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ABSTRACT 

 

Estimating the strength of concrete is essential to contractors and engineers to allow concrete 

construction operations to proceed safely and expediently. The maturity method is a technique that allows 

the in-place concrete strength to be estimated using the time and temperature history of freshly placed 

concrete. The purpose of this project was to evaluate the accuracy of the maturity method to assess 

concrete strength under field conditions and develop a specification for Alabama Department of 

Transportation (ALDOT) to implement the maturity method. The construction of a precast prestressed 

girder and bridge deck sections were monitored for this project. For each project, the accuracy of the 

maturity method for estimating the in-place strength of concrete was evaluated. A mock girder and mock 

bridge decks were constructed to test the in-place strength. The in-place strength was tested with pullout 

tests, compression testing of cast-in-place cylinders, and compression testing of cores. The accuracy of 

using laboratory-cured specimens versus field-cured specimens for developing the strength-maturity 

relationship to estimate the in-place strength was also evaluated. Seasonal effects on the maturity 

method were also evaluated during the bridge deck project. The optimum locations of temperature 

sensors used in estimating the in-place strength were determined in the prestressed girder and bridge 

deck. Finally, the American Society of Testing and Materials (ASTM) Standard ASTM C 1074 

recommended procedures for implementing the maturity method were evaluated on the actual bridge 

decks that were constructed.  

It was found that the maturity method may only be accurate for estimating the in-place strength of 

the concrete up to an equivalent age of seven days. The Nurse-Saul maturity function with a datum 

temperature of 0 °C (32 °F) was found to be the most accurate function for estimating the strength when 

considering all projects and variables. When comparing the activation energies for the Arrhenius maturity 

function, an activation energy of 33,500 J/mol was more accurate for the warm-weather concrete 

placements, and an activation energy of 40,000 J/mol was more accurate for the cold-weather concrete 

placements. This supports the results of the laboratory study. The maturity method accurately estimated 

the pullout and cast-in-place cylinder strengths. The ASTM C 1074 recommended procedures were 

determined to be useful, but some modifications were recommended for implementation on ALDOT 

projects.  A draft specification to implement the maturity method is presented in this report. 
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CHAPTER 1 
INTRODUCTION 

 

In the midst of a nationwide desire for the concrete-based road and bridge construction processes to be 

accelerated in order to save time and money, there is a need for a technique to help increase the speed 

and productivity of concrete construction. The maturity method is such a technique. Though the maturity 

method has been around since the 1950’s, considerable advancements have made this method a 

practical, simple, and economical option to determine in-place strength development of concrete. 

The maturity method accounts for the combined effect of the concrete temperature and concrete 

age on the strength development of hardening concrete. Temperature development in concrete occurs 

due to the hydration of cementitious materials and the impact of the surrounding environment. Through 

the use of a temperature-recording device, the concrete temperature is measured and recorded, which 

then enables the calculation of a real-time maturity index from the temperature history of the in-place 

concrete. The maturity index and the strength development of concrete can be related. Once this 

strength-maturity relationship has been established, it can then be used to estimate the in-place strength 

of the concrete within the structure.  

By using the maturity method, the old practice of “guessing” when the in-place strength has 

reached the required strength can be eliminated. The in-place strength can be estimated with confidence 

to allow construction processes such as form removal, application of construction loads, or the opening to 

traffic to be scheduled in a more efficient manner. Verification of the strength is still required but fewer 

cylinders are needed because the maturity method produces an accurate estimate of the time when the 

desired strength will be achieved. Verification strength tests can then be conducted at the times indicated 

by the maturity method. 

In order for the maturity method to provide accurate results, improved quality control is required. 

The maturity method is specific to a particular concrete mixture since the heat development and strength 

development for each concrete mixture is unique. Therefore, any time a concrete mixture is changed, by 

variations in water-to-cement ratio, cement content, admixture, or aggregate source, a new strength-

maturity relationship should be developed. Also, the maturity method requires that the concrete be cured 

and consolidated properly. If the concrete does not have an adequate supply of water for the hydration 

process, then the strength development will be compromised.  

As of now, ASTM C 1074 (2004) is the only standard specification for the use of the maturity 

method. Many individual state transportation agencies are in the process of implementing, or have 

already implemented, specifications that allow contractors to take advantage of the maturity method. 

These states include Texas, Iowa, Indiana, South Dakota, Pennsylvania, and Colorado. Further 

discussions of different state transportation agencies specifications for the maturity method are presented 

in Chapter 6 of this report.  

The maturity method has been used on multiple highway projects in various states. One of the 

projects that used the maturity method for strength estimation was the I-40 Bridge in Oklahoma. On May 



2 

26, 2002, a river barge collided with this bridge over the Arkansas River, collapsing multiple spans which 

resulted in closing the interstate highway to traffic. The maturity method allowed an acceleration of the 

repairing construction schedule. Instead of the original 57 days that were scheduled for the construction 

process, it took only 47 days to complete (Enguis 2005a).  

TxDOT has also required that the maturity method be used on the multimillion-dollar “Dallas High 

Five” project. The intersection of I-675 and US 75, one of the most congested intersections in the nation, 

in Dallas is being replaced with a five-level interchange to elevate traffic. The project began on January 2, 

2002, and is scheduled to be completed in April of 2007 (Enguis 2005b). 

 

1.1  PROJECT OBJECTIVES 

There were two phases in the “Evaluation of the Maturity Method to Estimate Early-Age Concrete 

Strength” project sponsored by ALDOT. The first phase was an evaluation of the maturity method under 

controlled laboratory conditions using local Alabama materials. The laboratory testing was performed to 

evaluate the accuracy of the maturity method for typical summer and winter temperature ranges that exist 

in the state of Alabama. The second phase consisted of two field studies to evaluate the accuracy of the 

maturity method under actual construction conditions. This report detail this second phase of this project.  

The following two main objectives were considered to evaluate the accuracy of the maturity 

method under actual construction conditions: 

1. Determine the accuracy of the maturity method for actual projects within the state of 

Alabama, and 

2. Develop a standard specification for implementation of the maturity method for ALDOT 

projects. 

 

In order to accomplish these main goals, the following secondary goals were developed:  

1. Evaluate the maturity method’s accuracy for estimating in-place strengths using different 

testing methods: pullout test, compressive testing of cast-in-place cylinders, and compressive 

testing of cores, 

2. Determine the most appropriate curing method to develop the strength-maturity relationship, 

3. Determine the effects that winter and summer construction and curing conditions have on the 

accuracy of the maturity method, 

4. Determine the best test schedule to develop the strength-maturity relationship, 

5. Find the optimum location for the placement of temperature-recording devices in structures 

and pavements, 

6. Determine the best procedure to implement the maturity method in ALDOT projects, and 

7. Review other state transportation agencies’ specifications to establish advantages and 

disadvantages of their specifications.  
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1.2  RESEARCH APPROACH 

Before the field study for the maturity project began, an evaluation under laboratory conditions with raw 

materials used in Alabama’s concrete industry was conducted. These laboratory tests provided an 

assessment of which maturity function and corresponding temperature sensitivity constants yield the most 

accurate results. Additionally, the best testing schedules for different curing temperatures were developed 

from these laboratory results.  

In order to evaluate the maturity method for field applications, ongoing construction was used to 

test the maturity method. The two field projects that were utilized for this report were the fabrication of a 

precast prestressed girder and the construction of a reinforced concrete bridge deck. The ASTM C 1074 

(2004) specification was applied to both projects, and an evaluation of the accuracy of this specification 

was performed. Also, several other state transportation agencies’ specifications were evaluated during 

the two field project studies to determine the accuracy obtained from these specifications.  

Along with the ASTM-required laboratory-cured specimens used to develop the strength-maturity 

relationship, two other field curing methods were used to determine if a field-curing method could produce 

more accurate strength-maturity relationship for estimating the in-place strength than those of a 

laboratory-curing method. In-place tests were also conducted to evaluate the accuracy of the maturity 

method for freshly placed concrete in a structure. To determine the ideal locations for the temperatures 

sensors, many sensors were embedded to monitor the temperature profile of the members for both 

projects. 

The first project conducted was the precast prestressed girder fabrication. With cooperation from 

the Sherman Prestress Plant in Pelham, Alabama, the field project was conducted on the steam-curing 

beds in their facility. Three different curing methods were tested on molded cylinders used to develop the 

strength-maturity relationship: laboratory curing and two field curing methods (lime-saturated water-tank 

and damp-sand-pit). A mock girder was produced so that in-place testing could be conducted without 

damaging an actual girder. In-place testing conducted on the mock girder included the pullout test and 

compressive testing of cores extracted from the mock girder. Several temperature sensors were placed 

throughout the length of the girder to capture the concrete’s temperature and maturity development. 

Testing on the mock girder and molded specimens lasted for 28 days after the concrete placement. 

After the prestressed girder project was concluded, the bridge deck project was conducted with 

the assistance of the Scott Bridge Company on the I-85 and US 29 interchange in Auburn, Alabama. Two 

phases existed for the bridge deck project. The first phase was similar to the precast prestressed project 

in which mock bridge decks were constructed and in-place tests were conducted. The in-place testing 

conducted on the mock bridge decks consisted of pullout tests, compressive testing of cast-in-place 

cylinders, and compressive testing of cores. Two cylinder curing methods were used: laboratory-cured 

specimens and field-cured specimens cured in a lime-saturated water-tank. The mock deck phase was 

conducted twice, once in the winter and once in the summer, to evaluate the maturity method’s accuracy 

during various construction seasons. Testing on the mock bridge decks were conducted for 28 days after 

casting. 



4 

The second phase of the bridge deck project was to evaluate how the use of molded cylinders for 

verification testing would work on a construction site.  In this phase, the concrete used to construct the 

actual bridge deck was tested. Temperature sensors were placed throughout the structure to determine 

the best location for the sensors. No in-place testing was conducted on the actual bridge deck. 

Once the field testing was completed, analysis of the data from the different projects was 

conducted to determine the accuracy of the maturity method under field conditions. An evaluation of other 

states’ specification was also conducted. Finally, a proposed specification for the maturity method was 

created for ALDOT. 

 

1.3  REPORT OUTLINE 

The organization of the remainder this report is schematically shown in Figure 1-1. 

 

 
Figure 1-1: Report organization 

 

A thorough discussion of the maturity method is presented in Chapter 2. It includes the background, 

different maturity functions available to calculate the maturity index, corresponding temperature sensitivity 

values for the different maturity functions, accuracy of the maturity method from past research, factors 

that affect the performance of the maturity method, equipment used to record the concrete temperature 

history, and different in-place test methods. 

A brief discussion of the results of the laboratory test phase (Phase I) of this project is given in 

Chapter 3. Included is a summary of the laboratory testing, a discussion on the accuracy of different 

maturity functions and the corresponding temperature sensitivity values, and a description of the testing 

schedules that were used for multiple curing temperature histories. 
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A discussion of the prestressed girder project is presented in Chapter 4. In this chapter, there is a 

thorough description of the testing procedures, the results from the data collected, analysis of the results, 

and the conclusions obtained from the prestressed girder project. 

A discussion of the entire I-85 / US 29 bridge deck project is provided in Chapter 5. Descriptions 

of test procedures for the mock bridge decks and the tests performed on the actual bridge deck are given. 

The results, analysis, and conclusions for both the mock bridge deck and evaluation of molded cylinders 

for verification testing obtained from the I-85 / US 29 bridge project are presented.  

The implementation of the maturity method is discussed in Chapter 6. Three states transportation 

agencies’ maturity specifications are reviewed. Also included is a discussion of specification requirements 

to ensure that accurate estimates of the in-place strength are obtained. An outline of a proposed ALDOT 

Specification is also provided. 

Conclusions and recommendations for the maturity method that address the project objectives 

are presented in Chapter 7.  

Appendix A is devoted to the proposed maturity method specification developed for the Alabama 

Department of Transportation. 
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CHAPTER 2 

LITERATURE REVIEW 
 

2.1  INTRODUCTION 

The maturity method is a simple and effective way to estimate early-age concrete strengths that are 

associated with bridge deck pours, prestressed girder productions, and concrete pavement applications. 

The maturity concept was developed in England during the 1950’s when researchers were examining the 

effects of time and temperature on the strength development of hardening concrete. It has now become a 

widely used theory for estimating early-age concrete strength. Today the maturity method is used 

throughout the United States and the world. State transportation agencies such as Texas, Iowa, Indiana, 

Pennsylvania, Colorado, and South Dakota are all developing or implementing their own specifications for 

using the maturity method. 

The purpose of this chapter is to explain the history and effectiveness of the maturity method. 

This chapter will outline the background of the maturity method and discuss and compare the two leading 

forms to compute maturity. The inherent limitations of the maturity method will be discussed along with 

the application of the maturity method to estimate concrete strengths. To assess the accuracy of the 

maturity method for estimating concrete strength, in-place testing methods were examined. Details of the 

development and evaluation of strength-maturity relationships are given throughout this chapter.  

 

2.2  DEFINITION AND DEVELOPMENT OF THE MATURITY METHOD 

The strength gain of a concrete mixture is a function of its age and temperature history as long as the 

concrete is properly placed, consolidated, and cured (Carino 1991). The effects of temperature during the 

early ages of the concrete curing process have an important impact on the strength development of the 

concrete. Therefore, it can be difficult to estimate the in-place strength development of the concrete from 

strength data collected from specimens cured under a constant condition (Carino 1991). Consequently, 

the need for an estimate of the in-place strength of concrete using the time and temperature history of the 

concrete is essential. This method is known as the maturity method. 

Maturity is “the extent of the development of a property of a cementitious mixture” (ASTM C 1074 

2004). In other words, maturity is the development of the physical properties of the concrete as the 

hydration process progresses. To quantify a value for maturity, multiple functions exist to calculate the 

“maturity index” of the concrete. The two maturity functions that are recommended by ASTM C 1074 

(2004) are the Nurse-Saul maturity function and the Arrhenius maturity function. The maturity index is “an 

indictor of maturity that is calculated from the temperature history of the cementitious mixture by using a 

maturity function” (ASTM C 1074 2004). For the case of this report, maturity of the concrete will be used 

with the strength development in order to develop a strength-maturity relationship for a particular concrete 

mixture. Saul (1951) wrote the “maturity rule,” stating that:  
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Concrete of the same mix at the same maturity (reckoned in temperature time) has 

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

make up that maturity. 

 

The concept of the maturity method can be used to quantify the strength development of a particular 

concrete mixture. Therefore, if the concrete is cured in either cold or hot conditions, the maturity should 

be the same and the strength of the concrete can be estimated accurately. An illustration of the maturity 

method for concrete cured at cold and hot temperatures is shown in Figure 2-1. If the curing temperatures 

are cold, then the time to reach a designated maturity will be longer than if the curing temperatures are 

hot. As long as the same maturity is reached for both curing conditions, their strength should be the 

same, as shown in Figure 2-1. 

 

 
Figure 2-1:  Diagram showing the effect of temperature histories on maturity calculation 

 

In order to develop the strength-maturity relationship, multiple tasks must be conducted simultaneously 

on the concrete mixture. First, testing to evaluate the strength development and temperature history of a 

concrete mixture must be performed. To do this, multiple specimens are cast and then strength-tested at 

various ages. Also, the temperature is recorded by installing a recording device when the concrete is still 

in a fluid state. Strength testing can be conducted using multiple test methods. The two common testing 

methods are compression testing of molded concrete cylinders and flexural beams. When strength testing 

is being conducted, the maturity of the concrete must be recorded. To record the maturity of the concrete, 

the temperature data must be retrieved and the maturity index calculated for the time when the strength 

test was preformed. After all the strength data have been collected and the maturity index has been 

calculated for each testing age of the concrete, the strength-maturity relationship can be developed using 

the data and a computer.  

 

2.2.1  NURSE-SAUL MATURITY FUNCTION (NSM FUNCTION) 
McIntosh (1949) first noted the idea that the rate of concrete strength gain is a function of time and 

temperature. He found that by using the temperature history of the concrete, the product of time and 
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temperature above a no-hardening temperature (datum temperature) could adequately describe the 

strength development of concrete. However, he found that at different curing temperatures, this method 

did not hold true. Therefore, a more complex model than the product of temperature and time of the 

concrete should used to characterize the strength development.   

Soon after, Nurse (1949) wrote about the effects of steam curing on concrete. He cured multiple 

concrete mixtures at different temperatures and tested them at various time intervals. In order to compare 

the effects of time and temperature on the compressive strength, Nurse expressed the strengths “as a 

percentage of the strength after 3 days’ storage at normal temperature [18°C].” In effect, he was 

computing an equivalent age (discussed later in Section 2.3.1), which was not introduced until many 

years later. When these time-temperature “products” were plotted, they followed a general curve where 

the time-temperature product increased as the percent of 3-day compressive strength increased. Later, in 

a follow up on the findings of Nurse, Saul (1951) assigned the term “maturity” to the time-temperature 

product and gave it a mathematical basis. Saul also suggested the use of a “datum temperature” to 

calculate the maturity of the concrete as interpreted by Carino (1991). The Nurse-Saul maturity function is 

defined as follows (ASTM C 1074 2004): 

 
tTTM

t

oc ∆⋅−= ∑
0

)(  
Equation 2-1 

where, M   = Nurse-Saul maturity index at age t (°C • hours), 

 Tc = average concrete temperature during the ∆t (°C), 

 To = datum temperature (°C), and  

 ∆t = time interval (hours). 

 

The units of the Nurse-Saul maturity function are °C • hours since it is a subtraction of the datum 

temperature (°C) from the concrete temperature (°C) then multiplied by the time interval (hours). The 

“datum temperature” is considered the lowest temperature at which the concrete will not gain strength. 

Common values for the datum temperature are 0 °C (32 °F) and -10 °C (14 °F). A more through 

discussion of the datum temperature will be given in Section 2.3.2.  

Bergstrom (1953) took the Nurse-Saul maturity function and showed that the maturity method can 

also be applied to normal concrete, and not just the steam cured concrete that Saul tested. The Nurse-

Saul maturity function was found to work reasonably well for normal concrete curing temperatures.  In the 

following years, there was much research done on the maturity method and its validity with respect to the 

effects that early-age curing temperatures have on the strength development.  

The Nurse-Saul maturity function is the sum of the average temperature for the time interval 

minus the datum temperature multiplied by the time interval of interest. A schematic of the Nurse-Saul 

maturity function can be seen in Figure 2-2.  The concrete temperature history of the concrete is shown 

with the curved line, whereas the Nurse-Saul maturity index for each time interval is accumulated in the 

shaded rectangular blocks.  
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Figure 2-2: Diagram of concrete temperature over time and the Nurse-Saul maturity function 

 

2.2.2  ARRHENIUS MATURITY FUNCTION (AM FUNCTION) 
As suggested by Copeland, Kantro, and Verbeck (1962), the Arrhenius equation can be used to calculate 

the nonlinear rate of hydration of cement caused by the effect of temperature. Using the Arrhenius 

equation, Freiesleben Hansen and Pederson (1977) developed the Arrhenius maturity function, which is 

defined as follows: 

 

teM
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−

+
−

0

273
1

273
1 Equation 2-2 

where, M = Arrhenius maturity index at Tr (hours), 

 Tc  = average concrete temperature during ∆t (°C), 

 Tr = reference temperature (°C), 

 E = activation energy (J/mol), and  

 R = universal gas constant [8.3144 J/ (mol • K)]. 

 

Using the Arrhenius maturity function, the °C are converted to degrees Kelvin and canceled out by the 

units from the universal gas constant, leaving only hours. Typical values for the activation energy range 

from 33,500 J/mol to 45,000 J/mol. Activation energies will be discussed in Section 2.3.3. The typical 

reference temperature is 20 °C (68 °F), but other reference temperatures, such as 23 °C (73 °F), can be 

used (ASTM C 1074 2004). 

 

2.2.3  USE OF THE MATURITY METHOD TO ESTIMATE STRENGTH DEVELOPMENT 
Once an understanding of the calculation of the different maturity indices have been established, the 

strength data and the maturity indices can be used to evaluate the strength of the concrete cured under 

any temperature condition. If a concrete mixture cures at different temperatures, the strength 

development of the concrete will be different for the different curing temperatures. Figure 2-3 shows an 
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example of the strength versus concrete age of a Type I + 30% Class C fly ash concrete mixture cured at 

three different temperatures.  
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Figure 2-3: Strength versus concrete age of a concrete mixture cured at different temperatures (Type I + 

30% Class C Fly Ash) (Wade 2005) 

 

As Figure 2-3 shows, the strength gain of the same concrete mixture was different for the three curing 

conditions. Figure 2-4 shows the strength-maturity relationship for the same concrete mixture shown in 

Figure 2-3. The Nurse-Saul maturity function was used with a datum temperature of 0 °C (32 °F). The 

strength-maturity relationship was created from the 73 °F (23 °C) strength and maturity data (the 

calculations used to develop the strength-maturity relationship are discussed in Section 2.4). After the 

strength-maturity relationship was created, the strength data and corresponding maturity indices for the 

three different curing temperatures were added to the strength-maturity relationship to illustrate that the 

maturity method is the same regardless of the curing temperature.  

Figure 2-4 shows that the maturity method accounts for the effect of curing temperatures on the 

strength development of this particular concrete mixture. With the knowledge of the strength-maturity 

relationship, the in-place strength can be estimated as long as the temperature history of the concrete in 

the structure is recorded. 
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Figure 2-4: Strength-maturity relationship using the NSM function for Figure 2-3 (To = 0 °C) 

 

2.3  COMPARISON OF THE MATURITY FUNCTIONS 

Before the two maturity functions can be evaluated, a common factor must be established between the 

two functions so that their behavior can be compared. This is done by converting the maturity functions 

into an “Age Conversion Factor.” The major determinant for using the age conversion factor is that the 

two maturity functions produce maturity values with different units. The age conversion factor allows the 

two maturity functions to be compared by evaluating their results with a unit-less factor. The effects of the 

different datum temperatures on the age conversion factor were evaluated for the Nurse-Saul maturity 

function, along with the effects of different activation energies on the age conversion factor for the 

Arrhenius Maturity function.  

 

2.3.1  AGE CONVERSION FACTOR 
It is often useful to express the maturity of a curing history in terms of a reference temperature, known as 

the “Age Conversion Factor.” The age conversion factor (α) is used to compare different curing 

temperatures and different maturity functions at a specified reference temperature.  Rastrop (1954) first 

introduced the concept of equivalent age maturity. This can be rewritten as: 

 tte ∆⋅= ∑α  Equation 2-3 

where, te = equivalent age (hours), and  

 α = age conversion factor. 
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The α for the Nurse-Saul maturity function can be defined as follows (Carino 1991): 
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Equation 2-4 

where, Tr   = the reference temperature (°C). 

The α for the Arrhenius maturity function developed by Freiesleben Hansen and Pederson (1977) can be 

defined as follows (Carino 1991): 
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Equation 2-5 

If the concrete temperature is equal to the reference temperature then the age conversion factor (α) is 

equal to one. If the concrete temperature is higher than the reference temperature, then the α is greater 

than one. If the concrete temperature is lower than the reference temperature, then the α is less than one.  

The age conversion factors from three different datum temperatures were calculated to compare 

the effects of various datum temperatures on the Nurse-Saul maturity function. The datum temperatures 

that were evaluated were -10 °C, 0 °C, and 10 °C (14 °F, 32 °F, and 50 °F). These α results are plotted in 

Figure 2-5. Along with the α for the datum temperature, the α for the strength data with two different 

water-to-cement ratios (w/c) from Carino (1984) were added to Figure 2-5 to show the comparison of the 

datum temperatures with respect to actual concrete strength data.  

As the temperature decreases below the reference temperature of 23 °C (73 °F), the datum 

temperature of 0 °C (32 °F) tends to fit the data set reasonably well. However, at temperatures higher 

than the reference temperature, the datum temperature 0 °C (32 °F) underestimates the age conversion 

factors for the actual data set. For temperatures higher than the reference temperature, the datum 

temperature 10 °C (50 °F) is closest to the actual data set but significantly underestimates the actual data 

set for temperatures less than the reference temperature. For the datum temperature of -10 °C (14 °F), 

the actual data set is overestimated for temperatures less than the reference temperature and 

underestimated for temperatures over the reference temperature. In addition, Figure 2-5 illustrates that 

the age-conversion factor computed with the Nurse-Saul maturity function is linear relative to the curing 

temperature. It is important to note that all of the trends just described are for the particular concrete 

mixture that was presented by Carino (1984). These datum temperatures may not be accurate for other 

concrete mixtures.  

As stated by Tank and Carino (1991), the Nurse-Saul maturity function was developed from 

empirical observations, and when a concrete mixture experiences varying early-age temperatures, the 

Nurse-Saul maturity method does not correctly represent the effect that temperature has on the strength 

development. Therefore, some researchers favor the Arrhenius maturity function because the nonlinear 

function accounts for the nonlinear strength development in concrete (Tank and Carino 1991; Kjellsen 

and Detwiller 1993). 

 



13 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 10 20 30 40 50

Temperature of Concrete (°C)

A
ge

 C
on

ve
rs

io
n 

Fa
ct

or
, α

w/c = 0.43
w/c = 0.56

To = -10 °C

To = 0 °C

To = 10 °C

 
Figure 2-5: Effect of datum temperatures on the age conversion factor determined with the NSM function 

(Carino 1984) 
 

The α for the Arrhenius maturity function with different activation energies, along with the strength data 

from Carino (1984), are shown in Figure 2-6. Activation energies of 30, 40, and 50 kJ/mol were evaluated 

to illustrate the general trend of different activation energies. The general shape of α for the Arrhenius 

maturity function tends to follow the shape of the α for the actual data, which was not the case for the 

different datum temperatures used in the Nurse-Saul maturity function.  

For temperatures less than the reference temperature, the difference in � obtained for the three 

activation energies is minimal. When the temperature is greater than the reference temperature, the 50 

kJ/mol activation energy overestimates the actual strength data and the 30 kJ/mol underestimates the 

strength data. The optimum activation energy would be between 40 and 50 kJ/mol for this particular 

concrete mixture. Again, the trends that were explained above only apply to the concrete mixture that was 

presented by Carino (1984).  

When α is compared for the Arrhenius and Nurse-Saul maturity functions, it can be seen that the 

�for the Arrhenius maturity function is the best means of modeling the nonlinear strength development of 

the concrete. In Figure 2-7, the α of the Arrhenius maturity function is compared to that of the Nurse-Saul 

maturity function. As the temperatures increases, the Nurse-Saul maturity function yields linear α values, 

whereas the Arrhenius maturity function yields non-linear α values.  
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Figure 2-6: Effect of the activation energies on the age conversion factor determined with the AM 

function (Carino 1984) 
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Figure 2-7: Comparing Arrhenius maturity function with E = 40 kJ/mol to Nurse-Saul maturity function 

with To = 0 °C (32 °F) (Carino 1984) 
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The percent difference in the α when using the two maturity functions and using the Nurse-Saul α as the 

baseline variable is shown in Figure 2-8. The Nurse-Saul maturity function with datum temperature of 0 

°C (32 °F) was compared to the Arrhenius maturity function with activation energy of 40 kJ/mol. If the 

concrete temperature is between the reference temperature and approximately 53.6 °F (12 °C), the two 

α obtained from these functions are very similar. However, as the temperature falls below 53.6 °F (12 °C), 

the percent difference in the two functions increases dramatically. For temperatures above the reference 

temperature, the percent difference in the two functions increases but not as dramatically as it does below 

53.6 °F (12 °C). Therefore Figure 2-8 shows that the maturity functions are especially sensitive at low 

temperatures. 

Over the years, there has been much debate regarding which maturity function is superior for 

estimating concrete strengths. Many researchers believe the Arrhenius maturity function is more 

accurate.  However, others think it is too complicated and unpractical.  This group believes the Nurse-

Saul maturity function is simpler and sufficiently accurate to be easily used on construction sites. 

According to the results presented above, the Arrhenius maturity function is considered the 

preferable function to calculate the maturity for concrete because it most accurately represents the non-

linear rate of hydration of the concrete. The activation energy that was considered best in the above case 

was only for the concrete mixture that was tested by Carino (1984). Optimum activation energies tend to 

change between concrete mixtures. Different datum temperatures and activation energies for different 

mixtures are discussed in the following sections. 
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Figure 2-8: Comparing percent difference α of AM function with E = 40 kJ/mol to the NSM function with 

To = 0 °C (32 °F) 
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2.3.2  TYPICAL DATUM TEMPERATURES VALUES 
Saul (1951) explained that the datum temperature should be the lowest temperature at which concrete 

stops gaining strength. Saul recommended a datum temperature of -10.5 °C (13.1 °F). In a study by 

Plowman (1956), -12 °C (10.4 °F) was found to be the temperature at which concrete ceases to gain 

strength. Generally, a datum temperature of -10 °C (14 °F) is used (Carino 1991). TxDOT (Tex-426-A 

2004), Iowa DOT (IM 383 2004), and Indiana DOT (ITM 402-04 T 2004) all use a datum temperature of -

10 °C (14 °F). ASTM C 1074 (2004) recommends a datum temperature of 0 °C (32 °F) for Type I cement 

without admixtures and when the curing temperature remains between 0 to 40 °C (32 to 104 °F).  

Carino and Tank (1992) performed a study in which they tested concrete and mortar specimens 

cured under different isothermal temperatures. Specimens were made with different cementitious systems 

and two water-to-cement ratios.  In this study, three sets of specimens were cured at 50, 73, and 104 °F 

(10, 32, and 40 °C) and then were strength tested at regular intervals. The best-fit datum temperatures 

were obtained for each concrete mixture. Table 2-1 is a summary of the datum temperature for each 

concrete mixture.  

 

Table 2-1: Datum temperature values proposed by Carino and Tank (1992) 

Concrete Mortar Concrete Mortar

Type I 11 (52) 11 (52) 9 (48) 7 (45)

Type II 9 (48) 9 (48) 6 (43) 5 (41)

Type III 7 (45) 6 (43) 7 (45) 6 (43)

Type I + 20% Fly Ash  -5 (23)  -2 (28) 0 (32) 3 (37)

Type I + 50% Slag 8 (46) 7 (45) 10 (50) 9 (48)

Type I + Accelerator 8 (46) 10 (50) 9 (48) 9 (48)

Type I + Retarder 5 (41) 6 (43) 5 (41) 2 (36)

Cement Type
Datum Tempeatures [°C (°F)]

w/c = 0.45 w/c = 0.60

 
 

From the study, Carino and Tank (1992) concluded that none of the values was -10 °C (14 °F). Most of 

the values that were found were greater than 0 °C (32 °F). When the w/c increased from 0.45 to 0.60 the 

datum temperatures tended to decrease for Type I and II mixtures. For the Type III mixtures, the datum 

temperatures stayed the same. As for the concrete mixtures with Type I + 20% fly ash, Type I + 50% slag, 

and Type I + accelerator, the datum temperature tended to increase as the w/c ratio increased. The 

lowest datum temperature that was found was -5 °C (23 °F) which was for the Type I + 20% fly ash 

concrete mixture with w/c = 0.45. The highest datum temperature that was found was 11 °C (52 °F) which 

was for the Type I concrete and mortar mixture with w/c = 0.45.  
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2.3.3  TYPICAL ACTIVATION ENERGY VALUES  
The Arrhenius maturity function’s temperature sensitivity depends on the activation energy used (Carino 

1991). The activation energy can be determined in several ways: (1) it can be calculated experimentally 

(ASTM C 1074 2004), (2) it can be estimated from equations that incorporate the temperature of the 

concrete, or (3) it can be estimated from typical values. A list of values of recommended activation 

energies given by Carino (1991) is shown in Table 2-2. ASTM C 1074 (2004) suggests activation 

energies in the range of 40,000 to 45,000 J/mol for use with a Type I cement when no chemical 

admixtures are used. Should other cement types or admixtures be used, ASTM provides no further 

guidelines for the selection of appropriate activation energy values. ASTM C 1074 (2004) recommends 

the experimental procedure outlined in Annex A1 to determine the mixture-specific activation energy.  

This procedure involves the use of compression testing of mortar specimens cured at three different 

temperatures. The strength versus concrete age results for the three curing temperatures are used to 

determine the activation energy for that specific concrete mixture. 

 

Table 2-2: Activation energy values proposed by various researchers (Carino 1991) 

Cement Type Type of Test Activation Energy (J/mol)

Type I (Mortar) Strength 42,000

Type I (Mortar) Strength 44,000

Type I (Concrete) Strength 41,000

OPC* (Paste) Heat of Hydration 42,000 – 47,000

OPC* + 70% GGBF* Heat of Hydration 56,000

OPC* (Paste) Chemical Shrinkage 61,000

RHC* (Paste) Chemical Shrinkage 57,000

OPC*(Paste) Chemical Shrinkage 67,000

Type I/II (Paste) Heat of Hydration 44,000

Type I/II + 50%GGBF (Paste) Heat of Hydration 49,000

* OPC is ordinary portland cement, GGBF is ground-granulated blast-furnace 
slag, RHC is rapid harding concrete  

 

The same study by Carino and Tank (1992) that was used to determine the best-fit datum temperature 

was also used to find the best-fit activation energies for each of the concrete mixtures evaluated. Table 2-

3 summarizes the activation energy values for the Arrhenius maturity function obtained from Carino and 

Tank’s tests. Based on these results, Carino and Tank concluded that the activation energy for a concrete 

mixture could be obtained from the strength-gain data of mortar cubes. From this table, it can further be 
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seen that for some mixtures w/c had little effect on the activation energy.  However, the specimens using 

Type I and Type II cements had significantly higher activation energies for the low water-cement ratio 

mixtures. The opposite was true for mixtures with Type I cement plus 50% slag; the activation energy was 

higher for the 0.60 water-to-cement ratio mixture.  This table further indicates how the addition of 

admixtures can alter the activation energy. Carino (1991) recommends that calculation of the activation 

energy depends on the desired accuracy of the estimated strength and if precision is not as crucial, then 

typical values may be used with some confidence. 

 

Table 2-3: Activation energy values proposed by Carino and Tank (1992) 

Concrete Mortar Concrete Mortar

Type I 63,000 61,100 48,000 43,600

Type II 51,100 55,400 42,700 41,100

Type III 43,000 40,100 44,000 42,600

Type I + 20% Fly Ash 30,000 33,100 31,200 36,600

Type I + 50% Slag 44,700 42,700 56,000 51,300

Type I + Accelerator 44,600 54,100 50,200 52,100

Type I + Retarder 38,700 41,900 38,700 34,100

Cement Type
Activation Energy (J/mol)

w/c = 0.45 w/c = 0.60

 
 

Freiesleben Hansen and Pederson (1977) recommended Equation 2-6 to calculate the activation energy 

depending on the temperature of the concrete: 

 Tc ≥ 20 °C (68 °F):     E = 33,500 J/mol 

Tc < 20 °C (68 °F): E = 33,500 + 1,470 (20-Tc) J/mol 

Equation 2-6 

 
2.3.4  SUMMARY OF THE TWO MATURITY FUNCTIONS 
Some critics think the Arrhenius maturity function may be too complicated and not practical because a 

mixture-specific activation energy is required to obtain accurate results. Most transportation agencies 

(TxDOT, Iowa DOT, and Indiana DOT) use the Nurse-Saul maturity function because it is simple and 

quick to implement.  In addition, as long as the maturity is conservative, transportation agencies are 

satisfied because of the supplementary verification strength testing that some of them require. 

Researchers favor the Arrhenius maturity function, because it theoretically better models the non-linear 

strength development of concrete. However, the Nurse-Saul maturity function is generally thought to be 

the more practical of the two for in-the-field use. 
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2.4  STRENGTH-MATURITY RELATIONSHIPS 

A strength-maturity relationship can be developed once the strength development of a concrete mixture 

has been obtained along with the corresponding maturity indices. In order to capture the strength 

development of a concrete mixture, strength testing must be conducted at intervals over a length of time, 

and ASTM C 1074 (2004) recommends ages of 1, 3, 7, 14 and 28 days for normal-strength applications. 

The steps for creating the strength-maturity relationship are presented in Section 2.7.1. The term 

“maturity” in this section refers to the maturity indices calculated by either the Nurse-Saul or the Arrhenius 

maturity function. When the compressive strength data are plotted versus the maturity, a unique 

relationship can be established that correlates the strength and maturity of the concrete mixture.  

Many equations have been proposed to model the strength gain of concrete, but three are often 

used. These three functions are the exponential, hyperbolic, and logarithmic functions, which are defined 

as follows (Carino 1991):  

  Exponential  βτ ][
M

ueSS
−

=  

Equation 2-7 

          where, S = compressive strength (psi),  

 Su = limiting compressive strength (psi), 

 M = maturity index (°C • hours or hours),  

 τ = characteristic time constant (hours), and 

 β = shape parameter.  

 

  Hyperbolic ( )
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Equation 2-8 

     where, Mo = maturity when strength development is assumed to begin (°C • hours or 

hours), and 

 k = rate constant (1/[°C • hours] or 1/hours). 

 

  Logarithmic ( )MbaS log+=  
Equation 2-9 

         where, a = constant (psi), and 

 b = constant (psi/hr or psi/[°C • hr]). 

 

Freiesleben Hansen and Pederson (1984) proposed the exponential function (Equation 2-7). The 

hyperbolic function (Equation 2-8) was a derivation by Carino (1991) from other researchers’ hyperbolic 

function suggestions. ASTM C 1074 (2004) recommends the use of the hyperbolic or exponential 

functions. Plowman (1956) proposed the logarithmic function (Equation 2-9). Iowa DOT (IM 383 2004) 

and TxDOT (Tex-426-A 2004) use the logarithmic function to develop the strength-maturity relationship. 
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According to Carino (1991), the logarithmic function has limitations because “the relationship 

predicts ever increasing strength with maturity [and] the linear relationship is not valid at very early 

maturities.” Carino (1991) determined that the hyperbolic function and the exponential function 

represented the concrete strength development very well. Freiesleben Hansen and Pederson (1984) 

studied the heat development of concrete and determined through empirical analyses of the data that the 

exponential function models the strength development of the concrete very well. The three strength-

maturity relationships with data from Carino (1991) are compared in Figure 2-9. 

 
Figure 2-9: Comparison of strength-maturity relationships (Carino 1991) 

 

From Carino’s (1991) data (with a Type I cement, w/c = 0.45), it appears that the exponential function and 

the hyperbolic function fit the data best. As for the logarithmic function, Carino found it underestimated the 

early-age strengths and then began to overestimate the strength of the concrete at later ages. This 

equation could still be used, provided that the maturity method is only used to estimate early-age 

strengths.  

The strength-maturity relationship can be used to estimate the in-place strength of concrete. The 

assumption that the strength-maturity relationship is the same for a particular concrete mixture, cured at 

different temperatures, allows the same strength-maturity relationship to be used in the field regardless of 

the temperature history of the concrete. As explained in earlier sections, the strength-maturity relationship 

is mixture-specific and should not be used for mixtures that are not the same as the concrete mixture that 

was used to create the original strength-maturity relationship. 

 

2.5  LIMITATIONS OF THE MATURITY METHOD 

A number of factors may lead to errors when estimating the in-place strength with the maturity method. A 

few of the factors that might cause problems with the maturity method are: the effects of curing 
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temperature on long term strength, the fact that the strength-maturity relationships are mixture specific, 

the supply of moisture for hydration of the cement, and the effects of air content on the strength of 

concrete.  

 

2.5.1  EFFECTS OF CURING TEMPERATURES ON LONG-TERM STRENGTH 
Throughout the early years of the development of the maturity method, it was noticed that the curing 

temperature directly affects the long-term strength of the concrete. The effects of temperature on the long 

term strength has come to be known as the “cross-over effect.”  

McIntosh (1956) studied the effects of different early-age temperatures on the strength gain of 

concrete. Carino (1991) pointed out that McIntosh’s results showed that specimens exposed to high 

early-age temperatures tended to have higher strengths at early maturities and lower strengths at higher 

maturities than concrete cured at lower temperatures at early-ages. Maturities were calculated using the 

Nurse-Saul maturity function. Carino (1991) concluded from McIntosh’s study “that a maturity function 

based on the product of time and temperature above a datum value cannot account for the ‘quality of 

cure’ as affected by the initial curing temperatures.” In other words, the maturity method cannot account 

for the loss in strength that occurs due to curing at high temperatures at early ages.   

Alexander and Taplin (1962) conducted a study to evaluate the strength development of concrete 

over a wide range of curing temperatures and ages to see if strength development obeyed the maturity 

rule defined by the Nurse-Saul maturity function. In agreement with earlier studies, Alexander and Taplin 

found that the strength-maturity relationship of concrete had a systematic deviation from the test data. 

The general conclusion was that at earlier ages, the Nurse-Saul maturity function greatly underestimated 

the strength gain of the concrete cured at higher temperatures and overestimated the strength of the 

concrete cured at lower temperatures. However, at later ages, the trend was opposite, as the Nurse-Saul 

maturity function underestimated the concrete strength when cured at lower temperatures and 

overestimated the concrete strength when cured at higher temperatures.  

Kjellsen and Detwiller (1993) conducted a study on later-age strength prediction. They stated that 

the maturity method only works up to a strength level of 40 percent of the 28-day strength. The 

inaccuracies they observed were due to the effects of early-age temperatures on strength. Kjellsen and 

Detwiller went further in trying to modify the maturity method, but the equation that was formulated is 

complex and difficult to apply. To date many people have attempted to develop simple ways of estimating 

the long-term strength of the concrete using the maturity method, but no one has been truly successful in 

developing a practical method. 

Carino (1991) stated that an increase in initial curing temperatures would influence the behavior 

of the strength-maturity relationship. Figure 2-10 shows the strength development of concrete for actual 

concrete ages from research conducted by Carino in 1984 (Carino 1991). From this graph, it is clear that 

the curing temperatures affected the initial rate of strength development as well as the ultimate strength of 

the concrete. The effects of curing temperatures on the strength-maturity relationship of concrete 
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obtained from the data mentioned above are shown in Figure 2-11. If the strength-maturity relationship 

was correct, then there should not be multiple maturity curves; only one should exist.  

 
Figure 2-10: Compressive strength versus age for concrete cylinders cured at three temperatures       

(Type I cement, w/c = 0.55) (Carino 1991) 

 
Figure 2-11: Compressive strength versus equivalent age (Carino 1991) 

 

2.5.2  STRENGTH-MATURITY CURVES ARE MIXTURE SPECIFIC 
A strength-maturity relationship must be developed for each different concrete mixture. ASTM C 1074 

(2004) states that the accuracy of the strength-maturity relationship for estimating concrete strength 
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depends on properly determining the maturity function and temperature sensitivity values of a particular 

concrete mixture. The strength-maturity relationship is then unique for that one particular concrete mixture 

(ASTM C 1074 2004). If the mixture changes, a new strength-maturity relationship must be developed. 

Iowa DOT’s specification (IM 383 2004) requires that a new strength-maturity relationship be developed if 

changes in the sources of the material, proportions, or mixing equipment occur.  

 

2.5.3  OTHER FACTORS AFFECTING STRENGTH DEVELOPMENT 
Temperature affects the strength gain of concrete, but other factors have also been shown to affect the 

strength gain of concrete such as entrained air, clays in aggregates, and moisture. These are factors that 

can affect the strength-maturity relationship without the temperature ever changing.  

It has been proven that as the air content increases in concrete, the concrete strength will 

decease. A general rule is that for every 1% increase in total air, a 5% generally decrease in compressive 

strength can be expected (Mindess, Young, and Darwin 2003). This can be seen in Figure 2-12. The 28-

day strengths for the different cement contents decrease as the air content of the concrete increases. The 

air content can become a problem with the strength-maturity relationship if the concrete supplier is not 

able to consistently control the air content in the concrete. When developing the strength-maturity 

relationship, the air content of the concrete mixture must be the same as the air content required for the 

construction project. 

 
Figure 2-12: Relationship between air content and 28-day compressive strength for concrete at three 

cement contents. Water content was reduced with increased air content to maintain a constant slump 

(Cordon 1946) 
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Topuc and Ugurlu (2003) conducted a study on the effects of mineral filler on the properties of concrete. It 

was found that the existence of clay particles in aggregates has a large effect on weakening the bond 

between cement paste and aggregates in concrete. Throughout the study, a mineral filler was used and 

the results showed that the very small partials (mineral filler) were interfering with the bond between 

cement paste and aggregate which decreased the strength of the concrete. Therefore, if there was 

contamination of an aggregate stockpile with clay or other very fine minerals, concrete being produced 

using these contaminated aggregates could potentially exhibit a lower strength than that produced with 

uncontaminated aggregate. 

The maturity method uses the temperature history to estimate the in-place strength of concrete, 

but in order for the maturity method to be accurate, a sufficient amount of moisture must be supplied to 

sustain hydration while the concrete is gaining strength (Tank and Carino 1991). The ASTM C 1074 

(2004) requires that a sufficient amount of water be supplied for the hydration process in order for the 

maturity method to be able to estimate the in-place concrete strength accurately. “If concrete dries out, 

strength gain ceases but the computed maturity value continues to increase with time” (Carino 1991). 

During the construction process, water is lost from the paste due to evaporation or by absorption 

of water by the aggregates, formwork, or subgrade (Mindess, Young, and Darwin 2003). If the internal 

relative humidity falls below 80%, hydration will cease, the concrete strength development will be affected 

dramatically, and the ultimate strength will be significantly reduced. Figure 2-13 shows the effects of 

limited moist curing time on the strength development of concrete. The maturity method will not account 

for the lack of curing, and therefore the resulting strength may be much lower than what the strength-

maturity relationship indicates.  

 

 
Figure 2-13: Effect of moist-curing time on strength gain of concrete (Gonnerman and Shuman 1928) 
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As explained, multiple factors other than temperature can affect the strength development of 

concrete. The temperature history of the concrete could stay the same indicating that the strength of 

concrete is following the strength-maturity relationship.  In fact, the strength of the concrete could be 

significantly less. Therefore, good quality control must be in place to ensure that the strength-maturity 

relationship is accurate. The air content, curing methods, and stockpiles need to be monitored. With this 

in mind, in-place testing, along with the maturity method, can be used to ensure that adequate strength is 

reached. Further discussion of in-place testing can be found in Section 2.8. 

 

2.6  MATURITY RECORDING DEVICES 

Many different temperature-recording devices exist in the market today. Some are simple devices, 

displaying only the temperature of the concrete, while other devices can record the temperature and time 

while calculating the maturity index. A simple thermometer can be used to record temperature and then 

the maturity index can be calculated, but this method can be inaccurate and time-consuming.  

In this section, only a few maturity devices are reviewed. These maturity-recording devices all record 

temperature over time and were able to compute the maturity within the device or through external units 

used to access the data. Iowa DOT and TxDOT use a device that employs thermocouple wires attached 

to an external data-logging device. Two other devices were evaluated because of their simplicity and 

possible usefulness for ALDOT. The maturity recording devices evaluated during this research project 

were considered the most practical maturity recording devices at the time of the research. The devices 

reviewed are: (1) the System 4101 Concrete Maturity Meter distributed by Humboldt Manufacture 

Company; (2) intelliROCK II distributed by Nomadics Construction Labs; and (3) The COMMAND Center 

distributed by The Transtec Group. 

 

2.6.1  SYSTEM 4101 CONCRETE MATURITY METER   
The System 4101 Concrete Maturity Meter is a multi-channel maturity meter used, but not required, by 

Iowa DOT and TxDOT. Other multi-channel maturity meters exist, but the Humboldt Maturity Meter is one 

of the more commonly used multi-channel maturity meters. Figure 2-14 shows a picture of this system. 

Each maturity meter uses four type “T” thermocouple wires with quick-connect thermocouple jacks and an 

RS-232 cable. The RS-232 cable is used to connect the maturity meter to a computer to allow the data to 

be downloaded. Each maturity system has four channels. A 9-volt lithium battery supplies power to the 

maturity meter and a rechargeable model is also available. Each maturity meter can be programmed with 

a meter ID number, time and date, and phone number. The maturity meter records data every half hour 

for the first two days and then every hour for the remaining time for up to 327 days. Type “T” 

thermocouple sensors have a temperature measuring accuracy of ± 1 °C and can record temperatures in 

the range of 14 °F to 194 °F (-10 °C to 90 °C).  

The Humboldt maturity meter conforms to ASTM C 1074 (2004) specifications and can calculate 

both the Nurse-Saul and the Arrhenius maturity index. For the Nurse-Saul maturity function, the datum 

temperature (To) can be input into the maturity meter with a range of -20 °C to 60 °C. As for the Arrhenius 
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maturity function, the constant E/R and reference temperature (Tr) can be input with ranges of 0 K to 

20,000 K and 0 °C to 40 °C, respectively. The maturity meter can operate at temperatures between -4 °F 

and 122 °F (-20 °C and 50 °C) and is encased in a watertight, impact resistant box.  

The maturity index can be read directly from a display on the maturity box. The temperature 

history, time, and maturity can be downloaded to a computer through a COM port. Once the data have 

been downloaded, the time and date that recording started is available and for all four channels; the 

temperature-time history, Nurse-Saul maturity index, and Arrhenius maturity index can be displayed. 

In order to record the temperature of the concrete, the maturity meter must be in close proximity 

to the area where the concrete temperature is being monitored. One end of the type “T” thermocouple 

wire is inserted into the concrete, while the other end, with the quick-connect jack, is plugged into the 

maturity meter. Once the thermocouple wire is installed in the concrete, the maturity meter is then turned 

on and recording started. The Humboldt maturity meter needs to be protected from environmental 

elements and from construction procedures so that the meter will not be destroyed. 

 

 
Figure 2-14: Humboldt system 4101 concrete maturity meter 

 

2.6.2  INTELLIROCK II 
The intelliROCK II system was considered because of the ability for the sensor to be self-contained and 

embedded within the concrete member. Figure 2-15 is a picture of the console and the temperature 

sensor used for this system. The battery and data logging chip are contained within the sensor that is 

embedded in the concrete. A wire runs from the embedded device to the edge of the concrete where a 

handheld console is connected whenever data needs to be downloaded or the maturity index needs to be 

read. 

Currently, two sensors are available for recording the maturity index of the concrete: MAT-02-

1H28D and MAT-02-5M7D. The MAT-02-1H28D is the standard sensor that records temperature and 

maturity every hour for 28 days. The MAT-02-5M7D is the high-early strength sensor which records data 

every 5 minutes for 7 days. If other time intervals are required, the supplier can program the sensors to 
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accomplish that need. Each sensor can also record the job site ID and some placement notes. A data 

lock function is enacted on the sensor once the sensor is started to prevent any tampering with the data. 

The temperature accuracy is ± 1 °C. Additional data stored in the sensors are time and maturities of the 

maximum and minimum temperatures recorded.  

Both the Nurse-Saul maturity function and Arrhenius maturity functions are calculated for this 

system. The maturity index is calculated every minute for an “up-to-the-minute accuracy.” Any reasonable 

datum temperature can be used to calculate the Nurse-Saul maturity function and any activation energy 

can be used for the Arrhenius maturity function.  

The console is attached to the wire through a quick-release stereo jack. The wire used to 

communicate with the sensor is a four-foot long, 18-gauge wire. Additional lengths up to 100 feet can be 

ordered. Once the sensor is installed into the concrete, the console is attached to the wire and the sensor 

activated. Then the console is disconnected and the sensor will continue to record the temperature. When 

the maturity index of the concrete is needed, the console is connected to the wire and the maturity index 

can be read directly from the console. If the entire temperature and maturity history is desired, the data 

can be transferred to the handheld console and then transferred to a computer. A computer program for 

reviewing the data is also provided.  
 

 
Figure 2-15: intelliROCK II console and sensor (Source: Engius Construction Intelligence) 

 

2.6.3  THE COMMAND CENTER 
The COMMAND center system is similar to the intelliROCK system. A sensor is placed into the concrete 

with a wire running to the edge of the concrete so that a pocket PC or laptop can be attached to the 

sensor to communicate with it. The sensor is self-powered and self-contained for recording the time and 

temperature of the concrete. The Transtec Group has created a computer program for a pocket PC or 

computer that will automatically download temperature data from the sensors and calculate the maturity 

index. Along with supplying the software, The Transtec Group has developed the maturity sensor using 

iButtons (made by Dallas Semiconductor). The connectors to connect the sensor to the pocket PC or 
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computer are supplied. Figure 2-16 is an example of the pocket PC that can be used to connect to the 

maturity sensor. The COMMAND Center uses the Nurse-Saul maturity function with any datum 

temperature that the user defines. The Arrhenius maturity function is not used in calculating the maturity 

index but the supplier indicates the possibility of creating an Arrhenius maturity index if needed.  The 

sensors that are used have an accuracy of ± 1 °C and have a temperature range of 14 °F to 185 °F (-10 

°C to 85 °C). Any time interval may be programmed into the iButtons. Typical measurement intervals and 

monitoring periods are as follows: record every 1 minute for 34 hours, record every 5 minutes for 7 days, 

and record every 20 minutes for 28 days. The cable length for the sensors is typically 8 feet but can be 

ordered in lengths up to 100 feet. Figure 2-17 is a picture of the COMMAND Center temperature sensor. 
 

 
Figure 2-16: Pocket PC used with The COMMAND Center System (Source: The Transtec Group) 
 

 
Figure 2-17: The COMMAND Center temperature sensor 
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2.7  APPLICATION OF THE MATURITY METHOD 

The maturity method can be used in many different concrete construction applications. For ALDOT, the 

maturity method can be used for form removal, opening of a concrete pavement or bridge deck to traffic, 

prestressed girder fabrication or other means for accelerating the construction process. When using the 

maturity method, two phases must be conducted: development of the strength-maturity relationship and 

estimation of the in-place strength.  

 

2.7.1  DEVELOPING THE STRENGTH-MATURITY RELATIONSHIP 
Before the strength-maturity relationship can be developed, several decisions need to be made. First, the 

maturity function and appropriate temperature sensitivity values need to be selected. Typical values of the 

datum temperature or activation energy can be used if a high degree of accuracy is not required. Once 

the maturity function has been selected, the temperature-recording devices must be chosen.  

The strength-maturity relationship should be created before the fieldwork is started. However, if 

this is not possible, then the strength-maturity relationship can be developed during the first day of 

concrete placement. Conventional means of testing the concrete strength need to be conducted for the 

initial few days of construction until the strength-maturity relationship has been developed.  

