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Executive Summary 
 
 
The pilot study processes described in this report are field trials of newer technology (RFID-
Radio Frequency Identification maturity tags) in the field of predicting concrete strength and 
performance in structures and pavements using the concrete maturity concept. One study was 
carried on by the personnel of the Professional Services Industries, Inc. during the construction 
of the University of Michigan CVC parking structure in Ann Arbor, Michigan. The second study 
was a project carried out by Dr. Will Hansen at the University of Michigan, Ann Arbor. This 
study was built to target application of RFID tags to issues (like construction curl) besides 
maturity. In a nutshell, this report examines the use of the concrete maturity concept, the use of 
the Radio Frequency ID Tag technology to predict concrete maturity, and the experiences 
gathered in field use of the technology. 
 
The maturity method is a technique to account for the combined effects of time and temperature 
on the strength development of concrete. This method gives an estimate on development of the 
strength of concrete in real time based on the actual thermal history of a particular mix design. 
The studies on the maturity method have been carried on for more than 50 years (since the 1950s 
by Nurse, Saul and McIntosh) but practical methods to determine it efficiently have not been 
developed to that extent, due to which the technology has not yet found large scale use in 
construction.  
 
The RFID tag (containing a data logger and a temperature sensor) is embedded in concrete at the 
time of placement, and the system provides wireless communication between the tag and a 
portable handheld device, such as a PDA. The portable handheld device retrieves this data 
wirelessly from the RFID tag and calculates the in-place concrete strength during hydration. This 
data can accelerate construction activities such as removal of form work, tensioning, and sawing 
for concrete as compared to the traditional methods of testing cubes. This technology also gives a 
good insight into construction of pavements by logging temperature gradients (due to weather 
and moisture warping) seen in early-age concrete. These gradients in pavements create a 
multitude of problems, such as built-in curl and temperature curl, which cause fatigue and 
ultimately failure of the concrete pavements. Results of the field study indicate the accuracy of 
the concrete maturity method in prediction of in situ strength and the potential savings in cost 
and time for any particular project. 
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1. Introduction 
 
The University of Michigan is evaluating new sensor-based technologies to applications besides 
maturity, such as monitoring temperature gradients in pavement slabs and analyzing their effects 
in long-term pavement performance, in separate projects, one being carried on for the Michigan 
Department of Transportation (MDOT) and the other for the Ann Arbor Cardiovascular Center 
parking structure. The scope of this project ranges from early-age monitoring of maturity and 
monitoring temperature gradients in pavements to monitoring effects up to 12 months after 
embedding of sensors. 
 
1.1 Why Concrete Maturity? 
The origin of the concrete maturity method can be traced to work on steam curing of concrete 
carried out in England in the late 1940s and early 1950s. A couple of incidents in the 1970s in 
the United States were cause for the maturity method to be studied here. On March 2, 1973, 
portions of a multi-story building, under construction in Fairfax County, Va., suffered a 
progressive collapse in which 14 workers were killed and 34 were injured. The cause of failure, 
as determined by the National Bureau of Standards (NBS), was premature removal of formwork, 
causing  punching shear in the young concrete. Following this, on April 27, 1978, there was a 
major construction failure of a cooling tower being constructed on Willow Island, WV. The 
incident resulted in the death of 51 workers who were on the scaffolding anchored to the partially 
completed concrete shell. The diagnosis by NBS led to the same conclusions as before, and this 
stressed the need of research into estimating in-place concrete strength during construction. 
Thus, the NBS staff began an in-depth study on the maturity method. This method is a relatively 
simple approach to making reliable estimates of in-place strength development under variable 
temperature conditions.  
 
1.2 History 
Concrete Maturity as a concept is a reliable, proven, non-destructive strength estimation method. 
This method uses the time and temperature measurements to determine strength gain of in-place 
concrete. The origin of the concept was in England, and dealt with strength relating to 
accelerated curing methods. The product of time and temperature was proposed to be used to 
determine the maturity index. This led to the famous Nurse-Saul function and Saul’s Maturity 
Rule: concrete of the same mix at same maturity [in °C-hours] has the same strength whatever 
combination of time and temperature goes to make up that maturity. 

tTTM
t

Δ−= ∑ )(
0

0 , where M=Maturity Index, °C-hours 

T=Average concrete temperature and T0= Datum temperature 
t= Elapsed time (hours or days) and Δt= time interval (hours or days) 
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In recent times the Arrhenius equation was proposed by Freiesleben Hansen and Pedersen to be 
more accurate in predicting maturity. The concept called for equivalent age of concrete at a 
reference temperature (generally taken to be 20°C) and overcame the main drawback of linearity 
in the Nurse-Saul maturity function. The equation is given below. 
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Where, te = the equivalent age at the reference temperature, 
E = apparent activation energy, J/mol, R = universal gas constant, 8.314 J/mol-K, 
T = average absolute temperature of the concrete during interval Δt, Kelvin, and 
Tr = absolute reference temperature, Kelvin. 
 
