw-on” Cure Treatment. 
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Figure C.2  Temperature History for “Mist” Cure Treatment. 
 

 



 181

APPENDIX D 

AMA NORMALIZED MOISTURE HISTORY 

COMPARISON BETWEEN SAME CURE 

DURATIONS WITH DIFFERENT 

CURE TREATMENTS 
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Figure D.1  Normalized Pore Humidity for 0-Day Cured AMA Slabs. 
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Figure D.2  Normalized Pore Humidity for 4-Day Cured AMA Slabs. 
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Figure D.3  Normalized Pore Humidity for 10-Day Cured AMA Slabs. 
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APPENDIX E 

COMPRESSIVE STRENGTH COMPARISON FOR AMA 

SLABS WITH THE SAME CURE TREATMENT BUT 

VARYING CURE DURATIONS 
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Figure E.1  AMA Slab Strength Comparison for Conventional Cure Sections. 
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Figure E.2  AMA Slab Strength Comparison for “Throw-on” Cure Sections. 
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Figure E.3  AMA Slab Strength Comparison for “Mist” Cure Sections. 

 
 
 
 