ASTM C 1074 (2004) has some recommendations for developing the strength-maturity 

relationship. In accordance with ASTM C 192 (2002), 15 cylinders should be prepared from the concrete 

that will be used in the structure. Then, temperature sensors should be embedded in the center of at least 

two specimens, and the temperature sensors should start recording data immediately. The cylinders are 

then moist cured at 73 °F (23 °C) until they reach the testing age.  Compressive tests are conducted in 

accordance with ASTM C 39 (2003) at the recommended ages of 1, 3, 7, 14, and 28 days.  However, 

more testing, especially at early ages, will result in a higher accuracy when defining the strength-maturity 

relationship. Two specimens are to be tested at each age, and if one of the compressive strength 

exceeds 10% of their average strength, then another specimen should be tested. At each testing age, the 

maturity index is to be recorded at the time the compressive tests are conducted. ASTM C 1704 (2004) 

allows flexural strength testing instead of compressive testing of molded cylinders. The procedures for 

creating the flexural strength versus maturity relationship are similar to the procedures used for cylinders.  

Once compressive testing has been conducted and maturity indices have been recorded, the 

strength-maturity relationship can be developed. The average compressive strengths are plotted versus 

their maturity indices and the best-fit curve is calculated for the data. ASTM C 1074 (2004) states that the 

strength-maturity relationship can either be drawn by hand or established through regression analysis by 

using a computer. By using a computer to determine the best-fit equation for the data, the most accurate 

strength-maturity relationship will be developed for that concrete mixture. An example of a strength-

maturity relationship using the Nurse-Saul maturity function with a datum temperature of 0 °C (32 °F) is 

presented in Figure 2-18. After the strength-maturity relationship has been developed, it can be used to 

estimate the in-place strength of the structure, as explained in the following section.  
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Figure 2-18: Example of a strength-maturity relationship using Nurse-Saul maturity function with            

To = 0 °C 

 

2.7.2  ESTIMATING THE IN-PLACE STRENGTH 
In order to estimate the in-place strength of the concrete, maturity sensors must be installed in the fresh 

concrete as soon as possible. This can be done by either attaching the sensors to the form or reinforcing 

steel before the concrete is placed or by inserting the sensor in the fresh concrete right after the concrete 

is placed. Once the sensor is embedded in the concrete, the temperature recording must be started as 

soon as possible (ASTM C 1074 2004). Placement of the sensor in the structure depends on many 

factors such as critical construction operations and the location of most extreme environmental exposure. 

ASTM C 1074 (2004) recommends that the sensor be installed in the structure at locations “that are 

critical in terms of exposure conditions and structural requirements.” For example, if the maturity method 

was being used for a mainline paving operation, then the sensors should be placed in locations such as 

the beginning and end of the pavement placement for a day. By placing the sensors at these locations, 

the strength of the concrete can be accurately estimated and used to determine the earliest time that 

traffic can travel on the new concrete.  

Once the sensor is placed and recording has begun, the maturity index can be calculated at any 

time to estimate the in-place concrete strength. ASTM C 1074 (2004) states that the same maturity 

function and values that were used for the strength-maturity relationship must be used in calculating the 

maturity index in the structure. When the strength at the location of the sensor is desired, the maturity 

index is to be read or calculated from the temperature history at that location. Then, using the strength-

maturity relationship developed earlier, the compressive strength is estimated using the measured 

maturity index (ASTM C 1074 2004). An example of this process using the same strength-maturity 

relationship given in Figure 2-18 is shown in Figure 2-19. The assumed maturity index in the structure is 
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2,400 °C • hours and the corresponding compressive strength is 4,700 psi. If the required strength at this 

location is 4,700 psi, then the in-place strength is assumed to be sufficient, and the construction process 

can continue. The Iowa DOT has accepted this method for estimating all strength in a concrete structure. 

On the other hand, ASTM C 1074 (2004) and TxDOT require a verification of the in-place strength for 

critical construction operations. More details of the verification of the in-place strength are given in the 

following section. 
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Figure 2-19: Example of estimating the in-place strength of the concrete 

 
2.7.3  VERIFICATION OF IN-PLACE STRENGTH 
ASTM C 1074 (2004) recommends that before a critical operation is conducted, other tests along with the 

maturity method must be conducted to verify that the concrete placed in the structure has obtained the 

required strength. Other test methods to evaluate the in-place strength are:  

• Pullout test (ASTM C 900 2001),  

• Compressive testing of cores (ASTM C 42 or AASHTO T 24 2002),  

• Compressive testing of cast-in-place cylinders (ASTM C 873 2004), and 

• Penetration resistance test of hardened concrete (ASTM C 803 2003).  

 

ASTM C 1074 (2004) also states that molded cylinders from the concrete as-delivered can be used to 

help verify the in-place strength. Molded cylinders are used by other DOTs as a means of verifying the in-

place strength of the concrete at critical locations. TxDOT (Tex-426-A 2004) requires a set of three 

cylinders cast from concrete placed were the sensor is located in the structure. Thermocouple wires are 

embedded in two of the specimens which are then connected to a maturity meter. The cylinders are 
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moist-cured or bath-cured according to ASTM C 192 (2002). Once the maturity meter is connected to the 

in-place concrete or the molded cylinders have reached or exceeded the maturity of the required strength, 

the cylinders are tested in accordance with ASTM C 39 (2003) to verify the estimated strength. The 

strength results are to be discarded if one cylinder is greater than 10% of the average of the other two 

cylinders or if one of the specimens is obviously defective. If two or more cylinders are discarded, a new 

batch must be made unless other means of verification can be made. Following the testing of the 

specimens, the average maturity is recorded along with the average strength. Then using the strength-

maturity relationship developed earlier and the average maturity when the compression tests were 

preformed, the average cylinder strength is estimated. If the estimated cylinders strength and the average 

measured cylinder strengths are within an acceptable range, then it is assumed that the strength-maturity 

relationship is valid for the concrete supplied to site. Once the in-place concrete has reached or exceeded 

the required maturity for the required strength, the in-place concrete is assumed to have reached the 

required strength. 

The problem with using cylinders as a means of verifying the in-place strength is that it does not 

provide a true representation of the in-place concrete strength. Since the cylinders are cured under 

different conditions than the concrete in the structure, the strength can be different because of reasons 

discussed in Section 2.5. Furthermore, when cylinders are made, they are consolidated in accordance to 

ASTM C 31 (2003), which is not the same as the consolidation of the concrete that is placed in the 

structure. Therefore, the cylinders may have a higher or lower compressive strength due simply to the 

method by which the cylinders were made.  

Other tests are available that give a more accurate evaluation of the in-place strength. Some of 

the accepted tests include the pullout test and compressive testing of cast-in-place cylinders. With 

enough preplanning, these tests can be used along with the maturity method to estimate the in-place 

strength. The in-place test equipment is placed in the structure at critical locations along with maturity 

sensors. When the maturity reaches the desired value, the pullout test or cast-in-place cylinders can be 

tested to ensure the in-place strength is adequate. More discussion of the pullout test and cast-in-place 

cylinders will be provided next.  

 

2.8  IN-PLACE STRENGTH TESTING 

“The objective of in-place testing during construction is to assure, with a high degree of confidence, that 

the concrete in the structure is sufficiently strong to resist construction loads” (Carino 1993). The only way 

to assess the accuracy of the maturity method is to compare the in-place strength estimated with the 

maturity method to an accepted in-place strength testing method. Commonly accepted in-place test 

methods include:  compression testing of cores, compression testing of cast-in-place cylinders, and the 

pullout test. Most in-place test methods are used to evaluate the strength of the concrete so that 

construction processes can continue. On the other hand, cores are usually only used when it is suspected 

that the strength of the concrete in the structure may not be adequate. Then, cores are taken and tested 

to ensure that the concrete strength in the structure has indeed met the strength requirements. This 



33 

section will discuss the nature of in-place testing and the background and variability of these three 

methods.  

 

2.8.1  NATURE OF IN-PLACE TESTING 
Before discussing the three in-place testing methods, the behavior associated with in-place strengths 

must be understood. In the United States, the traditional method for estimating the concrete strength in a 

structure is done by molding and testing field-cured concrete cylinders (ACI 228.1R 2003). The strength 

data that are obtained from field-cured cylinders may be considerably different from the strength of the 

concrete in a structure due to different bleeding, consolidation, and curing conditions (Soutos, Bungey, 

and Long 2000).  

To estimate the in-place strength using an in-place testing method, three primary sources of 

uncertainty must be accounted for (ACI 228.1R 2003): 

1. The average value of the in-place results, 

2. The relationship between compressive strength and the in-place test results, and 

3. The inherent variability of the in-place compressive strength. 

 

Once these factors are accounted for, then in-place testing can be used to estimate the in-place 

compressive strength of the concrete. Along with the variability that can occur between molded cylinders 

and the in-place strengths, there is an inherent variability of concrete strength within the structure itself. 

This variability is due to “within-batch variability, systematic strength variation with member, systematic 

between-member variation if the structure has many members, and batch-to-batch variation if the 

structure contains more than one batch” (Bartlett and MacGregor 1999). Bartlett and MacGregor stated 

that “the variation of strength throughout a structure depends on the number of members, number of 

batches, and type of construction.” With this in mind, along with the knowledge that molded cylinders can 

be a poor representation of the in-place strength of a structure, in-place testing is an important alternative 

to assess the strength of the concrete in a structure.  

An understanding of the design strengths for a structure and the measured strength obtained 

from in-place testing or acceptance testing through molded specimens is also needed. The design of 

structural elements is based on the specified compressive strength (f’c). The specified compressive 

strength as defined by ACI 214 (1997) is the compressive strength level that is expected to be exceeded 

with a 90% probability. In other words, of all the concrete that is produced for a specified value of f’c, only 

10% of the concrete strength is expected to fall below the specified strength of f’c. The strength population 

for a typical concrete mixture is illustrated in Figure 2-20. Also added to Figure 2-20 is the location of f’c 

and average strength (f’cr) measured from testing the strength population for the concrete mixture. The 

AASHTO LRFD Bridge Construction Specification (2004) also states for a given mixture design that “no 

more then one in ten strength tests will be expected to fall below the specified strength.” There is thus a 

10% probability of low strength built into the strength of the concrete for both the ACI and AASTHO 

design procedures.   
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Figure 2-20: Strength for a population of concrete 

 

When measuring the average strength (f’cr) of a sample of concrete, whether using in-place or molded 

specimens, the average strength of the population is obtained. Therefore 50% of the measured strength 

values are lower than the average and 50% are higher than the average. When testing the in-place 

strength, the average compressive strength of the tests should be higher than f’c to ensure 90% of the in-

place concrete has a strength higher than f’c. In accordance with ACI 318 (2005), the strength of the 

concrete shall be satisfactory if the following two requirements are met: 

1. Every arithmetic average of any three consecutive strength tests equals or exceeds f’c, and 

2. No individual strength test (average of two cylinders) falls below f’c by more than 500 psi 

when f’c is 5,000 psi or less; or by more than 0.10f’c when f’c is more than 5,000 psi. 

ACI 318 (2005) states that if the concrete does not meet the first requirement, then steps must be taken 

to increase the average of subsequent strength test results. In addition, if the second requirement is not 

met, then a set of three cores should be taken from the area in question. If the average concrete core 

strength is 85% of or more than f’c, then the area is considered structurally adequate, but no single core 

strength can be less than 75% of f’c. If these requirements are not met, then extensive testing of the load 

capacity of the structure must be conducted or the concrete in question must be removed.  

The AASHTO requirements for accepting concrete placed in a structure are stricter than the ACI 

requirements. In accordance with the AASTHO LRFD Bridge Construction Specification (2004), if the 

strength from any acceptance test falls below the specified strength, the concrete will be rejected and 

must be removed. For concrete that is used for footing and other non-critical elements, such as concrete 

rails, the concrete strength cannot fall below 500 psi below the specified strength. If strengths are less 

than 500 psi below the specified strength, then the concrete has to be removed unless the strength can 

be verified by coring or the engineer states that the location of the concrete in question is not critical to 

the structural integrity of the member. 

To ensure that 90% of the in-place strengths are well above the specified strength, confidence 

levels can be applied to the strength-maturity relationship. Vander Pol (2004) states that by using the 

best-fit S-M relationship it “will greatly underestimate the concrete strength for a significant fraction of 

concrete placements” (2004). Hindo and Bergstrom (1985) suggested the general tolerance factor, which 
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is based on the assumption that 10% of the strength of the concrete is below f’c. This method is also 

recommended by ACI 228.1R (2003). The tolerance factor method uses the probability (P) that 10% of 

the in-place strength will be below the specified strength based on a confidence level (γ) and the number 

of tests (n). Confidence levels are based on a one-sided tolerance limit for a normal distribution. Hindo 

and Bergstrom (1985) suggested a 75% confidence level be used for ordinary structures, a 90% 

confidence level be used for very important structures, and a 95% confidence level be used for nuclear 

power plants. The confidence level of 75% is the most commonly used value (ACI 228.1R 2003). 

Equation 2-10 shows how to compute the strength at a defect level of 10% at various confidence levels  

 ( )KVCSS ×−= ..110.0  Equation 2-10 

where, S0.10 = strength for 10% defect level (psi), 

 S  = sample average strength (psi), 

 K = one-sided tolerance factor, and 

 C.V. =  coefficient of variation. 

Table 2-4 gives the one-sided tolerance factor for a 10% defective level for γ values of 50%, 75%, 

90%, and 95%. γ value of 50% was added to determine if a 50% confidence level would be adequate for 

some ordinary non-critical construction processes.  

 

Table 2-4: One-sided tolerance factor (K) for 10% defect level (Odeh and Owen 1980) 

50% 75% 90% 95%
3 1.498 2.501 4.258 6.158
4 1.419 2.134 3.187 4.163
5 1.382 1.961 2.742 3.407
6 1.360 1.860 3.494 3.006
7 1.347 1.791 2.333 2.755
8 1.337 1.740 2.219 2.582
9 1.330 1.702 2.133 2.454
10 1.324 1.671 2.065 2.355

Number of 
Test, n

Confidence Level, γ

 
 

Confidence levels are applied to the strength-maturity relationship because when a concrete supplier 

designs a concrete mixture, an inherent over strength is used to ensure that the majority of all the 28-day 

tests (acceptance age) are above the f’c requirements. The strength-maturity relationship is also 

developed with the concrete that inherently includes this over-design. Confidence levels will theoretically 

take into account inherent over-design and develop a strength-maturity relationship based on the f’c of the 

concrete. The best-fit strength-maturity relationship is in theory at a 50% confidence level with a 

probability of 50% defect level. Therefore, the confidence levels should be applied to the strength-maturity 

relationship to develop a strength-maturity relationship that incorporates a 10% defect level and a 
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specified confidence level. An example of the confidence levels being applied to a strength-maturity 

relationship and the theory of a 10% defective level for a given concrete mixture is shown in Figure 2-21. 

The Nurse-Saul maturity function with a datum temperature of 0 °C (32 °F) was used to create 

the strength-maturity relationship, and then a 50% confidence level with 10% defect level was applied 

using Equation 2-10 to create a confidence-level-based new strength-maturity relationship. If a specified 

design strength of 3,000 psi was required to proceed with the construction process and the strength-

maturity relationship with 50% confidence levels with 10% defect level was used, then the verification test 

could be performed when the in-place maturity index reached 2,500 °C • hours. If the test result falls 

above the 50% confidence level with 10% defect level line then one would feel confident that the strength 

in the structure had reached adequate strength as 90% of the strength would exceed f’c. 

Stone, Carino, and Reeve (1986) criticized the approach by Hindo and Bergstrom because the 

variability of the concrete strength of cylinders is not equal to the variability of the in-place testing method. 

In response to the deficiencies of the Hindo and Bergstrom approach, Stone, Carino, and Reeve (1986) 

developed another technique. This technique is tedious and requires a computer program (Carino 1993). 

Carino (1993) proposed an alternative method to the one developed by Stone, Carino, and Reeve that 

was simpler and reasonably accurate. Carino (1993) reported that even though the “tolerance limit 

approach [Hindo and Bergstrom (1985) method] resulted in lower estimates of in-place characteristic 

strength, especially when the variability of the in-place results was high” the estimations are on the 

conservative side and could still be used in the construction process. Therefore, a 50% confidence level, 

along with the commonly used level of 75%, was evaluated during this research project. 
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Figure 2-21: Confidence level for a strength-maturity relationship 
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2.8.2  PULLOUT TEST 
The pullout test is a semi-non-destructive testing method involving the pulling out of an insert that has 

been embedded in the structure. From the force required to pullout out the insert, an estimate of the 

compressive strength can be determined using a pre-established correlation between pullout force and 

the compressive strength of the concrete. The advantage of the pullout test is that an accurate estimate 

of the in-place concrete strength is obtained. The actual effect of curing and construction conditions on 

the concrete strength is tested when the pullout test is used. The pullout test is a good method of testing 

the in-place concrete strength so that critical construction processes can continue. The pullout test does 

not require extra concrete and cylinders to be made in the field, and the equipment used to perform the 

test is simple to operate, relatively light in weight, and portable. 

 

2.8.2.1 BACKGROUND OF THE PULLOUT TEST 
The pullout test equipment measures the force required to pull out a metal insert that is 

embedded into the concrete surface. The pullout machined attached to a form-mounted insert is shown in 

Figure 2-22. 

 
Figure 2-22: Pullout test equipment  

 

A relationship is used to relate the ultimate pullout force to the compressive strength of the concrete. 

Figure 2-23 depicts a pullout insert embedded close to the concrete surface. A loading ram, which is 

connected to the insert and which transmits the forces to the concrete through a bearing ring, loads the 

insert. A conical-shaped fracture surface is created due to the test geometry. The term apex angle refers 

to two times the angle (α) between a line drawn from the edge of the head of the insert to the bearing ring 

and a vertical line draw from the edge of the head of the insert.  
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Figure 2-23: Schematic of the pullout test (Carino 1991) 

 

Carino (1991) reported that the earliest known development of the pullout test began at the Central 

Institute for Industrial Building Research in the Soviet Union by Skramtajew. The pullout system was then 

continually modified by researchers around the world. These modifications continued for years until 

Kierkegaard-Hansen developed a pullout test that eventually became the common standard for the 

industry.  

Kierkegaard-Hansen (1975) conducted a research project to find the optimum geometry of the 

pullout test for use in the field with simple equipment. The testing proved that a high correlation between 

the ultimate pullout force and the compressive strength can be obtained. Through a series of studies, 

Kierkegaard-Hansen established the embedment depth, diameter of the insert’s head, and the bearing 

ring diameter for optimum correlation to the compression strength. The optimum embedment depth of the 

insert was determined to be 25 mm (1 in.). As for the diameter of the head, it was concluded that the 

diameter of the disc did not appear to greatly influence the behavior of the test; therefore, a diameter of 

25 mm (1 in.) was chosen. The optimum bearing ring size was determined to be 55 mm (2.2 in.). For this 

geometry, the apex angle is equal to 62°. A schematic of the Kiekegaard-Hansen insert geometry is 

shown in Figure 2-24. In the Untied States, the Lok-Test system, supplied by Germann Instruments, has 

the same configuration as shown in Figure 2-24.  

Many researchers and others in the industry have concluded that the pullout test is an accurate 

means of testing in-place strength. Carino (1997) stated, “The cast-in-place pullout test is one of the most 

reliable techniques for estimating the in-place strength of concrete during construction.” Bungey and 

Soutsos (2000) also believed that the pullout test is an accurate test and stated, “that pull-out and pull-off 

tests can be successfully applied to concrete in structures to yield estimates of in-situ strength.” 

Kierkegaard-Hansen and Bickley (1978) concluded, “the Lok-Test system of pull out tests offers a simple, 

reliable, economic, and non-destructive way of determining the actual in-place strength of concrete at all 

strength levels in a practical statistically valid manner.” Hubler (1982) summarized that “the Lok-Test 

allows concreting to be done with far better control than with any other testing method, and as is close to 

a fail-safe system as modern technology has, as yet, devised.” Malhotra and Carette (1980) concluded 
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that “in situ strength of concrete can be quantitatively determined using the pullout technique. The 

technique is simple, effective, and cheap, and test results can be reproduced with an acceptable degree 

of accuracy.” Therefore, the pullout test is an accurate and simple in-place test with which many in the 

industry feel very confident. 

 

 
Figure 2-24: Kierkegaard-Hansen’s configuration for the pullout test (Carino 1991) 

 

2.8.2.2 FAILURE MECHANISM OF THE PULLOUT TEST 
Once Kierkegaard-Hansen (1975) had established the optimum pullout insert system, a couple of 

research projects were then devoted to understanding the failure mechanism of the pullout test. Most of 

the research was in the form of analytical studies; however, two major experimental studies were 

conducted. Carino (1991) stated that since “the stress distribution is not easy to calculate, the state of 

stress is altered by the presence of coarse aggregate particles, and the fundamental failure criterion for 

the concrete is not completely understood.”  

A large-scale test was done on the failure mechanism of the pullout test by Stone and Carino (1983) 

for the National Bureau of Standards (changed in 1988 to the National Institute of Standards and 

Technology). The test was scaled up 12 times to allow the embedment of strain gauges on the inserts. 

Stone and Carino found that there were three phases to the failure sequence, and these are shown in 

Figure 2-25. 

Phase I  - At about 1/3 of the ultimate load, circumferential cracking at the edge of the insert 

head begins. 

Phase II - At about 2/3 of the ultimate load, the circumferential cracking is completed 

connecting the insert head to bearing ring. 

Phase III - At 80% of the ultimate load, shear failure and degradation of the interlock between 

aggregates begins.  
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Figure 2-25: Sequence based on NBS large-scale pullout test (Carino 1991) 

 

Stone and Carino (1983) concluded that the ultimate load-carrying mechanism was the interlock between 

aggregates which is shown in Phase III Figure 2-25. Figure 2-26 is an illustration of this aggregate 

interlock failure. Carino (1991) states that if the displacement was perpendicular to the failure crack, the 

section would separate with no extra forced needed. As Figure 2-26(b) shows, the movement is inclined 

to the failure crack creating an interlock between the upper section and the aggregate. Therefore, a force 

is transmitted across the surface which requires a higher force to be applied to remove the upper section. 

This extra force is the shear failure mode explained in Phase III. This means that the ultimate load for the 

test is obtained when the coarse aggregate present on the interface of the crack is completely removed 

from the cement paste around this region (Carino 1991). 

Krenchel and Shah (1985) also conducted a study of the failure planes of the pullout test. 

Krenchel and Bickley (1987) concluded from the Krenchel and Shah study that two circumferential crack 

systems are involved in the failure. The first and primary cracking mode begins at 30% to 40% of the 

ultimate load. The cracking extends from the head of the insert at an angle between 100° to 135°, from 

the vertical surface of the top of the head, to a point below the bearing ring. The second cracking system 

is the one that defines the conical shaped failure region of the concrete surrounding the insert and 
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becomes fully developed at the ultimate load. Krenchel and Bickley concluded that three stages of failure 

mechanism existed as shown in Figure 2-27. 

 

 
Figure 2-26: Model to illustrate aggregate interlock mechanism during pullout test (Carino 1991) 

 

 
Figure 2-27: Failure mechanism of pullout test according to Krenchel and Bickley (Carino 1991) 
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Stage 1  - Load between 30% to 40% of the ultimate load, “tensile cracks” begin at the head 

of the insert.  

Stage 2 - In the truncated zone numerous stable micro-cracks develop from compressive 

stresses. The cracks connect the insert head to the bearing ring. 

Stage 3 - A circumferential crack develops at the ultimate load which forms the final conical 

shaped failure region. 

Krenchel and Bickley (1987) state that since the “micro cracking that occurs in stage 2 is responsible for 

and directly related to the ultimate load in this testing procedure it seems quite logical that such close 

correlation with the concrete compressive strength is always obtained.” It is this reasoning that allows the 

conclusion that with the correct geometry of the pullout system, a compressive failure can be obtained 

and in doing so, a correlation can be made between the pullout load and compressive strength of the 

concrete.  

Carino (1991) concluded that the failure mechanism for the pullout test is either a compressive 

failure or a shear failure due to the interlock between the aggregate and paste. Even though there is a 

lack of agreement on the exact failure plane, Carino (1991) points out that there is a good correlation 

between pullout strength and compressive strength of the concrete and that the pullout test has good 

repeatability.  

 

2.8.2.3 VARIABILITY OF THE PULLOUT TEST 
“Repeatability,” also known as with-in test variability, refers to the scatter of test results when the 

test is performed multiple times with the same personnel, equipment, and procedures (Carino 1991). 

Carino also states that the number of tests to be performed for any test procedure to obtain the average 

strength is determined by the repeatability of the test and certainty desired. The pullout test has proven to 

be a very reliable test method. Bickley (1982) conducted a review of about 4,300 pullout tests and 

revealed that the standard deviation of the ultimate pullout strength was constant. Figure 2-28 shows data 

from Stone, Carino, and Reeves (1986) that compares the coefficient of variation versus average pullout 

load for three different aggregates at an apex angle of 70°. The second series used the same gravel as 

the first series but an apex angle of 54° was tested. For normal aggregates the coefficient of variation 

ranges from 4% to 15%.  

The coefficient of variation results of all the researchers’ tests with different aggregates, apex 

angles, embedment depth, and maximum aggregate sizes are presented in Table 2-5. The average 

values for the coefficient of variation vary from 4% to 15% with an average value of 8% (ACI 228.1R 

2003).  

Stone and Giza (1985) conducted a study to investigate the coefficient of variation with changes 

in the apex angle, embedment depth, aggregate size, and aggregate type. Figure 2-29(A) shows the 

effect of varying the apex angle. Figure 2-29(B) shows the coefficient of variation for various embedment 

depths. Figure 2-29(C) shows the effects of changes in aggregate size. Figure 2-29(D) show the effects 

of varying aggregate type. 
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Figure 2-28: Repeatability of the pullout test for different aggregates from Stone, Carino, and Reeve 

study (Carino 1991) 

 
The apex angle ranges between 30° to 86° and does not have a large effect on the repeatability. Like the 

apex angle, the embedment depth does not greatly affect the repeatability. For varying aggregate size, 

the coefficients of variation are very close for aggregates sizes of 6, 10, and 13 mm. For the aggregate 

size of 19 mm, the average coefficient of variation was slightly higher than the others. Finally, for varying 

aggregate types, the coefficients of variation are the same for normal aggregates, and the lightweight 

aggregate has a lower average coefficient of variation. 

The average coefficient of variation for the pullout test is around 8% according to ASTM C 900 

(2001) and Carino (1991). It has been shown that the repeatability of the pullout test can be relatively 

high; therefore, larger number of tests should be conducted to determine the average pullout strength. 

ASTM C 900 (2001) recommends that a minimum of five tests be conducted each time because of the 

relatively high coefficient of variation. 
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Table 2-5: Summary of within-test coefficient of variation of pullout test (ACI 228.1R 2003) 

mm in. mm in. Range Aveage

Malhotra and Carette (1980) 67 50 2.0 25 1 Gravel 2 0.9 - 14.3 5.3
Malhotra (1975) 67 50 2.0 6 1/4 Limestone 3 2.3 - 6.3 3.9
Bickley (1982) 62 25 1.0 10 3/8 - 8 3.2 - 5.3 4.1
Khoo (1984) 70 25 1.0 19 3/4 Granite 6 1.9 - 12.3 6.9

67 50 2.0 19 3/4 Limestone 4 1.9 - 11.8 7.1
62 25 1.0 19 3/4 Limestone 10 5.2 - 14.9 8.5

Keiller (1982) 62 25 1.0 19 3/4 Limestone 6 7.4 - 31 14.8
70 25 1.0 19 3/4 Gravel 11 4.6 - 14.4 10.2
70 25 1.0 19 3/4 Limestone 11 6.3 - 14.6 9.2
70 25 1.0 19 3/4 Low Density 11 1.4 - 8.2 6.0
54 25 1.0 19 3/4 Gravel 11 4.3 - 15.9 10.0

Bocca (1984) 67 30 1.2 13 1/2 - 24 2.8 - 6.1 4.3

No. of 
Replication 
Specimens

Cofficient of 
Variation (%)

Stone, Reeve, and Carino 
(1986)

Carette and Malhotra    
(1984)

Embedment 
Length + 

Max. Aggregate 
Size Aggregate 

Type

Apex 
Angle 

(degrees)
Reference

 
   + Embedment length is the same as the embedment depth used in for this report 
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Figure 2-29: Coefficient of variation as a function of: (A) apex angle, (B) embedment depth, (C) maximum 

aggregate size, and (D) aggregate type (Carino 1991) 

 

2.8.2.4 ASTM C 900 SUMMARY 
ASTM C 900 (2001) is the only American specification that details the used of the pullout test. 

The standard allows for the use of cast-in-place inserts and post-installed inserts. Prior to application of 

the pullout system to test the in-place strength, the pullout force to compressive strength relationship 

must be established or verified. The standard states that the diameter of the head of the insert must be 

equal to the embedment depth and that the bearing ring inside diameter must be 2.0 to 2.4 times the 

diameter of the head of the insert. Tolerance for dimensions of the inserts shall be ± 2%. Specifications 

for the pullout apparatus are also given, and the commercially available Lok-Test meets all of these 

specifications.  
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Spacing of the pullout inserts is subject to two requirements: the clear spacing between inserts 

must be at least eight times the head diameter, and the clear spacing between an insert and the edge of 

the concrete must be at least four times the diameter of the head. Also, inserts must be placed in such a 

manner that reinforcement is outside the expected conical failure surface by more than one reinforcement 

bar diameter or maximum aggregate size. A minimum of five tests must be conducted to assess the in-

place strength. Inserts must be located in the area(s) of the structure where critical exposure conditions 

exist or specific structural design strengths must be met. Both form-mounted and floating inserts are 

allowed (discussed in Section 2.8.2.5). The load rate for testing the pullout insert is 70 ± 30 kPa/s (10.2 ± 

4.4 psi/s). The pullout force is to be recorded to the nearest half of the least division on the dial. Tests 

should be rejected if the large end of the conical section is not a complete circle, the distance from the 

surface of the bearing ring to the head is not the same as the diameter of the head, or if a reinforcement 

bar is visible when the conical section is removed. The coefficient of variation is 8% for a test with 

maximum aggregate size of 19 mm and embedment depth of 25 mm. The percent range of compressive 

strength values is defined in Equation 2-11. 
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Equation 2-11 

where, Smax =  maximum compressive strength from all tests (psi), 

 Smin  =  minimum compressive strength from all tests (psi), and  

 Savg = average compressive strength of all tests (psi). 

Using this expression, ASTM C 900 (2001) states that the acceptable ranges for the pullout tests are 31% 

for 5 inserts tested, 34% for 7 inserts tested and 36% for 10 inserts tested. 

 

2.8.2.5 APPLICATION OF PULLOUT TEST 
ACI Committee 228 recommends various methods to estimate correlation between the pullout 

test and compressive strength in the laboratory (ACI 228.1R 2003). The first is to install a pullout insert at 

the bottom of a 6 x 12 inch cylinder, and then break the cylinders in compression (Bickley 1982). The 

pullout test is stopped at the ultimate load, and the insert is not pulled out completely, so that the cylinder 

can be capped and then tested in compression. Another method is to cast a set of cylinders to be broken 

in compression and to cast a set of cylinders with inserts installed in the bottom only to be used for the 

pullout test. Both sets are tested simultaneously to obtain a pullout force and compressive strength. 

However, problems have developed when using the pullout installed in a 6 x 12 inch cylinder. When the 

pullout insert is tested, radial cracking may occur, causing the ultimate pullout strength to decrease.  

A different method, which minimizes radial cracking, is to make concrete cubes with the inserts 

on the faces of the cube. The recommended minimum size of the cubes is 8 inches when a 1-inch 

embedment depth insert is being used (ACI 228.1R 2003). On each vertical wall, one insert can be 

placed in the center so that a total of four inserts can be tested from one cube. The cubes are made along 

with cylinders to compare the pullout force to the compressive strength. As long as the compaction is 
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consistent between the cylinders and the cubes, the test should be consistent in comparing the ultimate 

strengths of the pullout to the compressive strength.  

In the field, the pullout equipment is simple, easy to perform, and the test can be conducted by 

one person. The insert can be installed in several different ways. The first method is to attach inserts to 

the forms before the concrete is cast. This setup is pictured in Figure 2-30. An alternate method is to 

install a “floating insert” in the top surface of the concrete after the concrete has been poured, as shown 

in Figure 2-31. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-30: Form-mounted pullout inserts 

 

 

 

 

Figure 2-31: Floating pullout inserts    
 

Floating inserts should be installed according to the manufacturer’s instructions. The floating insert is 

more difficult to install than the form-mounted insert. After the form inserts are positioned and covered by 

concrete, no additional work is needed until the testing. When the maturity reaches the desired level, the 

pullout test can be conducted to verify the strength of the concrete.  

 

2.8.3  COMPRESSIVE STRENGTH OF CORES 
Many variables affect the strength of cores and there have been many different means employed to 

interpret the strength of cores. Compressive strength of cores was only considered for this project 

because it is an ALDOT standard testing method for assessing the in-place strength of an existing 

structure. The inherent problems and different core conditioning methods are discussed in this section.  
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2.8.3.1 BACKGROUND ON CORE TESTING 
Analysis of test results obtained from testing cores can be affected by many different variables 

(Suprenant 1985). As ACI 214.4R (2003) states, “the analysis of core test data can be difficult, leading to 

uncertain interpretations and conclusions.” The reasons that ACI 214.4R (2003) lists for the difficulties 

that occur with testing cores include. 

1. Systematic variation of in-place concrete strength along a member and throughout the 

structure, 

2. Random variation of concrete strength, both within one batch and among batches, 

3. Low test results attributable to flawed test specimens or improper test procedures, 

4. Effects of the size, aspect ratio, and moisture condition of the test specimens, and 

5. Additional uncertainty attributable to the variation in testing that is present even for tests 

carried out in strict accordance with standardized testing procedures. 

Extensive research has been conducted around the world on the relationship of compressive strength of 

cores to compressive strength of molded specimens, and the general consensus is that core strengths 

tend to be lower than molded specimen strengths. Bloem (1968) states, “strength in place as measured 

on drilled cores will be less than that of moist-cured molded cylinders tested at the same age and will 

probably never reach the standard 28-day strength even at greater ages.” He also recommends that core 

tests, which are used to evaluate deficiencies in strength that were indicated by low strength from molded 

cylinders, should be interpreted with caution. He found in multiple cases that the core strengths never 

reached the design strength. Also Bloem (1965) indicated that the measured strength from cores 

removed from a structure vary significantly due to the curing method and test specimen conditioning.  

Some of the reasons that compressive strengths of cores could be lower than the strength 

obtained from molded cylinders are outlined in ACI 214.4R (2003). These reasons are related to 

differences in bleeding, consolidation, and curing conditions. Szypula and Grossman (1990) concluded 

that core strengths are reduced by the presence of microcracking and could not be relied upon to 

determine the nominal compressive strength. If cores are removed from an area in the structure that has 

been subjected to the stress of applied loads or restrained from imposed deformations, microcracking 

could be present, causing the strength of the cores to be lower (ACI 228.4R 2003). Microcracking can 

also occur when cores are being removed or if they are not handled properly.  

Munday and Dhir (1984) conducted a study to determine the effects of core diameter, 

slenderness ratio, location and curing on core strengths, and the characterize the cube/core strength 

relationship. Conclusions drawn from the study were that cores smaller than those recommended by 

ASTM could be used to evaluate the in-place strength, but that a higher number of cores than 

recommended should be tested in order to obtain accurate test results. The slenderness ratio 

(length/diameter, L/D) effects varied with strength, and practices at the time for adopting a single set of 

correction factors for calculating specimen strength tended to be over-simplified. When cores were 

removed perpendicular to the direction of casting, they were an average 8% weaker than cores that were 

removed vertically. Cores that were removed at higher locations in a single pour were weaker than cores 

removed from lower locations of the same pour. They concluded that the relationship between the cores 
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and molded specimen strengths for specimens with an L/D of 2 was a variable relationship. The method 

of using a single factor to estimate the cube strength from a core resulted in inherent problems.  

Studies have been conducted to compare the effects of different curing methods on the strength 

of core specimens. Bloem (1965) concluded that, “it appeared that cores dried for 7 days to eliminate 

water absorbed during drilling provided the most accurate measure of strength in place.” Bartlett and 

MacGregor (1994) conducted a study to determine the magnitude of the difference between the strength 

of cores that were air-dried and those that were soaked in water. This study revealed that the strengths of 

cores that were dried for 7 days were an average of 14% larger than those that were soaked for at least 

40 hours before testing. Bartlett and MacGregor (1994) also found that the most representative strength 

was obtained from cores obtained by “air-cooled drill or by letting excess water evaporate from cores 

obtained using a water-cooled drill.” They concluded that the 7-day air-drying treatment was too long for 

allowing excess cooling water to evaporate.  

Many factors affect the strength of cores; therefore, there is not one simple method of interpreting 

the strength results obtained from testing cores. Some of the problems can be avoided by using good 

quality control procedures for removing and testing cores, but there is not a consensus on how to handle 

all the problems. ASTM C 42 (2004) and AASHTO T 24 (2002) take different approaches to specify how 

cores should be conditioned before testing. Both organizations’ standards recognize the problems related 

to core testing and state “that there is no universal relationship between the compressive strength of a 

core and the corresponding compressive strength of standard-cured molded cylinders” (ASTM C 42 2004 

and AASHTO T 24 2002).  

Since there are many variables that affect the strength of cores, there is a higher coefficient of 

variation for cores than there is for compressive tests of molded concrete cylinders. Both ASTM C 42 

(2004) and AASTHO T 24 (2002) recommend a coefficient of variation of 4.7% for cores with concrete 

strengths ranging from 4,500 to 7,000 psi that have a diameter of 4 inches. Accordingly, the range for 

cores should not differ by more than 13% (as defined in ASTM C 42). The range is calculated using 

Equation 2-11.  

 

2.8.3.2 COMPARISON OF ASTM C 42 AND AASHTO T 24 
Both ASTM C 42 (2004) and AASHTO T 24 (2002) have some of the same requirements for 

removal of cores and correction values for calculations. When removing the specimens from the structure, 

both ASTM C 42 and AASHTO T 24 state that the concrete must be hard enough so that there is no 

disruption between the bond of the mortar and the coarse aggregate. If the sample is damaged in any 

way, then it must be discarded. Also the cores cannot be removed from an area where cracks are 

present. ASTM C 42 requires that the diameter for cores used in compression testing be at least 3.70 

inches for concrete with maximum aggregate size less than 1.5 inches. AASTHO T 24 requires the 

diameter of the core to be 4 inches or greater for concrete with maximum aggregate size less than 1.5 

inches. When the maximum aggregate size is greater than 1.5 inches, both ASTM C 42 and AASTHO T 

24 suggest that the diameter should be at least three times the maximum aggregate size. Both methods 

allow a smaller diameter to be used only when necessary to maintain an L/D greater than 1.  
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The recommend L/D for both methods is between 1.9 and 2.1. Once the specimen L/D falls below 

1.75, correction factors must be applied for the ASTM method. For the AASTHO method, if the L/D falls 

below 1.94, correction factors must be applied, and if the L/D exceeds 2.1, a reduction factor has to be 

applied. Both methods also require that specimens be discarded if the length before capping is less than 

95% of the diameter.  

The major difference between these two organizations’ standard is the method for conditioning of 

the cores after removal. Once the cores are removed, ASTM C 42 requires the free surface drilling water 

to be wiped off and the core to remain outside so that surface moisture from the drilling process can 

evaporate. The core shall not remain outside for more than an hour. The cores are placed in separate 

plastic bags to prevent moisture loss, and the cores are maintained at ambient temperature. The cores 

are kept in plastic bags at all times except for end preparation and 2 hours for capping. The cores must 

remain in the sealed plastic bags for at least 5 days following the last exposure to water. This method is 

intended to preserve the moisture conditions of the concrete from which the cores were removed. 

AASHTO T 24 requires that the cores be submerged in a lime-saturated water bath conditioned at 73 ± 3 

ºF for at least 40 hours prior to testing.  

Before testing according to either method, each core’s length and diameter must be measured. 

Capping the cores with a sulfur compound is required in each standard. Compressive testing is then done 

in accordance with ASTM C 39 (2003) and AASTHO T 22 (2005), respectively. Correction factors are 

applied, when prescribed, to the strength data for both methods. The correction factors are only applied to 

concrete with strengths ranges from 2,000 to 6,000 psi. In addition, the correction factors only apply to 

normal-weight concrete and concrete with a unit-weight between 100 and 120 psf.  

 

2.8.4  COMPRESSIVE TESTING OF CAST-IN-PLACE CYLINDERS 
ASTM C 873 (2004) is the standard specification that governs testing of cast-in-place cylinders. The use 

of cast-in-place cylinders is recommended by ASTM C 1074 (2004) to verify the strength estimated by the 

maturity method. The cast-in-place concrete cylinder method is a technique that allows molded concrete 

cylinders to be tested that were removed from the structure without having to core the concrete. The 

objective of using the cast-in-place cylinder is to capture the thermal history of the concrete in the 

structure (ACI 228.1R 2003). When the compressive strength is needed, the cylinder is removed and 

tested in the same way molded concrete cylinders are tested.  

Cast-in-place concrete cylinders have variability similar to normal molded cylinders. Bloem (1968) 

found the within-test coefficient of variation range from 2.7% to 5.2% with an average of 3.8%. Carino, 

Lew, and Volz (1983) found the average coefficient of variation to be equal to 3.8%. ASTM C 873 (2003) 

recommends a single-operator coefficient of variation of 3.5% for compressive strengths from 1,500 to 

6,000 psi. No correlation between cast-in-place concrete cylinders and molded concrete cylinders is 

needed to compare the strength of the two (ACI 228.1R 2003). The cast-in-place cylinder testing method 

is a simple method that, with enough advanced planning, can be an accurate means of measuring the in-

place strength. 
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2.8.4.1 ASTM C 873 MOLD REQUIREMENTS 
ASTM C 873 (2003) specifies that cast-in-place cylinders can only be used with depths between 

5 and 12 inches. ASTM C 873 (2003) has recommendations for the geometry and design of the cast-in-

place cylinder molds. L/D should be between 1.5 and 2, but not less than 1 after capping of the specimen. 

The inside diameter of the mold must be larger than three times the nominal maximum aggregate size. 

The inside diameter of the mold shall not be less than 4 inches, with the average diameter not differing 

from the nominal diameter by more than 1%, and no individual diameter differing from any other by more 

than 2%. The sides of the mold must be perpendicular within 0.5° to the rim and bottom of the mold. 

Molds shall be watertight and not made of absorbent material or a material that reacts with concrete 

containing portland cement. Molds shall be made sufficiently strong so that they will not deform or break. 

Molds are to be fastened to formwork using screws or nails. Figure 2-32 shows a diagram for the cast-in-

place cylinder mold. 
 

 
Figure 2-32: ASTM recommendation for the cast-in-place concrete cylinders molds (ASTM C 873 2003) 
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2.8.4.2 ASTM C 873 CYLINDER CASTING, HANDLING, AND TESTING 
Consolidation of the concrete in the cast-in-place cylinder should be similar to that of the concrete 

surrounding the mold. For normal concrete, it is recommended that the surrounding concrete be vibrated 

and that the vibrator briefly touch the edge of the mold. Unless special circumstances exist, mechanical 

vibration inside the mold should not be applied. Curing of the specimens should be the same as for the 

surrounding concrete, and the specimens should not be removed until the strength of that location needs 

to be assessed. After removing the specimen, the temperature of the concrete should remain within ± 10 

°F of the slab surface temperature. Transportation time for moving the specimens to the test site must not 

exceed 4 hours. The specimens are to be capped in accordance with ASTM C 617 (2003) and tested in 

accordance with ASTM C 39 (2003). No change to the moisture condition of the specimen is to occur 

unless specified. For cylinders with an L/D less than 1.75, the ASTM C 42 (2004) factors for strength 

correction are to be used. Two diameters of the molded specimen measured at a right angle to each 

other shall not differ by more than 1/16 inch. 

 

2.9  SUMMARY 

The maturity of concrete is based on the temperature history of the concrete. There are two common 

methods for calculating the maturity of concrete: the Nurse-Saul and Arrhenius maturity functions. The 

datum temperatures that are used most commonly for the Nurse-Saul maturity function are 0 °C and -10 

°C (32 °F and 14 °F).  For the Arrhenius maturity function, the common activation energies range from 

33,500 to 45,000 kJ/mol, and the common reference temperature is 23 °C (73 °F). The Arrenhius maturity 

function has been proven the more accurate function of the two, but the Nurse-Saul maturity function can 

be used with a high degree of confidence as well. Most transportation agencies that use the maturity 

method use the Nurse-Saul maturity function. When developing the strength-maturity relationships, there 

are three different functions most commonly used to estimate the strength of the concrete: exponential, 

hyperbolic, and logarithmic functions.  The exponential and hyperbolic functions are the most accurate for 

modeling the strength gain of concrete. 

A strength-maturity relationship is specific to each concrete mixture. Several factors other than 

temperature can affect the strength gain of concrete. These factors include the moisture for hydration, air 

content, and the presence of fine minerals in the coarse aggregate. In addition, high early-age curing 

temperature can affect concretes long-term strength. Since some factors can affect the strength of 

concrete without affecting the temperature history of the concrete, extra steps should be taken to ensure 

that the strength-maturity relationship developed is valid. Confidence levels can be applied to the 

strength-maturity relationship to ensure that the concrete has met the required strength. Confidence 

levels need to be applied where critical strength is required to allow progression of different construction 

processes or opening the structure to applied loads. 

To verify the strength-maturity relationship, cylinders can be made from concrete that is placed in 

the structure and tested to assure that the concrete supplied is the same as the concrete that was used to 
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develop the strength-maturity relationship. In-place testing can also be used along with the maturity 

method to verify the strength of the concrete in the structure.  

Reliable in-place testing methods are the pullout test and compression testing of cast-in-place 

cylinders. The pullout test has been proven an accurate method for estimating the in-place strength of 

concrete. The coefficient of variation is relatively high for the pullout test but reliable results can be 

obtained by increasing the number of pullout inserts tested. Cast-in-place cylinders have also been 

proven to give an accurate assessment of in-place strength, but more work must be conducted before the 

concrete is placed in order to use the cast-in-place system.  Compression tests performed on cores can 

also be used to verify the in-place strength but extra planning is required. Many variables have been 

shown to affect the strength of cores; therefore, cores can produce inaccurate results of the in-place 

strength. Careful interpretation of the test results is needed to ensure adequate strength.  

Multiple devices are available for recording the temperature development of concrete, and 

calculate the maturity of the concrete. Some of these devices are self-contained so that extra equipment 

is not necessary to record the temperature and maturity. As long as the recording device meets the 

ASTM C 1074 (2004) requirements, it should be sufficient.  
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CHAPTER 3 

REVIEW OF LABORATORY TESTING PHASE 
 

The objective of this chapter is to review the primary conclusions from the laboratory testing phase 

(Phase I) of Alabama Department of Transportation maturity project. Only a general review of the testing 

procedures, the results, and primary conclusions of Phase I are presented.  For a more detailed and 

through explanation of the results refer to Wade’s thesis (2005) which outlines and discusses the 

laboratory testing phase in detail.  

 

3.1  BACKGROUND 

To evaluate the accuracy of the maturity method under laboratory conditions, 13 different concrete 

mixtures were assessed. Type I and Type III cements along with multiple supplementary cementing 

materials (SCMs) were evaluated. The SCMs considered were: Class F fly ash, Class C fly ash, ground-

granulated blast-furnace slag, and silica fume. Also evaluated were different water-to-cementitious 

materials (w/cm) ratios. Chemical admixtures were added to the concrete mixtures to achieve the desired 

slump and air content. The concrete mixtures that were evaluated were mixtures commonly used on 

ALDOT construction projects. A summary of the mixtures can be found in Table 3-1. 

The standard ALDOT concrete mixtures, A-1c and A-1a, defined in Section 501.02 (ALDOT 

2002), were the concrete mixtures with 620 lb/yd3 of cement or cementitious material. The effects of the 

w/cm on the strength of the concrete were evaluated using cement-only mixtures. The SCMs were used 

as replacement to the Type I – 0.41 mixture. The percentages were based on the mass of cement 

replaced by the SCMs. The mixture proportions for the SCMs were the same as the Type I – 0.41 

mixture. This allowed the effects of the different SCMs on the strength development of the concrete, 

cured at different temperatures, to be evaluated. For the mixture labeled 70/20/10, the cementitious 

materials were made up of 70% Type I cement, 20% Class F fly ash, and 10% silica fume. These 

mixtures are also commonly referred to as ternary mixtures. 

Three different curing conditions were evaluated. Each mixture was cured at three different 

temperatures: a controlled temperature was used as required by ASTM C 1074 (2004), a “cold” 

temperature, and a “hot” temperature. In order to mimic the field curing temperatures, “cold’ and “hot” 

curing environments were designed to fluctuate. The “cold” curing condition was designed to simulate a 

winter ambient temperature cycle in Alabama and the “hot” curing condition was designed to simulate a 

summer ambient temperature cycle in Alabama.  

Once all the strength and temperature data were obtained, the maturity was calculated for all of 

the concrete mixtures. Next, the maturity method was applied to the concrete mixtures to evaluate its 

accuracy. The Nurse-Saul and Arrhenius maturity functions were both used to calculate the maturity 

index. The datum temperatures that were evaluated for the Nurse-Saul maturity function were 0 °C and     
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-10 °C. The activation energies that were evaluated for the Arrhenius maturity function were 25,000 J/mol 

and 40,000 J/mol.  
 

Table 3-1:  Concrete mixtures evaluated in the laboratory phase 

Mixture Identification
Cementitious 

Materials 
Content

w/cm Classification

CEMENT ONLY
Type I - 0.48 620 lb/yd3 0.48 Normal: A-1a
Type I - 0.44 620 lb/yd3 0.44 Normal: A-1c
Type I - 0.41 658 lb/yd3 0.41 HPC Bridge Deck

Type III - 0.44 620 lb/yd3 0.44 Repair: A-1c
Type III - 0.37 705 lb/yd3 0.37 Prestressed Girder

CLASS F FLY ASH
20% F 658 lb/yd3 0.41 Bridge Deck
30% F 0.41 Bridge Deck

CLASS C FLY ASH
20% C 658 lb/yd3 0.41 Bridge Deck
30% C 0.41 Bridge Deck

GGBF SLAG
30% Slag 658 lb/yd3 0.41 Bridge Deck
50% Slag 0.41 Bridge Deck

SILICA FUME
70/20/10 - 0.44 620 lb/yd3 0.44 HPC Bridge Deck: A-1c
70/20/10 - 0.37 705 lb/yd3 0.37 Prestressed girder  

 

3.2  TESTING PROCEDURES 

For each concrete mixture, a separate batch of concrete was made for each curing condition.  Before the 

concrete was mixed, all mixing materials (cementitious materials, water, coarse aggregates, and fine 

aggregates) used for the hot and cold batches were heated or cooled to a temperature close to their 

respective curing temperatures.  For each batch, 19 –  6 x 12 inch molded cylinders were made in 

accordance with AASHTO T 23 (2004). A temperature sensor was placed in one cylinder to record the 

temperature history of the concrete, and the sensor was programmed to record the temperature every 30 

minutes, on average. After the cylinders were covered with snap-on plastic lids, they were moved to their 

respective curing conditions. The three curing conditions are as follows: 

1. The controlled laboratory curing method maintained at constant temperatures between 68 °F and 

73 °F, 

2. The “hot” curing method maintained a cycling temperature between 90 °F and 105 °F, and 

3. The “cold” curing method maintained a cycling temperature between 40 °F and 55 °F. 
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The cycling period for both “hot” and “cold” conditions was over 24 hours and was repeated every 24 

hours. All of the curing methods used lime-saturated water baths. The temperature of the bath was 

controlled by a circulator that controlled the water temperature by circulating heated or cooled water 

through a series of copper pipes that oscillated through the lime-saturated water baths. For all three 

curing methods, the desired curing temperatures are shown in Figure 3-1.  To achieve the “hot” and “cold” 

curing methods two insulated water tanks were constructed one of which can be seen in Figure 3-2.   

 

 
Figure 3-1:  Temperature cycles of the three curing methods (Wade 2005) 

 

 
Figure 3-2:  Curing tank and programmable heating/cooling circulator 
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At the appropriate times, three cylinders were tested in compression in accordance with AASHTO T 22 

(2003). A total of 18 cylinders were tested. The controlled curing condition’s testing ages were: twice the 

final set time, 1, 2, 7, 14, and 28 days. For the “hot” and “cold” curing conditions, the equivalent ages for 

the respective curing conditions were calculated. This was done so that the strength data would be at 

approximately the same strength level for each batch of the same mixture. To calculate equivalent age, 

the control testing age was divided by the Nurse-Saul age conversion factor (Equation 2-4) using a datum 

temperature of -10 °C (14 °F). The average curing temperature for each curing method was used with a 

reference temperature of 23 °C (73 °F). For the “hot” and “cold” curing conditions, average temperatures 

were 98 °F (37 °C) and 47.5 °F (9 °C), respectively. Testing ages for the “hot” and “cold” curing conditions 

can be found in Table 3-2.  

 

Table 3-2:  Laboratory testing schedules 

Control Hot Cold

2*ts 2*ts 2*ts

24 hr. 18 hr. 42 hr.

48 hr. 35 hr. 84 hr.

7 day 5 day 12 day

14 day 10 day 25 day

28 day 20 day 49 day

Note : ts = final setting time

Batch Identification
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All compression testing was conducted using neoprene pads. The cylinders remained moist from the time 

they were removed from the water bath to the time they were strength tested. This was done because the 

loss of moisture could cause a significant deviation in the compressive strength test results. Once all 

strength testing was completed, the temperature history of the concrete was obtained and the maturity 

was calculated.  

 

3.3  TYPICAL RESULTS 

Typical results found in the laboratory study showing the crossover effect are shown in the following 

figures. The concrete mixtures that are shown are: Type I – 0.41, Type I – 0.48, 20% Class F fly ash, 30% 

Class F fly ash, 20% Class C fly ash, 30% Class C fly ash, 30% slag, and 50% slag.  
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Figure 3-3:  Compressive strength versus age results for Type I – 0.41 mixture (Wade 2005) 

 

 
Figure 3-4:  Compressive strength versus age results for Type I – 0.48 mixture (Wade 2005)   
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Figure 3-5:  Compressive strength versus age results for 20% Class F fly ash mixture (Wade 2005) 
 

 
Figure 3-6:  Compressive strength versus age results for 30% Class F fly ash mixture (Wade 2005) 
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Figure 3-7:  Compressive strength versus age results for 20% Class C fly ash mixture (Wade 2005) 
 

 
Figure 3-8:  Compressive strength versus age results for 30% Class C fly ash mixture (Wade 2005) 
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Figure 3-9:  Compressive strength versus age results for 30% Slag mixture (Wade 2005) 

 

 
Figure 3-10:  Compressive strength versus age results for 50% Slag mixture (Wade 2005) 

 

As shown in Figure 3-3 to 3-10, each concrete mixture was affected by the different curing temperatures. 