The use of the equation above largely eliminated the discrepancies between strength-maturity 
relationships developed with different initial curing temperatures, that is, it eliminated the 
discrepancy at early maturity. This equation was used in the maturity studies at the University of 
Michigan. 
 
As far as the history of using smart chips and sensors go, the concept found applications as early 
as the 1950s. The earliest studies used systems that needed temperatures to be recorded in the 
labs and the calculations to determine maturity, and eventually strength, to be processed 
elsewhere.  This pointed the way to the use of semi-conductor technology in evaluating maturity. 
These in turn led to the use of wired micro-processor systems that embedded sacrificial data 
loggers into the concrete. These data loggers were connected to the data processing hardware by 
wires (also embedded into concrete). As construction procedures became tedious using wires, 
there was a need to combine two technologies: concrete maturity and wireless Radio Frequency 
ID sensors. These technologies and the latest in maturity sensor technology are shown in the 
Figure 1 below. 
  

 
 
 
 
 

 
 

 
 
 
 

 
Figure 1: Concrete Maturity Systems. (Wake Inc.) 
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2. About the technology used   
 
The RFID technology used involves two components physical components that use the concept 
of maturity: 
The Hardware: This includes the antenna, transponder, receiver and the Portable Data Collection 
Device (we will refer to the collection device as the tag or maturity meter in the report that 
follows).   
The Software: The software used to calculate the maturity is “Pocket Concrete,” manufactured 
by International Road Dynamics, Inc. (IRD)   
 
2.1 Hardware 

• The antenna emits radio signals to activate the tag and read and write data to it. The 
antenna is a conduit between a tag and the reader (transponder). 

• The transceiver, or reader, is a device that extracts and decodes information from the tag. 
In the monitoring system used on-site, the transceiver was placed on the PCMCIA card 
used on the portable data collection device. The tags and the transceiver were developed 
by Identec Solutions. 

• The tag or transponder used in the project is the i-Q32T, manufactured by Identec 
Solutions. The i-Q32T is a highly sophisticated data logger, which can withstand harsh 
environmental conditions and can capture and store temperatures.  This can later be 
retrieved at an appropriate time.  It can be buried in concrete up to 8 inches and still 
transmit data back to the transceiver. 

• The portable data collection device can be one of the following units: any PC laptop, 
Hewlett-Packard’s iPac Palm PC, or a portable manufactured by Unitech or LXE. 

 
2.2 Software 
The software used to actually calculate the maturity and the related strength of concrete is the 
“Pocket Concrete” developed by IRD Inc. This software runs on a PC platform, and calculates 
maturity based on the Nurse-Saul equations (time-temperature factor) or the Arrhenius equations 
(based on equivalent age of concrete). The software incorporates the readings taken by the i-
Q32T into calculating in situ strength. Therefore, the in situ strength is determined by the actual 
in situ temperatures recorded in the concrete. Appendix 1 shows the types of hardware and 

screenshots of the software used on the project. 
 
 
 
 



3. Applications of Embedded Wireless Maturity Meters 
 
To date, the embedded sensor technology is only being used for calculating maturity. However, 
concurrent studies are being undertaken to expand application to other uses such as logging 
temperature gradients in pavements. Also, effectiveness of use of multiple sensors along 
pavement depth is being studied. These applications are described below: 
 
3.1 Single-Sensor-Based Applications  
A single-sensor-based application is the use of only one sensor per depth of the member at the 
test location. This type of application makes sense in terms of economy and use in construction 
of buildings where slabs, etc. are not more than 8 in. deep. In such an application, it is the 
general rule of thumb to use about five sensors per pour of about 100-150 cubic yards. The pilot 
project carried on for the Ann Arbor CVC parking garage was an application using a single 
sensor per depth of slab or beam. The study is explained in detail in the following sections. 
 
