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EXECUTIVE SUMMARY 
 
 
The primary objective of this research study is to develop an improved service life prediction 
model for the Minnesota Department of Transportation’s (Mn/DOT’s) current 60-year concrete 
pavement designs.  Secondary objectives include understanding the behavior of these pavements 
with regard to maturity, slab warp and curl, and thermal expansion.  These objectives will be 
accomplished through extensive testing of materials during construction, and conducting 
seasonal load response testing under controlled loads of an instrumented concrete pavement test 
cell (Cell 53) built to Mn/DOT’s current 60-year design standards.  Load response testing of 
traditional designs constructed in MnROAD Phase I will be used in the development of the 
improved life prediction model. 
 
The adoption of changes in long-life concrete design based on MnROAD findings would not 
only benefit the state of Minnesota, but could also benefit other agencies (national and 
international) that accept the findings.  Given the current backlog of needs for improving or 
maintaining the highway system, money saved on the optimization of long-life concrete 
pavements could be used to lengthen a project, or provide additional safety features. 
 
The research objectives for this project include the following: 

• Develop an improved service life prediction model for Mn/DOT’s current 60-year 
concrete pavement designs. 

• Understand the behavior of these pavements with regard to maturity, slab warp and curl, 
and thermal expansion. 

• Understand the behavior of the thin concrete shoulder (4in.) to environmental loads. 
 
New MnROAD Low Volume Road test Cell 53 was built with a large number of electronic 
sensors embedded in it to measure the pavement’s response to load and environmental effects.  
Tables and figures describing the type, number, and layout of the sensors are included.   
 
Samples of the subgrade soil, aggregate base material, and concrete mixes were taken during 
construction of the cell.  Initial test results of these samples can be found in this report.  In 
addition to material testing results, this report describes the design and techniques used to 
construct Cell 53.  A review of U.S. and international long-life concrete pavement designs is also 
included.  
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INTRODUCTION 
 
 

MnROAD Facility 
MnROAD is a pavement research facility located along Interstate 94 in Albertville Minnesota, 
forty miles northwest of Minneapolis/St. Paul.  Initially constructed by the Minnesota 
Department of Transportation (Mn/DOT) between 1990 and 1994 (Phase I), MnROAD consists 
of two primary roadway test segments, Mainline and Low Volume Road (LVR), containing 
several dozen distinct test cells, Appendix A.  Subgrade, aggregate base, roadbed structure, 
drainage methods, and materials vary from cell to cell.  Automated sensors are configured to 
record data continuously to the MnROAD database.  All historical sensor, sampling, testing, and 
construction data can be found in the MnROAD database and in various publications [1]. 
 
The mainline test section consists of a 3.5 mile, two lane interstate roadway carrying “live” 
traffic diverted from Westbound I94.  The Low Volume Road (LVR) is adjacent to Interstate 94 
and the Mainline test sections.  The LVR is a two lane, 2.5 mile closed loop that contains over 30 
test cells.  Controlled loading on the LVR is applied by an 80 kip, 18 wheel, five axle 
tractor/trailer.  The tractor/trailer travels 80 laps daily on the inside lane of the LVR loop.  The 
outside lane, monitored for environmental effects, remains unloaded except for lightweight test 
vehicles [2].  Additional isolated test sections have been installed and monitored at the 
MnROAD test site and throughout the state of Minnesota.  Phase II reconstruction at MnROAD 
started in 2007 and is expected to be complete during the 2009 construction season.  Phase II 
encompasses more than 20 research projects and reconstruction of 35 test cells.     
 

Project Background 
Due to increased traffic congestion and reduced highway construction budgets, emphasis is now 
being placed on designing and constructing longer life pavements.  Using the current Mn/DOT 
design guide for concrete pavement design (based on 1981 AASHTO design guide), Mn/DOT is 
now constructing what is believed to be 60-year design concrete pavements.  However, during 
the design process, both the traffic prediction and service life of the concrete pavement is being 
extrapolated far beyond the available charts in the current design method. 
 
The primary objective of this research study is to develop an improved service life prediction 
model for Mn/DOT’s current 60-year concrete pavement designs.  Secondary objectives include 
understanding the behavior of these pavements with regards to maturity, slab warp and curl, and 
thermal expansion and also the behavior of the thin concrete shoulder to environmental loads.  
These objectives will be accomplished through extensive testing of materials during 
construction, and conducting seasonal load response testing under controlled loads of an 
instrumented concrete pavement test cell (MnROAD LVR Cell 53) built to Mn/DOT’s current 
60-year design standards.  The work plan for Cell 53 is included in Appendix B.  Load response 
testing of traditional designs constructed in MnROAD Phase I will be used in the development of 
the improved life prediction model. 
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Concrete pavement design standards in Minnesota may be altered if the Mn/DOT Pavement 
Engineering Section, through the findings from this study, believe that current 60-year concrete 
pavements designs are over or under designed.  Alternatively, the life cycle costs of current 
Mn/DOT 60-year concrete pavement designs could be updated to more accurately reflect their 
potential performance.  The data and results will also be available for organizations like FHWA 
and NCHRP, so they can improve their development of future concrete pavement design 
methods, e.i. MEPDG [3]. 
 