If the curing temperature had not affected the strength of the concrete then only one curve would be 
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present, not three.  Some of the concrete mixtures, such as the Class F fly ash mixtures, were not 

affected by the crossover effect. The ultimate strengths or 28-day strengths for the Class F fly ash 

mixtures were approximately the same for the three curing conditions. As for the Type I and GGBF slag 

mixtures, the ultimate strengths decreased as the curing condition temperatures increased. The Type       

I – 0.48 was affected the most by the crossover effect. The 28-day strength of the cold curing condition 

was approximately 7,100 psi, whereas the 28-day strength of the hot curing condition was approximately 

5,100 psi. The 2,000 psi difference is a large difference that the maturity method will not account for, and 

therefore, it was recommended that the maturity method only be used for estimating concrete strength up 

to an equivalent age of 7 days.  

 

3.4  MAJOR FINDINGS 

The conclusions that were found in the laboratory phase based on the crossover effect were as follows 

Wade (2005): 

 All hot batches tended to gain strength faster in the beginning and then some reached a 

reduced ultimate strength relative to batches cured at lower temperatures.  

 The cold batch’s strength in the beginning developed more slowly, while the ultimate strength 

was, for most mixtures, higher than that of the hot batch.  

 All straight cement mixtures had crossover, with long-term strength losses ranging from 7% 

to 12% and crossover occurred between 7 days and 16 days. 

 The replacement of cement with 20% and 30% Class F fly ash for the Type I - 0.41 mixture 

effectively eliminated the crossover effect. 

 The replacement of cement with 20% Class C fly ash for the Type I - 0.41 mixture delayed, 

but did not completely eliminate, the crossover effect. An increased replacement dosage of 

30% Class C fly ash for the Type I - 0.41 mixture effectively eliminated crossover. 

 The replacement of cement with 30% or 50% GGBF slag for the Type I - 0.41 mixture 

increased crossover for the hot batch from 6% to more than 17% in some cases.  

 Changing the cement from Type I to Type III for the Type I - 0.44 mixture increased the 

crossover effect slightly, but greatly decreased the time at which crossover occurred, from 16 

days to 4 days. 

 The replacement of cement with 20% Class F fly ash and 10% silica fume for the Type            

I - 0.44 mixture increased the crossover effect from 7% to 31% strength loss and increased 

the time at which crossover occurred from 16 days to 5 days. 

 The Type III - 0.37 mixture had a 17% strength loss due to the crossover effect and crossover 

occurred less than two days after mixing for the hot batch. 

 The ternary blend prestressed concrete mixture had a long-term strength loss of 23% from 

the crossover effect. 
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As for the accuracy of the maturity method, it was found that that the ASTM method produced average 

absolute percent errors in estimating strengths between 6% and 27%. These high errors were concluded 

to be partly attributed to the long-term strength loss associated with the hot batches. The loss in long-term 

strength cannot be solely corrected by the maturity method. Therefore, it was recommended that the 

maturity method be used only until an equivalent age of 7 days.  

Common constant temperature sensitivity values for both the Nurse-Saul maturity method and 

Arrhenius maturity method were evaluated and the conclusions reached were as follows (Wade 2005): 

 When using the Nurse-Saul maturity function, a datum temperature of 0 °C (32 °F) produced 

less error than that found by using -10 °C (14 °F) for all mixtures. 

 When using the Arrhenius maturity function, an activation energy of 40,000 J/mol for cold 

batches and 25,000 J/mol for hot batches produced the least error in strength estimations for 

10 out of the 13 mixtures evaluated. 

  

The final recommendations from the analysis of the laboratory phase are as follows (Wade 2005):  

 Strength estimations using the maturity method may not be accurate beyond 7 days of 

equivalent age. 

 If a mixture-specific temperature sensitivity value is desired, the Modified ASTM method 

should be used.  

 If the Arrhenius maturity function is to be used, a temperature dependent model, such as that 

suggested by Freiesleben Hansen and Pederson (1977), described in Section 2.3.3, that 

allows for a high temperature sensitivity value at low temperatures and a lower value at high 

temperatures should be used. 

 The Nurse-Saul maturity function using a constant value of 0 °C (32 °F) as the datum 

temperature should be used if a mixture-specific value is not determined. 

 Results for mixtures in this study suggested that, in hot climates, when using Class F or 

Class C fly ash as replacement cement, for doses of 20 to 30%, a datum temperature of 4 °C 

(40 °F) or greater should be used. 

 

3.5  SUMMARY  

Wade (2005) concluded that the Nurse-Saul maturity function with a datum temperature of 0 °C (32 °F) 

provides a good means of estimating the strength of concrete for different cement types, varying types 

and dosages of supplementary cementing materials, and varying water-to-cementitious materials ratios 

when it is cured under fluctuating temperatures. The testing schedules used for the “hot” and “cold” curing 

conditions were sufficient for capturing the strength development of the concrete. 
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CHAPTER 4 

EVALUATION OF THE MATURITY METHOD FOR 
PRECAST/PRESTRESSED CONCRETE OPERATIONS 

 

The accuracy of the maturity method for use in precast prestressed concrete applications will be 

evaluated in this chapter. Actual construction processes used to construct full-scale prestressed girders 

were used for this evaluation. Preparation for field testing was conducted at Auburn University, but field 

testing was conducted at the Sherman Prestress Plant in Pelham, Alabama. The field testing portion of 

this project was conducted in August 2004. 

 

4.1  EXPERIMENTAL DESIGN 

Multiple objectives were identified for the prestressed girder project. The main objective was to determine 

the accuracy of the maturity method to estimate in-place strengths in a precast prestressed application. 

The second objective was to evaluate the cylinder curing condition best suited for simulating the girder 

curing history. In conjunction with evaluation of the best curing condition, it was necessary to develop a 

cylinder testing schedule for developing the strength-maturity relationship for prestressed concrete 

mixtures. Finally, the most appropriate location for temperature sensors used to measure the maturity of 

the girder had to determine.  
 

4.1.1  ANALYSIS APPROACH 
Three test methods were used to evaluate the accuracy of the strength estimated by the maturity method. 

These test methods were: (1) compression testing of molded concrete cylinders cured under multiple 

conditions, (2) pullout testing, and (3) compression testing of cores extracted from the member. All in-

place tests were performed on a mock girder, which was constructed using the same methods typically 

used to manufacture ALDOT girders. Figure 4-1 shows types of testing used for the prestressed girder 

project.  

 

4.1.1.1 MOLDED CYLINDERS STRATEGY 
Different curing methods were used for the molded cylinders to establish the strength-maturity (S-

M) relationship. One set of cylinders were cured in accordance with AASHTO T 23 (2004), where the 

curing temperature was controlled to be 73 °F ± 3 °F. The field-cured specimens were designed to mimic 

the temperature history of the girder, to try to eliminate discrepancies that can result with curing concrete 

under laboratory conditions while concrete in the girder is cured under field conditions. Problems could 

include the crossover effect discussed in Section 2.5.1 and 3.3. A lime-saturated water-tank and damp-

sand-pit were used to field-cure some of the molded cylinders. Each curing method was evaluated to 

determine which one best mimics the temperature history of the actual girder, which would then allow the 

cylinders to exhibit strengths close to the girder concrete.  
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Figure 4-1: Testing performed for the prestressed concrete plant  

 

All the strength and temperature data obtained from the different cylinder curing methods were used to 

develop different S-M relationships as explained in ASTM C 1074 (2004). The Nurse-Saul (Equation 2-1) 

and Arrhenius (Equation 2-2) maturity functions were used to calculate the maturity indices. ASTM C 

1074 (2004) recommends a datum temperature of 0 °C be used for the Nurse-Saul maturity function. 

TxDOT (Tex-426-A 2004) and Iowa DOT (IM 383 2004) use a datum temperature of -10 °C (14 °F), which 

will be further discussed in Section 6.1. Therefore, datum temperatures of 0 °C (32 °F) and -10 °C (14 °F) 

were evaluated. ASTM C 1074 (2004) also recommends that if the Arrhenius maturity function is used, 

the activation energy be set as a range from 40,000 to 45,000 J/mol. As recommended by Freiesleben 

Hansen and Pederson (1977) (in Section 2.3.3), Europeans use an activation energy value as low as 

33,500 J/mol for concrete cured above 20 °C (70 °F). Activation energies of 33,500 J/mol and 40,000 

J/mol were selected to compute the Arrhenius maturity function for the prestressed girder project.  

The use of confidence levels for prestressed applications was also considered. As stated 

previously in Section 2.8.1, confidence levels are a means of ensuring that for critical construction 

operations, the required strength is met before proceeding with subsequent construction operations. The 

strength criteria stated in ACI 318 (2005) Section 5.6.3.3 allows for 10% of test results to fall below f’c; 

therefore, a one-sided tolerance with defect level of 10% was used to estimate strengths of the concrete 

at various confidence levels. The use of 10% defect level ensures that 90% of the population of strengths 

will remain above the strength estimated from the strength-maturity relationship. For the prestressed 

girder project, confidence levels (γ) equal to 50%, 75%, and 90% were considered. Confidence levels 

were used to predict in-place strengths based on S-M relationships developed from laboratory-cured and 

field-cured cylinder specimens. 
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4.1.1.2 IN-PLACE STRENGTH STRATEGY 
Once the accuracy of the maturity method was evaluated based on cylinders cured under 

different conditions, the in-place strength was evaluated. In-place testing was conducted because 

concrete cured under control conditions, such as laboratory-cured cylinders and field-cured cylinders, 

does not always provide a true representation of the actual in-place concrete strength. Concrete placed in 

the field experiences different temperature conditions, moisture conditions, and consolidation than that 

cured under controlled conditions; therefore, testing that is conducted on concrete placed in the field 

would be expected to provide a more accurate assessment of the in-place strength. For this project, two 

methods were used to determine the in-place strength of the girder: the pullout test and compressive 

testing of cores. Since the two test methods used to test the in-place strength were destructive methods, 

a mock prestressed girder was cast. 

Before the pullout test could be used to assess the in-place strength, the pullout strength table for 

the test apparatus had to be verified. Once the pullout table was proven accurate, then the pullout test 

can was used to assess the in-place strength. Results for each of the two test methods used to assess 

the in-place strength were compared to the strengths estimated from the laboratory-cured and field-cured 

strength-maturity relationships. Initially, only the pullout test was going to be performed because the 

pullout test is considered one of the more accurate methods to assess the in-place concrete strength 

(Carino 1997, Bungey and Soutsos 2000, Kierkejaard-Hansen and Bickley 1978, Hubler 1982, and 

Malhotra and Carette 1980). Cores were originally not considered for testing because of the uncertainties 

inherent in this testing method, which were discussed in Section 2.8.3. However, the test method used by 

ALDOT for assessing the in-place strength is to test cores extracted from the structure. Therefore, 

compressive testing of cores was added to the testing matrix.  

 

4.1.2  LAYOUT OF TESTS 
Multiple factors were considered in selecting the tests for a prestressed girder application. The final 

testing procedures are described in Section 4.3.  

 
4.1.2.1 DEVELOPMENT OF THE STRENGTH-MATURITY RELATIONSHIP 

In developing the S-M relationships, curing conditions and testing schedules were considered. 

Since the temperature history of the laboratory-cured and field-cured cylinders would be significantly 

different, two different testing schedules were developed. First, the field testing schedule was established. 

Testing times were designed to capture the rapid early-age strength development of prestressed concrete 

due to the use of Type III cement and steam curing. The test schedule used for the field-cured specimens 

was to test at concrete age of 8 hours, 12 hours, 18 hours, 24 hours, 48 hours,  4 days, 7 days, and 28 

days. At the prestress plant, most of the forms are removed at a concrete age of approximately 18 hours. 

However, before the releasing the strands, the quality control personnel will test the strength of the 

concrete by compression testing molded cylinders before releasing the strands. Once the concrete has 

reached the desired strength, the forms are removed and the strands are cut. Therefore, the testing 
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conducted at 18 hours is intended to ensure that the concrete has reached the required strength to resist 

the stresses due to the transfer of prestress force.  

Once the field-cured specimens’ test schedule had been developed, the test schedule for the 

laboratory-cured specimens was developed by using the age conversion factor discussed in Section 

2.3.1. An idealized temperature profile based on a typical temperature history used to cure prestressed 

members was selected (Figure 4-2), and the equivalent age was determined with this temperature 

history. 

The Nurse-Saul method was used with a datum temperature of -10 °C (14 °F) to develop the 

testing schedule. The target testing schedule for the laboratory-cured specimen was to test at concrete 

ages of 11 hours, 20 hours, 34 hours, 42 hours, 66 hours, 4 days, 7 days, and 28 days. Test ages of 4 

days, 7 days, and 28 days were actually supposed to be 0.7 days later, but since the testing times are not 

as critical at these ages, these specimens were tested at the same time as the field-cured specimens. 
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Figure 4-2:  Assumed temperature profile for prestressed girder 

 

4.1.2.2 GIRDER DESIGN 
Two main factors were initially considered when the geometry of the mock girder was designed. 

First was the necessity that the girder type be the same as one that ALDOT uses in actual construction. 

ALDOT commonly uses AASHTO and Bulb-Tee girders. The second factor was that Sherman prestress 

had some existing twenty-foot AASHTO Type IV forms that could be used for the project. These forms 

were selected as they were older forms that were not being used anymore and they could be modified for 

this research project.  

Once the type of girder was established, the layout of the testing location was designed. Multiple 

tests had to be conducted on the girder to establish the in-place strength of the concrete, including 
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temperature recording, pullout testing, and coring. Each type of test required that the test location be 

carefully placed. No testing was conducted within 18 inches of the ends of the girder to eliminate 

problems that could occur with concrete near the ends of the girder. Based on these constraints, the 

mock girder was 19 foot long AASHTO Type IV girder. 

The structural behavior of the mock prestressed girder was considered. No live loads would be 

applied to the mock girder; therefore, all design was done using dead loads along with loads that might be 

encountered during transportation of the mock girder from the steam beds to the storage yard. Minimum 

longitudinal steel reinforcement requirements were met, and some steel was added to anchor the corners 

of the stirrups during construction. In addition, two lightly stressed 0.6-inch prestressing strands were 

used in the web of the mock girder to help position the stirrups as shown in Figure 4-3. Minimum stirrups 

were adequate for the mock girder; therefore, the stirrups were positioned to not interfere with the in-

place tests. The longitudinal and transverse reinforcement placed in the mock girder are shown in Figure 

4-3 and Figure 4-4. 

 

 
Figure 4-3: Cross-sectional reinforcement configuration for mock girder 
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Figure 4-4: Side view of formwork, steel reinforcement, and access panels 

 

 
Figure 4-5: Plan view of mock girder 

 

For the cored specimens a length-to-diameter (L/D) ratio of 2 was desired so that no correction factors 

would need to be applied, and the cores would have the same L/D as the molded concrete cylinders. 

Cores were taken out of the top flange of the girder, because this was the only place on the girder that a 

core could be obtained with an adequate length. Since the top flange was small, core tests were 

performed at 7 and 28 days. Two different curing methods, ASTM C 42 (2004) and AASHTO T 24 (2002), 

were used to condition the cores after they were extracted from the girder. Twelve cores were removed at 

each age. Two of the cores were used for temperature recording and the other ten were strength tested, 

five each for the two curing methods. The layout of the cores can be seen in Figure 4-5.  

Pullout testing locations were determined after the location of the cores was finalized. Pullout 

tests were performed on the top and side of the girder. Five inserts were tested at each age on the top, as 

this is the minimum required by ASTM C 900 (2004). The layout of the top inserts can be found in Figure 

4-5. Since there was plenty of room on the side of the girder, four inserts on each side for each age were 

used. The layout of the side inserts can be seen in Figure 4-6. The pullout testing ages corresponded with 

a most of the field-cured cylinder testing schedule. The testing ages were 12 hours, 18 hours, 24 hours, 
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48 hours, 7 days, and 28 days. In order to perform the 12-hour pullout tests, an access panel was 

installed in the forms to allow access for the tests to be performed before the forms were removed. 

The temperature sensor layout was designed so that the temperature profile of the girder at 

critical points and at each in-place testing location could be measured. The location of all of the iButton 

temperature sensors can be seen in Figure 4-7. The temperature sensors were attached to the stirrups 

throughout the beam. A total of 7 iButton trees were made. The term “Tree” refers to multiple iButtons 

attached in series at a single cross-section. Trees 1 and 7 had nine iButtons, Trees 2 and 3 had six 

iButtons, Tree 4 had ten iButtons, and Trees 5 and 6 had three iButtons.  

Trees 1, 4, and 7 were designed to determine the location of the maximum and minimum 

temperatures in the girder. The assumption was made that the temperature would be symmetrical about 

the vertical axis. Location A and C sensors were used for the top inserts, and location D was used for the 

cores. Side inserts used the sensors at either location E or G. Locations D and F were used to compare 

the temperature gradient from the center to edge of the web. 

 

 
Figure 4-6: Elevation views of mock girder 
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Figure 4-7: iButton Tree layout 
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4.1.2.3 VERIFICATION OF PULLOUT TABLE 
For the pullout machine supplied by Germann Instruments, a table was provided that correlated 

the pullout force to the compressive strength of a 6 x 12 inch cylinder. A series of tests was conducted to 

confirm that the correlation table was accurate. As stated in Section 2.8.2.5, there are two different 

methods to verify or create pullout load-to-compressive strength relationships. Cubes (8 x 8 x 8 in.) were 

used to verify the correlation between the pullout force and compressive strength. Additional 6 x 12 inch 

cylinders were used to determine the compressive strength. Since a pullout force versus compressive 

strength relationship was provided by Germann Instruments, tests at three ages (instead of the ACI 

recommended six ages) were used to verify this that relationship was sufficiently accurate. The average 

compressive strength of the pullout test obtained from pullout force versus compressive strength table 

was compared to the estimated strength from the S-M relationship of the cylinders that were cast along 

with the cubes. If the compressive strengths measured from the pullout tests performed on the cubes 

were relatively close to the compressive strengths measured from the cylinders cured in the water-tank, 

with both at the same maturity, then the pullout table were considered accurate. Test at three different 

ages were conducted: 18 hours, 48 hours, and 7 days. Six cubes were cast, and two cubes (8 inserts) 

were tested at each age. The cubes were cured the same way as the lime-saturated water-tank cylinders.  

 

4.2   RAW MATERIALS AND MIXTURE PROPORTIONS 
All material used to produce the concrete was supplied by Sherman Industries. The mixture design used 

was one that is commonly used for the production of prestressed girders. Sherman produced the 

concrete and cast the mock girder using construction procedures typically used for ALDOT prestressed 

girders. The concrete used for the research was mixed on site at Sherman’s batch plant (Figure 4-8). All 

concrete was made in one 5-yd3 batch to eliminate variations that can occur from batch-to-batch. Table 4-

1 contains the mixture proportions for one cubic yard of the concrete and the required fresh and hardened 

concrete properties. All coarse and fine aggregate weights are for saturated, surface-dry condition.  

The Type III cement was obtained from Cemex and was produced at the plant in Demopolis, AL. 

The coarse aggregate was a No. 78 crushed limestone from Vulcan Materials in Helena, AL. The fine 

aggregate was obtained from Superior Products quarry located in Red Bluff, AL. Gradations of the coarse 

and fine aggregate used for the project were not obtained, but specific gravities for the materials are listed 

in Table 4-2. The air-entraining admixture was MBVR, and the high-range water-reducing admixture was 

Glenium 3200 HES.  
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Figure 4-8: Sherman’s batch plant 

 

 

Table 4-1: Mock girder mixture proportions 

Item Mixture Design

Water (pcy) 260
Type III Cement (pcy) 705
Coarse aggregate (pcy) 1,983
Fine aggregate (pcy) 1,125
Air-Entraining Admixture* (oz/yd) 1.6
High-Range Water Reducing Admixture+ (oz/yd) 56.4
Target air (%) 4 ( ± 1 )
Target slump (in.) 8 ( ± 1 )
w/c 0.34
f'c (psi) 7,000
 * Degussa Inc., MBVR

 + Degussa, Inc., Glenium 3200 HES  
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Table 4-2: Material properties for prestressed girder project 

Materials 
Description Specific Gravity Absorption (%)

Water 1.00 -
Type III Cement 3.15 -
Coarse aggregate 2.82 0.4
Fine aggregate 2.62 0.4  

 

4.3 FIELD PROCEDURES AND TESTING 

This section documents all of the testing procedures that were used for the tests conducted for the 

prestressed girder project.  

 

4.3.1  FRESH CONCRETE TESTING 
Fresh concrete properties were measured to ensure that the concrete that was supplied for the research 

met ALDOT specifications. All fresh concrete tests were conducted or overseen by an ACI Concrete Field 

Testing Technician – Grade I.  

 

4.3.1.1 QUALITY CONTROL TESTING  
The quality control tests conducted for the prestressed plant project included slump, air content, 

and fresh concrete temperature. All fresh concrete properties were tested in accordance with AASHTO 

Specifications: slump – AASHTO T 119 (2005), air content – AASHTO T 152 (2005), and fresh concrete 

temperature – AASHTO T 309 (2005).  
 

4.3.1.2 MAKING AND CURING OF SPECIMENS 
Concrete for the laboratory-cured cylinders, field-cured cylinders, and pullout cubes was taken 

from the middle of the batch as specified in AASHTO T 141 (2005). All specimens were cast with the 

same concrete that was placed in the girder and then moved to the different curing conditions at 

appropriate times. The specimens were cast on the steel casting bed to ensure that a hard flat surface 

was used, as shown in Figure 4-9.  

A total of 58 - 6 x 12 in. white plastic cylinder molds were used for the laboratory-cured and field-

cured cylinders. All cylinders were made in accordance with AASHTO T 23 (2004). Once the specimens 

were made and the plastic lids snapped on, the 25 laboratory-cured cylinders were placed in field-curing 

boxes for the first 24 to 48 hours. These field-curing boxes maintained a curing temperatures between 60 

and 80 °F (15.6 to 26.7 °C). After 24 hours, the cylinders were transported to Auburn University, removed 

from the plastic molds, and placed in a moist-curing room in which the temperature was held at 73 °F ± 3 

°F, and the relative humidity was maintained at 100%. Three cylinders were tested at each age. One 

extra cylinder was instrumented with a temperature sensor to measure the concrete’s temperature 
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history. As discussed in Section 4.1.2.1, the testing ages for the laboratory-cured cylinders were 11 

hours, 20 hours, 34 hours, 42 hours, 66 hours, 4 days, 7 days, and 28 days. 
 

 
Figure 4-9: Casting of concrete specimens 

 

The remaining 33 cylinders were field-cured to allow evaluation of the effects that elevated temperatures 

had on the strength of these cylinders. All of these remaining cylinders were placed on the bed used for 

the mock girder and then covered with curing tarps used for prestressed girders, as shown in Figure 4-10.  

 

 
Figure 4-10: Curing tarp over the specimens and mock girder 

 

Mock Girder

Specimens & 
Curing Tanks 

under Curing Tarp



 

76 

The water-tank and sand-pit were both underneath the curing tarp so that the two containers would also 

be heated along with the girder. This was done so that when the cylinders were moved to the two 

containers, there would not be a dramatic change in temperature. The tarps were removed and the forms 

on the mock girder were removed at a concrete age of approximately 18 hours. Next, the field-cured 

specimens were removed from the plastic molds and placed in the two separate curing environments. 

Half of the cylinders were moved to each field-curing condition. The lime-saturated water-tank can be 

seen in Figure 4-11, and the damp-sand-pit can be seen in Figure 4-12.  

 

 
Figure 4-11: Lime-saturated water-tank 

 

 
Figure 4-12: Damp-sand-pit 
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When the girder was removed from the prestressing bed, the water-tank and sand-pit were moved with 

the girder to the storage yard that was exposed to the environment. Again, three cylinders form each 

curing condition were tested at each age, and one additional cylinder was instrumented with a 

temperature sensor to measure its temperature history. The testing ages for the field-cured cylinders were 

8, 12, 18, 24, and 48 hours, and 4, 7, and 28 days. Since all field specimens were cured under the tarp 

for the first 18 hours, one set of three cylinders was tested at 8, 12, and 18 hours, and the results were 

used for both sets of field-cured cylinders (water-tank and sand-pit cured).  

The final specimens that were made were the pullout cubes. Since no standard exists detailing 

pullout cube construction, previous research and recommendations were applied. As stated by Carino 

(1997), an 8-inch cube with 1 inserts on each of the 4 faces is the preferred approach to eliminate any 

problems that can occur with radial cracking in the cylinders, which was discussed in Section 2.8.2.5. 

Therefore, six cube molds were designed to create an 8-inch cube with one insert in the center of each 

vertical side. The molds were made out of wood, sealed with polyurethane, and coated with a form-

releasing agent so the concrete would not stick to the mold. Figure 4-13 shows the pullout molds.  

 

      
Figure 4-13: Pullout cube molds 

 

No information is given on the method for properly consolidating the fresh concrete in the cubes, so a 

standard procedure was developed for these cubes. The standard for making concrete cylinders 

(AASHTO T 23 2004) was used in developing the standard for making the pullout cubes. Cylinders are 

filled in three layers for 6 x 12 inch cylinders, so this scheme was used for the cubes. As for the number 

of rods per layer, cylinders are rodded 25 times per layer. The area of a 6-inch cylinder is 28.27 inches; 

therefore, the number of rods was calculated as 0.884 rods per in2. Then the ratio of rods per square inch 

was multiplied by the area for an 8 x 8 in. surface cube (64 in2) which returned 56 roddings per layer. 

Finally, it is required to tap the sides of a cylinder with a mallet 12-15 times per layer and since the cube 

molds were made out of wood, it was decided to tap each side 4 times, giving 16 taps per layer.  
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After the cubes were cast, the molds were placed in double bags and sealed to prevent moisture 

loss from the concrete. This is equivalent to capping cylinders after they have been made. The pullout 

cubes were then cured under the curing tarps and finally moved to the lime-saturated water-tank at 18 

hour when the girder forms were removed. Pullout tests from the cubes were performed at 18 hours, 48 

hours, and 7 days. 

 

4.3.2  HARDENED CONCRETE TESTING 
Once the concrete had set, hardened concrete testing was performed to assess the strength 

characteristics of the concrete. Compression testing of cores was conducted on the mock girder and 

pullout tests were conducted on the molded specimens as well as on the mock girder. In addition to all of 

these tests, the maturities of all the specimens were also calculated from their measured temperature 

histories. All hardened concrete testing was performed by ACI Certified Concrete Strength Testing 

Technicians.  

 

4.3.2.1 COMPRESSION TESTING OF MOLDED CYLINDERS 
Compression testing was conducted on cylinders cured under all three types of curing conditions: 

laboratory-cured, lime-saturated water-tank cured, and damp-sand-pit cured. Compression tests were 

performed in accordance with AASHTO T 22 (2005). Laboratory-cured specimens were tested at Auburn 

University’s testing labs, while the field-cured specimens were tested at the Sherman Prestress Plant’s 

testing facilities.  

Neoprene pads were used for all compression tests. Sixty durometer neoprene pads were used 

for testing ages up to 66 hours for the laboratory-cured specimens testing ages up to 48 hour for the field-

cured specimens. For later testing ages, 70 durometer neoprene pads were used. The compressive 

strength rating for a 60 durometer pad is 2,500 to 7,000 psi, and the rating for 70 durometer pads is 4,000 

to 12,000 psi. AASHTO T 22 (2005) requires that the load rate for a 6 inch diameter concrete cylinder be 

in the range of 34,000 to 85,000 lbs per minute; therefore, to stay consistent throughout all tests, a load 

rate of 60,000 lbs per minute was used.  

 

4.3.2.2 PULLOUT CUBE TESTING 
All tests involving pullout cubes were conducted in accordance with ASTM C 900 (2001). Inserts 

that were installed in the pullout cubes were LOK-TEST inserts L-46, which are designed for pullout loads 

between 0 and 100 kN, allowing compression strengths between 0 and 11,000 psi to be tested. A hole 

was drilled through the side of the mold to allow a screw to pass through and attach to the stem of the 

insert. The load rate that was used for the pullout test was 0.5 ± 0.2 kN/sec (112 ± 45 lbf/sec), which is 

the load rate recommended by ASTM C 900 (2001) for the inserts. 

 

4.3.3  TEMPERATURE RECORDING 
Multiple temperature-recording devices for concreting applications are commercially available. Since the 

temperature history for more than 50 different locations needed to be collected, a temperature-recording 
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device called an iButton was chosen for the project. An iButton, which is shown in Figure 4-14 and is a 

produced by Dallas Semiconductor (Maxim), allows the user to program the temperature-logging interval 

and starting time by means of a computer. In addition, each iButton has a serial number assigned for 

identification proposes. Each iButton is covered by concrete, which protects it from the harsh construction 

environment.  The iButton does not have to be connected to a computer at all times. When the 

temperature data are needed, a laptop computer or hand-held computer can be attached to retrieve the 

data.  

 
Figure 4-14: A typical iButton 

 

4.3.3.1 Temperature Recording for Cylinders and Pullout Cubes 
In order to place the iButton in the concrete, wires were attached to the iButton so that the data 

could be retrieved later, as shown in Figure 4-15. A two-wire 20 gauge telephone wire was attached to 

the iButton with aluminum tape. One wire was attached to the top (labeled side) of the iButton. The other 

wire was attached to the bottom of the iButton. The aluminum tape on the top could not touch the sides of 

the iButton; otherwise, a short circuit would develop and the data could not be retrieved. On the other end 

of the wire, an RJ11 telephone jack was installed. Using a COM port on the computer, the phone jack 

was connected to the universal 1-wire COM port adapter, and all the temperature data downloaded to the 

computer. Once the phone jack and iButton were installed, the iButton end was coated three times with 

Plasti Dip, which is a liquid rubber coating. When dry, this coating provided a waterproof barrier for the 

iButton (Figure 4-15). 

The time interval programmed in the iButton for the cylinders was 25 minutes. This allowed the 

iButton to record temperatures every 25 minutes over 30 days. A shorter interval was used for the cubes 

because testing ended after 7 days. For the pullout cubes, the time interval was 15 minutes. To eliminate 

any effects that iButtons could have on the strength of the cylinder, none of the cylinders containing 

iButtons were tested. One iButton was installed in the 7-day pullout cube, but the iButton was placed in 

the center of the cube so that the iButton would not interfere with the pullout inserts. 
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Figure 4-15: Cylinder and cube temperature-recording device 

 

4.3.3.2 TEMPERATURE RECORDING FOR MOCK GIRDER 
The temperature sensors used for the girder were similar to the sensors made for the cylinder. 

The iButtons were attached to telephone wire in the same manner, but instead of using Plasti Dip, an 

epoxy was used in anticipation that the hydrostatic pressure from the fresh concrete could become too 

large and destroy the connection to the iButton sensors. The epoxy used was Sherman Williams Tile-

Clad HS. Instead of using a wire and telephone jack for every iButton, iButton trees were made to allow 

multiple iButtons to be accessed from a single phone jack. The term “tree” will used to refer to multiple 

iButtons connected to one phone jack. Seven iButton trees were made, and each tree was attached to a 

stirrup. Lead wires for each tree were made long enough so that all seven wires could come out of the 

mock girder at the same location. Figure 4-16 shows part of an iButton tree. Once all the trees were 

made, the serial number for each iButton and its location was recorded for identification purposes after 

the concrete was placed. 

 
Figure 4-16: iButton tree 

iButton 

To other 
iButtons 

Wire leading to 
next connector 
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The time interval programmed into the iButtons used for the mock girder was 25 minutes, which allowed 

the iButtons to record data for more than 30 days. When an iButton was attached to a stirrup, a small 

foam pad was secured between the iButton and the steel to prevent the temperature of the steel from 

affecting the temperature recorded by the iButton (Figure 4-17).  

 

 
Figure 4-17: iButton attached to a stirrup 

 

All of the wiring was secured to the steel in an attempt to prevent the wire from being damaged while the 

concrete was being placed. Figure 4-18 shows iButton Tree 4 attached to the stirrups and the exit point 

for all the lead wires with the phone jacks for each iButton tree.  

 

4.3.3.3 TEMPERATURE RECORDING FOR CORES 
Temperature recording for the cores was achieved with a combination of the methods used for 

the mock girder and cylinders. Up to time the cores were removed, the temperature history was read from 

the sensor installed inside the girder. After the cores were removed at each testing age, a sensor was 

installed into two of the cores to record the further maturing of the cores until they were strength tested. A 

hole was drilled into the core and an iButton was secured to the center of the core with rapid setting 

cement. The cores with iButtons were not strength tested. 

 

4.3.3.4 AIR TEMPERATURE DATA 
Ambient temperature data were required for the period over which this project was conducted. 

The climate data were retrieved from the National Oceanic and Atmospheric Administration (NOAA) 

website for the Birmingham Municipal Airport station, which is the closest NOAA recording station to the 

prestress plant.   

 

4.3.4 In-Place Testing 

To verify the accuracy of the maturity method for prestressed applications, two different types of in-place 

tests were conducted: the pullout test and compressive testing of cores. Testing was conducted in 

accordance with AASHTO and ASTM specifications.  
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(a)  (b) 
Figure 4-18: (a) iButton Tree 4 installed on a stirrup and (b) Lead wires with phone jacks 

 

4.3.4.1 PULLOUT TESTING 

Pullout tests were conducted on the top and the sides of the mock girder. The testing ages for the 

pullout tests were 12, 18, 24, 48 hours, and 7 and 28 days. All pullout tests were conducted in 

accordance with ASTM C 900 (2001) and the recommendations supplied by the manufacturer of the 

pullout machine. Locations of all the tests are defined in Section 4.1.2.2. A load rate of 0.5 ± 0.2 kN/sec 

(112 ± 45 lbf/sec) was used for all pullout tests.  

The top inserts were LOK-TEST inserts L-50 (floating inserts), which are designed for pullout loads 

between 0 and 100 kN, which allow a compressive strength range of 0 to 11,000 psi to be tested. ASTM 

C 900 requires that the spacing between inserts be no less than eight times the diameter of the disc of 

the insert. The floating inserts were thus spaced at 9 inches on center. Spacing from the center of the 

insert to the edge of the girder was 4½ inches. This distance met the requirements of ASTM C 900 

(2001), which states that the clear spacing of the insert to any formed edge of concrete should be more 

than four times the diameter of the disc. When installing the top inserts, the floating inserts were placed in 

the concrete four inches away from the final location and then pulled toward the final location. The floating 

inserts were then rotated to approximately a 10° angle from the top surface as recommended by the 
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supplier of the inserts. This process was used to ensure that no air pockets would be trapped below the 

disk of the insert and good consolidation would be achieved. Figure 4-19 shows the floating inserts 

installed on the top of the girder. 

 

 
Figure 4-19: Floating inserts 

 

The side inserts were LOK-TEST inserts L-41, designed for pullout loads between 0 and 100 kN, which 

allow a compression strength range of 0 to 11,000 psi to be tested. These inserts had a cardboard 

backing so that the inserts could be nailed to wooden forms. The forms used for the mock girder were old 

forms that had rusted, so before proceeding with the project, the forms were cleaned with a wire-bristled 

grinder. Holes were drilled into the forms where the inserts were to be placed as shown in Figure 4-6. All 

ASTM C 900 (2001) spacing requirements were met and inserts were positioned so that the longitudinal 

steel and stirrups would not interfere with the pullout inserts’ failure plane. The inserts were then installed 

by inserting a screw in the hole and attaching the cardboard and insert to the screw as shown in Figure 4-

20. Figure 4-21 shows that the inserts and stirrup locations. 

 

   
Figure 4-20: Side-mounted pullout inserts on mock girder forms 
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Figure 4-21: Mock girder form with pullout inserts and stirrups 

 

 Two access panels were cut in the sides of the forms so that pullout testing on the mock girder 

could be conducted at 12 hours (prior to form removal). Figure 4-22 shows the hole cut, the front and 

back of the panel, and the inserts installed on the panel. The access panels were then re-secured and 

caulked so that the concrete would not leak from the forms during construction. No extra steps were 

taken for consolidation around the side-mounted inserts.  

 

4.3.4.2 COMPRESSIVE STRENGTH OF CORES 
Cores were extracted and tested to assess the in-place compressive strength of the concrete. All 

core tests were conducted in accordance with ASTM C 42 (2004) and AASHTO T 24 (2002). The testing 

ages that were used for the cores were 7 and 28 days. Since the two standards differ the method by 

which cores should be conditioned and stored after removal from the girder, both methods were utilized. 

ASTM C 42 (2004) requires that the cores be removed a minimum of five days before the desired testing 

age. The cores for the 7-day testing age were thus removed at 24 hours and the 28-day cores were 

removed at 21 days. All cores were removed at the same time in an effort to eliminate any discrepancy 

that could occur with differences in curing temperature from removal to testing. A standard coring 

machine secured to the girder with a vacuum-sealed pad was used so that holes would not have to be 

drilled into the mock girder to secure the core machine. A thin layer of quick-setting paste was applied to 

the top of the mock girder to help create a better vacuum seal for the coring machine. This layer was then 

cut off when the cores were trimmed to the desired length. 

Since prestressed concrete is a high-early-strength concrete, the strength at 24 hours was 

adequate enough to core. As the cores were removed, the cores were alternately placed in the two 

different curing methods (specified by ASTM C 24 (2004) and AASHTO T 24 (2002)), in an attempt to 

eliminate possible anomalies between different areas of the girder. The inside diameter of the core barrel 

was 4 inches. The final dimension of the cores after cutting was 4 x 8 inches. 
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Figure 4-22: Access panels in mock girder forms 

 

ASTM C 42 (2004) requires that once the cores are removed, they remain outside until the coring water 

has evaporated from the core or until one hour after removal. After the cores were surface dry, they were 

placed in sealed double bags and remained in the bags until the cores were cut. The same day the cores 

were removed from the mock girder, they were transported to Auburn University and cut to a length of 8 

inches. After the cores were cut, the cutting water was allowed to evaporate before the cores were placed 

back into the double bags. The day before the cores were strength tested, the cores were sulfur capped 

in accordance with AASHTO T 231 (2005). After capping was completed, the cores were placed back into 

the bags and then compression tested in accordance with AASHTO T 22 (2005). 

AASHTO T 24 (2002) required a different curing method than ASTM C 42 (2004). When these 

cores were removed, they were immediately placed into a lime-saturated bath, and only removed for 

cutting and sulfur capping. Cutting and sulfur capping was achieved in the same manner as for the ASTM 

cores, but after the sulfur capping was completed the AASHTO cores were placed into the 100%-humidity 

curing room. The cores were not placed back into limewater since the limewater could damage the sulfur 
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caps. Compression testing of the AASHTO cores was done with the same procedure as the ASTM cores. 

For four inch diameter cores, the loading rate required by AASHTO T 22 (2005) is between 15,000 and 

37,000 lbs per minute. A load rate of 26,000 lbs per minute was used for all tests. 

 

4.3.5  DATA ANALYSIS METHODS 
The first data analysis step was to download all the temperature data and strength data. The strength 

data was reviewed to eliminate any outliers. The accumulation of the maturity was determined for the 

molded specimens and for the girder at the location where the in-place testing was conduced. Strength-

maturity relationships were then developed using the strength and maturity data. Afterwards, the 

accuracy of the maturity method was evaluated by assessing all of the errors obtained between the 

measured and predicted strengths. Finally, confidence levels were developed to evaluate the accuracy of 

the maturity method for the prestressed concrete application.  

 

4.3.5.1 DATA ASSESSMENT 

ASTM and AASHTO standards were used to eliminate potential outliers in the strength data. The 

coefficient of variation of each type of testing was used to identify the outliers. If the range of compression 

test results(defined in Equation 2-11) for three concrete cylinders cast under field conditions was within 

9.5% then all specimens was used (AASHTO T 22 2005). If the percent range exceeded 9.5%, then the 

furthest outlier was removed, and the remaining test results were used.  

For the pullout test, the same elimination process is used by ASTM C 900 (2001). The acceptable 

ranges for the pullout inserts is 31% for 5 pullouts inserts, 34% for 7 pullout inserts, and 36% for 10 

pullout inserts. Therefore, acceptable range of 31% for the top inserts and 34% for the side inserts were 

used. The acceptable range used for the pullout cubes was 34%. As for the cores, the accepted range for 

a single operator was 13% (AASHTO T 24 2002).  

After all the temperature data were collected, some small adjustments were made to the first 

couple of iButton readings. Hour zero was the time at which water contacted cement; therefore, any 

readings that were taken between the time water contacted cement and when the iButton sensors were 

covered with concrete had to be adjusted. To make this adjustment, the value of the first temperature 

reading recorded after the sensor was covered with concrete was used for all prior temperatures from 

time zero until this point. At most, this was only 2 to 3 readings.  

One other adjustment was made to the temperature reading for the cores. Since two separate 

iButtons were used to measure the temperatures of the cores at different stages (one from the girder, the 

other placed into the core after being removed), a small transitional adjustment was made in the 

temperature readings to eliminate the effects any heat generated by the cement used to install the iButton 

in the cores. 

 

4.3.5.2 STRENGTH-MATURITY RELATIONSHIPS (S-M RELATIONSHIPS) 
The cylinder strength and maturity data collected at each testing age were used to develop the S-

M relationship. As stated in Section 2.4, there are multiple ways to define the best fit for a S-M 
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relationship. The exponential function (Equation 2-6) was used to define the estimated strengths for the 

S-M relationships in this study. The general consensus is that the exponential function is the more 

accurate function to use (Carino 1997; Freiesleben Hansen and Pederson 1984).  

At each testing age, the strength was estimated by the maturity method, and then the error 

between the measured strength and estimated strength was found. Each error was then squared and all 

the errors were summed for the entire data set. Using the solver function in Microsoft Excel®, the sum of 

error squared was minimized in by varying Su, β, and τ to find the best values to fit the data set. Once the 

values of Su, β, and τ were determined, the exponential function could be used to calculate the estimated 

strength at any maturity value of the concrete. 

 

4.3.5.3 Calculations of Errors  
Once all maturities had been calculated and the S-M relationships had been established, the 

accuracy of the strength estimated with the maturity method could be evaluated. The accuracy for all 

tests was determined by evaluating the percent error, absolute average error, and average absolute 

percent error. The error between the strength obtained by testing molded cylinders and that estimated by 

the S-M relationship was calculated. Additionally error parameters were calculated for the strength 

obtained from the in-place strength test versus that estimated by the maturity method.  

To calculate the percent error, the measured strength was subtracted from the estimated 

strength, and this difference was divided by the measured strength, and the results multiplied by 100, as 

shown in Equation 4-1. 
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Equation 4-1 

where, ŷ = estimated strength (psi), and 

 y = measured strength (psi). 

The absolute average error is not a true statistical value but is used by Carino and Tank (1992) to help 

establish a single parameter that can be evaluated to quantify the accuracy of the strength estimated by 

the maturity method for an entire data set. Equation 4-2 defines the absolute average error: 
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Equation 4-2 

where, AAE = Average absolute error (psi), and 

 n = number of ages tested in a data set. 

The absolute average percent error is also used to establish a single parameter that can be evaluated to 

quantify the accuracy of the strength estimated by the maturity method for an entire data set. Equation 4-

3 defines the absolute average percent error: 

 ( )
n
Error

EAA ∑=
%

%   
Equation 4-3 

where, AA%E = Average absolute percent error. 
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4.3.5.4 CONFIDENCE LEVELS 
Confidence levels were applied to the S-M relationships. To calculate confidence levels the 

coefficient of variation for each type of test was used. As stated in Section 4.1.1.1, the confidence levels 

that were used for the prestressed girder project were 50%, 75%, and 90% with a defective level of 10%. 

To calculate the strength corresponding to a defect level of 10% with various confidence levels, refer to 

Equation 2-9. Table 2-4 summarizes the corresponding K-values for the different confidence levels at a 

defect level of 10%. Table 4-3 shows the coefficient of variation for test data obtained from cylinders, 

cores, and pullout inserts. 
 

Table 4-3: Coefficient of variation of test methods 

Compression Testing of Molded Cylinders 2.9% AASHTO T 22 (2005)
Compression Testing of Cores 4.7% AASHTO T 24 (2002)
Pullout Test 8.0% ASTM C 900 (2001)

Test Method Coefficient of 
Variation Reference

 
 

4.3.5.5 ACCEPTANCE CRITERIA 
To determine if the maturity method is an accurate method for evaluating the strength 

development of concrete, an acceptance criterion had to be established. ASTM C 39 (2003) states that 

the acceptable range for compression tests of three field-cured cylinders is 9.5%. Also ASTM C 1074 

(2004) states that if the measured concrete strength of a structure consistently exceeds the strength 

estimated with the maturity method by 10% or more, then a new S-M relationship is to be developed. 

Therefore, the criteria that if the strength estimated with the maturity method exceeds the measured 

strength of molded cylinders by more than 10%, the maturity method is not accurate. Since the coefficient 

of variation for the pullout test and core is higher than the compression tests of molded cylinders, if the 

strength estimated with the maturity method exceeded the measured strength by 15% or less the tests 

will be considered accurate.  

 

4.4 PRESENTATION OF RESULTS 

All test results for the prestressed girder project are presented in this section. Analysis and discussion of 

the test results will be presented in Section 4.5, along with the tables of errors and graphs that show the 

accuracy of the different test methods and the accuracy of the maturity method. The average cylinder, 

pullout, and core strengths data and corresponding maturity indices are presented in this section. Outliers 

have been removed from some test data and temperature data have been adjusted, as discussed in 

Section 4.3.5.1. Nixon (2006) published the individual strength and percent ranges for all testing 

performed.  Nixon (2006) also presented pictures of the prestressed girder project, testing, and 

specimens.  
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4.4.1  BATCHED MATERIAL AND FRESH CONCRETE PROPERTIES 
The total air content was 2.5%, which was acceptable for assessing the accuracy of the maturity method. 

Table 4-4 summarizes the fresh concrete properties of the concrete used in the mock girder.  
 

Table 4-4: Fresh concrete properties for prestressed girder project concrete 

Fresh Concrete Properties Results

Air (%) 2.5%
Slump (in.) 7 ¼
Temperature (°F) 94  

 

4.4.2  TEMPERATURE DATA 
All of the concrete temperatures from the cylinders, pullout cubes, and cores, along with the ambient air 

temperatures, are shown in Figure 4-23. Two of the concrete temperature histories of the mock girder, 

including the maximum early-age temperature (Girder Location 4B) and minimum early-age temperature 

(Girder Location 1J), are also presented in Figure 4-23.  Refer to Nixon (2006) for the remainder of the 

temperature data. Only the first four days were plotted because after that period, the temperatures of the 

specimens closely followed the ambient temperature cycle.  

As shown in Figure 4-23, a substantial difference between the laboratory-cured specimens and 

the field-cured specimens existed for the first 24 hours. The field-cured specimens simulated the mock 

girder temperature more accurately than the laboratory-cured specimens. Even though the temperatures 

from the field-cured specimens did not reach the maximum temperature recorded in the girder, they did 

follow the minimum girder temperatures more closely.  The temperature history of the 7-day ASTM C 42 

and AASHTO T 24 cured cores are presented in Figure 4-24, and the temperature history of the 28-day 

ASTM C 42 and AASHTO T 24 cured cores are shown in Figure 4-25. 

 

4.4.3  STRENGTH DATA 
The maturity values and average strength test results for the laboratory-cured specimens are summarized 

in Table 4-5. No outliers were removed from the data set; however, one 8-hour cylinder result was 

discarded due to malfunction with the compression machine at the prestressing plant.  
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Figure 4-23: Temperature history of the molded specimens and the mock girder 
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Table 4-5: Laboratory cylinders strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

11 hr 11.9 515 397 19.2 21.2 3,250
20 hr 20.4 874 673 32.5 35.6 4,500
34 hr 33.7 1,367 1,033 48.6 52.4 5,000
42 hr 42.2 1,673 1,251 58.3 62.3 4,990
66 hr 66.1 2,504 1,845 84.6 89.1 5,330
4 day 95.3 3,530 2,579 117.1 122.3 5,720
7 day 168.2 6,042 4,362 195.9 202.3 6,080
28 day 671.9 22,769 16,052 709.7 718.2 7,000

Measured 
Strength    

(psi)

Nurse-Saul Maturity 
(°C •  hours)

Arrhenius Maturity 
(hours)

Concrete 
Age      

(hours)

Target 
Age

 
 

A summary of the maturity and strength data for the lime-saturated water-tank and damp-sand-pit 

cylinders are presented in Table 4-6 and Table 4-7. All strength data were within the acceptable range for 

concrete cylinders, so no outliers were removed from the data sets. Again, two 8-hour cylinders were 

removed due to malfunction with the compression machine. For the test ages of 48 hours, 4 days, 7 days, 

and 28 days, only two specimens were cast for both the lime-saturated water-tank and the damp-sand-pit. 

Only two cylinders were made for each testing age because there was not enough concrete was 

produced to make all of the cylinders. ALDOT allows strength testing to be conducted with only two 

cylinders. While this is not the best way to obtain accurate strength results, it is an acceptable method. In 

addition, concrete strength tended to have less variability at later ages, so two specimens were used for 

the later age tests. Nixon (2006) has published all individual strength test results for the cylinders.  

 The strength development of all molded cylinder types are presented in Figure 4-26. Only the first 

7 days are shown to illustrate the difference between the strength development of the field-cured and 

laboratory-cured molded cylinders. The exponential function was used to characterize the strength gain of 

the concrete. Nixon (2006) has documented the characteristic values, Su, β, and τ, along with the R2 value 

for the strength development relationships. 

The average in-place strength and maturity data for the top pullouts are presented in Table 4-8. 

The average in-place strength and maturity data for the side pullouts are presented in Table 4-9. All 

outliers were removed from the data sets. Some of side inserts were damaged during the construction 

process and were unable to be tested, while some of the top inserts could not be tested because of 

problems that occurred with placing the floating inserts in the fresh concrete. These data were not 

included in the overall test results. Nixon (2006) has documented the results for all individual pullout tests.  
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Figure 4-24: Temperature history of the 7-day cores 
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Figure 4-25: Temperature history of the 28-day cores 
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Table 4-6: Lime-saturated water-tank cylinders strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

8 hr 8.1 445 365 22.3 27.5 3,600
12 hr 12.2 649 528 30.9 37.4 4,400
18 hr 18.4 879 699 38.7 45.7 4,690
24 hr 24.2 1,119 877 46.8 54.3 5,070
48 hr 48.5 2,010 1,526 76.2 84.8 5,330
4 day 96.0 3,649 2,690 127.8 137.3 6,170
7 day 168.0 6,181 4,502 208.3 219.6 6,110
28 day 671.3 23,818 17,105 770.8 795.5 7,050

Measured 
Strength    

(psi)

Nurse-Saul Maturity 
(°C •  hours)

Arrhenius Maturity 
(hours)Target 

Age

Concrete 
Age      

(hours)

 
 

 

Table 4-7: Damp-sand-pit cylinder strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

8 hr 8.1 442 362 21.8 26.8 3,600
12 hr 12.2 642 520 30.1 36.2 4,400
18 hr 18.4 858 678 37.1 43.6 4,690
24 hr 24.4 1,103 861 45.5 52.5 4,980
48 hr 48.5 1,967 1,483 73.5 81.4 5,280
4 day 96.0 3,658 2,699 127.9 137.3 5,850
7 day 168.6 6,239 4,555 210.7 222.4 6,190
28 day 671.5 24,445 17,732 802.9 834.8 7,240

Measured 
Strength    

(psi)

Target 
Age

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C •  hours)

Arrhenius Maturity 
(hours)
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Figure 4-26: Concrete strength versus concrete age 

 

 

Table 4-8: In-place top pullout strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

12 hr 12.2 789 668 50.0 67.0 4,540
18 hr 18.4 1185 1002 67.2 95.5 4,960
24 hr 24.1 1469 1231 85.0 110.5 5,500
48 hr 49.2 2471 1979 119.9 147.6 5,790
7 day 167.2 6963 5294 272.0 308.0 6,730
28 day 671.2 25757 18769 900.0 966.5 8,270

Target 
Age

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C •  hours)

Arrhenius Maturity 
(hours)

Pullout 
Compressive 

Strength     
(psi)
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Table 4-9: In-place side pullout strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

12 hr 12.2 767 646 46.0 60.4 4,010
18 hr 18.4 1153 969 72.3 87.3 4,940
24 hr 24.1 1481 1243 85.8 111.3 5,270
48 hr 49.2 2537 2046 124.5 153.8 5,650
7 day 167.2 7025 5357 278.4 317.6 6,140
28 day 671.2 25479 19046 883.9 946.7 6,680

Pullout 
Compressive 

Strength     
(psi)

Target 
Age

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C •  hours)

Arrhenius Maturity 
(hours)

 
 

Average core strength and maturity data are summarized in Tables 4-10 and 4-11. Again all outliers were 

removed from the data set before the data were averaged. Also, one core each from the ASTM C 42 - 7 

day, AASHTO T 24 - 7 day, and AASHTO T 24 - 28 day tests could not be extracted from the girder as 

the vacuum pad could not be properly secured to the top of the girder. Nixon (2006) has documented the 

the individual strength test results, the dimensions of cores, and the coring plan layout. 

 

Table 4-10: In-place ASTM C 42 core strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

7 day 168.5 6,574 4,890 248.8 279.0 5,280
28 day 672.6 25,015 18,198 848.1 898.6 6,090

Arrhenius Maturity 
(hours)

Core 
Compressive 

Strength     
(psi)

Target 
Age

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C •  hours)

 
 

Table 4-11: In-place AASHTO T 24 core strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

7 day 168.7 6,550 4,864 247.6 277.5 5,030
28 day 672.2 24,987 18,172 846.9 897.1 5,910

Arrhenius Maturity 
(hours)

Core 
Compressive 

Strength     
(psi)

Target 
Age

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C •  hours)

 
 

The set of average strength and maturity data for the pullout cubes is presented in Table 4-12. One insert 

was not tested at 18 hours due to the insert being improperly installed in the pullout cube. Two outliers 

were removed from the data set, one at 48 hours and the other at 7 days. Nixon (2006) has documented 

the individual test results for the pullout cubes. 
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Table 4-12: Pullout cube strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

18 hr 19.0 1,052 864 53.1 65.9 5,330
48 hr 49.7 2,184 1,687 90.4 104.7 5,740
7 day 167.7 6,376 4,700 224.9 242.8 7,040

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C •  hours)

Arrhenius Maturity 
(hours)

Pullout Cube 
Compressive 

Strength     
(psi)

Target 
Age

 
 

4.4.4  STRENGTH-MATURITY RELATIONSHIP (S-M RELATIONSHIP) 
S-M relationships were developed as stated in Section 4.3.5.3. The exponential function was used to 

characterize the S-M relationship of the concrete. Nixon (2006) has documented the best-fit Su, β, and 

τ and R2 values. Four different S-M relationships were developed using the Nurse-Saul maturity function 

with To = -10 °C and 0 °C and the Arrhenius maturity function with E = 33,500 J/mol and 40,000 J/mol. 