3.2 Multiple-Sensor-Based Applications/Studies  
Multiple-sensor-based application is the use of two or more sensor per depth of member at one 
test location. 
a) Use in Finding Maturity: The first study demonstrates the effect of tag locations on 

determining maturity of large slabs, such as those in pavements. Maturity, as we know, 
depends on the temperature; this is what the maturity meters described in the preceding 
section measure and use to calculate maturity. A study funded by the Michigan Department 
of Transportation (MDOT) was carried on at University of Michigan during the construction 
of the US-23 and I-94 freeways. This study is described in detail in the following sections. 

 
b) Application to log temperature gradients and construction curl: Another application for 

which the sensors may be used is to log and determine temperature gradients in pavements. 
This application is important, as there may be an existing non-linear temperature gradient 
(difference of temperature between the bottom and the top of the slab) in the early age 
pavement at time of final set (as is generally the case during summer construction). This 
means that the solidifying concrete sets with a positive temperature (maybe up to 30ºF) 
difference between top and bottom of slab. At later stages when the top surface cools down it 
contracts substantially thereby causing curl as seen in Figure 2 below. This phenomenon is 
called construction-curl and becomes important in sensitive projects such as pavement 
slabs. Shrinkage due to moisture loss from slab surface and climactic changes (onset of cold 
weather and daily temperature variation) in tandem with construction-curl further aggravates 
the curling condition, because at this stage there is a negative temperature difference between 
slab top and bottom (contrary to early-age solidified concrete). This causes the slab to 
permanently curl up in a shape as seen in Figure 2 below. The effect of changing gradients 
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on slabs concreted during hot weather (summer construction) is shown in the Figure 2 
below. 

 
 

Gradient at time of Final Set in 
Hot Weather 

Zero Gradient at normalized 
temperature 

Negative Gradient at colder 
temperature 

 

 
 
 

 
 
 
 
 
 
 

 
Figure 2: Effect of changing temperature gradients on amount of slab/construction curl  

 
An in-depth description of this application is mentioned in later sections of this report. 
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4. Pilot Project I – CVC Parking Structure 
 
The concrete maturity measurement system used on this structure has previously been used for 
applications in structures such as bridge decks, columns and massive concrete structures. To 
better study the applications of this technology in actual construction practices a pilot project was 
undertaken during the construction of a parking structure in Ann Arbor, Michigan (Figure 7). 
The structure, being constructed by Devon Industrial Group (DIG), is a parking garage for the 
Cardio-Vascular Center (CVC) in Ann Arbor, Michigan. The garage has three levels and a 
basement. The third level is a plaza and will have soil, grass and walkways but no parking. The 
concreting for the structure was done in twelve (12) major pours and smaller pours for ramps and 
other smaller elements. The maturity monitoring system for the project was provided by Wake 
Inc. The complete QC testing for this project was done by Professional Services Inc. (PSI).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: CVC and parking structure 
 
4.1 Overall Goal 
The overall goal of the pilot project was to post-tension the tendons at a concrete strength of 
3000 psi as early as possible (in two or three days, but in no case after more than 96 hours). The 
maturity monitoring system using RFID tags was used to ascertain this tensioning time.   
 
4.2 Project Objective 
The main objective of the pilot project is to use the RFID technology along with the maturity 
concept under practical site conditions. The objectives also include describing experience gained 
from use of the technology on site and describing the impact of use of the concrete maturity 
method using sacrificial sensors on project QA/QC, cost, and schedule. 
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4.3 Scope 
The scope of this project is limited to studying application of RFID technology and the maturity 
method to construction projects and its potential benefits over conventional methods of strength 
determination.  
 
4.4 Related Project Background 
The CVC garage is a frame structure in which the beams and slabs are post-tensioned. The 
tendons are tensioned to 5300 psi; this required the concrete strength to be a minimum of 3000 
psi. The RFID tags were taped to the rebar steel. A few tags were placed at the edges of the slab 
where tensioning was to occur. On average four tags were used per pour (in the twelve [12] 
major pours). The data on pours seven, eight and nine (7, 8 and 9) are studied for this report. The 
tag data is collected and compared for three different days when the concrete was placed. The 
days lie in end of June, mid-July and mid-August. 
 

 
4.5 Experimental Setup 
The setup and construction was carried out in the following steps: 

• The carpenters built a wooden "deck" complete with beam troughs.  The rodbusters then 
placed the resteel and tendons.  After the steel was inspected and approved, the tags were 
taped to the rebar steel at predetermined locations and then concrete was poured. The 
concrete used on site had a minimum mix to provide 5000 psi strength. (Fig 4 and 5) 

• The tendons are woven steel strands that are greased and placed inside of a plastic 
sleeve.  The tendons were usually set up to have a live end and a dead end.  The dead end 
had a plastic anchor or terminator embedded in the concrete and the live end was fed 
through a plastic mold that created a pocket on the edge of the slab so that the tendons 
could be accessed for stressing.  Most sections were built in this manner.  