The strength and maturity data along with corresponding S-M relationships for all molded cylinders using 

the Nurse-Saul maturity function with To = -10 °C and 0 °C are shown in Figures 4-27 and 4-28, 

respectively. The strength and maturity data along with corresponding S-M relationships for all molded 

cylinders using the Arrhenius maturity function with E = 33,500 J/mol and 40,000 J/mol are shown in 

Figures 4-29 and 4-30, respectively.  
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Figure 4-27: S-M relationships using the Nurse-Saul maturity function with To = -10 °C 
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Figure 4-28: S-M relationships using the Nurse-Saul maturity function with To = 0 °C 
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Figure 4-29: S-M relationships using the Arrhenius maturity function with E = 33.5 kJ/mol 
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Figure 4-30: S-M relationships using the Arrhenius maturity function with E = 40 kJ/mol 

 

In accordance with ASTM C 1074 (2004), the S-M relationship should be developed using cylinders that 

were cured under laboratory conditions in accordance with ASTM C 192 (2002). Therefore, the 

laboratory-cured cylinder S-M relationship was graphed with the strength and maturity data for the lime-

saturated water-tank and damp-sand-pit cured cylinders. S-M relationships modified to reflect confidence 

levels of 50%, 75%, and 90% with a 10% defective level were determined and are shown in Figures 4-31 

to 4-34. The strength development at various confidence levels were calculated as explained in Section 

4.3.5.5. For the remainder of the chapter the S-M relationships that were developed from the laboratory-

cured cylinders will be referred to as the “laboratory” S-M relationship. The S-M relationships that were 

developed from the field-cured lime-saturated water-tank cylinders will be referred to as the “water-tank” 

S-M relationship and the S-M relationship that were developed form damp-sand-pit cylinders will be 

referred to as the “sand-pit” S-M relationship. 

S-M relationships developed from the field-cured cylinder were evaluated to determine if they 

would better represent the concrete strengths than the laboratory S-M relationship. S-M relationships 

were developed from both of the field-curing conditions. For the remainder of this chapter when 

discussing both S-M relationships developed from the field-curing conditions, the term “field-cured” S-M 

relationship will be used.  The field-cured S-M relationships are presented elsewhere by Nixon (2006).  
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Figure 4-31: Laboratory S-M relationship with confidence levels (To = -10 °C) 
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Figure 4-32: Laboratory S-M relationship with confidence levels (To = 0 °C) 
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Figure 4-33: Laboratory S-M relationship with confidence levels (E = 33.5 kJ/mol) 
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Figure 4-34: Laboratory S-M relationship with confidence levels (E = 40 kJ/mol) 

 

4.4.5  IN-PLACE STRENGTH GRAPHS 
To evaluate the in-place strength of the mock girder, pullout tests and compressive testing of cores were 

conducted. The strengths and maturities of the tests were graphed against all three S-M relationships, 

developed using results from the three different curing conditions of concrete cylinders. All four maturities 

were evaluated: Nurse-Saul maturity function with To = -10 °C and 0 °C and Arrhenius maturity function 

S-M Relationship from lab-cured cylinders

S-M Relationship from lab-cured cylinders
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with E = 33.5 kJ/mol and 40 kJ/mol. Along with the S-M relationship, strength for confidence levels of 

50%, 75%, and 90% with 10% defect levels were also added to the graphs. The confidence levels for the 

pullouts and cores are different due to the number of specimens and coefficient of variation associated 

with the tests. The laboratory S-M relationships plotted with the average compressive strengths from the 

pullout tests are presented in Figures 4-35 to 4-38. Nixon (2006) has documented the field-cured S-M 

relationships plotted with the average pullout compressive strengths. The laboratory S-M relationships 

with plotted the average compressive strengths of the cores are presented in Figures 4-39 to 4-42. Nixon 

(2006) has documented the field-cured S-M relationships plotted with the cores compressive strength. 

The average at each testing age was plotted, with bar lines showing the minimum and maximum 

compression strength for that testing age. 
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Figure 4-35: Pullout test with laboratory S-M relationship and confidence levels (To = -10 °C) 
 

 

S-M Relationship from lab-cured cylinders



 

102 

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000

0 5,000 10,000 15,000 20,000

Maturity (°C • hours)

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(p

si
)

Pullout Girder Top

Pullout Girder Side

50%      75%      90% Confidence Level

 
Figure 4-36: Pullout test with laboratory S-M relationship and confidence levels  (To = 0 °C) 
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Figure 4-37: Pullout test with laboratory S-M relationship and confidence levels (E = 33.5 kJ/mol) 
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Figure 4-38: Pullout test with laboratory S-M relationship and confidence levels (E = 40 kJ/mol) 
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Figure 4-39: Cores with laboratory S-M relationship and confidence levels (To = -10 °C) 
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Figure 4-40: Cores with laboratory S-M relationship and confidence levels (To = 0 °C) 
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Figure 4-41: Cores with laboratory S-M relationship and confidence levels (E = 33.5 kJ/mol) 
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Figure 4-42: Cores with laboratory S-M relationship and confidence levels (E = 40 kJ/mol) 

 

4.5 ANALYSIS OF RESULTS 

Parameters that were stated in Section 4.3.5 will be used to determine whether the maturity method is an 

accurate and appropriate method to estimate the strength development for prestressed concrete 

applications.  

 

4.5.1  ACCURACY OF VARIOUS MATURITY METHODS 
Before the accuracy of the maturity method could be assessed, the laboratory S-M relationship was 

checked to evaluate the fit of the S-M relationship to the strength and maturity data of the laboratory-

cured cylinders. The percent errors at each testing age and average absolute error for the entire set were 

calculated using the strengths from laboratory S-M relationship that corresponded to the measured 

strengths of the laboratory-cured specimens at the same maturity. Results of this process are presented 

in Table 4-13. The percent errors were calculated using Equation 4-1 and the average absolute errors 

were calculated using Equation 4-2. Nixon (2006) has documented the strengths from the laboratory S-M 

relationship that correspond to the laboratory-cured cylinders strengths. If the percent error is negative, 

then the maturity method underestimates the strength, which is considered conservative. If the error is 

positive, then the maturity method overestimates the strength. As long as the maturity method did not 

overestimate the strength by more than 10%, then the maturity method were considered accurate for 

estimating the strength of the molded cylinders. 

 

S-M Relationship from lab-cured cylinders
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Table 4-13: Evaluation of the errors of the laboratory S-M relationship for the laboratory-cured 

cylinders 

To = -10 °C To = 0 °C E = 40    
kJ/mol

E = 33.5 
kJ/mol

11.9 7% 6% 6% 6%
20.4 -6% -6% -5% -6%
33.7 -4% -4% -4% -4%
42.2 1% 1% 1% 1%
66.1 2% 2% 2% 2%
95.3 1% 1% 1% 1%
168.2 2% 2% 2% 2%
671.9 -2% -1% -1% -1%

192 187 175 182

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measured strength

Pe
rc

en
t E

rr
or

s

Average Absolute 
Error (psi)

Nurse-Saul Function Arrhenius FunctionConcrete 
Age   

(hours)

 
 

When examining the average absolute error for the set of laboratory cylinders, the average absolute error 

ranged from 175 to 192 psi for all four maturity methods. The largest percent error was 7%. Since the 

average absolute errors were below 200 psi and the percent errors were less than 10%, the laboratory S-

M relationships were considered to fit the laboratory-cured cylinder data very well. 

ASTM C 1074 (2004) recommends that the S-M relationship be created with cylinders cured in 

laboratory conditions. The average absolute errors and percent errors at each testing age were calculated 

to compare the estimated strength from the laboratory-cured specimens to the measured strength of the 

field-cured cylinders. The percent error and average absolute errors are presented in Table 4-14. Nixon 

(2006) has documented the estimated strengths from the laboratory S-M relationship for both sets of field-

cured cylinders. The estimated strength from the laboratory S-M relationship versus the corresponding 

measured strengths for the field-cured cylinders are presented in Figures 4-43 to 4-46. A 45°-line was 

plotted on the graphs to illustrate the condition for which the estimated strengths and measured strengths 

are equal. In addition, ± 10% and ± 20% error lines are added to the plots to show the magnitude of the 

error.  

 When the different datum temperatures were evaluated for the Nurse-Saul maturity function, the 

average absolute error was contained in a range from 348 to 437 psi. The average absolute error for the 

Nurse-Saul maturity function with datum temperature of 0 °C was slightly lower than the datum 

temperature of -10 °C, but not by much. The Arrhenius maturity function had the lowest average absolute 

errors for both the damp-sand-pit and water-tank data. The average absolute error for the Arrhenius 

maturity function with E = 40 kJ/mol was only about 20 psi less than that with E = 33.5 kJ/mol, which is 
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not a great enough difference to indicate that one activation energy is “better” than the other. In summary, 

the laboratory S-M relationship using Arrhenius maturity functions estimated the strength of the field-

cured cylinders more accurately than the Nurse-Saul maturity function. 

 

 

Table 4-14: Percent errors and average absolute errors for field-cured cylinder data using laboratory 

S-M relationships 

To = -10 °C To = 0 °C E = 40    
kJ/mol

E = 33.5 
kJ/mol

8.1 -10% -7% 7% 2%
12.2 -13% -12% -1% -5%
18.4 -10% -9% -1% -4%
24.2 -10% -9% -4% -6%
48.5 -2% -1% 1% 0%
96.0 -6% -6% -5% -5%

168.0 2% 2% 3% 2%
671.3 -2% -2% -2% -2%

437 387 208 230

8.1 -10% -8% 6% 1%
12.2 -14% -12% -3% -6%
18.4 -10% -9% -3% -5%
24.4 -9% -8% -3% -5%
48.5 -1% -1% 1% 0%
96.0 -1% 0% 1% 0%

168.6 1% 1% 1% 1%
671.5 -4% -4% -4% -4%

395 348 182 202

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measured strength
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Figure 4-43: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using 

the Nurse-Saul maturity function (To = -10 °C)  
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Figure 4-44: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using 

the Nurse-Saul maturity function (To = 0 °C)  
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Figure 4-45: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using 

the Arrhenius maturity function (E = 33.5 kJ/mol)  
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Figure 4-46: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using 

the Arrhenius maturity function (E = 40 kJ/mol)  
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General trends can be identified by examining the 45°-line graphs and the percent errors given in 

Table 4-14. These show that the Arrhenius maturity functions tend to give a better estimation of the 

strength than the Nurse-Saul maturity functions. At early ages, the Nurse-Saul maturity function with a 

datum temperature of -10 °C underestimated the strength of the field-cured concrete by 10% or more. 

The datum temperature of 0 °C did underestimate the strength of the concrete but stayed within the 10% 

required with the exception of the 12-hour testing age. However, the Arrhenius maturity function for the 

laboratory S-M relationship estimates all three sets of cylinders within ±10%, which indicates that the 

Arrhenius maturity function estimates the early-age strengths better than the Nurse-Saul maturity 

function. 

In summary, the Arrhenius maturity method works well for estimating the cylinder strength for the 

different curing methods. The activation energy 40 kJ/mol was the most accurate activation energy 

evaluated, although the activation energy of 33.5 kJ/mol was also accurate for estimating the strength. As 

for the Nurse-Saul maturity method, the datum temperature of -10 °C was not as accurate for estimating 

the strength of the field-cured specimens as the datum temperature of 0 °C. Only one testing age was not 

within the 10% range for the datum temperature of 0 °C. At this testing age, the strength of the concrete 

was underestimated, which is conservative and considered acceptable. 

 

4.5.2  ACCURACY OF THE PULLOUT TABLE PROVIDED BY LOK-TEST SUPPLIER 
Once the S-M relationships were evaluated and determined to provide accurate strength estimations, the 

in-place tests were evaluated. To determine if the pullout table supplied by Germann Instruments is 

accurate, the pullout cube data were analyzed as stated in Section 4.1.1.2. The pullout cubes were cured 

in the lime-saturated water-tank; therefore, compressive strengths that correlated to the pullout force from 

the pullout test tables were compared to the estimated strength from the water-tank S-M relationship at 

the same maturity. Since the Arrhenius maturity function with E = 40 kJ/mol and the Nurse-Saul maturity 

function with To = 0 °C were found to be more accurate from Section 4.5.1, these two S-M relationships 

were used to evaluate the pullout table.  

The estimated cylinder strengths from the water-tank S-M relationship and measured strengths 

from the pullout tables for the pullout cubes are presented elsewhere by Nixon (2006). The percent errors 

calculated for the pullout cubes are presented in Table 4-15. In addition, the 45°-line graphs showing the 

cylinder strength estimated by the water-tank S-M relationship versus the strength from the pullout 

correlation table are presented in Figure 4-47 to 4-48. 45°-line was added to the graph with 15% error 

lines. The other two 45°-line graphs for the Nurse-Saul maturity function with To = -10 °C and Arrhenius 

maturity function with E = 33.5 kJ/mol are shown elsewhere by Nixon (2006). 

As stated in Section 4.3.5.5, if the pullout cubes exhibited a percent error of more than 15%, then 

the correlation table was considered invalid. When examining the percent errors for the pullout correlation 

table, none of the test ages showed errors greater than 15% for any of the four different water-tank S-M 

relationships. The largest percent error that occurred was 12%. Therefore, the correlation table was 

considered accurate for this concrete mixture and these strength levels. More testing will be conducted on 
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the pullout cubes in other research phases to develop additional confidence in the use of the pullout 

correlation table. 

 

 

Table 4-15: Percent error for pullout cube strength from water-tank S-M relationship 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

19.0 12% 11% 7% 5%
49.7 5% 5% 3% 2%
167.7 11% 11% 10% 10%

Concrete 
Age      

(hours)

Nurse-Saul Function Arrhenius Function
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Figure 4-47: 45°-line graph to evaluate the pullout table using estimated strength from water-tank S-M 

relationship using the Nurse-Saul maturity function (To = 0 °C) 
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Figure 4-48: 45°-line graph to evaluate the pullout table using estimated strength from water-tank S-M 

relationship using the Arrhenius maturity function (E = 40 kJ/mol) 

 

4.5.3  ACCURACY OF THE MATURITY METHOD TO ASSESS  IN-PLACE STRENGTH 
Once the S-M relationships and the pullout table were concluded to be accurate, the evaluation of the in-

place strength test was started. The in-place strength was quantified using the pullout test and 

compression testing of cores extracted from the mock girder. The acceptance criteria of 15% error was 

used, as stated in Section 4.3.5.5, for evaluating both testing methods. If the percent error differed by 

more than 15%, the maturity method was considered inaccurate to estimate the in-place strength.  

 

4.5.3.1 ASSESSING THE ESTIMATED IN-PLACE STRENGTHS FOR THE PULLOUT TEST 
First, the estimated strength from the laboratory S-M relationship was evaluated for the pullout 

test. Percent errors between the measured pullout strength and estimated strength from the laboratory S-

M relationship are presented in Table 4-16. The average absolute percent error (Equation 4-3) was also 

calculated for the estimated in-place strength using the maturity method. The average absolute percent 

errors are located at the bottom of Table 4-16. Nixon (2006) has documented  the estimated pullout 

strengths from the laboratory S-M relationship for the individual pullout testing age. The 45°-line graphs 

that compare the measured pullout compressive strength to the estimated strength from the laboratory S-

M relationship are shown in Figures 4-49 and 4-50. Graphs for the Nurse-Saul maturity function with To =    

0 °C and Arrhenius maturity function with E = 40 kJ/mol are both shown in this section. The 45°-line and 

15% error lines were added to the figures to help assess the accuracy of the maturity functions. The other 

45°-line graphs showing the Nurse-Saul maturity function with To = -10 °C and Arrhenius maturity function 

with E = 33.5 kJ/mol are presented elsewhere by Nixon (2006). 
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Table 4-16: Errors for pullout test using laboratory S-M relationship 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

Top -10% -7% 13% 7%
Side 1% 4% 25% 18%
Top -7% -4% 11% 7%
Side -7% -4% 10% 5%
Top -11% -9% 3% 1%
Side -7% -5% 8% 4%
Top -6% -4% 3% 0%
Side -3% -2% 6% 3%
Top -6% -6% -4% -4%
Side 3% 3% 6% 5%
Top -16% -16% -15% -15%
Side 4% 4% 5% 4%

Top 9% 8% 8% 6%

Side 4% 4% 10% 7%

Pe
rc

en
t D

iff
er

en
ce

Average 
Absolute % 

Error

Insert 
Location

Arrhenius FunctionNurse-Saul Function

12.2

18.4

24.1

Concrete 
Age        

(hours)

49.2

167.2

671.2
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Figure 4-49: 45°-line graph for estimating the strength of pullout test on the mock girder using laboratory 

S-M relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 4-50: 45°-line graph for estimating the strength of pullout test on the mock girder using laboratory 

S-M relationship with Arrhenius maturity function (E = 40 kJ/mol) 

 

When examining the percent errors for the pullout test using the laboratory S-M relationship, most of the 

errors are within 15%. However, the 28-day top pullout test exceeded the 15% criteria for all the maturity 

methods used, but not by much. This error can be attributed to multiple factors, but probably should not 

be considered as unacceptable because the side pullouts all lie with a 5% error for the Nurse-Saul 

maturity function. The higher error can possibly be attributed to the fact that only four inserts were tested 

at this age for the top because one of the inserts could not be tested due to an improper installation of the 

insert. Since the maturity method is especially useful to estimate early-age concrete strength, the 

accuracy of the method up to the equivalent age of 7 days is of more importance.  

When only the data up to 7 days are considered, the maximum error is only 11% for the Nurse-

Saul maturity function. This error is very reasonable. When evaluating the average absolute percent error, 

the difference between the two datum temperatures for the Nurse-Saul maturity method is very small. No 

definitive conclusion can be made on which datum temperature is better based on the average absolute 

percent errors. However, it should be noted that the range for the percent error for the datum temperature 

of 0 °C never exceeds 10% for the first 7 days whereas the datum temperature of -10 °C has a percent 

error of -11% for the 24-hour test.  

The only errors that were not within the 15% range, besides the 28-day top pullout test, were the 

Arrhenius maturity function errors for the side pullout tests at the age of 12 hours. The error was 

overestimated by 25% and 18%, these errors but only occurred for the Arrhenius maturity function, 

whereas the Nurse-Saul maturity function estimated the strength very well with the error staying below 

5%. When considering the early-age estimation of strength, the Arrhenius maturity function with E = 40 
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kJ/mol estimated the in-place strength the worst. The average absolute percent errors for E = 33.5 kJ/mol 

were 6% and 7% for the top and side pullout test, respectively, whereas the average absolute percent 

errors for E = 40 kJ/mol were 8% and 10%. These errors indicate that the activation energy of 33.5 kJ/mol 

estimates the in-place strength more accurately.  

The Nurse-Saul maturity function was the most accurate function for estimating the in-place 

strength using the laboratory S-M relationship. The Nurse-Saul maturity function with To = 0 °C predicted 

the in-place strength slightly better than To = -10 °C. The Arrhenius maturity function with E = 33.5 kJ/mol 

also estimated the in-place strengths fairly well with the exception of the 12-hour side pullout test.  

Next, the in-place strengths were evaluated using the water-tank and sand-pit S-M relationships. 

The percent errors and average absolute percent errors are presented in Table 4-17 for the water-tank S-

M relationship. The 45°-line graphs that show the measured in-place compressive strengths and the 

estimated strengths from the water-tank S-M maturity relationship are presented in Figures 4-51 to 4-52. 

Graphs for the Nurse-Saul maturity function with To = 0 °C and Arrhenius maturity function with E = 40 

kJ/mol are presented in this section. The other graphs for estimating the strength with the water-tank S-M 

relationship with the Nurse-Saul maturity function with To = -10 °C and Arrhenius maturity function with    

E = 33.5 kJ/mol are presented elsewhere by Nixon (2006). Nixon (2006) has documented the estimated 

pullout compressive strengths from the water-tank and sand-pit S-M relationships. 

 

Table 4-17: Percent errors for pullout test using water-tank S-M relationship 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

Top -1% 0% 13% 8%
Side 11% 13% 25% 20%
Top -1% 0% 12% 8%
Side -2% 0% 10% 7%
Top -7% -6% 4% 0%
Side -3% -1% 8% 5%
Top -4% -3% 3% 1%
Side -1% 0% 6% 4%
Top -5% -4% -2% -3%
Side 4% 5% 8% 7%
Top -13% -13% -13% -13%
Side 7% 7% 8% 8%

Top 5% 4% 8% 6%

Side 5% 4% 11% 8%

Average 
Absolute % 

Error

Pe
rc

en
t D

iff
er

en
ce

Insert 
Location

Nurse-Saul Function Arrhenius Function

49.2

167.2

12.2

Concrete 
Age        

(hours)

671.2

18.4

24.1
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Figure 4-51: 45°-line graph for estimating the strength of pullout test on the mock girder using water-tank 

S-M relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 4-52: 45°-line graph for estimating the strength of pullout test on the mock girder using water-tank 

S-M relationship with Arrhenius maturity function (E = 40 kJ/mol) 
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The sand-pit percent errors and average absolute errors are listed in Table 4-18. Graphs showing the 

45°-line for the estimated pullout strength from the sand-pit S-M relationship versus the measured 

strength from the in-place pullout testing are presented in Figures 4-53 and 4-54. The Nurse-Saul 

maturity method with To = 0 °C is presented in Figure 4-53, and the Arrhenius maturity function with E = 

40 kJ/mol is presented in Figure 4-54. The other Nurse-Saul maturity function with To = -10 °C and the 

Arrhenius maturity function with E = 33.5 kJ/mol are presented elsewhere by Nixon (2006). 

 

Table 4-18: Percent errors for pullout test using sand-pit S-M relationship 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

Top 0% 1% 15% 10%
Side 12% 13% 26% 22%
Top 1% 2% 14% 10%
Side 0% 2% 12% 9%
Top -5% -4% 5% 2%
Side -1% 1% 10% 7%
Top -2% -1% 5% 3%
Side 1% 2% 8% 6%
Top -5% -4% -2% -3%
Side 5% 5% 7% 7%
Top -16% -16% -15% -16%
Side 4% 4% 4% 4%

Top 5% 5% 9% 7%

Side 4% 5% 11% 9%

Pe
rc

en
t D

iff
er

en
ce

Average 
Absolute % 

Error

Insert 
Location

Nurse-Saul Function Arrhenius FunctionConcrete 
Age        

(hours)

12.2

18.4

24.1

49.2

167.2

671.2

 
 

When examining the percent errors and 45°-line graphs for all the S-M relationships, one of the trends 

that was evident was that the 28-day top pullout strengths were underestimated for all S-M relationships, 

while all the side pullout strengths were estimated fairly accurately. The percent errors for the 28-day top 

pullout strength ranged between –13% to -16%. The same trend also occurred in the percent errors when 

the pullout strength was estimated from the laboratory S-M relationship. This high percentage error and 

the fact that the side pullout was well estimated indicate that the test results recorded for the 28-day top 

pullout might have been collected or recorded wrongly. Due to the inaccuracy shown for the 28-day top 

pullout test and the fact that the maturity method is mainly used for early-age strengths, the 28-day top 

pullout test results will not be considered in analyzing the accuracy of the maturity method.  
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Figure 4-53: 45°-line graph for estimating the strength of pullout test on the mock girder using sand-pit S-

M relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 4-54: 45°-line graph for estimating the strength of pullout test on the mock girder using sand-pit S-

M relationship with Arrhenius maturity function (E = 40 kJ/mol) 

 

The Nurse-Saul maturity function for the water-tank S-M relationship tended to estimate the in-place 

strength most accurately. For this method, all the percent errors, for testing up to 7 days, ranged from -7% 
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to 13%. A clear distinction on which datum temperature gave more accurate results could not be 

concluded, due to the small difference in percent error between the two. The small average absolute 

percent error also indicates that both datum temperatures estimated the strength very accurately. The 

average absolute percent error was only 4% and 5% for both datum temperatures.  

When all the water-tank S-M relationships were considered, all of the percent errors were within 

the 15% range, with the exception of the Arrhenius maturity function side pullout test estimates. 

Generally, the activation energies for Arrhenius maturity functions using the water-tank S-M relationship 

overestimated the strength for the 12 hour test by more than 15%. On the other hand, both the Nurse-

Saul maturity functions overestimated the strength by no more than 13% for all the tests. In addition, the 

average absolute percent error for the Arrhenius maturity function was higher than the Nurse-Saul 

maturity function. In general, for the water-tank S-M relationships, the Nurse-Saul maturity functions were 

the most accurate for estimating the in-place pullout strength.  

The same trends that occurred in the water-tank S-M relationship occurred in the sand-pit S-M 

relationship. Most of the percent errors lay within 15%, with the exception of the 28-day top pullout test for 

all maturity functions and the 12-hour side pullout test for the Arrhenius maturity functions. Again, the 

Nurse-Saul maturity function was the most accurate S-M relationship. For the first seven days, the 

percent errors for this function ranged from -5% to 13%. The difference between To = 0 °C and To = -10 

°C was very small, and it could not be determined which datum temperature provided the most accurate 

estimate. As for the Arrhenius maturity function, E = 33.5 kJ/mol was more accurate than E = 40 kJ/mol. 

With the exception of the 12-hour test, the percent errors for the first 7 days of the Arrhenius maturity 

function with E = 33.5 kJ/mol were 10% or less, whereas the percent errors for the first seven days of the 

E = 40 kJ/mol function were as high as 15%. 

Generally, both field-cured S-M relationships using the Nurse-Saul maturity function tended to 

estimate the strength very well. The Arrhenius maturity function using E = 33.5 kJ/mol was the better of 

the two activation energies being evaluated. When determining which curing method was the most 

accurate, the average absolute percent error was used. There was very little difference between the two 

field-curing methods. However, for the Nurse-Saul maturity function, the average absolute percent error 

was smaller for the two field-cured S-M relationships than for the laboratory S-M relationship. The 

average absolute percent error was 4% to 5% for the field-curing condition versus 4% to 9% for the 

laboratory-curing condition. This indicates that the field-curing condition estimates the in-place strength 

more accurately for the Nurse-Saul maturity function. For the Arrhenius maturity function, the average 

absolute error was 7% to 11% for the field-curing condition, and 6% to 11% for the laboratory-curing 

condition. No definitive conclusion can be made on whether the field or laboratory-curing condition 

estimated the in-place strength more accurately for the Arrhenius maturity function.  

In summary, the in-place strength for the pullout test was estimated accurately with the Nurse-

Saul maturity function. The maturity function of Nurse-Saul using To = 0 °C was the slightly better maturity 

function for estimating the in-place strength. The Arrhenius maturity function with E = 33.5 kJ/mol was 

also a good maturity function for estimating the in-place strength. As for the comparison of the different S-

M relationships, the data support the conclusion that the water-tank and sand-pit S-M relationships 
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provided the most representative strength-maturity data for estimating the in-place strength. The 

estimated strengths from laboratory S-M relationship are within the acceptable tolerance, but the 

estimated strengths from the field-cured S-M relationships were slightly more accurate. It should be noted 

that there was no cross-over effect which was not expected, and therefore both laboratory and field cured 

S-M relationships were accurate at estimating the in-place strength. A further evaluation of whether the 

field-cured S-M relationship will estimate the in-place strength more accurately than the laboratory S-M 

relationship will be conducted in the bridge deck project. 

 

4.5.3.2 Assessing the Estimated In-Place Strengths for the Testing of Cores 
Next, the accuracy of the maturity method for estimating the compressive strength of cores was 

evaluated. As stated in Section 2.8.3, the compressive strengths of cores have been a debated testing 

method because cores tend to exhibit lower strengths than the in-place concrete strength (Bloem 1965). 

Nixon (2006) has documented all estimated strengths for the compressive strengths of the cores from the 

four maturity methods and three curing methods.  

The percent errors and average absolute percent errors for the core strength data using the 

laboratory S-M relationship are presented in Table 4-19. The 45°-line graphs showing the estimated 

strength versus the measured strength for the Nurse-Saul maturity function with To = 0 °C and Arrhenius 

maturity function with E = 40 kJ/mol are presented in Figures 4-55 and 4-56. The maturity method using 

these S-M relationships overestimated the core strength by 14% to 28%. These results may indicate that 

the strength of the cores were low as compared to the pullout test results. 

 

Table 4-19: Percent errors for core test using laboratory S-M relationship 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

ASTM C 42 19% 17% 22% 21%
AASHTO T 24 24% 23% 28% 27%

ASTM C 42 14% 14% 15% 14%
AASHTO T 24 17% 18% 18% 18%

ASTM C 43 16% 15% 18% 17%

AASHTO T 25 21% 20% 23% 22%

Pe
rc

en
t 

D
iff

er
en

ce

Average 
Absolute % 

Error

Arrhenius FunctionConcrete 
Age 

(Days)
Curing Method

Nurse-Saul Function

7.0

28.0

 
 

All of the strengths of the cores are overestimated by the maturity method. The Nurse-Saul maturity 

function tended to estimate the strengths better than the Arrhenius maturity function for the 7-day test. 

The percent error ranged from 17% to 24% for the Nurse-Saul maturity function and 21% to 28% for the 

Arrhenius maturity function. As for the 28-day test, the percent errors ranged from 14% to 18% for both 

maturity functions. The average absolute percent error was about the same for the different maturity 

functions. 
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Figure 4-55: 45°-line graph for estimating the strength of cores for the mock girder using laboratory S-M 

relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 4-56: 45°-line graph for estimating the strength of cores for the mock girder using laboratory S-M 

relationship with Arrhenius maturity function  (E = 40 kJ/mol) 
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The strength data of the cores were also compared to the estimated strengths from the water-tank and 

sand-pit S-M relationships to see if they would provide a better estimate of in-place strength.  The percent 

errors for the water-tank and sand-pit S-M relationships are presented in Tables 4-20 and 4-21. The 45°-

line graphs showing the measured strengths and estimated strengths from the water-tank and sand-pit S-

M relationships are presented in Figures 4-57 to 4-60.  The Nurse-Saul maturity function with To = 0 °C 

and Arrhenius maturity function with E = 40 kJ/mol are presented in this section.  The Nurse-Saul maturity 

function with To = -10 °C and Arrhenius maturity function with E = 33.5 kJ/mol are presented elsewhere by 

Nixon (2006). 

Table 4-20: Percent errors for core test using water-tank S-M relationship 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

ASTM C 42 20% 18% 23% 22%
AASHTO T 24 26% 25% 29% 28%

ASTM C 42 18% 18% 18% 18%
AASHTO T 24 21% 21% 22% 21%

ASTM C 43 19% 18% 21% 20%

AASHTO T 25 24% 23% 26% 25%

Pe
rc

en
t 

D
iff

er
en

ce

Arrhenius Function

7.0

28.0

Average 
Absolute % 

Error

Nurse-Saul FunctionConcrete 
Age 

(Days)
Curing Method

 
 

Table 4-21: Percent errors for core test using sand-pit  S-M relationship 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

ASTM C 42 21% 19% 23% 23%
AASHTO T 24 27% 25% 30% 29%

ASTM C 42 14% 14% 15% 14%
AASHTO T 24 18% 18% 18% 18%

ASTM C 43 18% 17% 19% 19%

AASHTO T 25 22% 22% 24% 23%

Pe
rc

en
t 

D
iff

er
en

ce

Average 
Absolute % 

Error

Nurse-Saul Function Arrhenius FunctionConcrete 
Age 

(Days)

7.0

28.0

Curing Method

 
 

Again, the same trends that occurred in the 45°-line graphs for laboratory results can be identified for the 

water-tank and sand-pit plots. All of the percent errors were greater than 15%, except for some of the 28-

day results of the ASTM C 42 curing method for the strengths estimated from the sand-pit S-M 

relationship.  The Nurse-Saul maturity function estimated the strength a little better than the Arrhenius 

maturity function for the 7 day testing age. For the Nurse-Saul maturity function, the percent errors 

ranged from 19% to 27% for the strengths estimated from the sand-pit S-M relationship and 18% to 26% 

for the 7-day strengths estimated from water-tank S-M relationship. For the Arrhenius maturity function, 

the percent errors ranged from 23% to 30% for the 7-day strengths estimated from the sand-pit S-M 
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relationship and 22% to 29% for the 7-day strengths estimated from water-tank S-M relationship. As for 

the 28-day testing age there was very little difference in the percent errors of the Arrhenius maturity 

function and Nurse-Saul maturity function.  
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Figure 4-57: 45°-line graph for estimating the strength of cores for the mock girder using water-tank S-M 

relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 4-58: 45°-line graph for estimating the strength of cores for the mock girder using water-tank S-M 

relationship with Arrhenius maturity function (E = 40 kJ/mol) 
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Figure 4-59: 45°-line graph for estimating the strength of cores for the mock girder using sand-pit S-M 

relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 4-60: 45°-line graph for estimating the strength of cores for the mock girder using sand-pit S-M 

relationship with Arrhenius maturity function (E = 40 kJ/mol) 
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As for the differences in the two core curing methods, the strength differences were minimal and both 

curing methods consistently significantly overestimated the core strength. The maturity method did not 

estimate the core strength accurately for any of the curing methods. The discrepancies between the core 

strengths and the pullout test results tend to indicate that the core strengths were most likely lower than 

the actually in-place strength, and that this does not mean that the maturity method did not work well for 

estimating the in-place strength. 

A comparison of the compression strength of the pullout test to the cores can be seen in Figure 4-

61. The 7- and 28-day testing ages are shown for both tests.  The maturities for the pullout test and cores 

were not exactly the same but were within 10% of one another.  The results of the compression testing of 

the cores did not correspond well to the compression strengths of the pullout test at the same ages. The 

core strengths were an average approximately 1,000 psi lower for the 7-day test and approximately 1,300 

psi lower for the 28-day test. 

When evaluating the average absolute percent errors, the ASTM C 42 curing method tended to 

have a lower error by 4% to 5% than the AASHTO T 24 curing method. The ASTM C 42 method and 

AASHTO T 24 curing methods do not show enough evidence to conclude which method is more 

accurate. In fact, the strengths for the two different curing methods were very close, which can be seen in 

Figures 4-55 and 4-56.  
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Figure 4-61: Compressive strength from the pullout test versus the cores for the 7- and 28-day testing 

ages 
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4.5.3.3 SUMMARY OF ACCURACY OF IN-PLACE STRENGTH PREDICTIONS 
In summary, the maturity method provided accurate estimates of the in-place strength as 

measured by pullout testing. The compressive strengths of the cores were not estimated well by any of 

the maturity methods evaluated. This inaccuracy was probably due to the fact that the core strengths 

were low compared to the pullout test. The results are in agreement with the findings of other researchers 

who state that cores do not provide an accurate assessment of in-place strength. Therefore, the 

inaccuracy of the maturity method for assessing the strength of cores was discounted when evaluating 

the ability of the maturity method to estimate the in-place strength of the concrete.  

 

4.5.4  EVALUATION OF THE TESTING SCHEDULE  
When developing the testing schedule for the molded cylinders for the prestressed girder project, many 

test ages were employed because there was an uncertainty of how many ages were needed to capture 

the strength development of concrete made with Type III cement. Ideally, the number of testing ages 

should be the minimum number that will capture the strength development of the concrete. Since the 

field-cured S-M relationships were more accurate relationships for estimating the in-place strength, the 

testing schedule that was used for the field-cured specimens was evaluated.  

In order to capture the strength development of the concrete, a minimum of two testing ages 

should fall on the initial slope of the strength development curve. Also at least one of the testing ages 

should be in the area of the curve were the strength development starts to transition from a high rate of 

strength development to the slower rate. One of the testing ages should be around 7 days because the 

maturity method is usually only used to provide early-age strength estimates. Finally, a 28-day test should 

be performed for two reasons: (1) to help obtain an estimate of the ultimate strength (Su) needed for the 

exponential function, and (2) to ensure that the concrete produced for the strength-maturity relationship 

meets the 28-day strength requirements of the concrete for precast prestressed girder operations.  

The testing schedule that was established for the prestressed girder field study included tests at 

8, 12, 18, and 24 hours and 2, 4, 7 and 28 days. The strength development of the concrete used for the 

prestressed field project and the testing schedule can be seen in Figure 4-62. 

Another earlier testing age before the first 8 hour test could have been conducted to better 

capture the initial strength development. Therefore, it is recommended that a testing age of 6 hours, 

instead of 8-hours, be used to help capture the initial strength gain of the concrete. As for the next three 

testing ages, 12, 18, and 24 hours, only two of these testing ages are needed since strengths are fairly 

close to one another. On average, the release of the prestressed strands was conducted at about 18 

hours at the Sherman Prestress plant. It would be beneficial for the testing ages to bracket the release 

time. The strength and maturity data that would be collected at these ages would help when using the 

strength-maturity relationship to estimate the concrete strength. Inclusion of a test age in the transition 

area from the initial strength development to the slower strength development at day 2 or 3 would be 

adequate. The test age at 4 days seem to be too far from the transitional point to be beneficial. Finally, 

the 7 and 28 day testing ages should be conducted to help define the strength plateau of the concrete. 

Therefore, the final recommended testing schedule for the precast prestressed operations is to test at 6, 
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12, and 24 hours, and 3, 7, and 28 days. These ages correspond to equivalent ages of 8, 40, and 83 

hours, and 5, 9, and 30 days when E = 33.5 kJ/mol is used to compute the equivalent age with the 

assumed temperature history.  
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Figure 4-62: Evaluation of the testing ages for the prestressed girder project 

 

4.5.5  EVALUATION OF THE MATURITY METHOD WITH CONFIDENCE LEVELS 
The strengths of the concrete for the cylinders, pullout tests, and core strength tests relating to several 

confidence levels were calculated for each type of test result using the coefficients of variation and the K 

values in Table 2-4 that corresponded to the number of tests being performed. The estimated strengths at 

confidence levels of 50%, 75%, and 90% were calculated as stated in Section 4.3.5.5. Confidence levels 

only need to be considered if critical construction sequence requires that a specific strength be reached 

before proceeding with further construction. The more critical the concrete process, the higher the 

required confidence level.  

The prestressed girder construction process is usually controlled by the tensioning and release of 

the strands. A specific concrete strength is required before the strands can be cut and the prestressed 

force transferred to the concrete. ALDOT Standard Specification (2002) requires that when the average 

strength of two cylinders reaches the specified strength, the prestressed strand can be cut. This means 

that prestressed concrete plants use an average strength, which corresponds to a 50% confidence level 

with a defective level equal to 50%, not the 10% from which the f’c data is determined.  

Consideration of confidence levels with a 10% defect level ensures that 90% of the strengths 

estimated with the maturity method tested are above the required strength at the applied confidence level. 

Therefore, when the strength estimated with the maturity method is verified, there will be a 90% chance 
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that the specified strength is reached. When examining the confidence level S-M relationships (Figures 4-

31 to 4-42) for the in-place pullout strength data, the confidence level of 50% seems adequate to ensure 

that the measured concrete strengths fall above the S-M relationship. Since prestressed girder production 

has a high degree of control, it is not surprising that the measured test results were very close to the 

original S-M relationship developed from the average of the both the laboratory and field-cured cylinders. 

Not all the strength test results were above the S-M relationship developed for a 50% confidence level, 

but most of the results were. Use of a 75% confidence level would require the fabricator to wait additional 

time to guarantee that a certain strength be achieved, which could result in delays in the production 

process. One possible reason that most concrete strengths fell above the 50% confidence level is that all 

the concrete tested was from one batch of concrete and it would be expected that this condition would 

result in a low variability. 

It is recommended that the 50% confidence level S-M relationship be used to estimate the 

strength of concrete used for prestressed precast girders. An example of this estimation process is 

illustrated in Figure 4-63. If the specified strength at transfer of prestressed force was 4,400 psi, then the 

verification test would be preformed at a maturity index of 675 °C • hours. Testing at this maturity value 

would ensure that the estimated strength of 4,400 psi corresponds to a 10% defect level, so that there is 

a 90% chance the estimated strength should be above 4,400 psi.   
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Figure 4-63: 50% confidence level S-M relationship for the prestressed girder project 

 

4.5.6  EVALUATION OF THE TEMPERATURE PROFILE OF THE MOCK GIRDER 
One of the objectives of the prestressed field project was to evaluate the most appropriate locations for 

installation of temperature sensors. To determine the potential locations for the temperature sensors, two 

of factors were considered. The first factor depends on the possibility that in-place testing will be 

50% confidence level at 
10% defect level 

675 
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performed along with the use of the maturity method. To properly use the maturity method, the 

temperature sensors should be installed near the location where the in-place testing will be conducted. 

This ensures that the most representative temperature history will be used for maturity calculations at 

locations of in-place testing. 

If the maturity method is to be used with concrete cylinders to verify the estimated strength, then 

the location of the temperature probe will be critical. Figure 4-64 shows the temperature variation that can 

occur within a typical cross section in the girder. 
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Figure 4-64: Concrete temperature histories of iButton Tree 4 

 

As shown in Figure 4-64, the temperature variation changes the most throughout the cross-section at 

early ages when most of the heat of hydration is being released. Only the early-age temperature should 

be considered when selecting the most appropriate location for the temperature sensors. The centers of 

the bottom and top flanges (Locations B and H) have the highest temperatures, whereas the lowest 

temperatures occur at the outside of the bottom flange at Locations I and J. Most of the prestressed 

strands are located in the bottom flange; therefore, the concrete strength is most critical in the bottom 

flange when the prestressed force is transferred. Under these conditions, a temperature sensor should be 

placed at the location where the minimum temperature occurs at early ages. This would be on the stirrup 

close to the surface of the bottom flange. By placing the temperature sensors at the surface of the bottom 

flange, the sensor will also be out of the way of all of the prestressed strands, ensuring that the probe 

does not interfere with the bond of the prestressed strands. 
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The other consideration is location along the length of girder since temperature varies along the 

length of the girder. The temperature profile along the length of the girder close to the surface of the top 

flange (Location C) can be seen in Figure 4-65. The center of the girder has the highest temperature and 

the ends of the girder have the lowest temperatures, which is to be expected. So again, the maturity 

temperature sensors should be placed in the ends of the girder on the stirrup close to the surface of the 

bottom flange. By placing the temperature sensor in that location, the temperature sensor will capture the 

slowest strength develop since the lowest temperatures are in this region. In addition, the temperature 

sensors will be out of the way of most of the critical sections in the girder. Nixon (2006) has documented 

the remainder of the temperature profiles. 
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Figure 4-65: Temperature profile along the girder at location C 

 

When placing temperature sensors in a prestressed element, sensors should not be in direct contact with 

reinforcement. The reinforcement temperature may affect the actual concrete temperature. A material that 

does not conduct heat can be used to shield the temperature sensor from the reinforcement. The 

temperature sensor should be secured to stirrups and not to the prestressed strands to ensure that the 

sensors do not interfere with the bond between the strands and the concrete. It is recommended that the 

temperature sensor used for the maturity method should be placed in the end of the girder at the outside 

of the bottom flange where the minimum temperatures were found in this project.   
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4.6 SUMMARY AND CONCLUSIONS 

Overall, the maturity method reflected the concrete strength accurately for the prestressed girder field 

project. The objectives stated in Section 4.1 were accomplished. The S-M relationships developed using 

cylinders cured in laboratory and field conditions all accurately estimated the concrete strength. Four 

different maturity methods were evaluated: Nurse-Saul maturity function with datum temperatures of -10 

°C and 0 °C, and Arrhenius maturity function with activation energies of 33.5 kJ/mol and 40 kJ/mol. For 

estimating the strength of the molded cylinders the following conclusion are supported by the test results: 

• The Arrhenius maturity function was more accurate than the Nurse-Saul maturity function.  

• Both activation energies estimated the molded cylinders’ strength accurately and both values 

produced similar results.  

• The Nurse-Saul maturity function with To = 0 °C was slightly more accurate at estimating the 

cylinder strength than To = -10 °C, but not enough evidence was available to definitively 

conclude which datum temperature gave more accurate results. 

 

In-place testing also indicated that the maturity method would work for prestressed girder project. 

Strengths measured from the pullout test correlated very well to those estimated by the maturity method 

showing little error, whereas the core strengths did not correlate as well. Since the pullout test accurately 

represented the strength of the concrete, the methods inability to accurately estimate the cores strengths’ 

was attributed to low core strength results, also observed by other researchers. The data supports the 

following conclusions regarding the accuracy of the maturity method for estimating the in-place strengths: 

• The Nurse-Saul maturity function with To = 0 °C was a slightly more accurate estimation of the in-

place strength than was the estimation with To = -10 °C.  

• The Nurse-Saul maturity function with To = -10 °C seems to overestimate the in-place strength 

slightly more than To = 0 °C.  

• The Arrhenius maturity function with E = 33.5 kJ/mol estimated the in-place strengths more 

accurately than the function with E = 40 kJ/mol.  

 

When comparing the different curing methods used to develop the S-M relationship, strengths for all 

curing methods were estimated within the acceptable percent error ranges. The following trends and 

conclusions were found: 

• The field-cured S-M relationship estimated the in-place strength more accurately than the 

laboratory S-M relationship, although the laboratory S-M relationship estimated strengths within 

15% of in-place strengths, which was still acceptable.  

• In general, the laboratory S-M relationship slightly underestimated the strength of the concrete 

compared to the two field-cured S-M relationships.  
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More research will be conducted to determine if field-cured S-M relationships always estimate the 

strength development of the concrete more accurately than the laboratory S-M relationship as required by 

ASTM C 1074 (2004). 

Since both of the field-curing methods are very similar in estimating the S-M relationships, use of 

the lime-saturated water-tank curing method is recommended, based purely on ease of use. The damp-

sand-pit was more difficult to implement due to the requirement that the cylinders be recoveredd from the 

sand, and that the sand must be kept moist. However, if the damp-sand-pit method is desired, it is 

considered an acceptable means for developing an accurate S-M relationship. 

Finally, evaluations of the testing schedule for the field-cured specimens were made and the 

following conclusions can be made: 

• Fewer testing ages were necessary to capture the strength development of the concrete mixtures 

used for this study. As long as the initial strength development, the transition area, and the age 

corresponding to the required strength are included in the testing ages, that is sufficient to 

develop the strength-maturity relationship.  

• The 28-day testing age will make it possible to evaluate the concrete used to develop the 

strength-maturity relationship and ensure that the concrete meets the necessary strength 

requirements.  

• The recommended testing ages to create the S-M relationship for a precast prestressed girder 

operation is 6, 12, and 24 hours, and 3, 7, and 28 days.  

 

The inclusion of strengths corresponding to confidence levels in a prestressed application is necessary to 

ensure that the required strength in the concrete is reliably achieved before the prestressed strand force 

is applied to the concrete. The S-M relationship with a confidence level of 50% and 10% defect level 

seems to be adequate. Confidence levels inherently require more time to elapse before verification 

testing can occur. 

Temperature sensor should be placed in the area of the girder where the minimum temperature 

of the concrete exists. Use of the minimum temperature history of the concrete girder, ensures that the 

slowest strength development of the concrete is captured. For this project, the minimum temperature in 

the girder was found in the ends of the girder near the outside surface of the bottom flange. It is 

recommended that each prestressed girder producer run similar tests to ensure that the prestressed 

construction process they are using shows the same trends that were found in this project. Only if in-

place testing is being conducted on the girder should the temperature sensors be placed in another 

location.  

In general, the maturity method estimated the concrete strength for the prestressed construction 

process accurately. The prestressed construction process that is carried out with a high degree of control; 

therefore, it is not surprising that the maturity method worked well. The second project, which is a bridge 

deck application described in Chapter 5, will help answer some questions not specifically answered with 

this field project. 
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CHAPTER 5 

EVALUATION OF THE MATURITY METHOD UNDER BRIDGE DECK 
CONSTRUCTION OPERATIONS 

 
The accuracy of the maturity method for use in bridge deck construction applications will be evaluated in 

this chapter. Actual construction processes used to construct a bridge deck were used for this evaluation. 

Preparation and strength tests for field testing were conducted at Auburn University, but field testing was 

conducted at the ALDOT I-85 and US 29 bridge project in Auburn, Alabama with the assistance of Scott 

Bridge Company from Opelika, Alabama. The field testing portion of this project was conducted from 

December 2004 to July 2005. 

 

5.1 EXPERIMENTAL DESIGN 

Multiple objectives were targeted for the bridge deck field project. The primary objective was to assess 

the accuracy of the maturity method to estimate the in-place strengths of a bridge deck. The evaluation of 

the maturity method was conducted under different seasonal weather conditions, and a proposed maturity 

specification was implemented of the bridge deck construction to assess the efficiency of the 

specification. Other objectives were to evaluate the cylinder curing condition best suited to simulate the 

bridge deck curing history and to develop a cylinder testing schedule to define the strength-maturity 

relationship. The most appropriate location for the temperature sensors to measure the maturity of the 

concrete was also determined.   

 

5.1.1  ANALYSIS APPROACH  
To evaluate the accuracy of the maturity method for bridge deck construction applications, two separate 

evaluations were conducted during this field project: (1) assessment of the accuracy of the maturity 

method to estimate the in-place strength of the concrete and (2) assessment of the accuracy of the use of 

molded cylinders for verification testing. The first evaluation is similar to the precast prestressed field 

project; two mock bridge decks were constructed to assess accuracy of the maturity method to estimate 

the in-place concrete strength. Different cylinder curing conditions were evaluated to determine which 

curing condition would create a strength-maturity relationship that would accurately estimate the in-place 

strengths. The second phase was designed to evaluate the accuracy of molded-cylinder verification 

testing as recommended by ASTM C 1074 Section 9.5.4 and other transportation agencies. The second 

phase was evaluated using fieldwork that was performed during the construction of the actual bridge 

deck. A chart outlining the testing for the bridge deck field project is shown in Figure 5-1. 
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Figure 5-1: Planned research for bridge deck project 

 

5.1.1.1 MOCK BRIDGE DECK TESTING DESIGN 
The mock bridge deck was designed to evaluate the effects of different curing methods for 

molded cylinders on the maturity method, to test ability of the maturity method to estimate the in-place 

strengths, and to evaluate the effects of the seasonal weather variations on the maturity method. A mock 

deck was built so that in-place testing could be conducted and the actual bridge deck would not be 

damaged. The mock bridge deck was constructed adjacent to the actual bridge under construction, so 

that it would be exposed to the same environmental conditions as the actual bridge deck under 

construction.  

This phase of testing was conducted in the winter months and then again in the summer months. 

For the cold-weather testing, the mock bridge deck was cast in mid-February 2005, and testing performed 

through mid-March 2005. For the warm-weather testing, the mock bridge deck was cast in mid-June 

2005, and was testing concluded in mid July 2005.  

During the mock bridge deck phase, there were two sets of molded cylinders that were cured 

differently to evaluate which curing condition would more accurately estimate the in-place strength of the 

bridge deck. As in the precast prestressed girder project, the first curing method was the laboratory curing 

in accordance with AASHTO T 23 (2004). In this method recommended by ASTM C 1074 (2004), the 

curing temperature is controlled to be at 73 °F ± 3 °F. The other curing method evaluated was field-cured 

specimens, which were designed to mimic the curing temperatures of the bridge deck. For the precast 

prestressed girder project, two different field-curing methods were conducted: lime-saturated water-tank 

and damp-sand-pit. Results and conclusion comparing the two curing methods for the precast 

prestressed girder project can be found in Section 4.6. From the results of the precast prestressed girder 
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project there was very little difference between the two field-curing methods, so therefore only the lime-

saturated water-tank was evaluated for the bridge deck project.  

The other evaluation that was performed using the mock bridge deck was the accuracy of the 

maturity method to estimate the in-place strength. As explained in Section 4.1.1.2, the in-place testing 

was conducted because molded specimens cured under laboratory or field conditions are not always 

accurate at estimating the in-place strength of the concrete. Three methods were used to determine the 

in-place strength of the bridge deck: pullout testing, compressive testing of cast-in-place cylinders, and 

compressive testing of cores.  

For the precast prestressed girder project, it was found that the pullout table provided by 

Germann Instruments to correlate the pullout force measured from the pullout machine to the 

compressive strength of a 6 x 12 inch cylinder was accurate. However, more tests were conducted in this 

project to reconfirm the results that were found in the precast prestressed girder project. The same 

methods using the pullout cubes that were conducted in the precast prestressed project were applied in 

the bridge deck project. If the compressive strength estimated from the pullout tests performed on the 

cubes and the compressive strengths measured from the molded cylinders at the same maturity were 

relatively close, then the pullout table was considered accurate.  

After the pullout table was confirmed as accurate, the pullout test was used to assess the in-place 

strength. For this project, strengths from the three in-place testing methods were compared to the 

strength estimated from the laboratory-cured and field-cured strength-maturity relationships. The pullout 

tests were conducted because of the good accuracy of the test that was found in the precast prestressed 

girder project. In addition, the compressive testing of cores was conducted because this is the preferred 

method by ALDOT for measuring in-place strength.  Since the core results were different from the pullout 

test data during the precast prestressed girder project, compressive testing of cast-in-place concrete 

cylinders was added to assess the in-place strength.  

 

5.1.1.2 EVALUATION OF THE USE OF MOLDED CYLINDERS FOR VERIFICATION TESTING 
The evaluation of the use of molded cylinders for verification testing was designed to assess the 

methods for verifying the strength estimated by the maturity method for possible ALDOT use in 

construction projects. During the construction of actual bridge decks, the strength-maturity relationship 

will be developed in accordance with ASTM C 1074 and verification tests will be conducted from as-

delivered concrete molded into cylinders. The other objective of this phase is to evaluate the optimum 

location for temperature sensor installation in the bridge deck.  

 

5.1.1.3 MATURITY FUNCTIONS AND STRENGTH-MATURITY RELATIONSHIP EVALUATIONS 
For evaluating the maturity method for the bridge deck construction application, the same 

maturity functions that were evaluated in the precast prestressed field project were used for this field 

project. The strength and temperature data obtained from the different cylinder curing methods for the 

mock bridge deck and the evaluation of the use of molded cylinder for verification testing were used to 

create different strength-maturity curves as explained in ASTM C 1074 (2004). The Nurse-Saul maturity 
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function with datum temperature of 0 °C and -10 °C (32 °F and 14 °F) were evaluated along with the 

Arrhenius maturity function with activation energy values of 33,500 and 40,000 J/mol. The reasons why 

these functions and corresponding values were evaluated are explained in Section 4.1.1.1. Equations 

showing how to calculate the two maturity functions are presented in Section 2.2. 

Confidence levels applied to the strength-maturity relationship for the bridge deck construction 

were also considered. For the I-85 and US 29 bridge deck project, a defect level of 10% was used to 

estimate strengths at various confidence levels. Confidence levels equal to 50%, 75%, and 90% were 

considered which were the same as for the precast prestressed project. These confidence levels were 

applied to the strength-maturity relationship from the mock bridge deck to evaluate the effectiveness of 

the confidence levels to estimate strengths determined from molded cylinders and in-place testing 

methods. Confidence levels were applied to the strength-maturity relationship to evaluate whether they 

should be used when verifying the strength of the concrete.  

 

5.1.2  MOCK BRIDGE DECK TESTING LAYOUT 
The following section explains the tests that were conducted for the mock bridge deck. Actual test 

procedures are explained in Section 5.3. 

 

5.1.2.1 ASSESSMENT OF THE CURING CONDITIONS FOR THE MOLDED CYLINDERS 
Laboratory-cured and field-cured specimens were used for this project. Testing ages for these 

two curing methods were taken from ASTM C 1074 (2004): 1, 3, 7, 14, and 28 days. In addition, the 

testing age of 2 days was added to the testing schedule to help gather more early-age test results. 

Therefore, the final testing schedule was 1, 2, 3, 7, 14, and 28 days. ASTM C 1074 (2004) only 

recommends to conduct more early-age tests when concrete with rapid strength development is used; 

therefore, the testing schedule above was the same for the cold-weather placement and the warm-

weather placement of the mock bridge deck.   

One other set of tests that was conducted in the mock bridge deck evaluation was compressive 

testing of 4 x 8 inch molded cylinders. This was conducted to eliminate any problems that could occur 

with the strength results due to the size difference between 6 x 12 inch cylinders and 4 x 8 inch cylinders. 

Since the cores and cast-in-place cylinders were 4 x 8 inch cylinders, 4 x 8 inch molded cylinders were 

cast during the construction of the mock bridge deck.  

 

5.1.2.2 DESIGN OF MOCK BRIDGE DECK 
Two factors were considered when designing the mock bridge deck: (1) making the bridge deck 

large enough to conduct the in-place testing without any of the tests interfering with one another and (2) 

molding the actual bridge deck as accurately as possible. Multiple tests had to be conducted on the mock 

bridge deck to establish the in-place strength of the concrete, such as temperature recording, pullout 

testing, cast-in-place cylinders, and coring. Each test had to be carefully located. Based on these 

considerations and the structural design of the mock bridge deck, the final size was 5 feet 6 inches by 10 

feet 6 inches by 9½ inches thick. 
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First, the locations of all the tests were selected. The same procedures for the cores that were 

used for the precast prestressed project were repeated for the mock bridge deck phase. The cores were 

four-inch diameter cores and had a length-to-diameter (L/D) ratio equal to 2.0. This then required to slab 

to be a minimum of at least nine inches so that the tops and bottoms of the cores could be trimmed off. 

Compared to the actual bridge deck, which is normally about 6 to 7 inches, the mock bridge deck was 

thicker. The testing ages were 7 and 28 days, and the curing methods of ASTM C 42 (2004) and 

AASHTO T 24 (2002) were used to condition the cores after they were extracted from the mock deck. 

Clear spacing between the cores was to be a minimum of four inches, which was the diameter of the 

cores. Twelve cores were removed at each age; two of these cores were used for temperature recording, 

and the other ten were tested to determine their compressive strength. Five cores were used for each for 

the two curing methods. A total of twenty-four cores were removed from the mock bridge deck. The 

location of the cores can be seen in Figure 5-2.  

For the cast-in-place (CIP) cylinders, the same diameters and lengths that were used for the 

cores were used for the CIP cylinders. This was ideal because 4 x 8 inch plastic molds were to cast the 

cylinders in the structure. Later in Section 5.3, the actual procedures used to make the CIP cylinder are 

explained. Due to the aluminum sleeve in which each 4 x 8 inch plastic mold and a 1½ inch wood block 

were place inside, the depth of the slab had to be 9½ inches. At each testing age, four CIP cylinders were 

removed with a temperature sensor installed in one of them. The other three CIP cylinders were tested to 

determine their compressive strength. The testing ages that were used for the CIP cylinders were 1, 2, 7, 

and 28 days. Sixteen CIP cylinders were installed in the mock bridge deck. The location of the CIP 

cylinders can be seen in Figure 5-2.  

For the pullout test, the inserts were installed and tested on the top, side, and bottom of the mock 

bridge deck. The spacing requirements of ASTM C 900 (2004) were all satisfied. The requirement for the 

spacing of the inserts from the edge of concrete required the depth of the slab to be a minimum of nine 

inches for the side pullout inserts. For the top, side, and bottom five inserts were tested at each age; this 

is the minimum required by ASTM C 900 (2004). The pullout testing ages corresponded with the field-

cured cylinder schedule, which was 1, 2, 3, 7, 14, and 28 days. Ninety pullout inserts were installed in the 

mock bridge deck. The layout of the pullout inserts can be seen in Figure 5-2.  

Once the layout of the in-place testing was complete, the structural performance of the mock 

bridge deck was considered in the design. Live loads would be applied to the mock bridge deck due to 

testing that would occur and these were considered in the structural design calculations. In addition, it 

was taken into consideration that the elevated slab would have many holes due to coring and removal of 

the cast-in-place cylinders, which would lower the structural capacity of the mock bridge deck. With these 

factors, the amount of reinforcement needed to support the slab was calculated and by shifting the in-

place test location slightly, the reinforcement was placed in the mock bridge deck so that the steel would 

not interfere with any of the in-place testing. The final reinforcement design can be seen in Figure 5-3. 
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Figure 5-2: In-place testing layout for the mock bridge deck 
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Figure 5-3: Steel reinforcement layout of the mock bridge deck 

 

The temperature sensors layout for the mock bridge deck was designed to collect the maturity of the in-

place tests as accurately as possible. The iButtons were attached to multiple steel brackets throughout 

the mock bridge deck. On each bracket three iButtons were installed, one at the top, middle, and bottom 

of the slab. Eighteen iButtons were installed; the location of all the iButtons can be seen in Figure 5-4. 

 

 
Figure 5-4: Plan view of iButton locations for the mock bridge deck 
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Location 1 was used to calculate the maturity for the 28-day pullout test. For the 1 and 2 day pullout tests, 

Location 2 was used; for the 3- and 7-day tests, Location 4 was used. Finally, Location 3 was used for the 

14-day pullout test. Since three iButtons were installed on the steel bracket at each location, the top 

iButton was used for the top pullout inserts, the middle iButton was used for the side inserts, and the 

bottom iButton was used for the bottom inserts. The temperature history of the cores before they were 

removed from the mock bridge deck was obtained from the middle iButton at Location 5 and 6.  

In order to mimic the actual bridge deck, a structure was built to elevate the mock bridge deck so 

that the ambient temperatures could be felt underneath the deck. A reinforcement concrete pad was cast 

on the ground. Then concrete-masonry-unit (CMU) walls were built to support the deck. The bottom of the 

mock bridge deck was approximately 6 feet 4 inches above the ground. Forms with props were used to 

support the fresh concrete weight until the slab was sufficiently strong enough to support its own weight. 

The structure can be seen in Figure 5-5. 

 

 
Figure 5-5: Mock bridge deck structure 

 

5.1.2.3 VERIFICATION OF THE PULLOUT TABLE 
More pullout verification tests to confirm the accuracy of the pullout table were conducted. The 

same process used for the precast prestressed girder project of using cubes (8 x 8 x 8 inch) to verify the 

correlation between the pullout force and compressive strength was used. Additional 6 x 12 inch cylinders 
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cured like the cubes were used to determine the compressive strength. The testing ages for the pullout 

cubes were 1, 2, and 7 days. Six cubes were cast, and two cubes (eight inserts) tested at each age.  

 

5.1.3  ACTUAL BRIDGE DECK TESTING LAYOUT 
The actual bridge deck testing of this project was designed to evaluate the ASTM C 1074 (2004) 

recommendation in Section 9.5.4 for using molded cylinders to verify the strength estimated by the 

maturity method. This was evaluated on two bridges that were constructed at the I-85 and US 29 

construction site. The bridges were built in two phases, the southbound lanes were built first and then the 

northbound lanes were built after the existing bridge was removed. The first deck tested was the 

southbound lanes of US 29 that crossed over I-85, and the second deck was the southbound lanes of US 

29 that crossed over the Parkerson Mill Creek. For the rest of the report, the bridge crossing I-85 will be 

referred to as the “I-85 Bridge” and the bridge crossing Parkerson Mill Creek will be referred to as the 

“Creek Bridge”.  

The I-85 Bridge deck was cast in three sections on December 21, 2004; January 5, 2005; and 

January 10, 2005. Temperatures sensors were placed in each segment but verification tests were only 

conducted on the first two segment. For the Creek bridge deck, only one placement was used for the 

entire deck on March 4, 2005, and verification testing was conducted for the entire bridge.  

Temperature sensors were installed throughout the bridge decks to capture the temperature history of 

the concrete. The main objective was to evaluate the ideal location for the maturity to be recorded. 

Therefore, many iButtons were installed in the bridge decks. For the I-85 Bridge the temperature sensors 

were installed in 16 locations. At each location, three iButtons were installed to measure the temperature 

profile through the depth of the bridge deck. An illustration of the three iButtons at each location can be 

seen in Figure 5-6. The layout of the iButton locations for the I-85 Bridge is shown in Figure 5-7. 

 

 
Figure 5-6: Diagram of the iButtons at each location 

 

For the Creek Bridge, there were six locations where the temperature sensors were installed; at each 

location three iButtons were installed to measure the temperature history. The layout of the iButton 

locations for the Creek Bridge can be seen in Figure 5-8. 
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Figure 5-7: Temperature sensor layout for the I-85 Bridge 

 

                         
Figure 5-8: Temperature sensors layout for the Creek bridge 

 

The strength-maturity relationship was developed from concrete that was placed at Location 8 for the I-85 

Bridge and Location 5 for the Creek Bridge. Verification tests were conducted at Locations 2, 4, and 5 for 

the I-85 Bridge and at Locations 1 and 3 for the Creek Bridge. Two testing ages were conducted for the 

verification tests: (1) when the verification cylinders reached the maturity that corresponded to 2,400-psi 

and (2) an actual age of 7 days. The 2,400-psi strength requirement was used because this is the 

strength that ALDOT requires for most construction operations to continue (ALDOT 2002). The 7-day 

verification test was to verify that the concrete placed in the structure was following the strength-maturity 

relationship developed.  
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5.2 MATERIALS AND PROPERTIES 

The concrete mixture design was the ALDOT-specified mixture design AL-AF1C (ALDOT 2002). The 

concrete producer for the bridge construction supplied the concrete. The same mixture design was used 

for all phases of this project. Table 5-1 contains the mixture proportions for one cubic yard of the concrete 

and the specified fresh and hardened concrete properties. All coarse and fine aggregate weights are 

given in terms of the saturated, surface-dry condition.  

 
Table 5-1: Bridge deck concrete mixture proportions 

Item Mixture Design

Water (pcy) 275
Type I Cement (pcy) 434
Class C Fly Ash (pcy) 186
Coarse aggregate (pcy) 1,879
Fine aggregate (pcy) 1,089
Air-Entraining Admixture* (oz/yd) 2.0
Water-Reducing Admixture+ (oz/yd) 20.0
Target air (%) 5 ( ± 1 )
Target slump (in.) < 3.5
w/c 0.44
f'c (psi) 4,000

 * Degussa Inc., MBAE 90
 + Degussa, Inc., Pozzolith 122-R  

 

The Type I cement was obtained from Cemex and was produced at the plant in Clinchfield, GA. The 

mineral admixture was a Class C Fly Ash obtained from Holcim and was produced at the plant in Quinton, 

AL. The coarse aggregate was No. 67 river gravel from Martin Marietta in Shorter, AL. The fine aggregate 

was obtained from Coach Sand located in Cypress, AL. Specific gravities for the materials are in given 

Table 5-2, but gradations of the coarse and fine aggregate were not obtained.  
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Table 5-2: Material properties for bridge deck 

Materials 
Description Specific Gravity Absorption (%)

Water 1.00 -
Type I Cement 3.15 -
Coarse aggregate 2.62 0.3
Fine aggregate 2.64 0.1  

 

5.3 FIELD PROCEDURES AND TESTING FOR MOCK BRIDGE DECK 

This section documents all of the procedures that were used for the bridge deck field tests. The same 

testing procedures that were used on the prestressed project were used for the mock bridge deck to 

ensure consistent data between the two field projects. The mock bridge deck was constructed twice: a 

cold and warm-weather placement. For both decks, the same testing procedures were used.  

 

5.3.1  FRESH CONCRETE TESTING 
Fresh concrete properties were taken to ensure that the concrete that was supplied for the research met 

ALDOT specifications. All fresh concrete tests were conducted or overseen by an ACI Concrete Field 

Testing Technician – Grade I.  

 

5.3.1.1 QUALITY CONTROL TESTING 
The quality control tests that were conducted on the mock bridge deck were slump, air content, 

and fresh concrete temperature. All fresh concrete properties were tested in accordance to AASHTO 

Specifications: slump - AASHTO T 119 (2005), air content - AASHTO T 152 (2005), and fresh concrete 

temperature - AASHTO T 309 (2005).  

 

5.3.1.2 MAKING AND CURING SPECIMENS 
The laboratory-cured 6 x 12 inch cylinders, lime-saturated water-tank 6 x 12 inch cylinders, 4 x 8 

inch cylinders, and pullout cubes were all cast from concrete that was taken out of the middle of the 

concrete truck as specified in AASHTO T 141 (2005). All specimens were cast with the same concrete 

that was placed in the mock bridge deck and then moved to different curing conditions at the appropriate 

times. The specimens were cast on a hard surface to ensure that good quality specimens were produced, 

as shown in Figure 5-9. 

For the laboratory-cured and field-cured cylinders, 38 - 6 x 12 inch white plastic cylinder molds 

were used. All cylinders were made in accordance with AASHTO T 23 (2004). Once the specimens were 

made and the plastic lids snapped on, 19 of the cylinders were used for the laboratory curing conditions, 

which were the same as for the precast prestressed girder project (Section 4.3.1.2). At each age, three 

cylinders were tested, and one cylinder was instrumented with a temperature sensor to measure the 
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concrete’s temperature history. The testing ages for the laboratory-cured cylinders were 1, 2, 3, 7, 14, 

and 28 days. 

 

 
Figure 5-9: Casting of concrete specimens 

 

The remaining 19 - 6 x 12 inch cylinders were cured in the field in a lime-saturated water-tank. All 

of the cylinders were placed below the mock bridge deck for the first 24 hours, after which the cylinders 

were removed from the plastic molds and placed in the lime-saturated water-tank. The water-tank was 

placed next to the mock bridge deck and was exposed to ambient temperatures for a couple of days 

before the testing was conducted to ensure that the temperature of the water was close to the ambient 

temperature. The testing ages for the field-cured cylinders were 1, 2, 3, 7, 14, and 28 days. 

Along with the 6 x 12 inch molded cylinders, 13 - 4 x 8 inch molded cylinders were made. All 

cylinders were made in accordance to AASHTO T 23 (2004). After the cylinders were made, plastic lids 

were snapped on, and the same curing procedures that were used for the 6 x 12 inch field-cured 

specimens were used. The testing ages for the field-cured cylinders were 1, 2, 7, and 28 days. 

The final set of specimens that were made was the pullout cubes. The same testing procedures and 

molds that were used in the precast prestressed girder project were used for these cubes. Details of how 

the molds were made and the testing procedures for making the cubes are presented in Section 4.3.1.2. 

The mold was filled in three layers, each layer was rodded 56 times, and the sides were tapped with a 

mallet 16 times. After the cubes were cast, the molds were placed in double bags and sealed to prevent 

any moisture loss from the concrete. The cubes were then cured under the mock bridge deck and moved 

to the lime-saturated water bath after 24 hours. Six cubes were made with four inserts in each cube and 

eight pullout tests were performed at ages of 1, 2, and 7 days. 
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5.3.2 HARDENED CONCRETE TESTING 
After the concrete set, hardened concrete testing was performed to assess the strength characteristics of 

the concrete. Compression tests and pullout tests were conducted on the molded specimens. The pullout 

tests, compressive testing of cast-in-place cylinders and compressive testing of cores were performed on 

the mock girder as explained in Section 5.3.4. The maturity of each specimen was calculated from its 

measured temperature history. All hardened concrete tests were performed by ACI Certified Concrete 

Strength Testing Technicians.  

 

5.3.2.1 COMPRESSION TESTING 
Compression tests were performed in accordance with AASHTO T 22 (2005). All specimens were 

tested at Auburn University. Compression testing was conducted on 6 x 12 inch and 4 x 8 inch cylinders 

cured under laboratory and field conditions. 

Neoprene pads were used for all compression tests. Fifty-durometer neoprene pads were used 

for 1, 2, and 3 day testing ages for the laboratory and field cured specimens. For all other testing ages, 60 

durometer neoprene pads were used. The compressive strength rating for a 50 durometer pad is 1,500 to 

6,000 psi, and the rating for 60 durometer pads is 2,500 to 7,000 psi. The load rate required by AASHTO 

T 22 (2005) for a six-inch diameter concrete cylinder ranges from 34,000 to 85,000 lbs per minute; 

therefore, a consistent load rate of 60,000 lbs per minute was used. For the 4 x 8 inch cylinders, the load 

rate range required by AASHTO T 22 (2005) is between 15,000 to 37,000 lbs per minute. A consistent 

load rate of 26,000 lbs per minute was used for these cylinders. 

 

5.3.2.2 PULLOUT TESTS PERFORMED ON THE MOLDED CUBES 
All pullout tests conducted on the molded cubes were done in accordance with ASTM C 900 

(2001). Inserts that were installed in the cubes were LOK-TEST inserts L-46, which are design for pullout 

loads between 0 and 100 kN.  The load rate that was used for the pullout test was 0.5 ± 0.2 kN/sec (112 ± 

45 lbf/sec), which is the recommend load rate for the inserts by ASTM C 900 (2001). 

 

5.3.3  TEMPERATURE RECORDING EQUIPMENT 
The iButton by Dallas Semiconductor (Maxim) was used for the temperature recording for this project. 

This was the same temperature-recording device that was used for precast prestressed girder project 

explained in Section 4.3.3.  

 

5.3.3.1 TEMPERATURE RECORDING FOR CYLINDERS AND PULLOUT CUBES 
The temperature recording for the cylinders and pullout cubes were done the same way as 

explained for the precast prestressed girder project in Section 4.3.3.2. The time interval programmed in 

the iButton for the 6 x 12 inch and 4 x 8 inch cylinders was 25 minutes, and this allowed the iButton to 

record temperature for over 30 days. For the pullout cubes, the time interval was 15 minutes, which 

allowed the iButton to record data for more than 14 days. An extra cylinder was made for each set of 

cylinders so that an iButton could be installed to record their temperature history. Strength testing was not 
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conducted on any cylinder with an iButton. One iButton was installed in the center of the 7-day pullout 

cube, so that the iButton would not affect the pullout results. 

 

5.3.3.2 TEMPERATURE RECORDING FOR MOCK BRIDGE DECK 
The temperature sensors used for the mock bridge deck were the same as the sensors using in 

the cylinders. Each location where the temperature was recorded had a four-foot wire attached so that the 

wire would run outside the forms. Each iButton was attached to a bracket so that the iButton would 

remain in its intended location after the concrete was placed. A picture of iButtons installed in the mock 

bridge deck and the wire coming out of the concrete can be seen in Figure 5-10. The end of each wire 

that was outside the structure was labeled to identified the location of the iButton after the concrete was 

placed. The time interval for the iButtons in the mock bridge deck was 25 minutes, which allowed 

recording of the temperature history for 30 days. 

 

   
Figure 5-10: iButtons installed in the mock bridge deck 

 

5.3.3.3 TEMPERATURE RECORDING FOR THE CAST-IN-PLACE CYLINDERS 
The iButtons for the cast-in-place (CIP) cylinders were placed the same way as the iButtons for 

the molded cylinder. After the concrete was cast and finished for the mock bridge deck, an iButton was 

placed into one CIP cylinder for each testing age. Four CIP cylinders had an iButton installed. When the 

cast-in-place cylinders were tested, one CIP cylinder with an iButton was removed at each age, and that 

cylinder remained with the other CIP cylinders that were strength tested. The cylinder with an iButton was 

iButtons
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not strength tested. The time interval for the CIP cylinder iButtons was 25 minutes. A picture of the 

iButton installed after the concrete was finished can be seen in Figure 5-11. 

 

 
Figure 5-11: iButtons embedded in the cast-in-place cylinders 

 
5.3.3.4 TEMPERATURE RECORDING FOR CORES 

Temperature recording for the cores was done the same way explained in Section 4.3.3.4 for the 

precast prestressed girder project. The temperature history until the cores were removed came from the 

sensor installed in the mock bridge deck. After the cores were removed, a sensor was installed into a 

core by drilling a hole into the core, and an iButton was secured to the center of the core with rapid-

setting cement. The cores with iButtons were not tested for strength.  

 

5.3.3.5 AIR TEMPERATURE DATA 
Ambient temperature data were required for the period over which both cold-weather and warm-

weather placements were conducted. The climate data were retrieved from the National Oceanic and 

Atmospheric Administration website for Auburn/Opelika Airport, which is approximately six miles from the 

construction site.  

 

5.3.4  IN-PLACE TESTING  
Three different in-place tests were conducted to assess the accuracy of the maturity method to estimate 

the in-place strength: pullout tests, compressive testing of cast-in-place cylinders, and compressive 

testing of cores. All tests were carried out in accordance with AASHTO and ASTM specifications. 

 

Cast-In-Place 
Cylinder 
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5.3.4.1 PULLOUT TESTING 
Pullout tests were conducted on the top, sides, and bottom of the mock bridge deck at ages of 1, 

2, 3, 7, 14, and 28 days. All pullout tests were conducted in accordance with ASTM C 900 (2001) and the 

recommendations supplied by the manufacturer of the pullout machine. A load rate of 0.5 ± 0.2 kN/sec 

(112 ± 45 lbf/sec) was used for all pullout tests. Locations of all the tests are defined in Section 5.1.2.2.  

The top inserts were the same inserts used in the precast prestressed girder project for the top. 

LOK-TEST inserts L-50 (floating inserts) were used. These inserts are designed for pullout loads between 

0 and 100 kN, which allow a compressive strength range of 0 to 11,000 psi to be tested. The floating 

inserts were spaced at 9 inches on center, which meets the ASTM C 900 spacing requirement between 

inserts of no less than eight times the diameter of the disc. In addition, the spacing for inserts near the 

edge of the deck was satisfied with the center of the insert at least 4 ½ inches from the edge of the mock 

bridge deck. The installation method used for the top inserts was the same as for the precast prestressed 

girder project, which was explained in Section 4.3.4.1. The floating inserts installed on the top of the mock 

bridge deck are shown in Figure 5-12. 

 

   
Figure 5-12: Top pullout inserts for the mock bridge deck 

 
The side inserts were LOK-TEST inserts L-41. These are designed for pullout loads between 0 and 100 

kN, which allow a compression strength range of 0 to 11,000 psi to be tested. These inserts had a 

cardboard backing so that the inserts could be nailed to the wooden forms. All ASTM C 900 (2001) 

spacing requirements were met, and the inserts were positioned so that the reinforcement would not 

interfere with the pullout failure plane. No extra steps were taken to consolidate the concrete around the 

side and bottom inserts. The side and bottom inserts can be seen in Figure 5-13, and Figure 5-14 shows 

the reinforcement and inserts.  
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Figure 5-13: Side and bottom pullout inserts 

 

 
Figure 5-14: Reinforcement and pullout inserts 

 

Access panels were cut in the side and bottom of the forms so that pullout testing on the mock deck could 

be conducted at 1, 2, and 3 days, before the forms were removed at 6 days. The access panels for the 

side and bottom inserts are shown in Figure 5-15. The access panels were caulked so that the concrete 

would not leak from the forms during construction. 
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Figure 5-15: Side and bottom access panels 

 

5.3.4.2 COMPRESSIVE STRENGTH OF CORES 
The cores were removed, prepared, cured, and tested the same way as the cores used during 

the precast prestressed girder project. Both ASTM C 42 (2004) and AASHTO T 24 (2002) conditioning 

methods for the cores were used. The actual testing procedures that were used to extract, condition, and 

test the cores are explained in Section 4.3.4.2. All cores of the same testing age were removed at the 

same time to try to eliminate any discrepancy that could occur with differences in curing temperature from 

removal to testing. The testing ages for the cores were 7 and 28 days. For the warm-weather placement, 

the cores for the 7-day testing age were removed at 48 hours. Since cold-weather placement would slow 

down the strength development of the mock bridge deck, an equivalent age for the 7-day cores was 

calculated for the cold-weather placement and was determined to be 10 days. Therefore, the first set of 

cold-weather cores were removed at 5 days and tested 10 days. For both the cold and warm-weather 

placements, the 28-day cores were removed at 21 days.  

The same core diameter, length-to-diameter (L/D) ratio, coring machine, cutting process, curing 

methods, sulfur capping, and testing explained in Section 4.3.4.2 for the precast prestressed girder 

project were used for the cores extracted from the mock bridge deck. The cores were cut to obtain an L/D 

of 2.0, and the inside diameter of the core barrel was 4 inch. The final dimension of the cores after cutting 

was 4 x 8 inch. The cores were sulfur capped the day before compression testing in accordance with 

Access 
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AASHTO T 231 (2005), and strength testing was done in accordance with AASHTO T 22 (2005). A load 

rate of 26,000 lbs per minute was used. 

 

5.3.4.3 COMPRESSIVE TESTING OF CAST-IN-PLACE CYLINDERS 
Sixteen cast-in-place cylinders were installed into each mock bridge deck. ASTM C 873 (2004) 

was used in testing the cast-in-place cylinders. The cast-in-place cylinder sleeves were not made the way 

ASTM C 873 recommends; another method was developed that met all the size and durability 

requirements of ASTM C 873 for the sleeves installed in the concrete. Aluminum was used for the rigid 

sleeves embedded in the concrete. The aluminum sleeves were 9½ inches tall, which was the depth of 

the slab. The inner diameter of the aluminum sleeve was about 4¼ inches and the plastic 4 x 8 inch 

molds fit snuggly inside. A 1½-inch thick wooden plug was placed inside the bottom of the aluminum mold 

so that the top of the plastic 4 x 8 inch cylinder mold would be at the surface of the concrete. The 

aluminum molds were nailed to the wooden form by three aluminum tabs that were attached to the sides 

of the molds. After the aluminum sleeves were installed, the wooden plug and plastic 4 x 8 inch cylinder 

molds were placed inside the aluminum sleeves. The cast-in-place cylinders can be seen in Figure 5-16. 

 

 
Figure 5-16: Cast-in-place cylinders installed in the mock bridge deck 

 

When the concrete was placed in the mock bridge deck, the cast-in-place cylinders were filled with 

concrete. The recommendations from ASTM C 873 (2004) were followed when consolidating the cast-in-

place cylinders. The concrete vibrator used to consolidate the mock bridge deck was brought in contact 

with the outside of each aluminum mold for a couple of seconds and then removed. The vibrator was 

never placed inside the cast-in-place cylinder. The same finishing and curing methods used on the mock 
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bridge deck were used for the cast-in-place cylinders. The cast-in-place cylinders can be seen in Figure 

5-17 after the concrete has been finished. 

 

 
Figure 5-17: Cast-in-place cylinder after concrete was placed 

 

When it was time for testing the cast-in-place cylinders, a 10-ton jack was used to push each cylinder 

from the bottom out of the concrete. The testing ages were 1, 2, 7, and 28 days. Like the pullout test, 

access panels were cut in the forms so that the 1 and 2 day cast-in-place cylinders could be removed. A 

cast-in-place cylinder being removed from the concrete with the jack can be seen in Figure 5-18. 

After the cast-in-place cylinders were removed, they were transported back to Auburn University 

testing facilities, stripped from their molds, and compression tested in accordance with AASHTO T 22 

(2005). Neoprene pads were used for all compression tests. Fifty durometer neoprene pads were used 

for 1- and 2-day testing ages, and 60 durometer neoprene pads were used for the 7- and 28-day testing 

ages. To stay consistent with the 4 x 8 inch cylinder and cores, a load rate of 26,000 lbs per minute was 

used. 

 

5.4 PROCEDURES FOR THE EVALUATION OF THE USE OF MOLDED CYLINDERS FOR 
STRENGTH VERIFICATION TESTING  

The testing associated with this phase was conducted on the actual bridge decks being cast for the I-85 

Bridge and Creek Bridge. Molded cylinders were created from concrete being placed in the bridge deck, 

and these were used for verification of the strength estimated by the maturity method as recommended in 

Section 9.5.4 of ASTM C 1074 (2004).  

 

Cast-In-Place 
Cylinder
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Figure 5-18: Removal of the cast-in-place cylinders 

 

5.4.1  QUALITY CONTROL TESTING 
Fresh concrete properties were recorded to ensure that the concrete that was supplied met ALDOT 

specifications. Each time concrete cylinders were made to create either the strength-maturity relationship 

or to serve as verification tests, the fresh concrete properties were measured. The quality control tests 

that were done on the bridge deck were slump, air content, and fresh concrete temperature. All fresh 

concrete properties were tested in accordance to AASHTO Specifications: slump - AASHTO T 119 

(2005), air content - AASHTO T 152 (2005), and fresh concrete temperature - AASHTO T 309 (2005). All 

testing for fresh concrete tests were conducted by the ALDOT concrete technicians that were there to 

monitor the placement of the concrete. 

 
5.4.2  HARDENED CONCRETE  
After the concrete had set, hardened concrete tests were performed the same way as explained in 

Section 5.3.2. The maturities of all the specimens were also calculated from their measured temperature 

history. All hardened concrete tests were performed by ACI Certified Concrete Strength Testing 

Technicians. Compression tests were performed in accordance with AASHTO T 22 (2005). All specimens 

were tested at Auburn University. Neoprene pads were used for all compression tests. Fifty-durometer 

neoprene pads were used testing ages up to 4 days for the strength-maturity cylinders and for the 2,400-
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psi verification cylinders. For all other testing ages, 60 durometer neoprene pads were used. To stay 

consistent throughout all tests, a load rate of 60,000 lbs per minute was used.  

 

5.4.3  DEVELOPING THE STRENGTH-MATURITY RELATIONSHIP 
The original plan was to develop the strength-maturity relationships before the bridge deck was going to 

be placed. The strength-maturity relationship was developed a week before the first bridge deck was cast. 

The strengths estimated by the maturity method were then verified during the first segment placement for 

the I-85 Bridge. After the verification tests were conducted, it was discovered that a different concrete 

mixture was supplied to the bridge than the one used to develop the strength-maturity relationship. So it 

was then decided that a strength-maturity relationship would be developed from the concrete delivered to 

site for each of the remaining bridge deck placements.  

Three different bridge deck placements were tested, and two strength-maturity relationships were 

created from the concrete placed in the structure for the second bridge deck segment of the I -85 Bridge 

and for the one segment of the Creek Bridge. To develop each strength-maturity relationship, 22 - 6 x 12 

inch molded cylinders were made. In accordance with AASHTO T 23 (2004). Once the specimens were 

made and the plastic lids snapped on, the cylinders were cured under laboratory conditions as specified 

by ASTM C 1074. The strength-maturity cylinders were placed in field-curing boxes for the first 24 to 48 

hours. These field-curing boxes controlled the curing environment to stay between 60 and 80 °F. After 24 

hours, the cylinders were transported to Auburn University, removed from the plastic molds, and placed in 

a moist-curing room. At each age, three cylinders were tested. The testing ages for the strength-maturity 

cylinders were: 1, 2, 3, 4, 7, 14, and 28 days.  

Temperature recording devices were used to measure the temperature history of the molded 

cylinders used to develop the strength-maturity relationship. The iButtons that were used for the mock 

bridge deck, as described in Section 5.3.3.1, were also used for this phase of the project. An extra 

cylinder was cast each time so that an iButton could be installed, and that cylinder was not strength 

tested.  

 

5.4.4  ESTIMATING THE IN-PLACE STRENGTH 
iButtons were also used for the recording of the temperature history of the in-place concrete. At each 

location in the bridge decks as described in Section 5.1.3, three iButtons were installed: one at the top, 

middle, and bottom of the bridge deck. A two-wire, 20-gauge telephone wire was attached to the iButton 

with aluminum tape. One wire was attached to the top of the iButton and the other wire was attached to 

the bottom of the iButton. The three iButtons at each location were then connected in series like the 

iButton “Trees” described in Section 4.3.3.3 for the precast prestressed girder project. A single wire ran 

from each temperature sensing location in the bridge deck to the barrier wall reinforcement outside of the 

bridge deck. The wire was zip-tied to the bottom of the reinforcement steel in the bridge deck to avoid any 

damage to the wire. The iButtons installed in the bridge deck were suspended away from the 

reinforcement steel with an insulated wire, which can be seen in Figure 5-19. In addition, iButtons were 

attached to the reinforcement steel at Locations 1 and 6 of the I-85 bridge and Location 3 of the Creel 
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bridge deck to evaluate the effect that the temperature of the steel has on the temperature recorded with 

the iButtons. Figure 5-20 shows the end of the wire exiting the concrete with the phone jack attached to 

the computer to download the data. 

 

 
Figure 5-19: iButtons installed in the bridge decks 

 
Figure 5-20: iButton wires exiting the concrete 

 

5.4.5  VERIFICATION TESTING 
For the verification testing, seven cylinders were made from the concrete delivered to be placed at the 

designated location explained in Section 5.1.3. The cylinders were made in accordance with AASHTO T 

23 (2004) and cured under laboratory conditions. The testing ages for the verification tests were (1) at the 

maturity when 2,400-psi is reached on the strength-maturity relationship, and (2) at an actual concrete 

iButton access wires 
exiting the concrete 
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age of 7 days. At each testing age, three cylinders were strength tested. Temperature-recording devices 

described in Section 5.3.3.1 were used to measure the temperature histories of the molded cylinders. The 

seventh cylinder was made each time so that an iButton could be installed, and that cylinder was not 

strength tested.  

 

5.5 DATA ANALYSIS APPROACH  

After all the data were collected, it was analyzed the same way as for the precast prestressed girder 

project in Section 4.3.5. All the temperature data were downloaded and outliers were removed from the 

strength data. The accumulation of the maturity was determined for the molded specimens, the mock 

bridge deck at the locations where the in-place tests were conducted, and the locations in the I-85 and 

Creek bridges. Strength-maturity relationships were developed from the strength and maturity data. 

Afterwards the accuracy of the maturity method was evaluated by assessing all the errors obtained 

between the measured and estimated strength. Confidence levels with a 10% defect level were applied to 

the best-fit strength-maturity relationship.  

 

5.5.1 DATA INTERPRETATION  
The same methods explained in Section 4.3.5.1 for the precast prestressed girder project were used to 

eliminate potential outliers in the strength data. The percent range, defined by Equation 2-11, was 

calculated for each test age of all testing methods conducted. If the range of testing results for three 

concrete cylinders cast under the field conditions was within 9.5%, then all specimens were used 

(AASHTO T 22 2005). The acceptable range for the pullout inserts are as follows: 31% for 5 pullouts 

inserts, 34% for 7 pullout inserts, and 36% for 10 pullout inserts (ASTM C 900 2001). Therefore 31% was 

used for the top, side, and bottom inserts of the mock bridge deck. The acceptable range for the pullout 

test performed on the molded cubes was 34%. For the cores the acceptable range for a single operator is 

9% (AASHTO T 24 2002). Finally for cast-in-place cylinders, the acceptable range for a single operator is 

10% (ASTM C 873 2004). If the percent range exceeded the allowable range, then the furthest outlier 

was removed, and the remaining test results were used 

As was done for the precast prestressed girder project, some small adjustments were made to 

the first couple of temperatures recorded by the iButton. Hour Zero for all the tests was the time when the 

water contacted cement; therefore, the recorded temperatures that were taken between the times the 

water contacted cement at the batch plant and when the iButton sensors were covered with concrete 

were adjusted. The first temperature reading recorded after the sensor was covered with concrete was 

used for all temperatures prior to the time the water contacted cement. At most, this was 1 to 2 hours. In 

addition, the same adjustment that was explained in Section 4.3.5.1 for the precast prestressed girder 

project was done for the cores from the mock bridge deck. A transition was made from the temperatures 

recorded in the mock bridge deck to the temperatures recorded from the iButton installed in the core after 

it was removed. 
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5.5.2 MATURITY CALCULATIONS 
All maturity calculations were done in accordance with ASTM C 1074 (2004). The Nurse-Saul maturity 

function with datum temperatures of 0 °C and -10 °C were calculated with Equation 2-1. The Arrhenius 

maturity function, as defined by Equation 2-2, was determined with activation energies of 33,500 J/mol 

and 40,000 J/mol. A reference temperature of 22.8 °C (73 °F) and universal gas constant of 8.314 J/(mol 

x K) were used for the Arrhenius maturity function. Once strength testing of the specimens was 

conducted, the corresponding maturity at each age was calculated from the temperature history of each 

specimen type and in-place concrete. 

 

5.5.3 STRENGTH-MATURITY RELATIONSHIPS 
The strength-maturity relationships were calculated the same way as explained for the precast 

prestressed girder project in 4.3.5.3. All of the cylinder strength and maturity data at each testing age 

were used to create the strength-maturity relationship. The exponential function was used to define the 

strength-maturity relationship for the same reasons as explained in Section 4.3.5.3. The exponential 

function is defined by Equation 2-6.  

 
5.5.4 CALCULATIONS OF ERRORS  
Once all maturities have been calculated and the strength-maturity relationships have been established, 

the accuracy of the strength estimated with the maturity method can be evaluated. The accuracy was 

determined by evaluating the percent error and the absolute average error as was done in the precast 

prestressed girder project. These error parameters between the strength obtained by testing molded 

cylinders and that estimated by the strength-maturity relationship were calculated. In addition, the error 

parameters were calculated for the strengths obtained from the in-place strength tests and those 

estimated by the maturity method. The percent error was calculated using Equation 4-2 and the average 

absolute error was calculated using Equation 4-3. 

 

5.5.5  CONFIDENCE LEVELS 
Confidence levels were applied to all of the strength-maturity relationships to develop a new strength-

maturity relationship based on the desired defect level. The coefficient of variation for each type of test 

was used along with Equation 2.9 in Section 2.8.1 to apply the confidence levels to the original strength-

maturity relationship. The confidence levels of 50%, 75%, and 90% and defect level of 10% were used to 

calculate the confidence levels as stated in Section 5.1.1.4. The corresponding K-values for the different 

confidence levels at a defect level of 10% are summarized in Table 2-3. Table 5-3 is the coefficient of 

variation for test data obtained from cylinders, cast-in-place cylinders, cores, and pullout inserts.  

 
5.5.6 ACCEPTANCE CRITERIA 
To determine if the maturity method is an accurate method for evaluating the strength gain of concrete, 

the acceptance criteria established in Section 4.3.5.6 for the precast prestressed girder project were 
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used. If the strength estimated with the maturity method exceeds the measured strength of the molded 

cylinders or cast-in-place cylinders by more than 10%, then the maturity method is not accurate. For 

evaluation of the pullout test and the compressive strength of cores, each test will be considered accurate 

if strength estimated with the maturity method exceeds the measured strength by 15% or less.  

 
Table 5-3: Coefficient of variation of test methods 

Compression Testing of Molded Cylinders 2.9% AASHTO T 22 (2005)
Compression Testing of CIPCylinders 3.5% ASTM C 873 (2004)
Compression Testing of Cores 4.7% AASHTO T 24 (2002)
Pullout Testing 8.0% ASTM C 900 (2001)

ReferenceTest Method Coefficient of 
Variation

 
 

5.6 MOCK BRIDGE DECK RESULTS  

All test results for the mock bridge deck are presented in this section. Discussions of the results are 

presented in Section 5.8. Tables of the errors and graphs that can be used to evaluate the accuracy of 

the maturity method are also presented in Section 5.8. As discussed in Section 5.5.1, outliers were 

removed from the data presented in this section. The average strengths at each test age for the molded 

cylinders, pullout tests, compressive tests of the cast-in-place cylinders, and compressive tests of the 

cores are presented in this section. Nixon (2006) has documented all individual strength test results for 

the mock bridge deck project. In addition, some of temperature profiles for the mock bridge deck are 

presented in this section, and all temperatures profiles are presented elsewhere by Nixon (2006). This 

section is subdivided into cold-weather placement test results and the warm-weather placement test 

results. For the rest of this chapter, the cylinders that were cured in the field in lime-saturated water-tank 

will be known as the “water-tank” cylinders.  

 

5.6.1  COLD-WEATHER PLACEMENT TEST RESULTS 
 

5.6.1.1 FRESH CONCRETE PROPERTIES 
The cold-weather placement of the mock deck occurred on February 24, 2005 at 12:50 pm. The 

ambient temperature for the first 24 hours ranged from 43 to 63 °F. A 3-yd3 batch was delivered for the 

mock bridge deck and all the testing that was performed. All fresh concrete properties were taken after 

the concrete was delivered to the construction site. The total air content was 5.0%, which was acceptable 

for assessment of the accuracy of the maturity method. Table 5-4 summarizes the fresh concrete 

properties tested for the cold-weather placement of the mock bridge deck.  
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Table 5-4: Fresh concrete properties for the cold-weather placement mock bridge deck 

Fresh Concrete Properties Results

Air (%) 5.0%
Slump (in.) 2.75
Temperature (°F) 77  

 
5.6.1.2 TEMPERATURE DATA 

The temperature history of the 6 x 12 inch laboratory and water-tank cylinders and mock bridge 

deck are shown in Figure 5-21. The temperature history of the pullout cubes, 28-day CIP cylinders, and 4 

x 8 inch molded cylinders are shown in Figure 5-22. The maximum temperatures and the minimum 

temperatures from the mid-depth temperature sensors are shown in this section. Only the first seven days 

were plotted because thereafter all of the specimens (excluding the laboratory cured specimens) closely 

followed the ambient temperature cycle. 
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Figure 5-21: Temperature history of 6 x 12 inch cylinders and the mock bridge deck for the cold-weather 

placement 

 
A substantial difference between the laboratory-cured specimens and the field-cured specimens occurred 

over the entire period. The laboratory cured specimens never gave a temperature history close to the 

mock bridge deck temperature for the first 7 days. Even though the temperatures from the field-cured 

specimens did not reach the maximum temperature recorded in the mock bridge deck for the first 4 days, 
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they did follow the mock bridge deck temperatures more closely than the laboratory specimens did after 4 

days.  

The temperature history of the 10-day, ASTM C 42 and AASHTO T 24 cured cores are presented in 

Figure 5-23, and the temperature history of the 28-day, ASTM C 42 and AASHTO T 24 cured cores are 

shown in Figure 5-24. 
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Figure 5-22: Temperature history of pullout cubes, 4 x 8 inch water-tank cylinders, and 28-day CIP cylinders for 

the cold-weather placement 

 

5.6.1.3 STRENGTH DATA 
The maturity values and strength test results for the laboratory-cured specimens are summarized 

in Table 5-5. No outliers were removed from the data set. A summary of the maturity and strength data for 

the 6 x 12 inch lime-saturated water-tank cured cylinders are presented in Table 5-6. Only one outlier was 

removed from the entire field cured set of cylinders, and it occurred in the one-day test data. 
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Figure 5-23: Temperature history of 10-day cores for cold-weather placement of mock bridge deck 
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Figure 5-24: Temperature history of 28-day cores for cold-weather placement of mock bridge deck 
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Table 5-5: Laboratory-cured cylinders strength and maturity data for cold-weather placement of mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 26.8 861 596 26.2 26.1 1,030
2 49.4 1,569 1,078 47.3 47.0 2,050
3 73.6 2,321 1,589 69.7 69.1 2,630
7 170.3 5,292 3,589 157.5 155.1 3,690
14 336.9 10,269 6,904 303.2 297.1 4,330
28 672.4 20,329 13,605 597.7 584.3 5,020

Measured 
Strength    

(psi)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Concrete 
Age      

(hours)

Target 
Age 

(days)

 
 
Table 5-6: 6 x 12  inch Water-tank-cured cylinder strength and maturity data for the cold-weather 

placement of the mock bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 27.0 761 491 22.0 21.2 820
2 49.2 1,245 754 35.2 33.2 1,430
3 73.4 1,769 1,037 49.5 46.0 2,140
7 170.2 3,536 1,838 97.5 88.0 3,590
14 335.9 6,850 3,493 187.5 168.1 4,370
28 672.3 14,151 7,431 387.4 349.3 4,650

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Measured 
Strength    

(psi)

 
 

The strength development of molded cylinders is presented in Figure 5-25. The entire testing time was 

shown to illustrate the difference between the strength development of the water-tank-cured and 

laboratory-cured molded cylinders. The exponential function was used to characterize the strength 

development of the concrete. Nixon (2006) has documented the corresponding best-fit Su, β, and 

τ values that define the strength development graphs. 
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Figure 5-25: Concrete strength versus concrete age for cold-weather placement of mock bridge deck 

 

The in-place strength and maturity data for the top pullouts are presented in Table 5-7, the side pullouts 

are presented in Table 5-8, and the bottom pullouts are presented in Table 5-9. All outliers were removed 

from the data sets. Some of side and bottom inserts were damaged during the construction process and 

were unable to be tested, while some of the top inserts could not be tested because of problems that 

occurred with placing the floating inserts in the fresh concrete.  

 

Table 5-7: In-place top pullout strength and maturity data for cold-weather placement of mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 25.7 919 665 29.9 31.0 1,760
2 47.7 1,703 1,228 55.0 56.7 2,600
3 72.2 2,432 1,710 76.3 77.4 3,140
7 168.8 4,147 2,459 123.4 118.6 3,470
14 335.1 7,868 4,518 229.0 216.5 4,660
28 671.2 15,560 8,852 444.7 415.7 4,050

Pullout 
Compressive 

Strength     
(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)
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Table 5-8: In-place side pullout strength and maturity data for cold-weather placement of mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 25.7 947 693 31.4 32.7 1,560
2 47.7 1,750 1,275 57.5 59.7 2,660
3 72.2 2,447 1,726 76.9 78.2 2,930
7 168.8 4,147 2,459 124.3 119.6 4,010
14 335.1 7,868 4,518 229.0 216.5 4,300
28 671.2 15,560 8,852 447.8 418.9 4,300

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Pullout 
Compressive 

Strength     
(psi)

 
 

Table 5-9: In-place bottom pullout strength and maturity data for cold-weather placement of mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 25.7 977 723 33.1 34.9 1,750
2 47.7 1,797 1,322 60.2 63.1 2,540
3 72.2 2,510 1,788 80.3 82.3 3,400
7 168.8 4,147 2,459 127.4 123.4 3,940
14 335.1 7,868 4,518 229.0 216.5 3,610
28 671.2 15,560 8,852 446.3 417.1 4,090

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Pullout 
Compressive 

Strength     
(psi)

 
 

Core strengths and maturity data are summarized in Table 5-10 and Table 5-11. Again all outliers were 

removed from the data set before the data analysis was conducted. Also one core from the ASTM C 42 - 

10-day and AASHTO T 24 - 10-day were not extracted from the mock bridge deck due to complications 

experienced with the coring barrel. For the AASHTO T 24 - 28-day cores, one core was removed due to 

being an outlier and for the ASTM C 42 – 28-day cores, two cores were removed due to being outliers. 

Nixon (2006) has documented the dimension of the cores and the layout of the core removal. 
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Table 5-10: ASTM C 42 core strength and maturity data for the cold-weather placement of the mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

10 10.2 7,448 5,006 227.8 226.9 4,070
28 30.0 17,662 10,351 508.1 479.5 4,650

Arrhenius Maturity 
(hours)

Core 
Compressive 

Strength     
(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

 
 

Table 5-11: AASHTO T 24 core strength and maturity data for the cold-weather placement of the mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

10 10.2 7,407 4,966 226.4 225.4 3,980
28 30.0 17,760 10,450 512.0 484.1 4,300

Arrhenius Maturity 
(hours)

Core 
Compressive 

Strength     
(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

 
 

The pullout test results from the 8 x 8 x 8 inch cubes are presented in Table 5-12. Two outliers were 

removed form the data set, one at 1 day and the other at 2 days. 

 

Table 5-12: Pullout strength and maturity data from the cubes for cold-weather placement of mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 26.2 832 570 25.3 25.1 1,130
2 48.5 1,328 845 38.8 37.4 1,630
7 157.6 3,466 1,892 96.8 88.8 3,130

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Pullout Cube 
Compressive 

Strength     
(psi)

Target 
Age   

(days)

 
 

Strength and maturity data for the cast-in-place cylinders and water-tank-cured 4 x 8 inch cylinders are 

summarized in Table 5-13 and Table 5-14. All outliers were removed from the data set before the data 

analysis was conducted. For the CIP cylinders, one cylinder was not tested for the 2 day testing age due 

to the cylinder being defective after removal from the deck. In addition, one CIP cylinder was removed 

from both the 7- and 28-day test results due to being an outlier. For the water-tank 4 x 8 inch cylinders, 

one was removed from the 2 day testing age for being an outlier.  
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Table 5-13: CIP cylinders strength and maturity data for the cold-weather placement of the mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 1.1 1,014 753 34.8 36.9 1,870
2 2.1 1,874 1,372 62.5 65.4 2,770
7 7.1 4,399 2,696 134.1 131.1 3,880
28 28.0 15,874 9,151 455.0 427.2 4,980

Compressive 
Strength     

(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

 
 

Table 5-14: 4 x 8 inch water-tank-cured cylinder strength and maturity data for the cold-weather 

placement of the mock bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 1.1 710 444 20.2 19.3 760
2 2.1 1,231 732 34.4 32.2 1,330
7 7.1 3,554 1,851 97.5 87.8 3,460
28 28.0 14,149 7,429 386.5 348.1 4,970

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Compressive 
Strength     

(psi)

 
 

5.6.1.4 STRENGTH-MATURITY (S-M) RELATIONSHIPS  
The strength-maturity relationships for the cold-weather casting of the mock bridge deck were 

developed as stated in Section 5.5.3. The exponential function was used to characterize the strength-

maturity relationship of the concrete. Nixon (2006) has documented the best-fit Su, β, and τ values and 

R2 values. Four different S-M relationships were developed using the following maturity functions and 

corresponding temperature sensitivity values: Nurse-Saul maturity function with To =  -10 °C and 0 °C and 

Arrhenius maturity function with E = of 33,500 J/mol and 40,000 J/mol. The S-M relationship with Nurse-

Saul maturity function using To = -10 °C is shown in Figure 5-26. The S-M relationship with Nurse-Saul 

maturity function using To = 0 °C is shown in Figure 5-27. The S-M relationship with Arrhenius maturity 

function using E = 33,500 J/mol is shown in Figure 5-28. The S-M relationship with Arrhenius maturity 

function using E = 40,000 J/mol is shown in Figure 5-29.  
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Figure 5-26: S-M relationships using the Nurse-Saul maturity function for mock bridge deck cold-weather 

placement (To = -10 °C) 
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Figure 5-27: S-M relationships using the Nurse-Saul maturity function for mock bridge deck cold-weather 

placement (To = 0 °C) 
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Figure 5-28: S-M relationships using the Arrhenius maturity function for mock bridge deck cold-weather 

placement (E = 33.5 kJ/mol) 
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Figure 5-29: S-M relationships using the Arrhenius maturity function for mock bridge deck cold-weather 

placement (E = 40 kJ/mol) 

 

In accordance with ASTM C 1074 (2004), the S-M relationship should be developed by using cylinders 

that were cured under laboratory conditions in accordance to ASTM C 192 (2002). Therefore, the 

laboratory-cured cylinder S-M relationship was graphed with the strength and maturity results for the 

water-tank-cured cylinders. The S-M relationships incorporating confidence levels of 50%, 75%, and 90% 
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and are shown in Figures 5-30 to 5-33. The confidence levels were calculated as explained in Section 

5.5.5. 
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Figure 5-30: S-M relationship for the laboratory cured cylinders with confidence levels for the cold-weather 

placement of the mock bridge deck (To = -10 °C) 
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Figure 5-31: S-M relationship for the laboratory cured cylinders with confidence levels for the cold-weather 

placement of the mock bridge deck (To = 0 °C) 
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Figure 5-32: S-M relationship for the laboratory cured cylinders with confidence levels for the cold-weather 

placement of the mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-33: S-M relationship for the laboratory cured cylinders with confidence levels for the cold-weather 

placement of the mock bridge deck (E = 40 kJ/mol) 
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To evaluate whether the water-tank-cured cylinders would better represent the concrete’s S-M 

relationship, the procedure that was used for the laboratory-cured cylinders was used for the water-tank-

cured cylinders. These S-M relationships are presented elsewhere Nixon (2006). The 4 x 8 inch water-

tank-cured cylinders data were added with the cast-in-place cylinder data to the laboratory and water-tank 

S-M relationships because the confidence levels for these were the similar. These graphs are presented 

in the next section.  

 

5.6.1.5 IN-PLACE STRENGTH GRAPHS 
To evaluate the in-place strength of the mock girder, pullout tests, compressive tests of cast-in-

place cylinders, and compressive tests of cores were used. The strength and maturities of the tests were 

graphed against both S-M relationships that were developed from the concrete cylinders cured under 

different conditions. All four maturities were evaluated: Nurse-Saul maturity function with To = -10 °C and 

0 °C and Arrhenius maturity function with E = 33.5 kJ/mol and 40 kJ/mol. Along with the S-M relationship, 

the confidence levels of 50%, 75%, and 90% were also added to the graphs. The confidence levels for 

the pullout tests, cast-in-place cylinders, and cores are different due to the number of specimens and 

coefficient of variation of each test. For the following figures, the Nurse-Saul maturity function with To = 0 

°C and Arrhenius maturity function with E = 33.5 kJ/mol are presented in this section. The Nurse-Saul 

maturity function with To = -10 °C and Arrhenius maturity function with E = 40 kJ/mol are presented 

elsewhere by Nixon (2006).  