• The remaining sections had two live ends.  In each live end a set of wedges was placed 
on the tendons in the pocket created in the slab edge.  These wedges gripped the tendons 
and held them in place after they were stressed. 

• The post-tensioning was done by measuring elongation of the tendons. The tendons were 
marked at three-inch intervals using a wooden board and paint. After tensioning, these 
intervals were measured again to ascertain the tensioning. 

• If concrete maturity meters were not used, then the compressive strength of sample 
cylinders would have been used to determine if the concrete had achieved 3000 psi. 

• On our project, we used tags and field cured cylinders.  The field cured cylinders were 
left on the deck to experience the same curing conditions as the slab. 

• Before we began stressing we usually made sure that both the field cured cylinders and 
the meters showed strengths above 3000 psi. 
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Figure 4: Use of Tags in Slab Pour in Mid-slab Portion and at edge of Slab (Courtesy PSI Inc.) 

 
 
 
 
 
 

 
 
 

Figure 5: Use of Tags in Beam Pour Troughs amidst the Tensioning Strands (Courtesy PSI Inc.) 

 
4.6 Performance Metrics and Methodology 
The main parameter to be measured for this pilot project was just to find when the concrete 
reached the designated 3000 psi strength to be post tensioned safely. The methodology used to 
ascertain this was maturity (we read this from the embedded tags) and testing of field cured 
cylinders. The pour plan and approximate locations of placement of tags are shown as Appendix 
2. The temperature readings for the maturity were logged every half hour by the smart tags. This 
data was supplemented by testing standard 6” x 12” test cylinders. The software used on the 
collection system assembled the data for maturity and calculated the strength for concrete. The 
mix design for the particular 5000 psi pours and the quantities they were used in is shown as 
Appendix 3. A sample of the calculation sheet generated is attached as Appendix 4. 
 
 
 
 
 
 
 



4.7 Findings and Interpretations   
 
It was found from pour readings (recorded by the tags in concrete) on three separate pouring 
days that the 3000 psi strength for post-tensioning was achieved in the window of 22 to 25 hours 
from the time the tags were embedded in concrete. The field-cured cylinders, when tested in the 
lab, yielded about the same strength in about 67 hours (actually 3 days). This implies the 
contractor can start the post-tensioning after 25 hours instead of three days (if we follow the test 
cylinders). This will essentially save time and money on the project. A graph of concrete strength 
and temperature vs. time is as shown in Figure 6 below (graph generated by the pours).  
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UM CVC: Development of Strength
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(6b) 
Figure 6: Data From UM-CVC: Figure 6a: Variation of Concrete temperature with time. 

Figure 6b: Concrete Strength vs. Time as Logged by the Temperature Sensor. (Data provided by PSI Inc.) 
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Therefore the use of advanced RFID technology can greatly aid project progress by giving us the 
exact time the concrete strength reaches the required state. Therefore, even if there are variances 
in exposure conditions (temperature is very hot or very cold) the contractor can keep a close 
watch over in-situ concrete strength development and can schedule his activities (like post-
tensioning or form removal) in accordance with when the concrete has reached desired strength.   
 
This data can be interpreted in a multitude of ways. In 99% of the cases the test cylinder cures at 
a different rate than the actual pour.  A small amount of concrete equals a lower hydration rate. 
This implies that temperature differences are major with a small amount of concrete such as a 
test cylinder versus a parking deck pour. The fact is, the cylinder will not gain strength at the 
same rate as the large pour.  Time will be saved by post-tensioning at the proper in-situ strength 
and moving on to the next pour. In case the maturity method is used instead of testing cylinders, 
the readings should be validated by NDTs like Schmidt’s Hammer. 
 
The embedded tags, therefore, provide an additional control to monitor strength of the concrete 
and aid greatly in quality assurance. It is also an additional assurance that the concrete has 
reached the desired strength and will not fail and cause damage to life and property. This is the 
big advantage of using concrete maturity as well as having a temperature record of the concrete 
curing for quality assurance to achieve the durability that is required of the concrete pour. 
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5. Potential Benefits on Infrastructure Project 
 
The fees charged to University of Michigan Plant Extension (client) was greater using the 
maturity technology, predominantly because it was not specified originally and test specimens 
(cylinders) were not being molded at a reduced rate. Reducing the number of test specimens to 
approximately 1/3 of those specified would have provided a cost savings on the order of $250 in 
cylinder testing costs alone. 
 