The laboratory and water-tank-cured S-M relationship with the pullout compressive strengths are 

presented in Figure 5-34 to 5-37. The laboratory and water-tank cured S-M relationship with the 

compressive strengths of the cast-in-place cylinders are presented in Figure 5-38 to 5-41. Since the 

coefficient of variation of the cast-in-place cylinders and 4 x 8 inch molded cylinders are similar, the 

confidence levels for Figures 5-38 to 5-41 were calculated using the coefficients of variation of the 4 x 8 

inch molded cylinders. The laboratory and water-tank-cured S-M relationship with the compressive 

strengths of the cores are presented in Figures 5-42 to 5-47.  
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Figure 5-34: Pullout test with laboratory S-M relationship and confidence levels for the cold-weather placement 

of the mock bridge deck (To = 0 °C) 
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Figure 5-35: Pullout test with laboratory S-M relationship and confidence levels for the cold-weather placement 

of the mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-36: Pullout test with water-tank S-M relationship and confidence levels for the cold-weather placement 

of mock bridge deck (To = 0°C) 
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Figure 5-37: Pullout test with water-tank S-M relationship and confidence levels for the cold-weather placement 

of mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-38: Cast-in-place cylinders and 4 x 8 inch cylinders with laboratory S-M relationship and confidence 

levels for the cold-weather placement of the mock bridge deck (To = 0 °C) 
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Figure 5-39: Cast-in-place cylinders and 4 x 8 inch cylinders with laboratory S-M relationship and confidence 

levels for the cold-weather placement of the mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-40: Cast-in-place cylinders and 4 x 8 inch cylinders with water-tank S-M relationship and confidence 

levels for the cold-weather placement of mock bridge deck (To = 0°C) 
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Figure 5-41: Cast-in-place cylinders and 4 x 8 inch cylinders with water-tank S-M relationship and confidence 

levels for the cold-weather placement of mock bridge deck  (E = 33.5 kJ/mol) 
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Figure 5-42: Cores with laboratory S-M relationship and confidence levels for the cold-weather placement of the 

mock bridge deck (To = 0 °C) 
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Figure 5-43: Cores with laboratory S-M relationship and confidence levels for the cold-weather placement of the 

mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-44: Cores with water-tank S-M relationship and confidence levels for the cold-weather placement of 

mock bridge deck (To = 0°C) 
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Figure 5-45: Cores with water-tank S-M relationship and confidence levels for the cold-weather placement of 

mock bridge deck (E = 33.5 kJ/mol) 
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5.6.2  WARM-WEATHER PLACEMENT TEST RESULTS 
 

5.6.2.1 FRESH CONCRETE PROPERTIES 
The warm-weather placement of the mock deck occurred on June 14, 2005 at 1:30 pm. The 

ambient temperature for the first 24 hours ranged from 75 to 90 °F. A 4-yd3 batch was delivered for the 

mock bridge deck and all the testing that was performed. Fresh concrete properties were taken after the 

concrete was delivered to the construction site and are summarized in Table 5-15. The total air content 

was 4.0%, which was acceptable for assessment of the accuracy of the maturity method.   

 

Table 5-15: Fresh concrete properties for the warm-weather placement mock bridge deck 

Fresh Concrete Properties Results

Air (%) 4.0%
Slump (in.) 2.5
Temperature (°F) 92  

 
5.6.2.2 TEMPERATURE DATA 

The warm-weather placement of the mock bridge temperature histories of the 6 x 12 inch 

laboratory and water-tank cured cylinders and the mock bridge deck are presented in Figure 5-46. The 

temperature history of the pullout cubes, 4 x 8 inch cylinders, and 28-day CIP cylinders are presented in 

Figure 5-47. The maximum temperatures and the minimum temperatures recorded for the mock bridge 

deck are presented in Figure 5-46. The mid-depth temperature sensors were used for the mock bridge 

temperature histories presented here. Only the first seven days were plotted because thereafter all the 

specimens closely followed the ambient temperature cycle. 

A difference occurs between the laboratory-cured specimens and the field-cured specimens but 

not as extensive as it was for the cold-weather placement. The field-cured temperatures to some extent 

followed the mock bridge deck recorded temperature but not to the same degree as found in the cold-

weather placement of the mock bridge deck. Even though the temperatures from the field-cured 

specimens did not reach the temperatures recorded in the mock bridge deck for the first two days, they 

follow the recorded mock bridge deck temperatures more closely than do the laboratory specimens.  

The temperature history of the 7-day ASTM C 42 and AASHTO T 24 cured cores are presented 

in Figure 5-48. The temperature history of the 28-day ASTM C 42 and AASHTO T 24 cured cores are 

shown in Figure 5-49. 
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Figure 5-46: Temperature history of 6 x 12 inch cylinders and the mock bridge deck for the warm-weather 

placement 
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Figure 5-47: Temperature history of pullout cubes, 4 x 8 inch water-tank cylinders, and 28-day CIP cylinders for 

the warm-weather placement 
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Figure 5-48: Temperature history of 7-day cores for warm-weather placement of mock bridge deck 

60

80

100

120

140

0 96 192 288 384 480 576 672

Concrete Age (hours)

C
on

cr
et

e 
T

em
pe

ra
tu

re
 (°

F)

ASTM C 42

AASHTO T 22

Cores Extracted

 
Figure 5-49: Temperature history of 28-day cores for warm-weather placement of mock bridge deck 

 

5.6.2.3 STRENGTH DATA 
The maturity values and strength test results for the laboratory-cured specimens are summarized 

in Table 5-16. No outliers were removed from the data set. A summary of the maturity and strength data 

for the 6 x 12 inch water-tank cured cylinders are presented in Table 5-17. Only one outlier was removed 

from the entire water-tank-cured set of cylinders, it was for the one-day testing age.  
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Table 5-16: Laboratory-cured cylinders strength and maturity data for warm-weather placement of mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 25.6 1,018 762 35.1 37.4 2,020
2 50.3 1,830 1,328 60.0 62.3 3,020
3 72.3 2,547 1,825 81.8 84.1 3,330
7 170.1 5,700 4,003 177.4 179.2 4,040
14 336.1 10,937 7,577 334.1 334.2 4,950
28 674.2 21,598 14,859 653.3 649.9 5,970

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Concrete 
Age      

(hours)

Target 
Age 

(days)

Measured 
Strength    

(psi)

 
 

 

Table 5-17: 6 x 12 inch water-tank-cured cylinder strength and maturity data for the warm-weather 

placement of the mock bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 25.4 1,051 800 38.0 41.3 1,960
2 49.0 1,928 1,440 66.8 71.2 2,830
3 72.2 2,728 2,011 92.1 97.0 3,080
7 169.8 6,019 4,322 194.1 199.8 4,020
14 335.9 11,748 8,393 374.2 383.0 4,750
28 673.8 23,582 16,848 749.5 766.3 5,590

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Measured 
Strength    

(psi)

 
 

The strength development of the 6 x 12 inch molded cylinders is presented in Figure 5-50. The entire 

testing time is shown to illustrate the difference between the strength development of the water-tank-

cured and laboratory-cured molded cylinders. The exponential function was used to characterize the 

strength gain of the concrete. The corresponding best-fit Su, β, and τ  values that define the strength 

development graphs are presented elsewhere by Nixon (2006). 

The in-place strength and maturity data for the top pullouts are presented in Table 5-18, the side 

pullouts are presented in Table 5-19, and the bottom pullouts are presented in Table 5-20. All outliers 

were removed from the data sets. Some of side and bottom inserts were damaged during the 

construction process and could not to be tested, while some of the top inserts could not be tested 

because of problems that occurred with placing the floating inserts in the fresh concrete. All 28-day data 
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for the side pullout tests were removed due to cracking that occurred during testing of those inserts. 

ASTM C 900 (2001) states that if cracking occurs that is not the same diameter as the bearing ring, then 

the test results must be discarded.  
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Figure 5-50: Concrete strength versus concrete age for warm-weather placement of mock bridge deck 

 

Table 5-18: In-place top pullout strength and maturity data for warm-weather placement of mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 24.0 1,353 1,117 67.8 83.4 3,020
2 48.4 2,714 2,232 133.2 162.8 3,090
3 71.5 3,317 2,604 137.5 158.3 3,450
7 168.4 6,946 5,263 258.4 284.7 4,250
14 335.5 13,548 10,194 492.6 537.6 4,860
28 672.3 26,562 19,842 949.0 1027.3 6,210

Arrhenius Maturity 
(hours)

Pullout 
Compressive 

Strength     
(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)
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Table 5-19: In-place side pullout strength and maturity data for warm-weather placement of mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 24.0 1,351 1,115 67.4 82.8 2,590
2 48.4 2,693 2,210 130.7 159.0 3,430
3 71.5 3,397 2,685 144.2 167.5 3,420
7 168.4 6,949 5,265 259.4 286.7 3,720
14 335.5 13,548 10,194 492.6 537.6 4,250
28 672.3 26,562 19,842 933.9 1007.0 -

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Pullout 
Compressive 

Strength     
(psi)

 
 

Table 5-20: In-place bottom pullout strength and maturity data for warm-weather placement of mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 24.0 1,370 1,133 68.4 84.5 3,070
2 48.4 2,718 2,235 132.3 161.6 3,370
3 71.5 3,460 2,747 149.9 175.4 3,430
7 168.4 6,950 5,267 265.2 294.8 3,820
14 335.5 13,548 10,194 492.6 537.6 5,320
28 672.3 26,565 19,845 938.5 1012.4 5,310

Pullout 
Compressive 

Strength     
(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

 
 

Core strength and maturity data are summarized in Table 5-21 and Table 5-22. All outliers were removed 

from the data set before the data analysis was conducted. One core for both the ASTM C 42 – 28-day 

and AASHTO T 24 – 28-day cores was not extracted from the mock bridge deck due to complication that 

occurred during coring. Nixon (2006) has reported the individual strength test results, the dimension of 

the cores, and the layout of the cores. 

The pullout test results obtained from the cube specimens are presented in Table 5-23. One of 

the tests for the 1-day test age was not conducted due to the insert not being perpendicular with the 

surface of the concrete.  
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Table 5-21: ASTM C 42 core strength and maturity data for the warm-weather placement of the mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

7 7.1 6,656 4,957 261.7 296.8 3,390
28 28.1 25,680 18,726 883.3 941.1 4,050

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Core 
Compressive 

Strength     
(psi)

 
 

Table 5-22: AASHTO T 24 core strength and maturity data for the warm-weather placement of the mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

7 7.1 6,666 4,965 260.8 295.1 3,180
28 28.1 25,696 18,872 891.2 953.0 4,040

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Core 
Compressive 

Strength     
(psi)

 
 

Table 5-23: Pullout strength and maturity data from the cubes for warm-weather placement of mock 

bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 24.3 1,226 983 53.3 62.4 2,170
2 48.5 2,117 1,632 82.5 92.7 2,620
7 168.8 6,144 4,459 207.2 218.4 3,630

Target 
Age   

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Pullout Cube 
Compressive 

Strength     
(psi)

 
 

The cast-in-place (CIP) cylinders and water-tank-cured 4 x 8 inch cylinders strength and maturity data are 

summarized in Table 5-24 and Table 5-25. Again all outliers were removed from the data set before the 

data analysis was conducted. For the CIP cylinder, one test result was removed from the 1-day test age 

due to being an outlier. For the water-tank-cured 4 x 8 inch cylinders, one test result was removed from 

both the 1- and 28-day testing ages for being an outlier.  
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Table 5-24: CIP cylinders strength and maturity data for the warm-weather placement of the mock bridge 

deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 1.0 1,473 1,225 78.1 98.0 2,900
2 2.0 2,822 2,333 144.5 179.5 3,630
7 7.1 7,301 5,608 292.5 333.7 4,400
28 28.1 26,550 19,811 944.1 1020.4 4,790

Compressive 
Strength     

(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

 
 

Table 5-25: 4 x 8 inch water-tank cured cylinder strength and maturity data for the warm-weather 

placement of the mock bridge deck 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 1.0 1,044 793 37.6 40.7 2,030
2 2.0 1,895 1,411 65.2 69.3 2,850
7 7.1 5,921 4,228 189.4 194.2 4,240
28 28.1 23,193 16,459 730.1 742.6 5,990

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Compressive 
Strength     

(psi)

 
 

 

5.6.2.4 STRENGTH-MATURITY (S-M) RELATIONSHIPS  
The strength-maturity relationships for the warm-weather casting of the mock bridge deck were 

developed as for the cold-weather casting of the mock bridge deck as stated in Section 5.5.3. The 

exponential function was used to characterize the strength-maturity relationship of the concrete. The best-

fit Su, β, and τ values and R2 values are summarized elsewhere by Nixon (2006). The S-M relationship 

with Nurse-Saul maturity function using To = -10 °C is shown in Figure 5-51. The S-M relationship with 

Nurse-Saul maturity function using To = 0 °C is shown in Figure 5-52. The S-M relationship with Arrhenius 

maturity function using E = 33,500 J/mol is shown in Figure 5-53. The S-M relationship with Arrhenius 

maturity function using E = 40,000 J/mol is shown in Figure 5-54. 
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Figure 5-51: S-M relationships using the Nurse-Saul maturity function for mock bridge deck warm-weather 

placement (To = -10 °C) 
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Figure 5-52: S-M relationships using the Nurse-Saul maturity function for mock bridge deck warm-weather 

placement (To = 0 °C) 
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Figure 5-53: S-M relationships using the Arrhenius maturity function for mock bridge deck warm-weather 

placement (E = 33.5 kJ/mol) 

 

 

 

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

0 144 288 432 576 720 864

Maturity (hours)

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(p

si
)

Laboratory Cylinders

Water Tank Cylinders

 
Figure 5-54: S-M relationships using the Arrhenius maturity function for mock bridge deck warm-weather 

placement (E = 40 kJ/mol) 
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The strength-maturity relationships from the laboratory-cured cylinders with the confidence levels of 50%, 

75%, and 90% are presented in Figure 5-55 to 5-58. The confidence levels were calculated as explained 

in Section 5.5.5. 
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Figure 5-55: S-M relationship for the Laboratory cured cylinders with confidence levels for the warm-weather 

placement of the mock bridge deck (To = -10 °C) 
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Figure 5-56: S-M relationship for the Laboratory cured cylinders with confidence levels for the warm-weather 

placement of the mock bridge deck (To = 0 °C) 

S-M Relationship from lab-cured cylinders
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Figure 5-57: S-M relationship for the Laboratory cured cylinders with confidence levels for the warm-weather 

placement of the mock bridge deck (E = 33.5 kJ/mol) 

 

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

0 144 288 432 576 720 864

Maturity (hours)

C
om

pr
es

si
ve

 S
tr

en
gt

h 
(p

si
)

Laboratory Cylinders

Water Tank Cylinders

50%      75%      90% Confidence Level

 
Figure 5-58: S-M relationship for the Laboratory cured cylinders with confidence levels for the warm-weather 

placement of the mock bridge deck (E = 40 kJ/mol) 

 

To evaluate whether the water-tank-cured cylinders would better represent the concrete’s S-M 

relationship, the procedure that was used for the laboratory-cured cylinders was used for the water-tank-

cured cylinders. The water-tank S-M relationships are presented elsewhere by Nixon (2006). The 4 x 8 

S-M Relationship from lab-cured cylinders

S-M Relationship from lab-cured cylinders
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inch water-tank-cured cylinder data were added with the cast-in-place cylinder data to the laboratory and 

water-tank S-M relationships because the confidence levels for these were the similar. These graphs are 

presented in the next section.  

 

5.6.2.5 IN-PLACE STRENGTH GRAPHS 
The strength and maturity data of the in-place tests were graphed with both S-M relationships that 

were developed for the two different type of cylinder curing. All four maturities were evaluated: Nurse-

Saul maturity function with To = -10 °C and 0 °C and Arrhenius maturity function with E = 33.5 kJ/mol and 

40 kJ/mol. Along with the best-fit S-M relationship the confidence levels of 50%, 75%, and 90% were 

added to the graphs. For Figures 5-59 to 5-70 the Nurse-Saul maturity function with To = 0 °C and 

Arrhenius maturity function with E = 33.5 kJ/mol are presented. The results for the Nurse-Saul maturity 

function with To = -10 °C and Arrhenius maturity function with E = 40 kJ/mol are presented elsewhere by 

Nixon (2006). The laboratory and water-tank S-M relationships with the pullout compressive strengths are 

presented in Figures 5-59 to 5-62. The laboratory and water-tank cured S-M relationships with the 

compressive strengths of the cast-in-place cylinder and 4 x 8 inch water-tank-cured cylinders are 

presented in Figures 5-63 to 5-66. Since the coefficient of variation of the cast-in-place cylinders and 4 x 

8 inch water-tank-cured cylinders are similar, the confidence levels for Figures 5-63 to 5-66 were 

calculated using the coefficients of variation of the 4 x 8 inch molded cylinders. The laboratory and water-

tank cured S-M relationships with the compressive strengths of the cores are presented in Figures 5-67 to 

5-70.  
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Figure 5-59: Pullout test with laboratory S-M relationship and confidence levels for the warm-weather placement 

of the mock bridge deck (To = 0 °C) 
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Figure 5-60: Pullout test with laboratory S-M relationship and confidence levels for the warm-weather placement 

of the mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-61: Pullout test with water-tank S-M relationship and confidence levels for the warm-weather 

placement of mock bridge deck (To = 0°C) 
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Figure 5-62: Pullout test with  water-tank S-M relationship and confidence levels for the warm-weather 

placement of mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-63: Cast-in-place cylinders and 4 x 8 inch cylinders with laboratory S-M relationship and confidence 

levels for the warm-weather placement of the mock bridge deck (To = 0 °C) 
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Figure 5-64: Cast-in-place cylinders and 4 x 8 inch cylinders with laboratory S-M relationship and confidence 

levels for the warm-weather placement of the mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-65: Cast-in-place cylinders and 4 x 8 inch cylinders with water-tank S-M relationship and confidence 

levels for the warm-weather placement of mock bridge deck (To = 0°C) 
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Figure 5-66: Cast-in-place cylinders and 4 x 8 inch cylinders with water-tank S-M relationship and confidence 

levels for the warm-weather placement of mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-67: Cores with laboratory S-M relationship and confidence levels for the warm-weather placement of 

the mock bridge deck (To = 0 °C) 
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Figure 5-68: Cores with laboratory S-M relationship and confidence levels for the warm-weather placement of 

the mock bridge deck (E = 33.5 kJ/mol) 
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Figure 5-69: Cores with water-tank S-M relationship and confidence levels for the warm-weather placement of 

mock bridge deck (To = 0°C) 
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Figure 5-70: Cores with water-tank S-M relationship and confidence levels for the warm-weather placement of 

mock bridge deck (E = 33.5 kJ/mol) 

 

 

5.7 RESULTS FOR THE EVALUATION OF THE USE OF MOLDED CYLINDERS FOR STRENGTH 
VERIFICATION TESTING 

All test results for the evaluation of the use of molded cylinders for verification testing are presented in 

this section. Discussions of the results are presented in Section 5.9 along with tables of errors and graphs 

that can be used to evaluate the accuracy of the maturity method. As discussed in Section 5.5.1, outliers 

have already been removed from the data presented in this section. All individual strength test results for 

this phase are presented elsewhere by Nixon (2006). Also, a couple of temperature profiles for the bridge 

decks are presented in this section, and the reader is referred to Nixon (2006) for all temperatures 

profiles. Table 5-26 provides the test location notation that is used to identify the different S-M 

relationships and verification tests. Refer back to Figure 5-7 and 5-8 for the actual locations of the 

verification tests. 

 

5.7.1  FRESH CONCRETE PROPERTIES 
Fresh concrete properties were determined for the concrete delivered to the construction site by an 

ALDOT inspector. However, the air content was not taken for all the samples. Table 5-15 summarizes the 

fresh concrete properties for each location where cylinders were required for the S-M relationship or 

verification testing. 
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Table 5-26: Notation for the different testing locations on the two bridge decks 

Bridge and Temperature 
Sensor Location 

Test Location 
Notation

I-85 Bridge: Location 2 I-85 A
I-85 Bridge: Location 4 I-85 B
I-85 Bridge: Location 5 I-85 C
I-85 Bridge: Location 8 I-85 D

Creek Bridge: Location 1 Creek C
Creek Bridge: Location 3 Creek B
Creek Bridge: Location 5 Creek A  

 

Table 5-27: Fresh concrete properties for evaluation of the use of molded cylinders for verification testing 

Test Location Batch Date and Time Fresh Concrete Properties Results
Air (%) -
Slump (in.) 3.75
Temperature (°F) 62
Air (%) 1.0%
Slump (in.) 2
Temperature (°F) 58
Air (%) 4.0%
Slump (in.) 4
Temperature (°F) 69
Air (%) 3.5%
Slump (in.) 5
Temperature (°F) 69
Air (%) -
Slump (in.) 3.75
Temperature (°F) -
Air (%) 3.8%
Slump (in.) 4
Temperature (°F) 74
Air (%) 4.0%
Slump (in.) 3
Temperature (°F) 76

4/4/05 1:20 PM

4/4/05 3:00 PM

4/4/05 5:40 PM

12/21/04 10:15 AM

12/21/04 8:20 AM

1/5/05 12:08 PM

1/5/05 7:33 AM

Creek A

Creek B

Creek C

I-85 A

I-85 B

I-85 C

I-85 D

 
 

5.7.2  TEMPERATURE DATA 
The temperature histories of all of the molded cylinders are presented in this section along with some of 

the temperature histories of the bridge decks. The temperature histories from the laboratory-cured I-85 

Bridge cylinders and the bridge deck where the concrete was sampled are presented in Figures 5-71 to 5-

74. Ambient temperatures were also added. The first 8 days are shown to illustrate the initial heat 

development; for the remainder of time, the concrete temperature fluctuated with the change in ambient 

temperatures. The temperature histories from all the laboratory-cured Creek Bridge cylinders and the 
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bridge deck where the concrete was sampled are presented in Figures 5-75 to 5-77. Ambient 

temperatures are also shown, and only the first 8 days of data is presented. 
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Figure 5-71: Temperature history of I-85 Sample A with corresponding bridge deck temperatures 
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Figure 5-72: Temperature history of I-85 Sample B with corresponding bridge deck temperatures 
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Figure 5-73: Temperature history of I-85 Sample C with corresponding bridge deck temperatures 
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Figure 5-74: Temperature history of I-85 Sample D with corresponding bridge deck temperatures 
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Figure 5-75: Temperature history of Creek Bridge Sample A with corresponding bridge deck temperatures 
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Figure 5-76: Temperature history of Creek Bridge Sample B with corresponding bridge deck temperatures 
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Figure 5-77: Temperature history of Creek Bridge Sample C with corresponding bridge deck temperatures 

 
The final temperature histories that are presented in this section are additional temperatures recorded 

from the I-85 and Creek Bridge decks. The difference between the top, mid-depth, and bottom 

temperature histories can be seen in the Figures 5-71 to 5-77. The difference between the center of the 

bridge deck and outside edge of the bridge deck can be seen in Figure 5-78 which shows Location 1 and 

2 of the Creek Bridge. Location 2 is the center of the bridge deck. Presented in Figure 5-79 are the results 

of Location 6 of the I-85 Bridge where one set of sensors was attached to the reinforcement and the other 

set of sensors was suspended away from the reinforcement. The location labeled 6S is the temperature 

sensors that were attached to the reinforcement steel and the location labeled 6 was suspended away 

from the steel as explained in Section 5.4.4. 
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Figure 5-78: Temperature history of Location 1 (Mid-depth) and Location 2 (Mid-depth) from the Creek Bridge 

deck 
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Figure 5-79: Temperature history of Location 6 (Bottom) and Location 6S (Bottom) from the I-85 Bridge 
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5.7.3  STRENGTH DATA 
The maturity values and strength test results for the I-85 Bridge and Creek bridge specimens used to 

develop the S-M relationships are summarized in Table 5-28 and 5-29. No outliers were removed from 

the data set, but the 3-day testing for the Creek Bridge was removed because of complications that 

occurred during testing. The verification test, maturity values, and strength test results are presented in 

Table 5-30. No outliers were removed from the verification test results. 

 

Table 5-28: I-85 Bridge Sample D cylinders strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 24.0 681 441 19.6 18.8 1,000
2 47.9 1,402 925 40.8 39.6 2,220
3 77.0 2,306 1,537 67.7 66.0 3,000
4 103.5 3,109 2,078 91.4 89.3 3,520
7 172.1 5,206 3,487 153.3 149.9 4,060
14 339.8 10,314 6,920 303.9 297.5 4,820
28 680.6 20,429 13,735 603.4 589.6 5,770

Target 
Age 

(days)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)

Concrete 
Age      

(hours)

Measured 
Strength    

(psi)

 
 

Table 5-29: Creek Bridge Sample A cylinders strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

1 24.6 906 661 30.8 30.8 1,840
2 48.5 1,652 1,170 52.9 52.9 2,860
3 - - - - - -
4 93.7 3,055 2,120 93.9 93.9 3,610
7 168.9 5,333 3,676 160.9 160.9 4,090
14 333.0 10,415 7,087 307.9 307.9 4,950
28 668.3 20,896 14,214 616.1 616.1 5,910

Measured 
Strength    

(psi)

Target 
Age 

(days)

Concrete 
Age      

(hours)

Nurse-Saul Maturity 
(°C • hours)

Arrhenius Maturity 
(hours)
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Table 5-30: Verification test cylinders strength and maturity data 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

2,400 psi 1,063 747 33.0 33.3 1,740
7 Day 5,135 3,452 149.1 152.0 3,600

2,400 psi 1,084 757 33.4 33.5 1,570
7 Day 5,143 3,445 151.7 148.5 3,580

2,400 psi 1,444 1,007 44.4 44.5 2,050
7 Day 5,183 3,513 154.4 152.2 3,530

2,400 psi 1,571 1,097 48.4 48.7 2,800
7 Day 5,268 3,595 157.9 156.3 4,360

2,400 psi 1,568 1,091 48.2 48.1 2,390
7 Day 5,170 3,518 152.7 154.6 3,690

Cylinder 
Set

I-85 A

Arrhenius Maturity 
(hours)

Measured 
Strength    

(psi)

Testing 
Target

Nurse-Saul Maturity 
(°C • hours)

I-85 B

I-85 C

Creek B

Creek C
 

 

5.7.4  STRENGTH-MATURITY (S-M) RELATIONSHIPS 
The strength-maturity relationships for the two bridge decks were developed at stated in Section 

5.5.3.  Nixon (2006) has reported the best-fit Su, β, and τ  values and R2 values. The S-M relationship 

using the Nurse-Saul maturity function with To = -10 °C is shown in Figure 5-80. The S-M relationship 

using the Nurse-Saul maturity function with To = 0 °C is shown in Figure 5-81. The S-M relationship using 

the Arrhenius maturity function with E = 33,500 J/mol is shown in Figure 5-82. The S-M relationship using 

the Arrhenius maturity function with E = 40,000 J/mol is shown in Figure 5-83. 
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Figure 5-80: The S-M relationship using the Nurse-Saul maturity function for I-85 and Creek Bridge decks       

(To = -10 °C) 
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Figure 5-81: The S-M relationship using the Nurse-Saul maturity function for I-85 and Creek Bridge decks       

(To = 0 °C) 
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Figure 5-82: The S-M relationship using the Arrhenius maturity function for I-85 and Creek Bridge decks          

(E = 33.5 kJ/mol) 
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Figure 5-83: The S-M relationship using the Arrhenius maturity function for I-85 and Creek Bridge decks          

(E = 40 kJ/mol) 

 

Since the I-85 Bridge S-M relationship was the first one developed for the concrete being placed in the 

bridge decks, this S-M relationship was used for all verification tests for the entire project. This procedure 

was used because this would be similar to the actual procedures used when implementing the maturity 
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method on the construction site. The S-M relationships included confidence levels of 50%, 75%, and 

90%, and the verification test results are shown on Figures 5-84 to 5-87. The estimated strength at 

various confidence levels were calculated as explained in Section 5.5.5.  
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Figure 5-84: I-85 Bridge S-M relationship with confidence levels and verification test results (To = -10 °C) 
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Figure 5-85: I-85 Bridge S-M relationship with confidence levels and verification test results (To = 0 °C) 
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Figure 5-86: I-85 Bridge S-M relationship with confidence levels and verification test results (E = 33.5 kJ/mol) 
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Figure 5-87: I-85 Bridge S-M relationship with confidence levels and verification test results (E = 40 kJ/mol) 
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The last set of results that are presented are the estimated in-place strength developments of the actual 

bridge deck. Once all the temperature developments of the bridge deck were retrieved and the S-M 

relationships were developed, the strength development of the concrete in the bridge deck was 

estimated. These graphs illustrate the effects of temperature history on the in-place strength development 

of the concrete. All four maturity functions were used to estimate the strength development of the 

concrete, and each of the I-85 Bridge placements are shown in Figures 5-88 to 5-91. The Creek Bridge 

bridge deck’s strength development is presented in Figures 5-92 to 5-95. For each casting segment, only 

the first and last temperature sensors that were covered with concrete are shown to illustrate the 

difference in strength development between the beginning and end of a placement. The morning 

placement (AM) and afternoon placement (PM) ambient temperature when the concrete was placed is 

also shown on these Figures 5-88 to 5-95. In addition, the mid-depth sensors were used at both of those 

locations. All other strength developments for the other sensors were very similar to the strength 

developments shown here; therefore, those graphs are not presented.  
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Figure 5-88: I-85 Bridge deck strength development using Nurse-Saul maturity function with To = -10 °C 
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Figure 5-89: I-85 Bridge deck strength development using Nurse-Saul maturity function with To = 0 °C 

 

 

0

1,000

2,000

3,000

4,000

5,000

6,000

12/18/04 12/25/04 1/1/05 1/8/05 1/15/05 1/22/05 1/29/05

E
st

im
at

ed
 S

tr
en

gt
h 

(p
si

)

AM
PM

TAM = 50 °F
TPM = 57 °F

TAM = 48 °F
TPM = 57 °F

TAM = 44 °F
TPM = 58 °F

 
Figure 5-90: I-85 Bridge deck strength development using Arrhenius maturity function with E = 33.5 kJ/mol 
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Figure 5-91: I-85 Bridge deck strength development using Arrhenius maturity function with E = 40 kJ/mol 
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Figure 5-92: Creek Bridge deck strength development using Nurse-Saul maturity function with To = -10 °C 
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Figure 5-93: Creek Bridge deck strength development using Nurse-Saul maturity function with To = 0 °C 
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Figure 5-94: Creek Bridge deck strength development using Arrhenius maturity function with E = 33.5 kJ/mol 
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Figure 5-95: Creek Bridge deck strength development using Arrhenius maturity function with E = 40 kJ/mol 

 

5.8 ANALYSIS AND DISCUSSION OF RESULTS 

Parameters stated in Section 5.5 were used to determine whether the maturity method is an accurate and 

appropriate method to estimate the strength development for bridge deck applications. The evaluation of 

the mock bridge deck and the accuracy of the maturity method to estimate the in-place strength is 

discussed in Section 5.8.1. The evaluation of the use of molded cylinders for verification testing is 

discussed in Section 5.8.2. For assessing the accuracy of the maturity method, the acceptable limits 

described in Section 5.5.6 were used. If the strength of the concrete is overestimated by more than the 

percent error limit then the maturity method is unconservative, and this condition is unacceptable. On the 

other hand, if the concrete strength is underestimated, then this is conservative, and this condition may in 

some cases be acceptable unless most of the test results are underestimated. An underestimation is 

conservative and would be acceptable on the construction site when implementing the maturity method.  

 

5.8.1  DISCUSSION OF THE MOCK BRIDGE DECK RESULTS  
The primary objectives of the mock bridge deck testing were to assess the accuracy of the maturity 

method to estimate the in-place strength. In addition, different curing methods to develop the maturity 

method were evaluated. To determine the accuracy of the maturity method, both cold and warm-weather 

placement of the mock bridge deck were evaluated together. 
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5.8.1.1 ACCURACY OF VARIOUS MATURITY METHODS 
Before the accuracy of the maturity method could be assessed, the laboratory S-M relationship 

for both the cold- and warm-weather placement of the mock bridge was checked to evaluate the fit of the 

S-M relationship to the strength and maturity data of the laboratory-cured cylinders. The percent errors at 

each testing age and average absolute error for the entire set were calculated using the strengths from 

laboratory S-M relationship that corresponded to the measured strengths of the laboratory-cured 

specimens at the same maturity and presented in Table 5-31 for the cold-weather placement and Table 

5-32 for the warm-weather placement. The percent errors were calculated using Equation 4-1 and the 

average absolute error was calculated using Equation 4-2. Nixon (2006) has reported the strengths from 

the laboratory S-M relationship that correspond to the laboratory-cured cylinder strengths for both 

placements of the mock bridge deck. If the percent error is negative, then the maturity method 

underestimates the strength, and if the error is positive, then the maturity method overestimates the 

strength. As long as the maturity method does not overestimate the strength by more than 10%, then the 

maturity method is considered accurate to estimate the strength of the molded cylinders. 

 
Table 5-31: Evaluation of the errors of the laboratory S-M relationship for cold-weather placement 

laboratory-cured cylinders 

To = -10 °C To = 0 °C E = 40    
kJ/mol

E = 33.5 
kJ/mol

26.8 8% 8% 8% 8%
49.4 -3% -3% -3% -3%
73.6 -2% -2% -2% -2%
170.3 1% 1% 1% 1%
336.9 2% 2% 2% 2%
672.4 -1% -1% -1% -1%

67 67 67 67

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measured strength

Average Absolute 
Error (psi)

Nurse-Saul Function Arrhenius Function

Pe
rc

en
t E

rr
or

Concrete Age 
(hours)

 
 

When examining the average absolute error for laboratory sets of cylinders, the average absolute error 

was 67 psi for the cold-weather placement and ranged from 132 to 138 psi for the warm-weather 

placement for all four maturity methods. The average absolute errors were below 200 psi, which indicates 

that both laboratory S-M relationships fit the corresponding sets of laboratory strength and maturity data 

very well. All of the percent errors were within 10%, which indicates that the laboratory S-M relationship 

was a good fit for the laboratory-cured cylinders. 
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Table 5-32: Evaluation of the errors of the laboratory S-M relationship for warm-weather placement 

laboratory-cured cylinders 

To = -10 °C To = 0 °C E = 40    
kJ/mol

E = 33.5 
kJ/mol

25.6 9% 9% 10% 10%
50.3 -7% -7% -7% -7%
72.3 -4% -4% -4% -4%
170.1 4% 4% 4% 4%
336.1 1% 1% 1% 1%
674.2 -1% -1% -1% -1%

132 134 138 136

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measured strength

Pe
rc

en
t E

rr
or

Average Absolute 
Error (psi)

Concrete Age 
(hours)

Nurse-Saul Function Arrhenius Function

 
 

ASTM C 1074 (2004) recommends that the S-M relationship be developed with cylinders cured in 

laboratory conditions. The average absolute errors and percent errors at each testing age were calculated 

to compare the estimated strength from the laboratory S-M relationship to the measured strength of the 

water-tank-cured cylinders for both the cold and warm-weather placement. The average absolute errors 

and percent error for the cold-weather placement are presented in Tables 5-33 and for the warm-weather 

placement are presented in Table 5-34. The estimated strengths from the laboratory S-M relationship for 

water-tank-cured cylinder for both mock bridge deck placements are presented elsewhere by Nixon 

(2006). The estimated strength from the laboratory S-M relationship versus the corresponding measured 

strengths for all sets of cylinders and both placements are presented in Figures 5-96 to 5-99. A 45°-line 

was plotted on the graphs to illustrate where the estimated strengths and measured strengths are equal. 

In addition, ± 10% and ± 20% error lines are added to the plots to show the magnitude of the error. If the 

error was negative, then the maturity method underestimated the strength (which is conservative), and if 

the error was positive then the maturity method overestimated the strength. 

 

 

 

 

 

 

 

 

 



 

217 

Table 5-33: Percent errors and average absolute percent errors for water-tank-cured cylinder 
data using laboratory S-M relationships for the cold-weather placement of the mock bridge 

deck 

To = -10 °C To = 0 °C E = 40    
kJ/mol

E = 33.5 
kJ/mol

27.0 17% 7% 4% 10%
49.2 14% 1% 2% 7%
73.4 1% -10% -9% -4%
170.2 -11% -22% -18% -14%
335.9 -8% -16% -13% -10%
672.3 1% -4% -2% 0%

180 338 201 235

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measured strength

Concrete Age 
(hours)

Nurse-Saul Function Arrhenius Function

Average Absolute 
Error (psi)

Pe
rc

en
t E

rr
or

 
 

Table 5-34: Percent errors and average absolute percent errors for water-tank-cured cylinder data 
using laboratory S-M relationships for the warm-weather placement of the mock bridge deck 

To = -10 °C To = 0 °C E = 40    
kJ/mol

E = 33.5 
kJ/mol

25.4 14% 16% 19% 18%
49.0 2% 3% 5% 4%
72.2 7% 8% 10% 8%
169.8 6% 7% 8% 7%
335.9 8% 8% 10% 9%
673.8 8% 9% 10% 9%

253 285 340 310

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measured strength

Nurse-Saul Function Arrhenius Function

Pe
rc

en
t E

rr
or

Average Absolute 
Error (psi)

Concrete Age 
(hours)
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Figure 5-96: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using the 

Nurse-Saul maturity function (To = -10 °C)  
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Figure 5-97: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using the 

Nurse-Saul maturity function (To = 0 °C)  
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Figure 5-98: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using the 

Arrhenius maturity function (E = 33.5 kJ/mol)  
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Figure 5-99: 45°-line graph for estimated cylinder strengths from the laboratory S-M relationship using the 

Arrhenius maturity function (E = 40 kJ/mol)  
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In analyzing the accuracy of the laboratory S-M relationship to estimate the strength of the water-tank-

cured cylinders, a couple of trends were observed. The first was that for all maturity functions for the cold-

weather placement, the 7-day strengths were underestimated by more than 10%. Although 

underestimating the strength is conservative, this indicates that the laboratory S-M relationship is not 

estimating the strength development of the water-tank-cured cylinders that accurately. For discussion 

purposes the testing ages of 1, 2, 3, and 7 days will be referred to “early-age” and the testing ages of 14 

and 28 days will be referred to as “later-age.” 

The average absolute errors for the different datum temperatures for the Nurse-Saul maturity 

function using the laboratory S-M relationship ranged from 180 psi for a datum temperature of -10 °C and 

338 psi for a datum temperature of 0 °C for the cold-weather placement. This indicates that the datum 

temperature of -10 °C was better at estimating the strength of the water-tank-cured cylinders than the 

datum temperature of   0 °C. For the warm-weather placement, the average absolute error ranged from 

253 psi for datum temperature of -10 °C and 285 psi for a datum temperature of 0 °C for the Nurse-Saul 

maturity function using the laboratory S-M relationship, which indicates that both datum temperatures fit 

the best-fit S-M relationship approximately the same.  

At ages of 1 and 2 days, the Nurse-Saul maturity function with a datum temperature of -10 °C 

overestimated the strength of the water-tank-cured cylinders by more than 10% for the cold-weather 

placement. The datum temperature of 0 °C on the other hand stayed within the 10% limit for the first two 

testing ages and only overestimated the strength of the concrete by 7% for the 1-day testing age. From 

evaluating the early-age percent errors for the cold-weather placement, the datum temperature of 0 °C 

estimated the strength of the water-tank-cured cylinder more accurately than the datum temperature of -

10 °C. This is the opposite of what was found when evaluating the average absolute error for these two 

datum temperatures. The average absolute error indicated that the datum temperature of -10 °C was 

more accurate because the average absolute error does not take into account the magnitude of the error 

at each testing age as does the percent error. On the other hand, the percent error does indicate that the 

datum temperature of 0 °C provided a more accurate estimate of the early-age strength of the concrete 

than the datum temperature of -10 °C.  

The Arrhenius maturity function tends to have average absolute errors that are very close for both 

activation energies. For the cold-weather placement, the average absolute error ranged from 201 to 235 

psi, and for the warm-weather placement the average absolute error ranged from 310 to 340 psi. For the 

cold-weather placement, both activation energies provided similar estimates of the strength of the water-

tank-cured cylinders, unlike the larger difference in the average absolute error between the two datum 

temperatures for the cold-weather placement. Since the difference between average absolute errors for 

both activation energies evaluated was about 30 psi for both placements of the mock bridge deck, neither 

of the activation energies can be concluded to provide better strength estimates.   

The Arrhenius maturity function for the laboratory S-M relationship results in estimates of the 

water-tank-cured cylinder strength fell within the 10% limit for the first three testing ages, which is similar 

to the cold-weather placement datum temperature of 0 °C.  It should be noted that the 14-day strength for 

cold-weather placement tended to be underestimated by more than 10% for most of the maturity 



 

221 

functions. The fact that the laboratory S-M maturity relationship underestimates the 14-day strength for 

the water-tank-cured cylinders and estimates the early-age and 28 day strength fairly accurately indicates 

that the laboratory S-M relationship does not accurately assess the strength development of the water-

tank-cured cylinders for the cold-weather placement. 

For the warm-weather placement, the only percent error that exceeded the 10% limit was the first 

testing age. This could be attributed to the fact that concrete tested at very early ages tends to have a 

slightly higher variability than concrete at later ages. The fact that the percent errors for all other testing 

ages of all other maturity functions were within the 10% limit indicates that the maturity method estimated 

the rest of the strength development of the concrete accurately. In comparing the different datum 

temperatures for the warm-weather placement, both datum temperatures had approximately the same 

errors, and no conclusion could be made about which was more accurate. The errors of both the 

activation energies for the warm-weather placement were also close, which indicates both activation 

energies estimated the warm-weather placement strength accurately.  

In summary, all the maturity methods work well for estimating the strength of the molded cylinders 

for the warm-weather placement with the exception of the 1 day test, and no one maturity method was 

much more accurate than the others for estimating the strength of the concrete. There was such a large 

error for all the maturity function at 14-day testing for the cold-weather placement; this indicates the 

laboratory S-M relationship does not accurately estimate the concrete strength for the water-tank-cured 

cylinders for the cold-weather placement. Therefore, the evaluation of accuracy of the different curing 

methods to estimate the in-place strength will be used to determine which curing method and maturity 

function is the most accurate for estimating the strength of the concrete. The maturity method will most 

likely be used for early-age estimation of the concrete strength, so testing ages of 7 days and earlier 

should therefore have the most influence in evaluating the accuracy of the maturity method. This 

approach is similar to what was concluded in Phase I of this research effort as discussed in Section 3.4.  

 

5.8.1.2 ACCURACY OF THE MATURITY METHOD TO ASSESS STRENGTH OF THE 4 X 8 INCH WATER-
TANK-CURED CYLINDERS 

Water-tank-cured 4 x 8 inch cylinders were used to eliminate strength difference that may occur 

between cylinders of different size. All cast-in-place cylinders and cores had dimensions of 4 x 8 inches. If 

the strength of the water-tank-cured 4 x 8 cylinders is estimated accurately from the S-M relationships 

developed from the 6 x 12 inch cylinders, then the S-M relationships developed from the 6 x 12 inch 

cylinders are considered adequate for estimating the compressive strength of cast-in-place cylinders and 

cores.  

If the water-tank-cured 4 x 8 inch cylinder strengths are overestimated by more than 10%, using 

the maturity method, then the maturity method will not be considered accurate for estimating the strength 

of these cylinders. All the estimated strengths for the water-tank-cured 4 x 8 inch cylinders from all four 

maturity functions and two different curing methods are presented elsewhere by Nixon (2006).  

The percent errors and average absolute percent errors for the water-tank-cured 4 x 8 inch 

cylinders are presented in Tables 5-35 and 5-36 for using the laboratory S-M relationship for the cold- and 
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warm-weather placement, respectively. The 45°-line graphs for using the estimated strength for the 

Nurse-Saul maturity function with To = 0 °C and Arrhenius maturity function with E = 33.5 kJ/mol are 

presented in Figure 5-100 and 5-101. The 45°-line graphs for the using the estimated strength Nurse-Saul 

maturity function with To = -10 °C and Arrhenius maturity function with E = 40 kJ/mol are presented 

elsewhere by Nixon (2006). 

 

Table 5-35: Percent errors for water-tank-cured 4 x 8 inch cylinder using laboratory S-M 
relationship for the cold-weather placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.1 14% 0% -3% 5%
2.1 22% 5% 6% 13%
7.1 -8% -19% -15% -11%
28.0 -6% -10% -8% -7%

12% 8% 8% 9%

Pe
rc

en
t 

E
rr

or
s

Average 
Absolute % 

Error

Arrhenius FunctionConcrete 
Age 

(Days)

Nurse-Saul Function

 
 

 

Table 5-36: Percent errors for water-tank-cured 4 x 8 inch cylinder using laboratory S-M 
relationship for the warm-weather placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.1 -26% -37% -33% -29%
2.1 14% 10% 10% 11%
7.1 1% 0% 1% 1%
28.0 -4% -4% -5% -5%

11% 13% 12% 11%

Pe
rc

en
t 

E
rr

or
s

Average 
Absolute % 

Error

Arrhenius FunctionNurse-Saul FunctionConcrete 
Age 

(Days)
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Figure 5-100: 45°-line graph for estimating the strength of water-tank-cured 4 x 8 inch cylinder from the mock 

bridge deck laboratory S-M relationships using the Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-101: 45°-line graph for estimating the strength of  water-tank-cured 4 x 8 inch cylinder from the mock 

bridge deck laboratory S-M relationships using the Arrhenius maturity function (E = 33.5 kJ/mol) 
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An evaluation of the 4 x 8 cylinder data reveals that the Nurse-Saul maturity function with To = 0 °C was 

the most accurate for estimating the 4 x 8 inch cylinder strength when considering both the cold and 

warm-weather placement together. The average absolute percent error was 8% for the cold-weather 

placement and 3% for the warm-weather placement, which is the lowest average absolute percent error 

for both data sets. For the cold-weather placement, the percent error limit of 10% was exceeded for all 

maturity functions, which indicates that the laboratory S-M relationship had some difficulty estimating the 

4 x 8 cylinders strength accurately. The Nurse-Saul maturity function with To = -10 °C  overestimate the 

cold-weather placement strength by more than 10% for the 1 and 2 day testing ages. The laboratory S-M 

relationship for the warm-weather placement was more accurate than the cold-weather placement; 

however, the 10% limit was exceeded for the 1-day testing age for both the activations energies and the 

datum temperature of 0 °C. This trend of exceeding 10% limit for the 1-day testing age was the same as 

the laboratory S-M relationship to estimate the strength of the 6 x 12 inch water-tank-cured cylinder for 

the warm-weather placement. The Nurse-Saul maturity function with a To = 0 °C was fairly accurate for 

estimating the strength of the water-tank-cured 4 x 8 inch cylinders for the cold- and warm-weather 

placements. 

The water-tank S-M relationships were evaluated next. The percent errors and average absolute 

percent errors for the 4 x 8 inch cylinders strength data using the water-tank S-M relationship are 

presented in Tables 5-37 and 5-38 for the cold-weather placement and warm-weather placement, 

respectively. The 45°-line graphs using the estimated strength for the Nurse-Saul maturity function with To 

= 0 °C and Arrhenius maturity function with E = 33.5 kJ/mol are presented in Figures 5-102 and 5-103. 

The 45°-line graphs using the estimated strength for the Nurse-Saul maturity function with To = -10 °C 

and Arrhenius maturity function with E = 40 kJ/mol, they are presented elsewhere by Nixon (2006). 

 

Table 5-37: Percent errors for 4 x 8 inch cylinder strengths using water-tank S-M relationship for the cold-

weather placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.1 -26% -37% -33% -29%
2.1 14% 10% 10% 11%
7.1 1% 0% 1% 1%
28.0 -4% -4% -5% -5%

Average 
Absolute 
% Error

11% 13% 12% 11%

Arrhenius FunctionNurse-Saul FunctionConcrete 
Age 

(Days)
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Table 5-38: Percent errors for 4 x 8 inch cylinder strengths using water-tank  S-M relationship for 
the warm-weather placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.0 0% 0% -1% 0%
2.0 -6% -6% -6% -6%
7.1 -5% -6% -6% -6%
28.1 -8% -8% -8% -8%

Average 
Absolute 
% Error

5% 5% 5% 5%

Arrhenius FunctionNurse-Saul FunctionConcrete 
Age 

(Days)
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Figure 5-102: 45°-line graph for estimating the strength of water-tank-cured 4 x 8 inch cylinder from the mock 

bridge deck water-tank S-M relationships using the Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-103: 45°-line graph for estimating the strength of  water-tank-cured 4 x 8 inch cylinder from the mock 

bridge deck water-tank S-M relationships using the Arrhenius maturity function (E = 33.5 kJ/mol) 

 

When evaluating the water-tank S-M relationships, the percent errors were much smaller than for the 

laboratory S-M relationship. The only percent error that exceeded the 10% limit for all the maturity 

functions was the cold-weather placement 1 day test. The average measured compressive strength of 

that test was below 1,000 psi, which could indicate that the test might have been conducted too early to 

evaluate the strength of the concrete accurately. Also the strength at that age was underestimated, which 

is conservative; therefore, the 1-day testing age for the cold-weather placement was not strongly 

considered when determining the accuracy of the maturity method to estimate the 4 x 8 inch cylinder 

strength. The 2-day cold-weather placement test using Nurse-Saul maturity function with To = -10 °C was 

overestimated by more than 10%, which is not accurate. Whereas, the 2-day cold-weather placement 

using the Nurse-Saul maturity function with To = 0 °C was estimated within the 10% limit. All of the 

maturity functions estimated the strength of the 4 x 8 inch cylinders from the warm-weather placement to 

be approximately the same. The average absolute errors were close enough that a definitive conclusion 

could not be made regarding which maturity function was the most accurate.  

In summary, the water-tank S-M relationship was more accurate at estimating the in-place 

strength for the 4 x 8 inch molded cylinders than the laboratory S-M relationship. Since the water-tank S-

M relationship was accurate at estimating the strength of the 4 x 8 molded cylinders, the water-tank S-M 

relationships can be used to assess the accuracy of the maturity method to estimate the strength of the 

cast-in-place cylinders and cores. It should be noted for the Nurse-Saul maturity function that the To = 0 
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°C was the more accurate datum temperature, and that the cold-weather placement 2-day testing age for 

To = -10 °C was overestimated and should be considered inaccurate.  

 

5.8.1.3 ACCURACY OF THE PULLOUT TABLE SUPPLIED BY LOK-TEST SUPPLIER 
The pullout table was found to be accurate for the prestressed girder project, but more testing 

was conducted to provide sufficient data to provide more confidence with these results. The pullout tests 

from cubes were conducted on both placements of the mock bridge deck. To determine if the pullout table 

supplied by Germann Instruments is accurate, the pullout test data from cubes were analyzed as stated in 

Section 5.1.2.3. Since the cubes were cured in the water-tank, as was the case in the prestressed plant 

project, the compressive strengths from the pullout table that correlated to the pullout force recorded were 

compared to the strength estimated from the water-tank S-M relationship at the same maturity. Moreover, 

since the Arrhenius maturity function with E = 40 kJ/mol and the Nurse-Saul maturity function with To = 0 

°C were used in the prestressed girder project, they were again used for this analysis.  

The estimated strengths from the water-tank S-M relationship that correspond to the pullout 

strengths obtained from the pullout table at each age are presented elsewhere by Nixon (2006). The 

percent errors calculated for the pullout test performed on the cubes are presented in Table 5-39. In 

addition, the 45°-line graphs showing the strength estimated by the water-tank S-M relationship versus 

the strength from the pullout correlation table for both cold and warm-weather placements are presented 

in Figures 5-104 and 5-105. The other two 45°-line graphs for the Nurse-Saul maturity function with To = -

10 °C and Arrhenius maturity function with E = 33.5 kJ/mol are presented elsewhere by Nixon (2006). 
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Figure 5-104: 45°-line graph to evaluate the pullout table using estimated strength from water-tank S-M 

relationship using the Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-105: 45°-line graph to evaluate the pullout table using estimated strength from water-tank S-M 

relationship using the Arrhenius maturity function (E = 40 kJ/mol) 

 
Table 5-39: Percent error for pullout cube strength from water-tank S-M relationship 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40 
kJ/mol

26.2 43% 23% 27% 18%
48.5 -2% -9% -6% -9%
157.6 -10% -11% -10% -11%
24.3 -1% -4% -11% -15%
48.5 -6% -7% -11% -13%
168.8 -11% -11% -12% -12%

Percent Error (%)

Placement
Concrete 

Age      
(hours)

Cold

Warm

Nurse-Saul Function Arrhenius Function

 
 

As stated in Section 5.5.6, if the pullout test from the cubes have a percent error of more than 15% then 

the correlation table will be considered invalid. All of the testing ages with the exception of the cold-

weather placement 1 day testing age were within the 15% limit of the estimated strength from all of the 

different maturity methods. When examining the 1-day testing age for the cold-weather placement the 

estimated strength for all the maturity functions range between 790 to 960 psi strength and the measured 

strength was 1,030 psi. These strengths are sufficiently low that the maturity method will likely never be 

used for estimating strengths in this low range. For all other reasonable strengths above 1,630 psi (the 2 
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day testing age for the cold-weather placement) the pullout table correlated the compressive strength and 

the pullout force sufficiently accurately.  

 

5.8.1.4 ACCURACY OF THE MATURITY METHOD TO ASSESS IN-PLACE STRENGTHS 
The in-place strength was quantified by the pullout test, compression testing of cast-in-place 

cylinders, and compression testing of cores extracted from the mock bridge decks. When evaluating the 

pullout test and the compression testing of cores, the acceptance criteria of 15% error was used, as 

stated in Section 5.5.6. If the percent error differs by more than 15% for many of the tests, then the 

maturity method was considered inaccurate to estimate the in-place strength. For the cast-in-place 

cylinders, the acceptance criteria of 10% was used, as stated in Section 5.5.6. This criterion was the 

same as for the 6 x 12 inch and 4 x 8 inch molded cylinders. Both the cold and warm-weather placement 

of the mock bridge deck will be evaluated together. For evaluating the accuracy of the maturity method, 

the testing ages 1, 2, 3, and 7 days will be used since the maturity method is especially useful in 

estimating early-age concrete strength and the accuracy of the method up to equivalent ages of 7 day is 

of more importance. This is what was found in the Phase 1 (laboratory study) of the overall research 

project (Section 3.4). The 14 and 28 day test results are still presented in the following sections to 

reconfirm that the maturity method does not always estimate the later-age strength accurately.  

 

5.8.1.4.1  EVALUATION WITH PULLOUT TESTS 

The first in-place testing that will be evaluated is the pullout test. Percent errors between the 

measured pullout strength and estimated strength from the laboratory S-M relationship are presented in 

Tables 5-40 and 5-41 for the cold-weather placement and warm-weather placement, respectively. In 

addition, the average absolute percent error between the in-place strength and strength estimated from 

the maturity method was calculated and is presented at the bottom of Tables 5-40 and 5-41. The 

estimated strengths from the laboratory S-M relationship that correspond to the each pullout testing ages 

are presented elsewhere by Nixon (2006). The 45°-line graphs, with ±15% error lines, that compare the 

measured pullout compressive strength to the estimated strength from the laboratory S-M relationship are 

shown in Figures 5-106 and 5-107. The Nurse-Saul maturity function with To = 0 °C and Arrhenius 

maturity function with E = 33.5 kJ/mol were both presented in this section in Figures 5-106 and 107, while 

the Nurse-Saul maturity function with To = -10 °C and Arrhenius maturity function with E = 40 kJ/mol are 

presented elsewhere by Nixon (2006). 
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Table 5-40: Percent errors for pullout test using laboratory S-M relationship from the cold-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

Top -32% -28% -23% -26%
Side -21% -15% -8% -13%

Bottom -27% -21% -13% -18%
Top -19% -16% -13% -15%
Side -19% -16% -11% -14%

Bottom -14% -9% -4% -7%
Top -16% -14% -12% -13%
Side -9% -8% -5% -7%

Bottom -21% -19% -16% -18%
Top -2% -7% -3% -2%
Side -15% -20% -16% -15%

Bottom -13% -18% -13% -12%
Top -11% -14% -12% -11%
Side -3% -7% -4% -3%

Bottom 16% 11% 14% 15%
Top 18% 15% 16% 17%
Side 11% 8% 10% 10%

Bottom 16% 13% 15% 16%
Top 16% 16% 13% 14%
Side 13% 12% 9% 10%

Bottom 18% 15% 13% 14%

Pe
rc

en
t E

rr
or

Average 
Absolute % 

Error

168.8

335.1

671.2

25.7

47.7

72.2

Concrete 
Age       

(hours)

Insert 
Location

Arrhenius FunctionNurse-Saul Function

 
 

When considering the accuracy of the laboratory maturity functions to estimate the pullout strengths for 

the cold-weather placement, neither of the Nurse-Saul maturity functions estimated the in-place strength 

accurately. Most of the in-place strengths were underestimated. For the first four testing ages for cold-

weather placement, the 15% limit was exceeded. In addition, the average absolute percent error for the 

cold-weather placement Nurse-Saul maturity function ranged from 12% to 18%. This indicates that the 

Nurse-Saul maturity function did not provide an accurate assessment of the in-place strength for the cold-

weather placement. All of the percent errors were negative indicating that the strengths were 

underestimated, which is conservative. Nevertheless, the S-M maturity relationship from the laboratory-

cured cylinders did not assess the in-place strength accurately.  
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Table 5-41: Percent errors for pullout test using laboratory S-M relationship from the warm-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

Top -17% -13% 5% -2%
Side -3% 1% 22% 14%

Bottom -18% -14% 4% -3%
Top 6% 11% 31% 23%
Side -5% 0% 17% 10%

Bottom -3% 2% 20% 13%
Top 2% 5% 17% 12%
Side 4% 7% 20% 14%

Bottom 4% 8% 21% 15%
Top 4% 7% 13% 10%
Side 19% 22% 29% 26%

Bottom 16% 19% 27% 23%
Top 9% 11% 16% 14%
Side 25% 27% 33% 30%

Bottom 0% 2% 6% 4%
Top 0% 1% 5% 3%
Side - - - -

Bottom 16% 18% 22% 20%
Top 6% 8% 15% 11%
Side 11% 12% 24% 19%

Bottom 10% 10% 17% 13%

Pe
rc

en
t E

rr
or

Average 
Absolute % 

Error

168.5

335.5

672.3

24.0

48.4

71.5

Concrete 
Age       

(hours)

Insert 
Location

Arrhenius FunctionNurse-Saul Function

 
 

For the warm-weather placement of the mock bridge deck, the Nurse-Saul maturity function estimated the 

in-place strength better than the Arrhenius maturity function. The Nurse-Saul maturity function with datum 

temperature 0 °C was within the 15% limit for the first three testing ages. The percent error only started to 

exceed the 15% limit at 7 days and beyond.  The percent errors were as high as -18% for the first testing 

age using a datum temperature of -10 °C. All of the average absolute percent errors for the Nurse-Saul 

maturity function were below 12% for the warm-weather placement. This indicates that the Nurse-Saul 

maturity function developed from laboratory-cured cylinder was sufficiently accurate for estimating the in-

place strength for the warm-weather placement of the mock bridge deck since a majority of the percent 

errors were below 15%.  
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Figure 5-106: 45°-line graph for estimating the strength of pullout test on the mock bridge deck using laboratory 

S-M relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-107: 45°-line graph for estimating the strength of pullout test on the mock bridge deck using laboratory 

S-M relationship with Arrhenius maturity function (E = 33.5 kJ/mol) 
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When considering the Arrhenius maturity function laboratory-cured cylinders, it was more accurate at 

estimating the in-place strength than the Nurse-Saul maturity function for the cold-weather placement. 

The average absolute percent error for the laboratory S-M relationship developed with the Arrhenius 

maturity function for the cold-weather placement was within the 15% limit criteria. The activation energy of 

40 kJ/mol provided a slightly more accurate estimation of strength than the activation energy of 33.5 

kJ/mol. For the activation energy of  40 kJ/mol, a majority of percent errors were below the 15% limit with 

the exception of the 1-day top pullout test which was -23% and a limited number of other tests where the 

percent error was -16%. The 1-day top pullout test was not estimated correctly for any of the maturity 

functions which indicates that the test results might not have been accurate, especially when the side 

pullout was only 8% different for the activation energy of 40 kJ/mol. For the activation energy of 33.5 

kJ/mol, the percent errors were slightly higher than activation energy of 40 kJ/mol for almost all of the 

pullout tests conducted on the cold-weather placement of the mock bridge deck. In general, the laboratory 

S-M relationship developed from the Arrhenius maturity function was accurate for estimating the cold-

weather placement in-place strength; however, a few of percent errors did exceed the 15% limit.  

In the warm-weather placement, the Arrhenius maturity function did not accurately assess the in-

place strength. At activation energy of 40 kJ/mol, the 15% limit was exceeded for every testing age and 

the average absolute percent error ranged between 15% to 24%. These high errors indicate that the 

laboratory S-M relationship with activation energy of 40 kJ/mol does not accurate assess the warm-

weather placement in-place strength of the concrete. For activation energy of 33.5 kJ/mol, the percent 

errors were more accurate than activation energy of 40 kJ/mol, but still they exceeded the 15% limit for 

the 2- and 7-day testing ages. The average absolute percent error ranged from 11% to 19% for activation 

energy of 33.5 k J/mol. While this error is better than activation energy of 40 kJ/mol, it still did not provide 

sufficiently accurate results. 

The Nurse-Saul maturity function was the most accurate for estimating the in-place strength for 

the warm-weather placement using the laboratory S-M relationship. The Nurse-Saul maturity function with 

To = 0 °C estimated the early-age in-place strength slightly better than when To = -10 °C was used. The 

Arrhenius maturity function was most accurate at estimating the in-place strength of the cold-weather 

placement using the laboratory S-M relationship. The activation energy of 40 kJ/mol was slightly more 

accurate than activation energy of 33.5 kJ/mol. Since no maturity function provided an accurate estimate 

for both the cold- and warm-weather placements, this might indicate that the laboratory S-M relationships 

do not assess the in-place strength as accurately as needed. Therefore, the water-tank S-M relationships 

were evaluated to assess the in-place strength.   

The in-place pullout strengths were evaluated using the water-tank S-M relationships. The 

percent errors and average absolute percent errors using the estimated strength from the water-tank S-M 

relationship for both cold and warm-weather placement are presented in Tables 5-42 and Table 5-43, 

respectively. The 45°-line graphs that show the measured in-place pullout compressive strength versus 

the estimated strengths from the water-tank S-M maturity relationship are presented in Figures 5-108 and 

5-109. The Nurse-Saul maturity function with To = 0 °C and Arrhenius maturity function with E = 33.5 
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kJ/mol are presented in this section. Nixon (2006) has reported the Nurse-Saul maturity functions with To 

= -10 °C and Arrhenius maturity function with E = 40 kJ/mol.  

 

Table 5-42: Percent errors for pullout test using water-tank S-M relationship for the cold-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

Top -45% -30% -22% -32%
Side -35% -15% -4% -17%

Bottom -39% -18% -6% -20%
Top -17% 3% 3% -5%
Side -16% 3% 5% -4%

Bottom -10% 11% 15% 4%
Top -9% 6% 4% -2%
Side -2% 14% 13% 6%

Bottom -14% 0% -1% -6%
Top 7% 12% 13% 10%
Side -7% -3% -2% -4%

Bottom -6% -1% 1% -2%
Top -6% -4% -4% -5%
Side 2% 4% 4% 3%

Bottom 22% 24% 24% 23%
Top 18% 19% 19% 19%
Side 11% 12% 12% 12%

Bottom 17% 18% 18% 17%
Top 17% 12% 11% 12%
Side 12% 9% 7% 8%

Bottom 18% 12% 11% 12%

Pe
rc

en
t E

rr
or

Average 
Absolute % 

Error

Concrete 
Age       

(hours)

Insert 
Location

Nurse-Saul Function Arrhenius Function

335.1

671.2

25.7

47.7

72.2

168.8

 
 

The cold-weather placement 1-day pullout test was higher than the estimated strength, which was the 

trend that also occurred in the laboratory S-M relationships. When evaluating the Nurse-Saul maturity 

functions the datum temperature of 0 °C was more accurate than the datum temperature of -10 °C for 

both placements of the mock bridge deck. The average absolute percent error ranged from 9% to 12% for 

the cold-weather placement and for the warm-weather placement ranged from 6% to 9%. For the cold 

and warm-weather placements, the only individual early-age percent errors that exceeded the 15% limit 

for To = 0 °C were for the 1-day testing age. The strengths for the 1-day testing ages were all negative, 

which means the strengths were underestimated. Considering this and that all other early-age testing was 
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reasonably accurate, the To = 0 °C water-tank S-M relationship estimated the in-place strength with the 

acceptable tolerances. For Nurse-Saul maturity function with To = -10 °C, the average absolute percent 

error exceeded the 15% limit for the cold-weather placement and the errors were higher than those 

obtained when To = 0 °C was used for the warm-weather placement. This indicates that Nurse-Saul 

maturity function with To = 0 °C was the more accurate datum temperature for estimating the in-place 

strength using the water-tank S-M relationship. 

 

Table 5-43: Percent errors for pullout test using water-tank S-M relationship for the warm-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

Top -24% -20% -4% -10%
Side -11% -7% 12% 5%

Bottom -24% -21% -5% -11%
Top 0% 5% 22% 15%
Side -10% -6% 9% 3%

Bottom -8% -4% 12% 5%
Top -3% -1% 8% 4%
Side -2% 1% 11% 7%

Bottom -1% 1% 13% 8%
Top -1% 0% 5% 3%
Side 13% 15% 20% 18%

Bottom 10% 12% 18% 15%
Top 2% 3% 7% 5%
Side 17% 18% 22% 20%

Bottom -7% -6% -2% -4%
Top -9% -8% -6% -7%
Side - - - -

Bottom 7% 8% 10% 9%
Top 7% 6% 9% 7%
Side 10% 9% 15% 11%

Bottom 10% 9% 10% 9%

Pe
rc

en
t E

rr
or

Concrete 
Age       

(hours)

Insert 
Location

Nurse-Saul Function Arrhenius Function

335.5

672.3

24.0

48.4

71.5

168.5

Average 
Absolute % 

Error
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Figure 5-108: 45°-line graph for estimating the strength of pullout test on the mock bridge deck using water-tank 

S-M relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-109: 45°-line graph for estimating the strength of pullout test on the mock bridge deck using water-tank 

S-M relationship with Arrhenius maturity function (E = 33.5 kJ/mol) 
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For the Arrhenius maturity function, both activation energies provided approximately the same estimated 

accuracy for both the cold and warm-weather placement of the mock bridge deck. The activation energy 

of 40 kJ/mol was slightly more accurate at estimating all the strengths for the cold-weather placement 

than the activation energy of 33.5 kJ/mol. For concrete ages until 7 days, the only percent error for 

activation energy of 40 kJ/mol that exceeded the 15% limit for the cold-weather placement was the 1-day 

top pullout test. For the warm-weather placement, the activation energy of 33.5 kJ/mol was slightly more 

accurate for estimating the in-place strength. The only early-age error that exceeded the 15% limit for the 

early-age testing was the 7-day side pullout test.  

When all the water-tank S-M relationships are considered, most of the percent errors are within 

the 15% range, and of the ones that were not within the 15% limit the strengths were mostly 

underestimated. Generally, the activation energies for the water-tank Arrhenius maturity functions were 

both similar in estimating the in-place strength of the concrete. On the other hand, the Nurse-Saul 

maturity function with To = 0 °C estimated the strength more accurately that To = -10 °C. In addition, the 

average absolute percent errors for Nurse-Saul maturity function with To = 0 °C were the lowest for the 

warm-weather placement and about the same as those obtained for the Arrhenius maturity function under 

cold-weather placement conditions. In general, for the water-tank S-M relationships using the Nurse-Saul 

maturity functions with To = 0 °C were the most accurate for estimating the in-place pullout strength.  

In summary, the water-tank S-M relationship was more accurate at estimating the pullout in-place 

strength of the concrete than the laboratory S-M relationship. The laboratory S-M relationship did not 

estimate the in-place strength accurately. The average absolute percent error ranges for the Nurse-Saul 

maturity function with To = 0 °C ranged from 6% to 12% for the water-tank S-M relationship and 8% to 

16% for the laboratory S-M relationship. The Nurse-Saul maturity function with To = 0 °C using the water-

tank S-M relationship tended to be the most accurate and conservative maturity function for estimating 

the strengths for both the cold and warm-weather placements of the mock bridge deck. The Arrhenius 

maturity function using activation energy of 40 kJ/mol was the best maturity function for estimating the 

cold-weather placement in-place strengths, but was the most inaccurate for estimating the in-place 

strength of the warm-weather placement. The Arrhenius maturity function with activation energy of 33.5 

kJ/mol was the better activation energy for estimating the in-place strength. These results follow the 

conclusions that were found during Phase 1 (laboratory study) of the overall maturity project. The Nurse-

Saul maturity function with To = 0 °C was the most accurate for estimating the strength under all 

environmental conditions, whereas the higher activation energy was more accurate for estimating the 

colder placements and the lower activation energy was more accurate at estimating the warmer 

placements. 

 

5.8.1.4.2 EVALUATION WITH CAST-IN-PLACE CYLINDERS 

Next, the accuracy of the maturity method to estimate the compressive strength of the cast-in-

place (CIP) cylinders was evaluated. If the CIP cylinders strengths were overestimated by more than 

10%, then the maturity method was not considered accurate for estimating the in-place strength of the 
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CIP cylinders. All estimated strength for the CIP cylinders from all four maturity functions and two different 

curing methods are presented elsewhere by Nixon (2006).  

The percent errors and average absolute percent errors for the CIP cylinder strength data using 

the laboratory S-M relationship are presented in Tables 5-44 and 5-45 for the cold and warm-weather 

placement, respectively. The 45°-line graphs that show the measured CIP cylinders strength versus the 

estimated strengths from the laboratory S-M maturity relationship for the Nurse-Saul maturity function with 

To = 0 °C and Arrhenius maturity function with E = 33.5 kJ/mol are presented in Figures 5-110 and 5-111. 

The 45°-line graphs for the Nurse-Saul maturity function with To = -10 °C and Arrhenius maturity function 

with E = 40 kJ/mol are presented elsewhere by Nixon (2006). 

 

Table 5-44: Percent errors for CIP cylinder test using laboratory S-M relationship for the cold-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.1 -28% -23% -14% -19%
2.1 -19% -15% -10% -13%
7.1 -10% -14% -10% -9%
28.0 -4% -6% -5% -4%

15% 15% 10% 11%

Pe
rc

en
t 

E
rr

or

Average Absolute 
% Error

Arrhenius FunctionConcrete 
Age 

(Days)

Nurse-Saul Function

 
 

Table 5-45: Percent errors for CIP cylinder test using laboratory S-M relationship for the warm-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.0 -11% -6% 17% 8%
2.0 -9% -4% 15% 8%
7.1 2% 5% 14% 10%
28.1 29% 31% 35% 33%

13% 11% 20% 15%

Pe
rc

en
t 

E
rr

or

Average Absolute 
% Error

Arrhenius FunctionConcrete 
Age 

(Days)

Nurse-Saul Function
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Figure 5-110: 45°-line graph for estimating the strength of CIP cylinders on the mock bridge deck using 

Laboratory S-M relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-111: 45°-line graph for estimating the strength of CIP cylinders on the mock bridge deck using 

Laboratory S-M relationship with Arrhenius maturity function (E = 33.5 kJ/mol) 
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When evaluating the CIP cylinder strength data, the results of 28-day test for the warm-weather 

placement were extremely low. Difficulties occurred when removing the 28-day CIP cylinders from the 

mock bridge deck and this can probably explain this low strength. In addition, since the maturity method is 

more useful for early-age estimations the 28-day test results for the warm-weather placement will not be 

considered further. For evaluating the laboratory S-M relationships, the cold-weather placement CIP 

cylinders strengths were not estimated accurately for any of the maturity functions. All of the estimated 

strengths were underestimated by more than 10% with exception of the 28-day test and 7-day test for 

activation energy of 33.5 kJ/mol. The average absolute percent errors ranged between 10% and 15% for 

the cold-weather placement.  

For the warm-weather placement data, the laboratory S-M relationship using the Nurse-Saul 

maturity function with To = 0 °C was the most accurate of all the maturity functions for estimating the in-

place strength. For concrete ages until 7 days, the percent errors ranged from -6% to 5% for Nurse-Saul 

maturity function with To = 0 °C. In addition, the Arrhenius maturity function with activation energy of 33.5 

kJ/mol was more accurate than the activation energy of 40 kJ/mol at estimating the in-place strength. The 

percent errors for the early-age testing ranged between 8% and 10%, which was much lower than the 

range of 14% to 17% for activation energy of 40 kJ/mol. Again, like the pullout test, there was no one 

laboratory S-M relationship that accurately assessed the in-place strength for both placements of the 

mock bridge deck. The water-tank S-M relationships were evaluated next to determine if the water-tank S-

M relationships estimated the in-place strength more accurately.   

The percent errors and average absolute percent errors for the CIP cylinder strength data using 

the water-tank S-M relationship are presented in Tables 5-46 and 5-47 for the cold and warm-weather 

placement, respectively. The 45°-line graphs that show the measured CIP cylinder strength versus the 

estimated strengths from the water-tank S-M maturity relationship for the Nurse-Saul maturity function 

with To = 0 °C and Arrhenius maturity function with E = 33.5 kJ/mol are presented in Figures 5-112 and 5-

113. The 45°-line graphs for the Nurse-Saul maturity function with To = -10 °C and Arrhenius maturity 

function with E = 40 kJ/mol are presented elsewhere by Nixon (2006). 

The accuracy of the water-tank S-M relationships for the cold-weather placement to estimate the 

strength of the CIP cylinders was more accurately than the laboratory S-M relationship. The Arrhenius 

maturity function with E = 40 kJ/mol was the most accurate with the percent error never higher than 7%. 

For activation energy of 33.5 kJ/mol, the 2-, 7- and 28-day percent errors were between -3% and 1%, but 

the 1-day percent error was -19%. For the Nurse-Saul maturity function, again the datum temperature of 

0 °C was more accurate than the datum temperature of -10 °C. The average absolute error was 7% for 

Nurse-Saul maturity function with To = 0 °C and 15% for To = -10 °C. The single highest error determined 

was for the 1-day test for the cold-weather placement, which was -18%. This is out of the 10% limit, but 

this negative indicates that the strength is underestimated, which is conservative.  
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Table 5-46: Percent errors for CIP cylinder test using water-tank S-M relationship for the cold-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.1 -40% -18% -6% -19%
2.1 -14% 5% 7% -2%
7.1 -2% 3% 4% 1%
28.0 -4% -3% -3% -3%

15% 7% 5% 6%Average Absolute 
% Error

Pe
rc

en
t 

E
rr

or

Arrhenius FunctionNurse-Saul FunctionConcrete 
Age 

(Days)

 
 

Table 5-47: Percent errors for CIP cylinder test using water-tank S-M relationship for the warm-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

1.0 -17% -13% 8% 0%
2.0 -13% -10% 7% 1%
7.1 -3% -1% 6% 3%
28.1 19% 19% 22% 21%

13% 11% 11% 6%

Pe
rc

en
t 

E
rr

or

Average Absolute 
% Error

Arrhenius FunctionNurse-Saul FunctionConcrete 
Age 

(Days)

 
 

For the warm-weather placement, the water-tank S-M relationship was again more accurate than the 

laboratory S-M relationship. The Arrhenius maturity function with E = 33.5 kJ/mol was the most accurate 

for all the maturity functions. The average absolute error was 6%, versus 11% for the activation energy of 

40 kJ/mol and datum temperature of 0 °C. Although it should be noted if the 28-day test results were 

removed as discussed earlier, the average absolute percent error would be improved. For the Nurse-Saul 

maturity function with To = 0 °C, the 1-day test age exceeded the 10% limit with a percent error of -13%. 

This again is a negative error, which indicates that the strength is underestimated. The datum 

temperature -10 °C was again the most inaccurate for estimating the in-place strength for the warm-

weather placement. All but the 7-day testing age exceeded the 10% limit.  
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Figure 5-112: 45°-line graph for estimating the strength of CIP cylinders on the mock bridge deck using water-

tank S-M relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-113: 45°-line graph for estimating the strength of CIP cylinders on the mock bridge deck using water-

tank S-M relationship with Arrhenius maturity function (E = 33.5 kJ/mol) 
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In summary, the water-tank S-M relationship was more accurate in estimating the in-place strength than 

the laboratory S-M relationship. When comparing the two activation energies, E = 40 kJ/mol was more 

accurate for the cold-weather placement and 33.5 kJ/mol was more accurate for the warm-weather 

placement. The datum temperature of 0 °C was more accurate than datum temperature of -10 °C for both 

placements. The only case where the error for the datum temperature of 0 °C exceeded 10% for the 

water-tank S-M relationships was for the 1-day testing age, but in both placements the strength was 

underestimated, which is conservative. 

 

5.8.1.4.3 EVALUATION WITH CORE STRENGTHS 

Finally, the accuracy of the maturity method to estimate the compressive strength of cores was 

evaluated. As stated in Section 5.5.6, if the core strength results are less than 15% less then the strength 

estimated by the maturity method, then the maturity method will not be considered accurate for estimating 

the in-place strength of cores. All estimated strengths for from the four maturity methods and two curing 

methods are presented elsewhere by Nixon (2006).  

The percent errors and average absolute percent errors for the core strength data using the 

laboratory S-M relationship are presented in Table 5-48 and 5-49 for the cold and warm-weather 

placement, respectively. The 45°-line graphs that show the measured core strength versus the estimated 

strengths from the laboratory S-M maturity relationship for the Nurse-Saul maturity function with To = 0 °C 

and Arrhenius maturity function with E = 33.5 kJ/mol are presented in Figures 5-114 and 5-115. The 45°-

line graphs for the Nurse-Saul maturity function with To = -10 °C and Arrhenius maturity function with E = 

40 kJ/mol are presented elsewhere by Nixon (2006). 

 

Table 5-48: Percent errors for core tests using laboratory S-M relationship for the cold-weather placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

ASTM C 42 1% 1% 2% 2%
AASHTO T 24 3% 3% 4% 4%

ASTM C 42 4% 2% 3% 4%
AASHTO T 24 13% 11% 12% 13%

ASTM C 42 3% 2% 3% 3%

AASHTO T 24 8% 7% 8% 8%

Pe
rc

en
t 

E
rr

or

Average 
Absolute % 

Error

10.2

30.0

Arrhenius FunctionConcrete 
Age 

(Days)
Curing Method

Nurse-Saul Function
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Table 5-49: Percent errors for core tests using laboratory S-M relationship for the warm-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

ASTM C 42 33% 35% 47% 42%
AASHTO T 24 38% 40% 53% 47%

ASTM C 42 52% 53% 58% 56%
AASHTO T 24 52% 54% 58% 56%

ASTM C 42 42% 44% 53% 49%

AASHTO T 24 45% 47% 55% 52%

Pe
rc

en
t 

E
rr

or

Average 
Absolute % 

Error

Arrhenius FunctionConcrete 
Age 

(Days)
Curing Method

Nurse-Saul Function

7.1

28.1
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Figure 5-114: 45°-line graph for estimating the strength of cores for the mock bridge deck using laboratory S-M 

relationship with Nurse-Saul maturity function (To = 0 °C) 
 

All four maturity functions estimated all of the core strengths within the 15% limit for the cold-weather 

placement but were all overestimated by the laboratory S-M relationships. In fact, all of the maturity 

functions estimated the strengths approximately the same. The average absolute percent errors were 

approximately 3% for the ASTM C 24 curing method and 8% for the AASHTO T 42 curing method. On the 

other hand, none of the maturity functions estimated the strength of the cores accurately for the warm-

weather placement. The percent errors ranged from 33% to 58%, which indicates that the laboratory S-M 

relationship overestimated the strength of the cores by a substantial amount. 
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Figure 5-115: 45°-line graph for estimating the strength of cores for the mock bridge deck using laboratory S-M 

relationship with Arrhenius maturity function (E = 33.5 kJ/mol) 
 

The strength data of the cores was also compared to the estimated strengths from the water-tank S-M 

relationship to see if they would provide a better estimate of in-place strength. The percent errors for the 

water-tank S-M relationships for both the cold and warm-weather placement are presented in Tables 5-50 

and 5-51. The 45°-line graphs that show the measured core strength versus the estimated strengths from 

the water-tank S-M maturity relationship for the Nurse-Saul maturity function with To = 0 °C and Arrhenius 

maturity function with E = 33.5 kJ/mol are presented in Figures 5-116 and 5-117. The 45°-line graphs for 

To = -10 °C and E = 40 kJ/mol are presented by Nixon (2006) along with the estimated strengths of all the 

maturity functions for the core tests. 

Again, the same trends that occurred for laboratory-cured cylinder results can be identified for the 

water-tank-cured cylinder results. All of the percent errors for the cold-weather placement were within the 

15% limit with the largest one being 14%. The datum temperature of -10 °C was the most accurate 

maturity function with an average absolute error of 5% for ASTM C 24 curing method and 11% for 

AASHTO T 24 curing method. The average absolute errors for the Nurse-Saul maturity function with To = 

0 °C were 8% for ASTM C 24 curing method and 14% for the AASHTO T 24 curing method. For the 

warm-weather placement, the core strengths were overestimated by a minimum of 26% for all methods. 

This same trend occurred in the laboratory S-M relationships. None of the maturity functions could 

estimate the strengths values from the cores accurately for the warm-weather placement.  
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Table 5-50: Percent errors for core tests using water-tank S-M relationship for the cold-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

ASTM C 42 7% 12% 11% 9%
AASHTO T 24 9% 14% 13% 11%

ASTM C 42 4% 5% 5% 4%
AASHTO T 24 13% 13% 13% 13%

ASTM C 42 5% 8% 8% 7%

AASHTO T 24 11% 14% 13% 12%

Pe
rc

en
t 

E
rr

or

Average 
Absolute % 

Error

Nurse-Saul FunctionConcrete 
Age 

(Days)
Curing Method

Arrhenius Function

10.2

30.0

 
 

Table 5-51: Percent errors for core tests using water-tank S-M relationship for the warm-weather 

placement 

To = -10 °C To = 0 °C E = 40 
kJ/mol

E = 33.5 
kJ/mol

ASTM C 42 26% 27% 37% 33%
AASHTO T 24 31% 32% 42% 38%

ASTM C 42 39% 40% 42% 41%
AASHTO T 24 40% 40% 43% 42%

ASTM C 42 33% 33% 39% 37%

AASHTO T 24 35% 36% 42% 40%

Pe
rc

en
t 

E
rr

or

Arrhenius Function

7.1

28.1

Average 
Absolute % 

Error

Nurse-Saul FunctionConcrete 
Age 

(Days)
Curing Method

 
 

For the differences in the two core curing methods, the ASTM C 24 curing method had lower average 

absolute percent errors than the AASHTO T 42 curing method. On average, it was 5% lower for the cold-

weather placement and 3% lower for the warm-weather placement. This would indicate that the ASTM C 

24 curing method was slightly better than the AASHTO T 42 curing method, but not enough evidence is 

present to conclude which method is better. In fact, the strengths for the two different curing methods 

were very close, as can be seen in Figures 5-116 and 5-117.  
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Figure 5-116: 45°-line graph for estimating the strength of cores for the mock bridge deck using water-tank S-M 

relationship with Nurse-Saul maturity function (To = 0 °C) 
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Figure 5-117: 45°-line graph for estimating the strength of cores for the mock bridge deck using water-tank S-M 

relationship with Arrhenius maturity function (E = 33.5 kJ/mol) 
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5.8.1.4.4 COMPARISON OF IN-PLACE TESTING RESULTS 

A comparison of the compressive strength of the pullout test and the compressive strength of the 

CIP cylinder to the cores can be seen in Figure 5-118 and 5-119 for the cold- and warm-weather 

placement, respectively. The 7- and 28-day testing ages are shown for all test types. The maturities for 

the pullout test, CIP cylinders and cores were not exactly the same but were within approximately 10% of 

one another. The strength from the compression testing of the cores did not correspond well to the 

compression strength of the pullout test and CIP cylinders at the same ages for the warm-weather 

placement of the mock bridge deck. The core strengths were lower for the warm-weather placement. 
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Figure 5-118: Compression strength of the pullout test and CIP Cylinder versus the cores for the cold-weather 

placement 7- and 28-day testing ages 
 

The fact that the maturity method worked for cold-weather placement and not for the warm-weather 

placement indicates that the strength of the cores were not well estimated. However, this does not mean 

that the maturity method did not work well. The discrepancies between the cold-weather cores strength 

and the pullout test results tends to indicate that the warm-weather core strengths were most likely lower 

than the actual in-place strengths. Since there is such a large discrepancy between the cold and warm-

weather placement data, a conclusion could not be drawn on whether the laboratory cured S-M 

relationship or water-tank S-M relationship was more accurate for estimating the core strengths. 
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Figure 5-119: Compression strength of the pullout test and CIP Cylinder versus the cores for the warm-weather 

placement 7- and 28-day testing ages 

5.8.1.4.5 SUMMARY 

In summary, the water-tank S-M relationship provided a more accurate estimate of the in-place 

strength as measured by pullout testing and compression testing of cast-in-place cylinder than did the 

laboratory S-M relationship. The compressive strength of the cores was only estimated well by the 

maturity method for the cold-weather placement of the mock bridge deck. This discrepancy between the 

cold and warm-weather placement was probably caused by the core strength being lower for the warm-

weather placement, possibly due to increased microcracking in the warm-weather placed concrete. 

Therefore, due to the low performance of the cores, the agreement with the results from the prestressed 

plant project, and that the results agree with the other researchers’ opinions about the compressive 

strength of cores not being an accurate assessment of in-place strength, the core results were not 

strongly considered when evaluating the ability of the maturity method to estimate the in-place strength of 

concrete.  

Final evaluations of the different maturity method used to assess the in-place strength indicate 

that the Nurse-Saul maturity function with To = 0 °C was more accurate at estimating the early-age in-

place strength. The Nurse-Saul maturity function with To = -10 °C seemed to inaccurately estimate the in-

place strength for both the pullout test and compressive strength of the cast-in-place cylinders. The datum 

temperature of 0 °C seemed to estimate the in-place strength the most accurate when considering both 

cold and warm-weather placement and both the pullout test and compressive strength testing of the cast-

in-place cylinders. The few times that the datum temperature of 0 °C exceeded the limits for assessing 

the accuracy, it underestimated the strength at the first testing ages. This underestimation of the strength 
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is conservative, and the strength developed at that time is so rapid that difference strength at those ages 

is much smaller than the difference in strength at later ages, such as 3 and 7 day testing ages.  

For the Arrhenius maturity function, an activation energy of 33.5 kJ/mol provided more accurate 

estimates of the in-place strength under the warm-weather placement and the activation energy of 40 

kJ/mol provided more accurate estimate of the in-place strength under cold-weather placement. The 

Nurse-Saul maturity function was the most accurate for using the same maturity function to estimate the 

in-place strength for either the cold or warm-weather placement.  

 

5.8.2  ACCURACY OF THE USE OF MOLDED CYLINDERS FOR STRENGTH VERIFICATION TESTING 
This section is devoted to evaluating the accuracy of the use of molded cylinders for verification testing as 

recommended by ASTM C 1074 in Section 9.5.4. First, the Creek Bridge S-M relationship cylinders will be 

compared to the I-85 Bridge S-M relationship. The I-85 Bridge S-M relationship will be used for the 

evaluation of the all verification tests. 

 

5.8.2.1 ASSESSING THE I-85 BRIDGE S-M RELATIONSHIP 
Before the accuracy of the maturity method could be assessed, the I-85 Bridge S-M relationship 

was checked to evaluate the fit of the S-M relationship to the strength and maturity data of the I-85 D 

cylinders. The percent errors at each testing age and average absolute error for the entire set were 

calculated using the strengths from I-85 Bridge S-M relationship that corresponded to the measured 

strengths of the I-85 D cylinders at the same maturity and are presented in Table 5-52. The percent errors 

were calculated using Equation 4-1, and the average absolute errors were calculated using Equation 4-2. 

If the percent error is negative, then the maturity method underestimates the strength, and if the error is 

positive, then the maturity method overestimates the strength. As long as the maturity method does not 

overestimate the strength by more than 10%, then the maturity method will be considered accurate to 

estimate the strength of the molded cylinders. 

The average absolute error ranged from 146 to 151 psi for the I-85 D set of cylinders. This 

indicates that all of the maturity methods fit the I-85 D cylinder strength data well.  The only percent error 

that was high was the 1-day testing age for the I-85 D cylinder using the Nurse-Saul maturity function with 

a To = -10 °C. The percent errors for the Nurse-Saul maturity function with To = 0 °C and the Arrhenius 

maturity function with E = 33.5 kJ/mol and 40 kJ/mol were all at 10% which is the maximum limit for not 

being accurate. Since no other percent error exceeds 4%, the I-85 Bridge S-M relationship will be 

considered a good fit for all maturity.  

The average absolute errors and percent errors at each testing age were calculated to compare 

the estimated strength from the I-85 Bridge S-M relationship to the measured strength of the Creek A 

cylinders. The average absolute errors and percent error are presented in Tables 5-53. Nixon (2006) has 

reported the estimated strengths from the I-85 Bridge S-M relationship for Creek A cylinders. The 

estimated strengths from the I-85 Bridge S-M relationship and the corresponding measured strengths for 

the Creek A cylinders are presented in Figure 5-120 to 5-123. A 45°-line was plotted on the graphs to 

illustrate where the estimated strengths versus measured strengths are equal. In addition, ± 10% error 
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lines are added to the plots to show the magnitude of the error. If the error was negative, then the 

maturity method underestimated the strength (which is conservative), and if the error was positive then 

the maturity method overestimated the strength. 

 

Table 5-52: Evaluation of the errors of the I-85 S-M relationship I-85 D cylinders 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40    
kJ/mol

24.0 11% 10% 10% 10%
47.9 -3% -3% -3% -3%
77.0 -2% -2% -2% -2%
103.5 -3% -3% -3% -3%
172.1 2% 2% 2% 2%
339.8 4% 4% 4% 4%
680.6 -2% -2% -2% -2%

151 147 148 146

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measures strength
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Table 5-53: Percent errors for Creek A cylinder data using I-85 Bridge S-M relationships 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol

E = 40    
kJ/mol

24.6 -19% -11% -6% -4%
48.5 -16% -12% -11% -9%

- - - - -
93.7 -6% -5% -4% -3%
168.9 2% 3% 3% 4%
333.0 1% 1% 1% 2%
668.3 -4% -4% -4% -4%

288 231 205 186

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measures strength

Average Absolute 
Error (psi)
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Figure 5-120: 45°-line graph for estimating the strength of the Creek A cylinders using  I-85 Bridge S-M 

relationship with Nurse-Saul maturity function (To = -10 °C)  
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Figure 5-121: 45°-line graph for estimating the strength of the Creek A cylinders using  I-85 Bridge S-M 

relationship with Nurse-Saul maturity function (To = 0 °C)  
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Figure 5-122: 45°-line graph for estimating the strength of the Creek A cylinders using  I-85 Bridge S-M 

relationship with Arrhenius maturity function (E = 33.5 kJ/mol)  
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Figure 5-123: 45°-line graph for estimating the strength of the Creek A cylinders using  I-85 Bridge S-M 

relationship with Arrhenius maturity function (E = 40 kJ/mol)  
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When the I-85 bridge S-M relationship was used to estimate strengths of the Creek A cylinders, the 

average absolute error ranged from 186 to 288 psi. The average absolute errors for the different datum 

temperatures for the Nurse-Saul maturity function ranged from 231 to 288 psi. Since the average 

absolute error was so close for the two datum temperatures, a conclusion could not be drawn on which 

datum temperature provided a more accurate estimate. The average absolute error for Arrhenius maturity 

function ranged from 186 to 205 psi. Since the difference between average absolute errors for both 

activation energies evaluated was about 20 psi, neither one of the activation energies can be determined 

more accurate than the other. All of the average absolute errors were similar to one another; therefore, no 

definite conclusion can be made whether one function was better than the others. Therefore, the percent 

errors were evaluated to draw a better conclusion on the accuracy of the different maturity functions.  

By evaluating the 45°-line graphs and the percent errors in Table 5-53, it can be determined that 

the Arrhenius maturity function was slightly more accurate at estimating the concrete strength than the 

Nurse-Saul maturity function. The activation energy of 40 kJ/mol had the lowest percent errors of all the 

maturity functions. The Nurse-Saul maturity function with To = -10 °C underestimated the first two testing 

ages for the Creek A cylinders by more than -15%. This coupled with the fact that the 1-day I-85 D 

strength was overestimated by more than 10% indicates that Nurse-Saul maturity function with To = -10 

°C does not estimate the strength of the concrete accurately. For the Nurse-Saul maturity function with To 

= 0 °C, all of the percent errors were equal to or less than the 10% limit. The datum temperature of 0 °C 

did underestimate the first two testing ages for the Creek Bridge cylinder by more than -10%, but since 

the underestimation the remainder of the testing ages was within 5% error, the Nurse-Saul maturity 

function with To = 0 °C was considered acceptable for estimating the strength of the concrete. 

Since the I-85 Bridge S-M relationship estimated the strength of the Creek Bridge cylinder 

accurately, the I-85 Bridge S-M relationship were used to evaluate the verification test strength results, 

which is discussed next. It was decided that the datum temperature of -10 °C was not accurate at 

estimating the strength of the concrete, and was not strongly considered when evaluating the verification 

test results.  

 

5.8.2.2   ASSESSING THE VERIFICATION TEST RESULTS 
To evaluate the verification test results, the percent errors were calculated as explained in 

Section 5.5.3 and these are presented in Table 5-54. The percent errors were calculated using the I-85 

Bridge S-M relationships. The estimated strengths from the I-85 Bridge S-M relationship for the I-85 A, I-

85 B, I-85 C, Creek B, and Creek C cylinders are presented elsewhere by Nixon (2006). The estimated 

strength from the I-85 Bridge S-M relationship and the corresponding measured strengths for all sets of 

verification cylinders and both placements are presented in Figures 5-124 and 5-125 for the Nurse-Saul 

maturity function with To = 0 °C and Arrhenius maturity function with E = 33.5 kJ/mol. The figures that 

correspond to the Nurse-Saul maturity function with To = -10 °C and Arrhenius maturity functions E = 40 

kJ/mol are presented elsewhere by Nixon (2006).  
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Table 5-54: Percent errors for verification testing using I-85 Bridge S-M relationships 

To = -10 °C To = 0 °C E = 33.5 
kJ/mol E = 40 kJ/mol

2,400 psi -1% 5% 5% 9%
7 Day 15% 15% 14% 16%

2,400 psi 11% 17% 17% 21%
7 Day 16% 16% 16% 16%

2,400 psi 7% 11% 11% 14%
7 Day 18% 18% 18% 18%

2,400 psi -17% -14% -14% -12%
7 Day -4% -4% -4% -3%

2,400 psi -3% 1% 1% 3%
7 Day 12% 13% 12% 14%

 - Negative percent error reflects an underestimation of the measured strength
 + Positive percent error reflects an overestimation of the measures strength

Nurse-Saul Function Arrhenius Function

I-85 A

I-85 B

I-85 C

Creek B

Creek C

Percent Error (%)
Cylinders 

Sets
Testing 
Target
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Figure 5-124: 45°-line graph for estimating the strength of the verification cylinders using  I-85 Bridge                

S-M relationship with Nurse-Saul maturity function (To = 0 °C)  
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Figure 5-125: 45°-line graph for estimating the strength of the verification cylinders using  I-85 Bridge  

S-M relationship with Arrhenius maturity function (E = 33.5 kJ/mol) 

 

By evaluating the 45°-line graphs and the percent errors in Table 5-53, some of the verification test 

results were estimated satisfactorily while others were inaccurately overestimated. The 2,400-psi 

verification tests for the I-85 A and I-85 B cylinders were not conducted at the exact time when the 

concrete was supposed to reach 2,400-psi. This happened because the verification tests for I-85 bridge 

cylinders were conducted using a S-M relationship that was thought to be representative of the concrete 

placed in the bridge deck. Since the concrete properties were changed, this S-M relationship was 

incorrect so the verification tests were conducted at the wrong maturity. However, the accuracy of the 

maturity method can still be assessed by evaluating the measured strength and corresponding estimated 

strength at the maturity at the time of testing. For the verification test I-85 C, the S-M relationship was 

being developed at the same time and therefore the maturity index that corresponded to the 2,400-psi 

tests was not known. The 2,400-psi test for the I-85 C verification test was conducted at approximately 

the required maturity index but not exactly. Therefore, the measured strength was compared to the 

estimated strength to assess the accuracy of the maturity method. On the other hand, since the I-85 

Bridge S-M relationship existed for the Creek Bridge verification test, the 2,400-psi test was conducted at 

the correct maturity that corresponds to the 2,400-psi strength. To illustrate the percent error for the 

2,400-psi verification test, Figure 5-126 shows the percent errors for all of the maturity methods. Figure 5-

127 shows the percent errors for the 7-day verification tests. 
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Figure 5-126: 2,400-psi verification test percent errors for best-fit I-85 Bridge S-M relationship 
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Figure 5-127: 7-day verification test percent errors for the best-fit I-85 Bridge S-M relationship 

 

Some of the verification tests were within the 10% limit while others overestimated the strength by more 

than 10%. For the 2,400-psi verification test, sample I-85 B was overestimated by all maturity functions. 

The activation energy of 40 kJ/mol tended to have higher percent errors than the other maturity functions. 

For the 7-day verification test, all of the strengths were overestimated with the exception of the Creek B 

sample set. The percent errors ranged from 12% to 18% for verification tests that were overestimated. All 
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of the maturity functions estimated the 7-day strength about the same; therefore, all the maturity functions 

had the same accuracy.  

Four of the entire verification test results were within the acceptable criteria while six of them 

exceeded the 10% limit. Since some of the verification tests were estimated correctly and other 

verification tests were inaccurately estimated, this indicates that a confidence level coupled with an 

acceptance criteria should be developed so that the verification test can be evaluated and used properly. 

This will be discussed in the assessment of the confidence level in Section 5.8.5.  

 

5.8.3 EVALUATION OF THE TESTING SCHEDULE 
When developing the S-M relationship’s testing schedule for the molded cylinders for the bridge deck 

project, the recommended ASTM C 1074 testing schedule was used. Since it was determined that the 

water-tank-cured cylinders estimated the in-place strength most accurately, the testing schedule for the 

water-tank-cured cylinder was evaluated. Ideally, the number of testing ages should be the minimum 

number that accurately defines the strength development of the concrete.  

As explained in Section 4.5.4, to capture the strength development of the concrete, a minimum of 

two testing ages should be on the initial slope of the strength development. At least one of the testing 

ages should be in the area of the curve where the strength development starts to transition from the high 

rate of strength development to the slower rate. Since the maturity method is usually only used for early-

age strength estimating, the last testing ages to create the S-M relationship should be around 7 days. 

Finally, a 28-day test should be conducted for two reasons: (1) to help obtain an estimate of the ultimate 

strength for the exponential strength-maturity relationship, and (2) to ensure the concrete produced for 

the S-M relationship meets the 28-day strength requirements of the concrete for bridge deck operations.  

The testing schedule that was conducted for the bridge deck project was 1, 2, 3, 7, 14, and 28 

days. The strength development and testing schedule for the water-tank-cured cylinders of the mock 

bridge deck can be seen in Figures 5-128 and 5-129, for the cold- and warm-weather placement 

conditions, respectively. The ambient temperature at placement was 65 °F and 90 °F, for the cold- and 

warm-weather placements, respectively. 

The cold-weather placement testing schedule adequately captured the strength development of 

the concrete. It is recommended to move the 3-day test age to 4 days, and the 14-day test age could be 

removed since the maturity method is primarily used for early-age strength estimations. For the warm-

weather placement, the first couple of test ages could have been earlier to more accurately capture the 

initial strength development. A testing schedule should be developed to account for the ambient 

temperature when the concrete is placed. When the initial temperature is between 60 °F and 80 °F at time 

of placement, the testing schedule of 1, 2, 4, 7, and 28 days, which was used for the laboratory cured 

cylinders of the bridge project, should be adequate to capture the strength development of the concrete. 

When the initial temperature is below 60 °F and above 80 °F, the testing schedule should be changed to 

account for the accelerated or decelerated strength development of the concrete. For higher ambient 

temperatures, the testing ages should be earlier and for lower ambient temperatures, the testing ages 

should be later. This is discussed more in Section 6.2.3. 
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Figure 5-128: Evaluation of the testing ages for the cold-weather placement of  the bridge deck field project 
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Figure 5-129: Evaluation of the testing ages for the warm-weather placement of  the bridge deck field project 
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5.8.4 EVALUATION OF THE CONFIDENCE LEVELS 
Confidence levels were added to all of the S-M relationship graphs for the cylinder, pullout test, and core 

strength graphs. Confidence levels only need to be considered if a critical construction process is 

occurring where a specific strength is required before proceeding with construction.  

For a bridge deck, the construction process is usually controlled by a required strength to either 

remove forms or allow construction or traffic loads on the newly cast concrete. ALDOT Standard 

Specification (2002) requires that an average strength of two cylinders reach the specified strength. By 

using the best-fit S-M relationship (an average strength) it inherently applies a 50% confidence level with 

a 50% defective level, and therefore half of the test results are expected to be below the average 

strength. Adding the confidence levels with a 10% defect level helps ensure that 90% of the strength data 

tested are above the estimated strength. Due to the limitations of the maturity method the construction 

process should not continue until a physical verification test has been conducted to verify that the 

specified strength has been reached.  

When examining the confidence level graphs, (Figures 5-84 to 5-87) the verification testing 

conducted on the actual bridge concrete deck were considered the most useful for determining the 

effectiveness of confidence levels. The concrete used to place each mock bridge deck was from the 

same batch, and therefore the results from the mock bridge deck are not as helpful at evaluating the 

confidence levels. On the other hand, each verification test was sampled from a different batch, and the 

batch-to-batch variability is higher than the variability of one batch. This can be seen in Figures 5-84 to 5-

87. 

For discussion purposes, the S-M relationships that are developed from the desired confidence 

levels using a 10% defect level will be referred to as “S-M relationship with a 10% defect level.” Using the 

I-85 Bridge S-M relationship a confidence level of 50% results in a couple of verification test results to be 

above the S-M relationship using 10% defect level when originally they were below the best-fit S-M 

relationship. The confidence level of 75% was also more effective to allow a higher number of the 

verification tests to be above the S-M relationship with a 10% defect level. By using a higher confidence 

level, it is inherently requiring the contractor to wait longer before testing the verification specimens; 

therefore, the confidence level should not be so high as to require the contractor to wait an excessive 

amount of time before proceeding.  

To illustrate how the use of confidence level with a 10% defect level will help provide a more 

accurate estimated strength, the Figures 5-126 and 5-127 were recreated with the estimated strength 

from the S-M relationship with a confidence level of 50% and a defect level of 10%. The percent errors 

were calculated for the measured strengths from the verification tests that were conducted on the actual 

bridge decks to the estimated strength from the S-M relationship with a 50% confidence level and 10% 

defect level and are presented in Figures 5-130 and 5-131.  
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Figure 5-130: 2,400-psi verification test percent errors for I-85 Bridge S-M relationship using a 50% confidence 

level at 10% defect level 
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Figure 5-131: 7-day verification test percent errors for the I-85 Bridge S-M relationship using a 50% confidence 

level at 10% defect level  
 

 



 

262 

As shown in Figures 5-130 and 5-131, all of the percent errors were smaller than then original 

percent errors in Figures 5-126 and 5-127. When the best-fit S-M relationship was used to estimate the 

strength, the entire I-85 B cylinders were greater than the 10% error, and now with using the S-M 

relationship with 50% confidence level and a 10% defect level the estimated strengths from three of the 

maturity functions were below the 10% error line. For the 7-day verification tests, the I-85 C cylinders 

were greater than 10%, but the rest of the verification cylinders were at the 10% error line or less. Figure 

5-127 shows that only the Creek B cylinders strengths had a percent error less than 10% when using the 

best-fit S-M relationship.  

Not all the strength test results were above the S-M relationship with a confidence level of 50% or 

75%, because statistically when using a 10% defective level, one out of every ten test results should be 

below the S-M relationship developed at a 10% defect level. When one of ten results are less than the 

estimated strength, it does not mean that the S-M relationship is inaccurate. This does require that some 

acceptance criteria should be developed for strengths that are still below the confidence levels, however. 

If a verification strength result falls below the S-M relationship with a 10% defect level, an 

evaluation must be conducted to determine if the concrete in the structure is still represented by the S-M 

relationship. To help illustrate the issue at hand, Figure 5-132 was created using the I-85 Bridge S-M 

relationship using a 50% confidence level. Also added to the figure are two lines that indicate 5% and 

10% strength below the estimated strength from the S-M relationship developed using a 50% confidence 

level and 10% defect level. The Nurse-Saul maturity function was used with a To = 0 °C. 
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Figure 5-132: Applying a confidence level and acceptance criteria to the verification test results 
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As shown in Figure 5-132, many of the cylinders strengths are above the S-M relationship with a 

10% defect level. However, some of the verification tests are below the S-M relationship with a 10% 

defect level. The 5% and 10% error lines were calculated using Equation 5-1. 

 ( )ErrorSS fitBestError %1% −×= −
Equation 5-1 

 Where, S%Error   = strength at desired % error (psi), 

 Sbest-fit = strength from the best-fit S-M relationship (psi), and 

 %Error = desired percent error (decimal form).  

 

Of all of the verification tests that were below the 50% confidence level S-M relationship, only one was 

below the 10% error line, which is a cause for concern. Statistically it is highly unlikely for a verification 

test to be 10% below the S-M relationship adjusted with confidence level at a 10% defect level; therefore, 

the concrete that is being placed in the structure may not be the same as the concrete used to develop 

the S-M relationship. Alternatively, poor testing practices could have caused this defective result.  In 

addition, a couple of the 7-day verification tests were between the 5% and 10% error lines and this is also 

a cause for concern because statistically as required in ACI 318 (2005), three consecutive verification 

tests should not be below the specified strength. 

Therefore, it is recommended that if a verification test falls below 10% of the S-M relationship with 

a 10% defect level, then a new S-M relationship should be developed. In addition, if three consecutive 

verification tests fall between 5% and 10% below the estimated strength of the S-M relationship with 10% 

defect level, then a new S-M relationship should be developed. This approach is similar to that currently 

used by TxDOT (Tex-426-A 2002), except that TxDOT uses the best-fit S-M relationship. These criteria 

are recommended because the concrete used to develop the S-M relationship may not be representative 

of the concrete being placed in the structure. Therefore, when this condition develops, the S-M 

relationship should be discarded and a new S-M relationship developed. During the period required 

develop a new S-M relationship, conventional strength acceptance procedures and testing should be 

used. It is also recommended that a 50% confidence level with 10% defect level be used for most 

construction applications unless a required strength is very essential; then a confidence level of 75% 

should be used. Confidence levels are only implemented to help ensure that the estimated strength 

reliably exceeds the specified strength (f’c). No construction process should continue until a verification 

test has been conducted and the measured strength is above the required strength.  

   

5.8.5 EVALUATION OF THE TEMPERATURE PROFILE OF THE BRIDGE DECKS 
One of the objectives of the evaluation of the actual bridge deck construction was to assess the most 

appropriate locations to install temperature sensors. To determine the locations of the temperature 

sensors, a couple of factors were considered. If in-place testing will be performed along with the use of 

the maturity method, then the temperature sensors should be installed near the location where the in-

place testing will be conducted. If the maturity method is going to be used with molded cylinders to verify 

the estimated strength, then the location of the temperature probe will be critical. A temperature sensor 
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should be located at each location where the required strength is needed. If only a couple of temperature 

sensors are going to be used for a bridge deck placement then it is recommended that one temperature 

sensor be placed at the beginning of the casting, and the other sensors should be installed at the end of 

the casting to capture the entire concrete placement strength development. 

When using molded cylinders to verify the strength of the concrete, the temperature sensor 

should be placed in the location where the lowest temperatures are expected to capture the slowest 

strength development. Figure 5-133 shows the mid-depth temperature variation between the middle and 

the edge of the bridge deck.  
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Figure 5-133: Mid-depth concrete temperature profile for middle versus edge of the Creek Bridge pour 

 

As shown in Figure 5-133, the temperature history is different for the middle than for the edge of the 

bridge deck. Location 1 and 2 were covered with concrete at about the same time. Location 1 was located 

about two feet from the edge of the overhang of the bridge deck, whereas Location 2 was located in the 

middle of the bridge deck. The temperatures at Location 1 did not reach the same temperatures that 

occurred at Location 2, which indicates that the rate of strength development at Location 1 was probably 

slower. 