It is believed that the use of the maturity technology can save the contractor approximately half a 
day per concrete placement of crew time by showing that the required concrete strength has been 
met, potentially allowing a reduction in curing activities (heating/covering) and earlier start of 
post-tensioning activities. This savings is estimated to be on the order of $2,000. 
 
Maturity technology can also indicate that the concrete is not safe to start post-tensioning. 
Should the concrete not have the required compressive strength to resist the forces of post-
tensioning, injury or death to those in the immediate area of the post-tensioned slab is likely in 
case a post-tensioning strand or accessory pulls loose from the concrete. 
 
Without the use of concrete maturity technology, PSI would have had one or two field 
technicians on the job site during concrete placements. Standard tests such as sampling, slump, 
air content, density, temperature and strength specimens (cylinders) would have been performed. 
The test cylinders would then have been placed and cured with the structure. At the appropriate 
day and time, the test cylinders would have been returned to the laboratory for testing, where 
they would be logged in and tested by the laboratory technician. The compressive strength 
measured in the laboratory would then be relayed back to the project site and the contractors. 
During the transportation and testing period, the contractor would be waiting for results and a 
go/no-go decision. The waiting time will therefore be reduced using the maturity-strength 
method.  
 
With the advances in concrete maturity using established ASTM standards, in-place concrete 
strength can be determined accurately in real time. It was estimated by one contractor that the 
project should pick up about one day a week because of greater efficiency using the embedded 
maturity monitoring system.  

 
 
 
 



6. Pilot Project II – Application of Embedded Tags to Monitor 
Maturity, Temperature Gradients and Curl in Pavement Systems 
 
The second project using the RFID tags aims at monitoring curling of flat slabs and pavements 
by recording the temperatures across the depth of the slab. Using these temperature profiles we 
can find lowest maturity across the depth of slab and use temperature data to calculate slab uplift. 
Figure 7 below illustrates the slab curling phenomenon. The second field project utilized five 
RFID sensors for monitoring maturity and temperature gradients within the pavement cross 
section constructed during June (I-94) and late October (US-23) of 2005.  Sensors were 
embedded in concrete at four different depths and one sensor was used to obtain ambient 
temperature data.  The embedded sensors were used to ascertain the earliest time that 
construction traffic could be allowed onto the pavement after placement without causing damage 
to concrete. Also, for a contractor paving in both summer and fall seasons, rate of development 
of maturity (strength gain) becomes an important parameter to monitor. In projects of such a 
sensitive nature, it also becomes important to find at what depths the sensors need to be 
embedded because temperature and thus strength development is varying with depth and season 
(summer versus fall).  Temperature readings are still being collected as of 10 months after 
construction for the US-23 project near Flint, Michigan. As of June 2006, over 10,000 
temperature readings per tag have been logged and these results were downloaded to a computer 
within 20-30 seconds per sensor.  
 
Further temperature sensors combined with wireless technology have been used by MDOT in 
several new bridge deck and pavement projects for the purpose of evaluating whether this 
technology can be used in developing new specifications for monitoring pavement performance. 
University of Michigan, Ann Arbor is currently using this technology (wireless temperature 
sensing) from Wake Inc. in a pavement project for developing acceptance criteria when built-in 
curl exists. 

Relative humidity Warping equivalent to a 
negative temperature 
gradient 

S
lab depth 

50% 100%

Drying shrinkage 
gradient 

 
Figure 7: Slab curling phenomena due to temperature gradients and due to rapid drying shrinkage (NRMCA CIP 19 

and U of Michigan) 
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6.1 Overall goal 
The main goal of the project was to study the effect of ambient conditions (namely temperature 
and moisture) on paving and its effect on long term pavement performance.  
  
6.2 Objectives 
The main objectives of the project are, then, to monitor the effects of hot and cold weather 
construction (the cause of built-in or construction curl) on pavement performance. The focus of 
the project will then be to monitor maturity and strength development and predict the slab-base 
contact due to the built-in curl (caused by temperature differentials during hot and cold weather 
concreting). The project also briefly focuses on the importance of using multiple sensors at a test 
location, so as to obtain a temperature profile and not just a single temperature reading. The 
objective is then to show that the maturity system can be used for applications besides maturity, 
which is to monitor temperature gradients and eventually slab curl in jointed pavements. 
 