The other factor that should be considered is the depth at which the temperature sensors should 

be located. Nixon (2006) present figures that show different temperature histories for the top, mid-depth, 

and bottom temperature sensors. Temperature for location 3 of the Creek Bridge deck are shown in 

Figure 5-134, and only the first 3 days are shown to show the effects of cold-weather concrete  

placement. Temperature for location 4 for the warm-weather placement of the mock bridge deck are 
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presented in Figure 5-135, and only the first 5 days are shown to show the effects of warm-weather 

concrete placement. 
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Figure 5-134: Temperature profile of Location 3 of the Creek Bridge deck 
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Figure 5-135: Temperature profile of Location 4 of the warm-weather placement of the mock bridge deck 
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The temperature profiles across the depth of the slab are similar at some times (as shown in Figure 5-

134) and different at others (as shown in Figure 5-135). The top temperature sensors were located about 

1½ inches from the top surface of the concrete, the mid-depth temperature sensors were about 3 inches 

from the top surface, and the bottom sensors were about 1½ inches from the bottom forms. As shown in 

Figure 5-135, the top sensors recorded most of the lowest temperatures for the first two and a half days 

and then recorded the highest temperatures for the next couple of day. The high degree in fluctuation of 

temperature recorded by the top sensors is due to the effects of the environmental conditions on the 

concrete. The temperatures recorded in the bottom sensors were more representative of the concrete 

temperatures occurring due to the hydration of the cement. During summer months, it can be expected 

that the top sensors will record some of the highest temperatures. During the winter months, the top 

sensor will record some of the lowest temperatures. Therefore, it is recommended that the temperature 

sensor should be located near the bottom of the deck about 2 inches from the forms.  

When placing the temperature sensor in the bridge deck, the sensor should not be in direct 

contact with the reinforcement. The reinforcement temperature is different form the actual concrete 

temperature, which was shown in Figure 5-79. A material that does not conduct heat can be used to 

shield the temperature sensor from the reinforcement, or the temperature sensor should be suspended 

away from the reinforcement.  

 

5.9  SUMMARY AND CONCLUSIONS 

Over all, the maturity method evaluated the concrete strength fairly accurately for the bridge deck project. 

The objectives stated in the Section 5.1 were accomplished. The S-M relationships that were developed 

using the cylinders curing in water-tank-cured conditions all estimated the in-place strength fairly 

accurately. On the other hand, the S-M maturity relationship developed from cylinders that were cured 

under laboratory conditions mostly did not estimate the in-place strength accurately.  The laboratory S-M 

relationship was fairly inaccurate at estimating the strength of the water-tank-cured cylinders for the cold-

weather placement of the mock bridge deck.  

Four different maturity methods were evaluated, Nurse-Saul maturity function with To =-10 °C and     

To = 0 °C and Arrhenius maturity function with E = 33.5 kJ/mol and E = 40 kJ/mol, and conclusions are as 

follows: 

• The Nurse-Saul maturity function with To = 0 °C estimates the in-place more accurately 

than To = -10 °C for both the cold and warm-weather placements.  

• The Arrhenius maturity function with E = 40 kJ/mol was more accurate for the cold-

weather placement and E = 33.5 kJ/mol was more accurate for the warm-weather 

placement.  

• The one maturity function that was the most accurate for estimating both the cold and 

warm-weather placement was the Nurse-Saul maturity function with To = 0 °C. 
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For the ages where the Nurse-Saul maturity function with To = 0 °C exceeded the percent error 

limits, the strengths were mostly underestimated, which is conservative. The testing times when the 

underestimation of the strength occurred was the 1-day test age for most of the in-place testing. 

Therefore, since the few errors that exceeded the limit were conservative, the To = 0 °C was considered 

accurate for assessing the in-place strength of the concrete.  

The conclusions from evaluating the water-tank S-M relationship to estimate the strength of each in-place 

testing methods are as follows: 

• For the pullout strength the Nurse-Saul maturity function with To = 0 °C was the most 

accurate when considering both the cold and warm-weather placements.  

• For the CIP cylinder the Arrhenius maturity function estimated the strength more 

accurately than the Nurse-Saul maturity function; however, the Nurse-Saul maturity 

function with To = 0 °C never overestimated the strengths.  

• For estimating the strengths of the cores from the cold-weather placement, all maturity 

functions were accurate. 

• For estimating the strengths of the cores for the warm-weather placement all maturity 

functions overestimated the strength by a substantial amount.  

 

Since the pullout test and CIP cylinders strengths were estimated fairly accurately for the warm-weather 

placement of the mock bridge deck, the cores strengths for the warm-weather placement were not 

considered in the evaluation of the maturity method.  

Final evaluations of the testing schedule for the water-tank-cured cylinders were conducted, and 

it was concluded that a testing schedule that changes with the ambient temperature when the concrete is 

placed should be developed. For concrete that is placed between 60 °F and 80 °F the testing schedule of 

1, 2, 4, 7, and 28 days is adequate for developing a water-tank S-M relationship for a bridge deck. Testing 

schedules for concrete placed at other temperatures, are discussed in Section 6.2.3. 

The evaluation of the use of molded cylinders for verification testing helped determine how the 

maturity method should be implemented on the construction site. The molded cylinder verification testing 

proposed in Section 9.5.4 of ASTM C 1074 could be a valid way of estimating strength of the concrete. To 

due so, confidence levels should be applied to the S-M relationship to help ensure the required strength is 

reached before verification testing. The confidence level of 50% with a 10% defect level seems to be 

adequate for developing the S-M relationship. However, some acceptance criteria should be developed to 

ensure that the concrete being placed in the structure is represented by the S-M relationship with 10% 

defect level. The following acceptance criteria are recommended: 

• If a verification test falls below 10% of the S-M relationship with 10% defect level then 

the S-M relationship with 10% defect level is not valid and a new S-M relationship must 

be developed. 
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• If three consecutive verification test fall between 5% and 10% bellow the estimated 

strength of the S-M relationship developed with 10% defect level then the S-M 

relationship is not valid and a new S-M relationship must be developed. 

 

These criteria are designed to identify concrete that might not be the same as the concrete used to 

develop the S-M relationship with 10% defect level. If the verification test does not reach the required 

strength then the construction process shall not continue until the required strength is reached. If a new 

S-M relationship is to be developed then conventional testing to verify the strength of the concrete must 

be conducted until the new S-M relationship is developed.  

Temperature sensor should be placed in the area of the bridge deck where the minimum 

temperature of the concrete exists. By using the minimum temperature history of the concrete, the 

slowest strength development of the concrete is captured. The recommended location for the temperature 

sensors for the bridge deck project are as follows: 

• Place the sensors near the edge of the bridge deck in the overhang. 

• The temperature sensors should be located at the bottom of the deck, approximately 2 

inches from the forms. 

 

In general, the maturity method estimated the concrete in-place strength for the bridge deck construction 

process accurately. Water-tank S-M relationships should be used because they were more accurate at 

estimating the in-place strength of the concrete than the laboratory S-M relationship. The maturity method 

process will work as long as testing is conducted and monitored properly. 
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CHAPTER 6 

IMPLEMENTATION OF THE MATURITY METHOD 
 

After analyzing the results of the laboratory work and fieldwork phases, a proposed specification was 

drafted from lessons learned from these phases, and from other state departments of transportation 

(DOTs) specifications. The objectives of this chapter are to review other state DOTs specifications for the 

maturity method, recommend requirements to be included in a maturity method specification, and outline 

a proposed ALDOT maturity method specification. A draft of a proposed ALDOT specification is located in 

Appendix D.  

 

6.1 STATE DEPARTMENT OF TRANSPORTATION PRACTICES 

Before a maturity method specification could be written for ALDOT, a detailed review of three other state 

departments of transportation specifications that have used the maturity method was conducted. Texas, 

Iowa, and Indiana were the three DOTs reviewed. Each of the state DOTs specifications were found on 

their respective websites. During the specification review process, the following four categories were 

identified and considered to evaluate these specifications: 1) general requirements for using the maturity 

method, 2) developing the strength-maturity (S-M) relationship, 3) estimating in-place strength, and 4) 

verifying the estimated strength from the S-M relationship.  

 

6.1.1  TxDOT Maturity Method Specification Tex-426-A  
The Texas Department of Transportation (TxDOT) specification for using the maturity method to estimate 

the in-place strength of freshly cast concrete is defined in Tex-426-A (2004).  TxDOT allows the maturity 

method to be used for portland cement concrete (PCC) pavements and structures. The Nurse-Saul 

maturity function is utilized with a datum temperature of -10 °C. Tex-426-A specification outlines the use 

of a thermocouple wire maturity meter for recording maturities; however, it allows the use of other types of 

maturity recording devices. On any construction project, the same type of maturity meter must be used for 

all maturity method applications. All temperature recording devices must have an accuracy of ± 1° C. 

Throughout the entire testing process on construction projects, both molded cylinders and flexural beam 

specimens can be used for strength testing, but the specimen type has to stay consistent. If the placed 

concrete’s w/c exceeds the w/c of the concrete used to develop the strength-maturity relationship by 0.05 

or more, a new S-M relationship must be developed. TxDOT requires that three specimens be tested at 

each age to develop the S-M relationship. TxDOT further requires that the strength estimated by the 

maturity method be verified by testing laboratory-cured cylinders during critical construction operations.  
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6.1.1.1 DEVELOPING THE STRENGTH-MATURITY RELATIONSHIP 
When developing a S-M relationship, a minimum of 20 specimens must be cast from the same 

concrete mixture used to construct the concrete structure or pavement. A minimum batch size of 4 yd3 is 

required to develop a S-M relationship. The fresh concrete properties of the batch should be tested for 

quality control purposes. Upon casting the specimens, thermocouple wires are embedded into at least 

two specimens, and then connected to separate maturity meters. The wire must be embedded 2 to 4 

inches from the surface of the specimen. After casting all specimens, curing is conducted under standard 

laboratory conditions. Recommended testing ages are 1, 3, 5, 7, 14, and 28 days. At each testing age, 

the maturity index is read from both maturity meters and then averaged. The strength for a specified 

testing age is determined by averaging the strength of three specimens. Requirements exist in the 

specification to eliminate any outlying test results. Once data collection is complete, a plot of the average 

strength and corresponding maturity values are developed using a Microsoft Excel® spreadsheet 

provided by TxDOT. The logarithmic function (as defined in Equation 2-9) is used to estimate the strength 

and then a best-fit curve is determined for the data set. The corresponding R2 value for that curve cannot 

be less than 0.90. 

 

6.1.1.2 ESTIMATING THE IN-PLACE STRENGTH 
When using the maturity method to estimate the in-place strength of concrete, a TxDOT inspector 

should be present at the concrete batch plant to monitor batch processing.  This ensures good control of 

the concrete batching operation. At each location within the structure where the maturity method is used, 

two thermocouple wires are to be installed and connected to a maturity meter. The wire shall be located 2 

to 4 inches from any surface or at mid-depth for sections less than 4 inches.  The wire shall not be in 

direct contact with any steel. Immediately after concrete placement, the maturity meter should start 

recording as soon as possible. Once the maturity index of the in-place concrete has reached the maturity 

that corresponds to the required strength as determined from the S-M relationship, the in-place concrete 

strength is assumed sufficient. When required, strength verification testing shall be conducted if the 

maturity index is equal to or greater than the maturity index determined from the S-M relationship. 

Operations requiring S-M relationship verification include removal of critical formwork or falsework, 

stressing of steel, and/or other safety-related operations. 

 

6.1.1.3 VERIFYING THE STRENGTH-MATURITY RELATIONSHIP 
In order to verify the S-M relationship, three specimens are cast from the concrete that is used to 

cover the thermocouple sensors in the structure. The fresh concrete properties of the batch should be 

tested for quality control purposes. A thermocouple wire is embedded into two of the three specimens, 

placed 2 to 4 inches from any surface. Specimens are cured under laboratory conditions until the required 

time of testing. Strength testing is performed when the specimens achieve the maturity index 

corresponding to the required strength, or when the maturity index of the structure is achieved. A 

comparison of the average measured strength to the estimated strength from the S-M relationship is 
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conducted to determine if the verification test falls within the allowable tolerance limits.  One tolerance 

limit is if the verification test is within 10% of the estimated strength, the concrete is considered to have 

reached sufficient strength and construction operation can continue. The second limit is if three 

consecutive verification test results fall between 5% and 10% above or below the S-M relationship, the S-

M relationship must be adjusted to fit the new set of data. The adjustments are made using a feature that 

is built into the spreadsheet provided by TxDOT for using the maturity method. If one verification test 

varies by more than ±10% of the estimated strength from the S-M relationship, a new S-M relationship 

must be developed.  

 

6.1.2  IOWA MATURITY METHOD SPECIFICATION IM 383 
The Iowa DOT provides a specification (IM 383 2004) for using the maturity method to evaluate the 

strength of freshly cast concrete.  The Iowa DOT maturity method specification is allowed to be used for 

concrete pavements and structures. The Nurse-Saul maturity function is used with a datum temperature 

of -10 °C. The contractor is responsible for developing the S-M relationship and performing temperature 

monitoring. Both molded cylinders and flexural beam specimens can be used as long as same specimen 

type is used for the entire project. If the w/c of the placed concrete exceeds the w/c of the concrete used 

to develop the S-M relationship by 0.02, a new S-M relationship must be developed. Three specimens are 

tested at each designated maturity index for S-M relationship development and verification testing. A 

maturity meter or temperature sensor is used to monitor the temperature history of the concrete.  

 

6.1.2.1 DEVELOPING THE STRENGTH-MATURITY RELATIONSHIP 
When developing the S-M relationship, the ambient temperature must be above 50° F. A 

minimum of 12 specimens must be cast from a 3-yd3 minimum batch size of the concrete mixture that is 

used for the construction effort. The fresh concrete properties of the batch should be tested for quality 

control purposes. Two thermocouple wires are embedded into one specimen at mid-depth and 3 inches 

from any surface. Casting, curing, and testing of specimens are to be conducted at the concrete plant.  

Curing of the specimens is performed in a wet sand-pit after removal from the molds. The testing ages 

are based on the maturity of the concrete. All tests are performed at somewhat consistently spaced 

intervals of time that include required strengths. Suggested maturity values for standard concrete 

mixtures are shown in Table 6-1. 

 A Mix is a concrete mixture for PCC pavements that acquires a flexural strength of 500 psi in 

approximately 14 calendar days. B Mix is also a PCC pavement mixture that acquires a flexural strength 

of 400 psi in approximately 14 days. C Mix is a fast-setting mixture acquiring a flexural strength of 500 psi 

in approximately 7 days. D Mix is a rapid-setting concrete mixture acquiring a flexural strength of 500 psi 

in approximately 48 hours (Iowa DOT Standard Specification 2005).  

Upon completion of all strength tests, the average maturity index and average strength are 

recorded. The logarithmic function (as defined in Equation 2-9) is used to estimate the strength, and the 

best-fit S-M relationship is obtained for the data using a spreadsheet program.  

Table 6-1: Approximate maturity values for testing (IM 383 2004) 
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Test 1 Test 2 Test 2 Test 4

A Mix 750 1,500 2,500 3,500

B Mix 1,500 3,500 5,500 7,500

C Mix 750 1,500 2,500 3,500

M Mix 600 1,200 2,000 3,000

Nurse-Saul Maturity (°C • hr)
Mixture Type

 
 

6.1.2.2 ESTIMATING THE IN-PLACE STRENGTH 
To estimate the in-place strength, a thermocouple wire is placed at the pavement mid-depth and 

1.6 feet from the longitudinal pavement edge. A minimum of two sensors shall be placed each day during 

concrete placement. For concrete structures, a minimum of two sensors shall be installed in the upper 

corner of the exposed surface. Attaching the wire to the reinforcing steel is permitted, as long as the end 

of the wire is not in direct contact with the steel. After wire placement, the maturity meter is connected and 

recording started immediately after concrete placement. When the placed concrete’s maturity index 

equals or exceeds the maturity index of the required strength, the concrete structure or PCC pavement is 

considered to have achieved the specified strength. Verification testing, to ensure that the specified 

strength has been achieved, is not required to verify the in-place concrete strength. 

 

6.1.2.3 VERIFYING THE STRENGTH-MATURITY RELATIONSHIP 
Instead of conducting verification tests like those done by TxDOT which are used at critical 

locations, a verification test is conducted once a month to determine if the concrete being produced is 

representative of the current S-M relationship. The same casting procedures used to develop the S-M 

relationship are used to cast three specimens from the concrete mixture used at the construction site. The 

specimens are strength tested at the maturity that corresponds to the required strength. If the difference 

between the flexural strength and the estimated flexural strength of the S-M relationship at the same 

maturity index is less than 50 psi, the pavement is considered to have sufficient strength. A new S-M 

relationship must be created if the difference is more than 50 psi. On average for most of Iowa’s PCC 

mixtures, this difference is about 10% of the required strength. For concrete structures, if the average 

strength from the verification test is less than the estimated strength from the S-M relationship, at the 

same maturity index, a new relationship must be developed.  

 

6.1.3  INDIANA MATURITY METHOD SPECIFICATION ITM 402-04T 
The Indiana DOT has developed specification ITM 402-04 T (2004) that governs the use of the maturity 

method for estimating concrete strength.  Indiana only allows the maturity method to be used for PCC 

pavements; therefore, only flexural beams are used in the Indiana DOT testing procedures. The Nurse-
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Saul maturity function is used with a datum temperature of -10° C. Three specimens are tested at the 

designated ages for developing the S-M relationship and for verification testing. A maturity meter or 

temperature sensor is allowed for recording the temperature of the concrete. 

 

6.1.3.1 DEVELOPING THE STRENGTH-MATURITY RELATIONSHIP 
The S-M relationship is developed from a minimum of 12 specimens cast from the same concrete 

mixture used at the construction site. Fresh concrete testing is conducted and no requirement exists for 

batch size when developing the S-M relationship. One thermocouple wire is embedded in a specimen 3 

inches from the end of a beam at mid-depth. All specimens are cured under laboratory conditions, and 

after 24 hours the forms are removed. Strength testing begins at a concrete age of 24 hours and 

continues every 12 hours until the required strength is exceeded by test data. The maturity index and 

average strength is recorded at each test age. Alternate testing schedules may be used upon Engineer 

approval. Once all strength data and maturity values have been obtained, a best-fit S-M relationship from 

the average flexural strengths is formulated for the data using regression analysis and the R2 value shall 

not be less than 0.95. 

 

6.1.3.2 ESTIMATING THE IN-PLACE STRENGTH 
To estimate the strength of PCC pavements, a minimum of two thermocouple probes are placed 

100 feet from the end of the day’s production, or the last patch of the day. Each wire is embedded at mid-

depth of the pavement section and must be embedded 1.6 feet from the edge of the pavement. If a 

maturity meter is used, the meter is connected immediately after concrete placement and recording is 

started. The PCC pavement is considered to have sufficient strength and can be opened to traffic when 

the maturity of the placed concrete reaches the specified maturity index for the required strength 

established by the S-M relationship.  No verification testing is required to verify the strength of the 

pavement. 

 

6.1.3.3 VERIFYING THE STRENGTH-MATURITY RELATIONSHIP 
Instead of verification testing at sensor locations, a verification test is required to determine if the 

concrete placed is the same as the concrete used to create the S-M relationship. Verification testing 

requires three specimens be cast the same way as the specimens that were cast to develop the S-M 

relationship.  For PCC pavements, verification tests are conducted on the third sublot of every forth lot, 

and for PCC pavement patching, tests are conducted on the first day of production and once every   600 

yd3. Lots are equal to 7,200 yd2, and sublots are equal to 2,400 yd2 (INDOT Standard Specification Book 

2006). Tests are conducted at the desired maturity values for opening the pavement to traffic.  If the 

verification test is within ±50 psi of the estimated strength from the original S-M relationship, the 

relationship is deemed valid. For PCC pavements in Indiana, the average flexural strength required for 

opening the pavement to traffic is 570 psi (INDOT Standard Specification Book 2006). If the verification 

test differs by more than ±50 psi of the original S-M relationship, a new S-M relationship must be 

developed.  
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6.2 NECESSARY REQUIREMENTS FOR IMPLEMENTATION 

An acceptable maturity method specification should contain clear instructions on how to implement the 

maturity method. The specification should define what maturity functions should be used along with the 

appropriate temperature sensitivity values. Several important steps requiring detailed descriptions 

include: 1) how to develop the S-M relationship, 2) how to estimate the in-place strength, and 3) how to 

verify the in-place strength of the concrete used in the concrete structure or PCC pavement. An example 

to assist ALDOT and contractor personnel, including all applicable spreadsheets, detailing proper 

procedures on the use of the maturity method should be included with the specification. 

 

6.2.1  MATURITY FUNCTION AND CORRESPONDING VALUES 
After extensive evaluation of the laboratory experiment results, the two field project results, ASTM C 1074 

(2004), and other DOT specifications, it is recommended to use the Nurse-Saul maturity to calculate the 

maturity index.   Two immediate advantages for using the Nurse-Saul maturity function is that it is simple 

to understand and easily employable. The recommended datum temperature is 0 °C. A datum 

temperature of 0° C can be used for all temperature ranges and all normal concrete mixtures specified by 

ALDOT. If other special concrete mixtures are specified, then an evaluation of the datum temperature 0° 

C should be performed to verify that it will provide acceptable results for that particular concrete mixture.  

 

6.2.2 TEMPERATURE RECORDING OR MATURITY RECORDING DEVICES 
The specification should not be written requiring the use of only one type of temperature or maturity 

recording device. Currently many different acceptable devices are commercially available that can be 

used to record the temperature or maturity history of the concrete. The temperature sensitivity of the 

instrument should be ± 1° C, as recommended by ASTM C 1074 (2004).  

In addition, the temperature or maturity recording device should record temperatures in intervals 

as specified by the ASTM C 1074 (2004). ASTM C 1074 requires that concrete temperatures be recorded 

every ½ hour for the first 48 hours and then every hour thereafter. If the temperature or maturity device 

has the capability of recording temperatures at smaller time intervals, a sampling interval of 15 minute will 

yield sufficiently accurate results. In addition, the same temperature or maturity recording device should 

be used to develop the S-M relationship, to estimate the in-place strength, and for verification testing.  

During the selection of the maturity recording equipment, a couple of issues should be 

considered. First, it is recommended that the maturity recording device be capable of recording and 

storing the temperature history of the concrete as well as calculating the maturity within the device. This it 

will minimize any human errors that can occur with the calculations as well as reduce the man-hours 

required to use the maturity method. With this in mind, the maturity recording device should have 

programming capability to set the required temperature sensitivity values (datum temperature). In 

addition, having the ability to include a job site ID number and description would be advantageous if 

numerous maturity sensors are to be used on a job site.  
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It is also recommended that the selected maturity device be self-sufficient in terms of recording, 

and not require any auxiliary measuring equipment be attached and remain outside of the concrete 

throughout the testing duration. Unfortunately, auxiliary measuring equipment exposed outside the 

concrete structure is inherently vulnerable to theft and can be destroyed or broken by environmental 

conditions or construction equipment. Finally, if sensors are being embedded in a critical concrete 

section, the sensors should be as small as possible to eliminate any interference they might have on the 

physical properties of the concrete. For example, in a prestressed concrete operation where a 

considerable amount of steel is present in a small volume of concrete, the maturity sensor needs to be 

very small and not positioned at any critical location within the girder.  

 

6.2.3  DEVELOPING THE STRENGTH-MATURITY RELATIONSHIP 
The S-M relationship must be developed with a high degree of confidence for it to be useful. Several 

steps must be taken to develop an accurate S-M relationship. The steps include:  

1) Cure the specimens to best reflect the temperature history of the concrete in the structure,  

2) Use testing a schedule that will accurately characterize the strength development of the 

concrete,  

3) Test an adequate number of specimens,  

4) Record the concrete temperature history, and 

5) Determine the correct mathematical function to model the strength development of the 

concrete.  

First, the specimen curing conditions must be selected to develop the S-M relationship. ASTM C 1074 

(2004) requires that the specimens be cured under laboratory conditions, but it is evident from the results 

obtained from the field-testing phase that laboratory conditions do not always produce the most accurate 

S-M relationship to estimate the in-place strength. As discussed in Section 2.5.1 and supported by results 

of the laboratory study in Section 3.3, the initial curing temperature can influence the long-term strength of 

the concrete. If the initial curing temperatures are high, the long-term strength will decrease (due to the 

cross-over effect). This deficiency of the maturity method can be problematic during summer construction 

efforts. If the S-M relationship is developed under laboratory conditions, concrete placed on a 

construction site during the summer months could have significantly higher initial curing temperatures 

causing the ultimate strength of the concrete to be lower. Therefore, the laboratory S-M relationship for 

some mixtures may be unconservative for concrete placed in elevated ambient temperature 

environments.  

From the two field studies, it was determined that the field-cured specimens reflected the in-place 

strength more accurately than the laboratory specimens did. Two field curing methods were conducted: 1) 

lime-saturated water-tank, and 2) damp-sand-pit. Iowa IM 383 (2004) specification requires that the field 

specimens be cured in a wet sand-pit. From the prestressed girder plant field study, no major difference 

was found between the temperature histories of the lime-saturated water-tank and damp-sand-pit cured 

cylinders. The lime-saturated water-tank was easier to use and maintain in comparison with the damp-

sand-pit. Therefore, it is recommended that the specimens used to develop the S-M relationship be cured 
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in a lime-saturated water-tank in the field. If the maturity method is used on the project that is constructed 

over multiple seasons, a seasonal S-M relationship should be created in order to capture the different 

effects of each season. At a minimum, two unique seasonal S-M relationships should be created for the 

summer and winter months. This will ensure that the S-M relationship is accurate for all seasons. 

ASTM C 1074 (2004) recommends that five testing ages be conducted for laboratory cured 

specimens at ages of 1, 3, 7, 14, and 28 days. If a high-early strength concrete is used, ASTM C 1074 

recommends that an earlier testing age be conducted but that a minimum of five testing ages be 

conducted nonetheless. From the laboratory study, it was determined that earlier age testing would 

capture the initial strength development of normal concrete and this procedure would develop a more 

accurate S-M relationship. Figure 6-1 contains a comparison of the compressive strength versus concrete 

age of a Type I + 30% Type C fly ash concrete mixture tested under laboratory conditions (Wade 2005). 

The testing ages were 15 hours, 1, 2, 7, 14, and 28 days. 
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Figure 6-1: Testing ages to accurately model the strength development of concrete 

(Type I + 30% Class C Fly Ash) 

 

To accurately define the strength development relationship, it is necessary to have at least two test 

results on the initial slope of the strength development to ensure that the rate of concrete strength 

development is correctly modeled. If the ASTM C 1074 recommendation of 1- and 3- day testing ages 

were followed, the initial slope would not have been captured. In addition, at least one test result should 

be conducted near the transition area where the high initial strength development rate begins to decrease 

and the strength development curve begins to turn towards its ultimate plateau. Finally, two test results 
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2 day 

7 day 14 day

28 day 
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should be tested in the latter part of the strength development curve to capture the slower rate of strength 

development. 

The maturity method should only be used to estimate early-age strengths, and the traditional 28-

day test result is not required to develop a S-M relationship. The collection of test results until an 

equivalent age of 7 days will be adequate for developing the S-M relationship to estimate early-age 

concrete strengths.  The developed 7-day S-M relationship must also incorporate the specified strength 

level required before allowing construction or traffic loads. However, by conducting a test at 28-days, this 

result can be used for quality control purposes. If the concrete being produced to develop the S-M 

relationship does not meet the 28-day requirement for design, the concrete mixture proportions must be 

adjusted and a new S-M relationship must be developed. From the laboratory and field testing results, it is 

recommended that the testing ages of 1, 2, 4, 7, and 28 days be used for normal-cured concrete with an 

initial temperature near the laboratory conditions (60 to 80 °F).  

Under field curing conditions a constant temperature is not used to a cure the S-M relationship 

specimens, the testing ages must vary with different curing temperatures. For concrete where the initial 

curing temperatures vary between 60 and 80 °F the testing ages should be 1, 2, 4, 7, and 28 days. As for 

other curing conditions, the equivalent ages for the testing ages should be calculated using the Nurse-

Saul maturity function with a datum temperature of 0° C as discussed in Section 2.3.1. In accordance with 

the ALDOT Standard Specification (2002), concrete shall not be placed when the ambient temperature is 

below 40 °F.  Therefore, two different equivalent ages were calculated for concrete temperatures between 

40 to 50 °F and 50 to 60 °F. The ALDOT Standard Specification (2002) also requires that the fresh 

concrete temperature under hot weather placement shall not exceed 90 °F for bridge deck of 

construction. With this requirement in mind, an equivalent age was calculated for ambient temperatures 

between 80 to 90 °F. All equivalent age calculations were performed with the average temperature of 

each range. An additional category was developed and equivalent ages were calculated for extreme 

circumstances when concrete is placed in temperatures above 90 °F.  ALDOT Standard Specification 

(2002) allows all other concrete to be placed up to a concrete temperature of 95 °F. Concrete is not to be 

placed at temperatures above 95 °F unless approved by ALDOT. To calculate the equivalent age for 

concrete above 90 °F, an isothermal temperature of 95 °F was used. Table 6-2 outlines the 

recommended testing ages for normal concrete with different initial curing temperatures. Some of the 

ages were rounded to practical times. 

At each testing age, ASTM C 1074 requires that two specimens be tested to determine the 

average strength of the concrete. Texas, Iowa, and Indiana DOTs all require that three specimens be use 

to determine the average strength.  This procedure was found to be necessary as it allows identification 

of a potential outlier, while also obtaining a more accurate average strength. Outliers should be removed 

if an individual specimen has a difference greater than ±10% from the average of the other two 

specimens (ASTM C 1074 2004). The final recommendation is that at each testing age, three specimens 

be tested and after any outliers have been removed, the average strength of the specimens be used to 

develop the S-M relationship. An additional specimen should be made to allow the maturity of the 
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concrete to be measured. Therefore, a minimum of 16 specimens are required to develop the S-M 

relationship for normal concrete. 

 

Table 6-2:  Testing ages for normal-strength concrete 

Initial Ambient 
Temperatures (°F)

Set 1      
(Hours)

Set 2      
(Days)

Set 3      
(Days)

Set 4      
(Days)

Set 5      
(Days)

40 -50 36 3

50 - 60 30 2 1/2

60 - 80 24 2 4 7

80 - 90 20 1 3/4

> 90 18 1 1/2

28

6 10

3 6

 
 

For concrete used in prestressing operations, the break schedule is different from the normal concrete 

break schedule due to the accelerated curing conditions. During the prestressed plant project, the field-

cured specimens were tested at 8, 12, 18, 24, 48 hours, and at 4, 7, and 28 days. Field specimens were 

cured using the same curing procedures used to cure the girder for the first 18 hours.  At this time, the 

curing tarps were removed and the specimens were placed in various field curing conditions.  

Only one break schedule is required because the curing operations at a prestressed plant are 

under controlled conditions and are similar year round. Therefore, as explained in Section 4.5.4, the 

recommended testing ages for a prestressed operation are 6, 12, and 24 hours, and 3, 7, and 28 days. 

The specimens should follow the same curing procedure used to cure the girder until the accelerated 

curing method is completed.  On completion, the specimens can be moved to a lime-saturated water-tank 

in the prestressed yard.  

When the concrete for S-M relationship specimens is batched, the fresh concrete properties 

should be tested to ensure that the concrete being produced meets all ALDOT Specification 

requirements. A sufficient batch size should be produced to cast specimens used to create the S-M 

relationship.  This will ensure that the consistency of the concrete used to cast specimens will be 

consistent with the concrete used on the construction site. The Texas specification (Tex-426-A 2004) 

requires a minimum of 4 yd3 be produced, while the Iowa (IM 383 2004) specification requires a minimum 

of 3 yd3. From experience and lessons learned on the I-85 and US 29 bridge deck project, a batch size of 

3 yd3 is recommended so that construction procedures, such as adding water at the construction site, can 

be performed properly.  

Along with the strength data, specimen temperature history data are needed to develop the S-M 

relationship. Texas and Iowa specifications require that two temperature thermocouple probes be 

embedded into two different specimens and the average of the two temperature histories be used to 

calculate the maturity index. Indiana requires only one temperature sensor to be embedded into one 
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specimen. Iowa and Indiana allow specimens that have the thermocouple wire embedded to be strength 

tested for the final testing age. When the maturity of both the laboratory and field project specimens were 

recorded, an extra specimen was cast to record the temperatures. The specimen with the embedded 

temperature sensor was not used for strength testing because the temperature sensors could have 

affected the strength of the concrete due to the size of the sensors. It is recommended that one extra 

specimen be cast and two maturity recording devices be embedded in it. The average maturity from the 

two recording devices should be used to develop the S-M relationship.  

Once all the strength data and corresponding maturity indices have been collected, the S-M 

relationship can be developed. As discussed in Section 2.4, the exponential and hyperbolic functions are 

the best for modeling the strength development of concrete. The exponential function was used for both 

field projects, and modeled the strength development of the concrete accurately. In all field projects, an 

R2 value of 0.98 or more was obtained when the exponential function was used to define the S-M 

relationship. Therefore, the exponential function is recommended for use to develop the S-M relationship. 

Using a computer program and regression analysis, the best-fit exponential values can be found for a 

concrete mixture. The R2 value should not be less than 0.95 or else the S-M relationship should be 

redeveloped. Figure 6-2 illustrates a S-M relationship using the exponential function. It is recommended 

to add confidence levels to the best-fit S-M relationship. 
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Figure 6-2: S-M relationship with confidence levels of field-cured specimens 

 

ASTM C 1074 (2004) does not require the addition of confidence levels; however, it requires that a new 

S-M relationship be developed if the error between the estimated strength from the S-M relationship and 

the average measured strength from the verification test consistently exceeds 10%. The S-M relationship 

is developed from an average strength, which is a 50% confidence that 50% of the test specimens will fall 
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below the S-M relationship. Confidence levels should be applied, to achieve a confidence that the 

strengths of the specimens and the in-place strength of the concrete are mostly in excess of the required 

strength. The use of confidence levels with a 10% defect level is also required to align in-place strength 

estimates with the reliability and safety built into the AASHTO LRFD and ACI 318 strength design 

procedures. Section 2.8.1 explained how to apply confidence levels having a 10% defect level that is 

required for f’c. Figure 6-2 shows the confidence level-based S-M relationships for compression tests 

conducted on molded cylinders. 

From the results obtained from the two field projects, confidence levels would help ensure that 

the specified strength (or more) is reached. Confidence levels of 50% and 75% were sufficient in 

obtaining safe estimates of the in-place strength. The importance of obtaining the required strength will 

govern the confidence level that must be used. If there is a high degree of certainty required for the 

estimated in-place strength, a confidence level of 75% should be applied, otherwise a confidence level of 

50% should be used to adjust the best-fit S-M relationship. The confidence level-based S-M relationship 

developed with a 10% defect level should then be the S-M relationship used for estimating and verifying 

concrete strengths.  

The percent reduction that each confidence level, with a 10% defect level, reduces the best-fit S-

M relationship was calculated using the K-values of three tests that and coefficient of variation of the field-

cured cylinders (2.87%). The K-values were multiplied by the coefficient of variation to calculate the 

percent reduction that should be used and these are presented in Table 6-3. 

 

Table 6-3:  The percent reduction in each confidence level with 10% defect level reduces the best-
fit S-M relationship 

Confidence Level Percent Best-Fit S-M 
Relationship is Reduced

50% 4.34%  (≈ 5%)
75% 7.25%  (≈ 7.5%)
90% 12.35%  (≈ 12.5%)  

 

The S-M relationship with a 50% confidence level with a 10% defect level for water-tank-cured molded 

cylinders and a 5% reduction in strength of the best-fit S-M relationship is shown in Figure 6-3. The 

confidence level method using a 10% defect level or a simple reduction in strength shown here should be 

applied to the best-fit S-M relationship. 
 

6.2.4  ESTIMATING THE IN-PLACE STRENGTH  
Estimating the in-place strength consists of installing temperature or maturity recording devices in the 

structure and monitoring the maturity accumulation. Temperature sensors should be installed in the 

structure where critical strength estimates are required, either due to structure design or exposure 
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conditions (ASTM C 1074 2004). The engineer, the specification, or appropriate ALDOT personnel should 

determine these critical locations. 
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Figure 6-3: S-M relationship with 50% confidence level and 5% reduction in strength 

 

For pavements and bridge decks, it is recommended that at least two sensors be installed per day near 

the end of the day’s placement. This placement method improves the accuracy of the estimation of when 

the day’s placement has reached the required strength. If it is critical to apply construction loads as soon 

as possible, more sensors should be installed to achieve accurate strength estimates at multiple 

locations. The location of the sensors should be toward the bottom outside edges of the pavements. This 

will record the most accurate temperatures due to the hydration of the concrete and not the affects that 

the environmental conditions have on the concrete temperatures. From what was discovered on the 

bridge deck projects discussed in Section 5.8.5, the location of the sensors for a bridge deck should be 

near the bottom, near the overhang, where winds and other environmental conditions can affect the 

temperature of the concrete in comparison with concrete located in the middle of the bridge deck. It is 

recommended that the sensor be placed 10 feet from the end of the day’s production or in the last batch 

of the day. The sensors are to be embedded 2 inches from the bottom of a pavement or bridge deck (or 

at the bottom mat of steel for bridge decks), or at mid-depth if the slab is less then 4 inches, and about 1 

½ feet from the longitudinal edge of the bridge deck or pavement.  

As discussed in Section 4.5.5 the temperature sensors should be placed where the minimum 

temperatures are recorded in a prestressed precast girder. In the prestressed project, this location was 

determined to be at the ends of the girder, in the bottom flange near the surface of the concrete. The 

temperature sensor should not be in any location that compromises the structural integrity of the 
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prestressed girder. It is recommended that at least two sensors be placed on each steam bed, one at 

each end, so that the strength can be estimated at both ends.  

The temperature sensor should not be in contact with the steel. This can be achieved by 

attaching the sensor to insulated wires that are tightened between two reinforcement bars, which is 

shown in Figure 6-4.  

 
Figure 6-4: Suspending the maturity recording device between reinforcement bars 

 

The best-fit strength-maturity relationship shall be adjusted by multiplying the best-fit Su by 0.95.  

The adjusted strength-maturity relationship is the strength-maturity relationship that will be used to 

estimate the strength of the concrete.  The Required Maturity to achieve the Required Design Strength 

will be determined from the adjusted strength-maturity relationship.  The strength estimated by the 

maturity method should be verified when the maturity of the verification cylinders is more than 90% of the 

required Maturity, or when the maturity of the structure is more than 90% of the Required Maturity, which 

ever occurs first.  This will allow the contractor some time to transport the verification cylinders from the 

field site to the compression machine,  and the validity of the strength-maturity relationship for the as-

placed concrete will be known before the actual Required Maturity is reached in-place.  Once the 

adjusted strength-maturity relationship is verified appropriate to use for the concrete delivered to site, and 

the structure’s maturity is equal to or greater than the Required Maturity, then the structure is considered 

to have reached its Required Design Strength. 

 

6.2.5  VERIFYING THE STRENGTH-MATURITY RELATIONSHIP 
In order to use the maturity method accurately, a verification of the S-M relationship should be conducted. 

As discussed in Section 2.5 other factors besides temperature can affect the strength of the concrete. 

Therefore, some type of verification test must be performed to ensure that the concrete delivered to site is 
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of the same quality as the concrete used to develop the S-M relationship. ASTM C 1074 (2004) allows 

molded cylinders from concrete being placed in the structure to be used for verification testing.  

After the temperature sensors installed in the structure are covered with concrete, a sample of 

that concrete should be used to make molded cylinders. Fresh concrete properties should be tested to 

ensure that ALDOT’s specifications are met. It is recommended that a minimum of three 6 x 12 inch 

cylinders be made for compression strength testing along with an extra cylinder with a temperature 

sensor installed. Field curing in a lime-saturated water-tank should be used to cure these specimens. 

The strength estimated by the maturity method should be verified when the maturity of the 

verification cylinders is more than 90% of the required Maturity, or when the maturity of the structure is 

more than 90% of the Required Maturity, which ever occurs first.  If the percent error between the 

estimated and measured verification cylinder strengths is less than or equal to +5.0%, then the adjusted 

strength-maturity relationship is appropriate to use for the concrete delivered to site.  If the percent error 

between the estimated and measured verification cylinder strengths is greater than +5.0%, then the 

adjusted strength-maturity relationship is invalid for the concrete delivered to site.  When verification test 

results indicate that the strength-maturity relationship is invalid, then maturity testing shall be discontinued 

until a new strength-maturity relationship has been approved for use in accordance with this procedure.  

Until that time, compressive strength testing in accordance with conventional ALDOT standards shall be 

required.  There will be no additional compensation for this work. 

 

6.3  SUMMARY  

An outline of the proposed specification (Appendix D) can be found in Section 7.4. Final details and 

procedures shall be approved by ALDOT. The proposed specification was written to employ the testing 

procedures currently implemented by ALDOT. Minor changes can be incorporated in the testing 

procedure to comply with existing ALDOT practices and specifications. Most maturity method 

specifications should have the following has the three main components, (1) developing the S-M 

relationship, (2) estimating the in-place strength, and (3) verifying the S-M relationship. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 
 

The maturity method is a simple and effective way to estimate the early-age strength development 

associated with concrete applications. The Nurse-Saul maturity method is a simple function that takes 

into account the concrete age and the temperature of the concrete above a datum temperature.  

Later, Freiesleben Hansen and Pederson (1977) developed a maturity function called the 

Arrhenius maturity function. The Arrhenius maturity function has become the preferred maturity function 

for researchers, while the Nurse-Saul maturity function is preferred for construction practice because of 

the simplicity of the function. However, both functions have inherent limitations that must be recognized. 

Today the maturity method is used in the United States by the departments of transportation of some 

states such as Texas, Iowa, Indiana, Pennsylvania, Colorado, and South Dakota. The purpose of this 

project was to evaluate the accuracy of the maturity method in field applications. In order to do so, the 

method was evaluated using actual construction operations at a precast prestressed plant and the 

construction of a bridge deck.  

In order to evaluate the maturity method, actual field construction projects were used to simulate 

the most accurate conditions that would be encountered when using the maturity method. The ASTM C 

1074 (2004) specification was tested for both projects to evaluate the accuracy of the specification. ASTM 

requires the use of laboratory-cured specimens to develop the strength-maturity relationship. In addition, 

the use of two field-curing methods were evaluated to determine if a field-curing method was more 

accurate at estimating the in-place strength of the concrete. In-place tests were also conducted to 

evaluate the accuracy of the maturity method to estimate the in-place strength of the concrete. The ideal 

locations for the temperatures sensors were also evaluated by placing many sensors in the precast 

prestressed girder and bridge deck to monitor the temperature development of the concrete. 

The precast prestressed girder project was conducted first with the cooperation of Sherman Prestress 

Plant in Pelham, Alabama. The field project was conducted on a steam-curing bed at their facility. To 

develop the strength-maturity relationship, three sets of molded cylinders were made and cured using 

three different curing methods. The curing methods evaluated were laboratory-cured specimens, a field-

cured lime-saturated water-tank, and a field-cured damp-sand-pit. The testing schedule for the laboratory-

cured cylinders was 11, 20, 34, 42, and 66 hours, and 4, 7, and 28 days. For both field-cured cylinder 

sets, the testing schedule was 8, 12, 18, 24, and 48 hours and 4, 7, and 28 days. At each testing age, 

three cylinders were compression tested. The temperature histories of all molded specimens were 

recorded.  

A 19 foot mock girder was produced so that multiple in-place tests could be conducted. For this 

project, the in-place strengths were evaluated using the pullout test and the compressive testing of cores. 

The pullout test was conducted on the top and sides of the mock girder at the testing ages of 12, 18, 24, 

and 48 hours, and 7 and 28 days. Cores were tested in compression at 7 and 28 days. The ASTM C 42 

(2004) and AASHTO T 24 (2002) testing methods for removal and preparation of the cores were both 
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evaluated. In order to assess the accuracy of the pullout table supplied by Germann Instruments, 

correlate the measured pullout force to the compressive strength of 6 x 12 inch molded cylinders, pullout 

tests were performed on cube specimens. The testing ages for the pullout test performed on the cubes 

were 18 hours, 48 hours, and 7 day. In addition, 46 temperature sensors were placed throughout the 

girder to capture the temperature development of the concrete. The temperature history of all molded 

specimens and the mock bridge deck were recorded.  

The second field project that was evaluated was the bridge deck project at the I-85 and US 29 

interchange in Auburn, Alabama. This project was divided into two separate evaluations. The first 

evaluation was similar to the precast prestressed girder project where two mock bridge decks were 

constructed and in-place testing was conducted, and the second evaluation was to assess the accuracy 

of using molded cylinders for verification testing. 

A mock bridge deck was conducted twice, once in the winter and once in the summer in order to 

evaluate the effects of the seasonal weather conditions on the maturity method. Only two curing methods 

were evaluated for the cylinders used to develop the strength-maturity relationships. These curing 

methods were the laboratory-cured specimens and the field-cured lime-saturated water-tank. The testing 

ages for both the laboratory and field cured specimens were 1, 2, 3, 7, 14, and 28 days. At each testing 

age, three cylinders were compression tested. The in-place tests conducted on the mock bridge deck 

were the pullout test, cast-in-place cylinders, and compressive testing of cores. The pullout test was 

conducted on the top, side, and bottom on the mock bridge deck at the ages of 1, 2, 3, 7, 14, and 28 

days. The compressive strength of cast-in-place cylinders was tested at the ages of 1, 2, 7, and 28 days. 

The compressive strength of cores was conducted at the ages of 7 and 28 days. Again both the ASTM C 

1074 (2004) and AASHTO T 24 (2002) testing methods were evaluated.  

The second evaluation of the bridge deck project was to evaluate the use of molded specimens to 

verify the strength estimated by the maturity method.  In this phase, the actual bridge deck being 

constructed was tested. Two bridge decks were evaluated; the first bridge was the US 29 southbound 

lanes being constructed over I-85 and the other was the US 29 southbound lanes being constructed over 

the Parkerson Creek.  Temperature sensors were placed throughout both bridge decks to determine the 

best location for the sensors. No in-place testing was conducted on the actual bridge deck. 

 

7.1  CONCLUSIONS 

After all of the field projects were concluded the accuracy of the maturity method was analyzed. The 

conclusions that were found are as follows: 

• The results of the laboratory and field studies indicated that the maturity method may only be 

accurate up until an equivalent age of 7 days.  

• The field-cured strength-maturity relationship for both the precast prestressed girder project 

and the bridge deck project were more accurate in assessing the in-place strength as 

compared to using the laboratory-cured strength-maturity relationship.  
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The conclusions on the accuracy of the maturity method using the common temperature sensitivity values 

for the two maturity functions are as follows: 

• When comparing the datum temperature for the Nurse-Saul maturity function, the datum 

temperature of 0 °C was, in most cases, more accurate than the datum temperature of -10 

°C.  

• For the Arrhenius maturity function the activation energy of 33,500 J/mol was more accurate 

for the warm-weather placement of the mock bridge deck and the prestressed girder, and the 

activation energy of 40,000 J/mol was more accurate for the cold-weather placement of the 

mock bridge deck. This supports the results that were found in the laboratory phase of this 

project.  

• When considering all of the results from the laboratory study, the prestressed project, both 

the mock bridge decks, and the evaluation of the use of molded cylinders for verification 

testing, the Nurse-Saul maturity function with a datum temperature of 0 °C was the most 

accurate at estimating the strength of the concrete under all conditions. 

 

The conclusions of the accuracy of the maturity method to estimate the in-place strength are as follows:  

• The pullout table provided by Germann Instrument with the Lok-Test is accurate for 

estimating the strength of the concrete that was tested for these two projects.  

• The maturity method estimated the in-place strength provided by the pullout test accurately 

for both projects.  

• The maturity method estimated the compression strength of the cast-in-place cylinders within 

an acceptable degree of accuracy for both placements of the mock bridge deck. 

• From the bridge deck study the pullout test and cast-in-place cylinder both accurately 

assessed the in-place strength of the concrete for both mock bridge decks. 

• The maturity method did not accurately estimate the compression strength of cores obtained 

from either the prestressed girder project or the warm-weather placement of the mock bridge 

deck.  The maturity method accurately estimated the compression strength of cores obtained 

from the cold-weather mock bridge strength. 

 

The conclusions on the location of sensors to record the concrete temperatures in the structure are as 

follows: 

• The optimum location for the temperature sensors in the structure is the area where the 

lowest temperature developments are found.  These areas would have the lowest maturity 

and thus the slowest strength  development 

• For the prestressed girder, it was found that the lowest temperatures developed in the bottom 

flange near the outside surface at the ends of the girder.  

• For the bridge deck application, it was found that the lowest temperatures were the overhang 

of the bridge deck.  
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• The temperature sensors should not be attached directly to the steel because the 

temperature of the steel will affect the temperature recorded by the sensor. 

 

The conclusions on the testing schedule for developing the strength-maturity relationship are as follows: 

• Since the field-cured specimens were more accurate at estimating the in-place strength, the 

testing schedule for developing the strength-maturity relationship should reflect the field-

cured temperature histories. 

• Testing only until an equivalent age of 7 days is needed to develop the strength-maturity 

relationship. 

• A 28-day testing age should be conducted to help define the strength plateau of the concrete 

and assess whether the concrete used to develop the strength-maturity relationship meets 

the specified strength. 

• For prestressed girder applications, one fixed field-cured testing schedule will be adequate 

since the prestressed girder curing histories are controlled and are similar year round. 

• For bridge deck applications the testing schedule should depend on the initial ambient 

temperatures after the concrete was placed. 

 

The conclusions on the evaluation of the used of molded cylinder for verification testing to implement the 

maturity method on the construction site are as follows: 

• The use of molded cylinders for verification test recommended in Section 9.5.4 of ASTM C 

1074 is a valid test to evaluate the strength when using the maturity method. 

• Confidence levels of 50% and a defect level of 10% should be applied to the strength-

maturity relationship to account for the variability of the concrete strength results. The use of 

confidence levels with a 10% defect level is also required to align in-place strength estimates 

with the reliability and safety built into the AASHTO LRFD and ACI 318 strength design 

procedures. 

 

7.2 RECOMMENDATIONS 

From the analysis of the two field projects and the laboratory results, the following recommendations were 

made for the proposed ALDOT maturity specification which is presented in Appendix D. The general 

recommendations for the specification are: 

• Use the Nurse-Saul maturity function with at datum temperature of 0 °C. 

• Use commercially available maturity recording devices that automatically calculated and 

display the maturity index. The temperature sensitivity for the recording device is ± 1 °C. 

• The time interval for recording shall be every ½ hour for the first 24 hours, and every 1 hour 

for thereafter. Shorter time interval shall be allowed. 
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• One maturity recording device is required at each location where a strength estimate is 

required. 

 

The recommendations for developing the strength-maturity relationship are as follows: 

• Prepare a minimum of 16 cylinders concrete mixture for used for pavements and bridge deck 

construction.  

• Prepare a minimum of 19 cylinders for concrete mixture used in a precast prestress 

application. 

• A minimum batch size of 3 yd3 is required. 

• Fresh concrete testing shall be performed for each batch where the maturity method is used. 

• Two sensors shall be embedded in the center of one of the molded specimens.  

• For the first 24 to 48 hours, the molded specimens, with plastic lids, are to remain outside 

exposed to ambient temperature conditions and out of direct sunlight.  

• After the 24 hours, specimens are to be removed from the molds and immersed into a water 

bath saturated with calcium hydroxide that is exposed to ambient temperature conditions and 

direct sun light until the time of testing. 

• Testing ages for concrete used for bridge construction, mainline pavements, or patches are a 

factor of the ambient temperatures. The recommended testing schedule is contained in Table 

6-2. 

• The testing ages for the construction of precast prestressed girders are 6, 12, and 24 hours 

and 3, 7, and 28 days.  

• The best-fit strength-maturity relationship should be calculated using the exponential 

strength-maturity function, and the R2 value should not be less than 0.95. 

• Once the best-fit strength-maturity function has been determined, it should be reduced by 

5%. The adjusted strength-maturity relationship is the strength-maturity relationship that will 

be used to estimate the strength of the concrete.   

 

The recommendations for estimating the in-place strength of the concrete are as follows: 

• The Required Maturity to achieve the Required Design Strength will be determined from the 

adjusted strength-maturity relationship. 

• Install a minimum of two maturity sensor at locations in the structure that are critical to the 

structural considerations or exposure conditions. 

• In concrete pavement applications and bridge deck placement, a minimum of 2 temperature 

sensors will be placed 10 feet from the termination of the day’s production or in the last patch 

of the day.  Maturity sensors shall be placed 2 inches from bottom forms or surface, or at 

mid-depth of the section for sections less than 4 inches. The sensors shall also be placed 1 

½ feet from the transverse edge of the pavement or bridge deck.   
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• For bridge substructure elements, such as columns, column caps, and diaphragms, 2 

sensors shall be installed 2 to 4 inches from the surface of the upper corner. 

• For precast prestressed girder construction applications, 2 temperature sensors shall be 

positioned near the outer surface of the lower flange at the ends of the girder.  

• Maturity sensors may be tied to reinforcing steel but should not be in direct contact with the 

reinforcing steel or formwork. 

• Once the adjusted strength-maturity relationship is verified appropriate to use for the concrete 

delivered to site, and the structure’s maturity is equal to or greater than the Required 

Maturity, then the structure is considered to have reached its Required Design Strength. 

 

The recommendations for the verification testing are as follows: 

• Make a minimum of seven cylinders for every location in the structure where maturity probes 

are installed. 

• Embed two maturity sensors in one specimen.  

• The verification test specimens are to be cured the same way the specimens used to develop 

the strength-maturity relationship were cured. 

• The strength estimated by the maturity method should be verified when the maturity of the 

verification cylinders is more than 90% of the required Maturity, or when the maturity of the 

structure is more than 90% of the Required Maturity, which ever occurs first.  This will allow 

the contractor some time to transport the verification cylinders from the field site to the 

compression machine,  and the validity of the strength-maturity relationship for the as-placed 

concrete will be known before the actual Required Maturity is reached in-place.   

• If of the percent error between the estimated and measured verification cylinder strengths is 

less than or equal to +5.0%, then the adjusted strength-maturity relationship is appropriate to 

use for the concrete delivered to site.  

• If the percent error between the estimated and measured verification cylinder strengths is 

greater than +5.0%, then the adjusted strength-maturity relationship is invalid for the concrete 

delivered to site.   
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APPENDIX A 
PROPOSED ALDOT MATURITY SPECIFICATION, ALDOT-425 

 

This appendix contains a draft version of the proposed Alabama Department of Transportation 

specification for implementing the maturity method. The contents of this appendix are only the 

recommended specification from results concluded for this project conducted by Auburn University 

researchers. The final maturity specification will be approved and implemented by the Alabama 

Department of Transportation.  
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