6.3 Scope 
The scope of the project is limited to use of the wireless embedded maturity monitoring system 
to monitor temperature gradients in the pavement at time of construction and during early ages. 
These gradients will eventually lead to much more accurate maturity readings and an effective 
QA/QC system to reduce the effects of construction curl and rapid drying shrinkage on pavement 
performance.  
 
6.4 Project Background 
The phenomena of construction curl, rapid drying shrinkage, and the daily temperature 
variations, working in tandem with axle loading, easily cause the pavement to reach its fatigue 
threshold and thereby fail rapidly. It thus becomes imperative that there be a way to monitor the 
formation of temperature gradients in early-age concrete and then apply known curing 
techniques to mitigate effects of gradients and drying shrinkage. That is where the maturity 
monitoring system can effectively step in. Sensors embedded at four different depths in a slab 
will provide the exact gradient the slab experiences at time of final set. Additionally, the system 
will provide maturity at different levels in the slab. We know concrete fails by the weakest 
strength and therefore at its lowest maturity. This can be easily read off the sensor showing the 
lowest temperature reading in the pavement slab. 
This study was carried on over two freeways in the vicinity of Ann Arbor, MI. The study for 
summer construction was carried on along I-94 and the fall (cold weather) construction was 
carried on along US-23. The project was funded by MDOT.   
 
 
 
 
 



 
 
 
 
 
 
 
 
 

 18

Figure 8: Worksite for Projects (University of Michigan, Ann Arbor) 

• Two JPCP projects, constructed on a hot and sunny day in early summer and on a cold 
and cloudy day in late fall, were investigated to determine the effect of paving conditions 
on the magnitude of built-in curl.  

• Both projects were instrumented with the wireless temperature sensors, which were 
programmed to collect temperature data from the start of construction in 30 minute 
intervals.   

• The concrete section used for sensor placement was hand-scooped immediately after 
rs were placed at four different depths at the same location (mid-

• oulder for ambient temperature measurements.  Creep 

 
 
 
 
 
 
 
 

 
6.5 Experimental Setup 

placement.  The senso
slab and approximately 0.6 m from the longitudinal edge with shoulder) starting from the 
top of the base, then approximately 2 in., 4 in., 6 in., and 8 in. above the slab bottom.   
One sensor was located off the sh
effects were determined from laboratory testing for similar temperature histories as in the 
field for concrete specimens with cross section of 100 mm by 100mm and 830 mm in 
length.   

• Final Set time was determined in the laboratory for three different curing temperatures to 
determine set time of field concrete. Figures 9 to 11 show the tag setup procedure. 
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Figure 9: Experimental setup for the t University of Michigan, Ann Arbor) 

 
 
 
 
 

 

Figure 10: Scooping out of fresh concrete an of tags (University of Michigan, Ann Arbor) 

 
 
 
 
 

 

placeFigure 11: Finishing of the road surface and tag side of road for monitoring ambient temperature. 
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6.6 Findings and Interpretations 
 

) Maturity. 
or this study, the wireless maturity meters were embedded during the reconstruction of the 
eeways. The smart tags were placed at depths of 2 in., 4 in., 6 in., and 8 in. from slab base for 

development at various depths in the slab was logged, and the 
orresponding maturity of concrete was found for these temperatures. The temperature variation 
f the in-situ concrete and the temperature gradients at time of final set in concrete is shown in 

s the development of strength in the concrete in the lab 
nd in the field.  
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figures 12 and 14 below. Figure 13 show
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re 12a: In-situ Concrete Strength for I-94 for initial 72 Hours. Figure 12b: In-situ
Concrete Strength for US-23 for initial 72 Hours. 
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Figure 14b: Difference of temperature and the gradient in slab up to time of final set. 

Temperature data provided by Tim Stallard, MDOT (Hansen et al) 

 
 

Data from I-94 and US-23: Figure 13: Comparison of Maturity development for 
first 168 hours. (University of Michigan, Ann Arbor) 

 
 

 
 
 

Figure 14a: Difference of temperature and the gradient in slab up to time of fina
Temperature data provided by Tim Stallard, MDOT (Hansen et al) 
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It is seen for re are 
lmost the same (about 90°F-110°F). Similarly, the concrete temperature is substantially lower 
r the US-23 pavement (fall construction) than summer concrete temperatures (about 50°F-

0°F). What this implies is that maturity development in fall (cold weather) is lower than 
mmer (hot weather). Figure 13 shows this. This further implies that the rate of strength 

evelopment in cold weather concrete is substantially slower than hot weather concrete.  

herefore what we see from Figures 13 is that to reach any target strength, say 3000 psi, the 
oncrete cured in the laboratory requires 85 hours. The same concrete on the field (in the 
avement) during the summer (hot weather) needs 30 to 35 hours. The same mix during fall 
onstruction (cold weather) requires more than 160 hours to reach the target 3000 psi strength. 

What this means is that the rates of strength gain for different temperature conditions are 
substantially presentative 

 than 12 

 the I-94 pavement that the daily high temperatures and the concrete temperatu
a
fo
8
su
d
 
T
c
p
c

 different and that relying solely on lab testing of concrete may not be re
of the actual state of the concrete. This is where the use of the embedded wireless RFID maturity 
meters can be very helpful. These will indicate the correct maturity and strength of the in-situ 
concrete.  
 
Also, we see that for the same concrete, time taken to reach a maturity across different depth of 
slabs (at base and near top of slab) varies by about 4 hours for summer and about an hour for fall 
construction. This clarifies the fact that use of a single sensor at mid depth in a slab more
in. in depth may give an erroneous maturity and therefore may be a higher strength. Concrete as 
we know it fails at it lowest strength. Therefore it is imperative that we know at what depth the 
lowest temperature, maturity and strength will occur (in a nutshell these can be seen from graphs 
as in Figure 14). Figure 14 also shows the difference in temperature at the top and bottom of the 
slabs. This type of data would be impossible to obtain if only one sensor was used per slab 
depth at a test location. It is therefore advisable that three or more tags be used per sensor 
location to get the most accurate maturity and strength. This will further lead to the conclusion 
that the maturity of the paving system will be a function of the lowest temperature seen in a slab, 
and not necessarily the temperature at mid-slab. 
 
Using the maturity system, an effective QA/QC system can be developed wherein the pavement 
slab can be effectively monitored for gradients and strength across its depth. Methods to hasten 
the construction progress using real time data can be used effectively by the contractor to 
increase profits. Using multiple sensors also paves way for studies in modeling slab uplifts and 
taking measures to mitigate it. This is seen in the following section. 
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e same as that obtained for the maturity study 
bove. The temperature gradients such as those seen in Figure 14 above were used to calculate 

ting in a temperature on the 
p that is 10-12 0C higher than the bottom surface, while a much smaller and opposite built-in 

url (about -20C) was found for late fall paving conditions.  Hot weather built-in curl is of the 
me magnitude as the daily temperature curl.  This results in an unfavorable slab shape with 

ermanent slab uplift at transverse joints and outer edges, and associated loss of slab support.  
able for permanent slab–base contact conditions 

from daily temperature curl. The figures 15 and 16 below (graphs) 

 

Figure 16: Tensile stresses at slab top surface under combined climate and truck loadings 

b) Construction Curl 
For this study the data used was essentially th
a
slab uplift, using modeling software called ISLAB 2000. The software incorporated axle loading 
and loss of moisture conditions to find tensile stresses and fatigue limits in the concrete 
pavement. The findings and inferences that followed this exercise are discussed below. 
 
Built-in curl is substantial for hot weather paving conditions, resul
to
c
sa
p
Late fall construction, on the other hand, is favor
as it reduces the slab uplift 
show the temperature difference (between top and bottom of slab) in pavement for summer and 
fall construction, the slab uplifts for different construction seasons and the tensile stresses in the 
pavement. 

Figure 15: Temperature difference between top and 
bottom of slab during a typical summer day and slab corner uplifts during a typical summer day under the four 

climate loading cases (Hansen et al). Data from I-94 project (12.5 in. thick pavement). 
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T  

cause premature cracking in the slab. Fi ws an example of one such crack. 
 
 

 
 

herefore what w odel 
ab uplifts during pavement construction. With the availability of such modeling tools, the 
ontractor can take effective steps in mitigating the formation of temperature gradients (and 
erefore construction curl) 

.7 Recommendations for Future Studies 
pplications involving use of multiple sensors at a location and the advantages it accrues need to 
e further studied to arrive to a steadfast conclusion. Number of sensors and importance of 
nsor locations in large pours can be studied to optimize number of sensors used per cubic 

meter of concrete. 
 

 

 

hus it was seen in Figure 16 that the sum of daily temperature gradients, the built-in curl, and
moisture warping can push the tensile strength at the top of the slab over the fatigue limit and 

gure 17 below sho

 
 
 
 
 
 

 
 

Figure 17: Photo showing Premature Cracking due to negative temperature gradients 
(University of Michigan, Ann Arbor) 

 
T e see is that the data collected for maturity can be further expanded to m
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he use of maturity meters in large pavement slabs will give an excellent indication of current 
rength of concrete. This will be a guideline to the contractor as to when to allow curing trucks 
r other heavy equipment on the early-age concrete pavement. This can decrease potential costs 
y cutting wait time to allow through traffic on the pavement. In addition, the use of multiple 
nsors will allow monitoring of gradients in early age concrete. This will enable the contractor 
 devise better curing strategies such as use of appropriate shrinkage-reducing admixtures or 
ore intense curing methods. In any case, it does log a record of temperature gradient over time, 
hich can be used both for QA/QC procedures and to ensure long term performance.  

7. Potential Benefits and Opportunities on Similar Projects 
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. Summary and Conclusions 

xperience from the Willow Island cooling tower incident shows that, in most cases, the rate of 
rength gain of the actual structure and the test cylinders were not the same. In the U.S., this 
sulted in studies being carried out on the maturity concept of concrete. The maturity concept, 
 practice for more than 50 years, is an established method of determining in-situ strength of 

oncrete by monitoring internal temperature of concrete. Advances in microprocessor and 
ireless technologies over the last couple of decades have led to the development of Remote 
requency ID (RFID) smart tags. These tags can log, and wirelessly transmit, the temperature 
adings from within a concrete pour. These developments led to the joining of the maturity 
ncept with the RFID technology to give us an efficient state-of-the-art system which can 
onitor temperature in concrete and calculate its in-place strength, all at the click of a button. 
he system consists of a combination of hardware, like handheld portables, loaded with IRD’s 
ocket Concrete software, and the RFID tags.  

rformance of this system in different field conditions. 
he first pilot project was the CVC parking structure in Ann Arbor, Michigan. This project used 

ring and control of temperature gradients and 
ventual curling in concrete pavements. This study also shone the spotlight onto the fact that use 

• Constantly monitoring the in-situ temperature. 

8
 
E
st
re
in
c
w
F
re
co
m
T
P
 
Two studies were carried out to monitor pe
T
the system in construction of beams and slabs. The readings provided by the system indicated 
that the system reached its particular target strength of 3000 psi more than 24 hours earlier than 
that indicated by compression testing of field cured cylinders. The results generated by the 
maturity system conformed closely to the calculations carried out to monitor maturity by the 
ASTM C 1074. The difference in strengths was explained by the fact that the even the field-
cured specimens gain strength at a different rate compared to the pour, due to largely different 
volumes. It was, however, concluded that the use of a maturity monitoring system on similar 
infrastructure projects in the future will greatly aid in accruing potential economic benefits, 
increasing the factor of safety on projects and providing a reliable quality control document.  
 
The second project broadened the scope of application of the embedded wireless technology to 
applications besides maturity, namely monito
e
of multiple sensors at a monitoring location may accrue more benefits from use of the 
technology than use of a single sensor alone. It will therefore be a better investment on part of 
the contractor to get more information out of the system, namely temperature gradients and 
maturity. 
 
So, in general, it can be concluded that the use of maturity monitoring systems, depending on the 
applications, may have some of the following benefits:  
 

• Data is available real time. 
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• Documents proof of quality assurance. 

duction of lane rental costs. 
• Project timeline reduction to achieve bonus dollars. 

owever, further studies to optimize use of maturity tags in field conditions should be 
und ta so required to try and standardize parameters, such as 
rela n by the system and compression testing of 
fiel u
  
 
   
 
 
 
 
 
 
 
 

• Temperature monitoring can continue for years. 
• Data can be transferred, analyzed and archived. 

• Eliminates concerns of weather problems. 
• Eliminates concerns of construction problems. 
• Real time data is available to identify a change. 
• Optimizes time for form removal. 
• Compressing the schedule can allow contractors to get paid sooner and reduce worker 

hours. 
• Re

• Post-tensioning tendons can be stressed sooner. 
 
H

er ken. More research is al
tio ships between strength development as logged 
d c red cylinders. 
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Appendix 1: The Hardware and Software used as Maturity Monitoring System  
 

 
 
 
 
 

 
 
Figure: The HP iPac used as the portable data collection device to measure concrete maturity 

(Wake Inc.) 

 
 
 
 
 
 
 

ndheld portable co
Q32T Tags. (Wake Inc.)

 
 
 
 
 

 

onder and the PCMCIA card transcei  Inc.) 
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Figure: The Unitech and LXE ha mputers that may be used with the i-

 

 

 
Figure: The i-Q32T tag/transp ver. (Wake

Figure: Screenshots of IRD’ software. (Wake Inc.) 
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