The research methods include: 

• Construct and instrument a concrete pavement test cell based on Mn/DOT’s current 60-
year design standards.  

• Collect and analyze sensor measurements including maturity, dynamic and environmental 
strain, displacement, slab warp and curl during and shortly after construction. 

• On a monthly basis, collect and analyze dynamic and environmental strain, displacement, 
and slab warp and curl measurements. 

• Frequently (at least seasonally) monitor surface distress and ride quality of the test cell for 
a 4-year period. 

• After 2 years of traffic application, develop preliminary life prediction models based on 
available MnROAD data.  Refine load response testing schemes if necessary.  

• After 4 years of traffic has been applied, complete a life prediction model and prepare, 
publish, and present research papers and final reports based on the findings. 

 

Research Objectives 
The research objective for Cell 53 includes the following: 

• Develop an improved service life prediction model for Mn/DOT’s current 60-year 
concrete pavement designs. 

• Understand the behavior of these pavements with regards to maturity, slab warp and curl, 
and thermal expansion. 

• Understand the behavior of the thin concrete shoulder to environmental loads. 
 

Report Organization 
This chapter introduced the MnROAD test facility and the research objectives for this project.  
Chapter 2 describes Mn/DOT’s long-life concrete pavement design.  A summary of long-life 
concrete pavement designs from other states and countries is also included.  Chapter 3 describes 
the construction of Cell 53.  The geometric dimensions and construction techniques of the test 
cell are described along with tests done on the concrete and base layers.  Chapter 4 describes the 
instrumentation installed in this test cell as well as initial warp and curl measurements and 
concrete maturity.  Chapter 5 contains a summary and conclusions.   
 
The appendices contain additional information.  Appendix A summarizes the test cells on the 
MnROAD Mainline and Low Volume Road (LVR).  Appendix B contains the work plan for this 
study and summarizes each project task.  The concrete mix design used is included in Appendix 



3 
 

C and Appendix D includes the concrete tickets.  Construction pictures are included in Appendix 
E and Appendix F includes sensor types and locations.         
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SYNTHESIS ON LONG-LIFE CONCRETE PAVEMENTS 
 
 
Darter and Barenberg [4] conducted a study on “zero maintenance” JPCP characteristics.  They 
determined that the use of dowel bars, short joint-spacing, good subdrainage, adequate sealing of 
joints, increased slab thickness, and increased foundation support are necessary to prevent joint 
faulting. Concrete shoulders should be of equal thickness to mainline pavement thickness and tie 
bars should be used.  Transverse joints identical to the ones used in the traffic lanes should be 
used in the shoulders as well as the same subgrade which should have adequate drainage.   
 
Cable and McDaniel [5] presented the common distress types in PCC pavement and their 
corresponding influencing factors.  They found that deterioration of a concrete pavement is a 
continuous process where one form of distress can cause additional distresses.  For example, 
cracking due to misaligned dowels can cause increased moisture absorption by the slab and 
freeze-thaw damage.  Water plays an important role in pavement distress and should be removed 
to create well performing pavements.  Drainage as well as grading of the subsurface is very 
important with good subbase drainage essential for long-term performance.       
 
A reduction in permeability of high-performance concrete pavements over standard PCC mixes 
is considered to be an important factor of their potential longevity in extreme climates [4].  Many 
bridges are currently being designed for 100 year service lives.  The same durability problems 
that affect concrete bridges affect concrete pavements.  In 100 year bridge designs, the durability 
issues related to the concrete are controlled by increasing the strength and decreasing the 
permeability.  Ion permeability test requirements of 2000 coulombs or less at 56 days was 
required in a 100 year design bridge in Louisiana [6].   
 
Freeze-thaw damage and other durability problems in concrete are initiated by the presence of 
water.  Substantial damage is only able to occur when water and ionic elements are free to 
migrate into and out of the concrete.  Low w/cm ratio (below 0.40) as well as the inclusion of 
supplementary cementitious materials, decreases concretes permeability by forming a 
discontinuous capillary-void system [7].   
 

Mn/DOT’s 60-Year Concrete Pavement Design 
The Minnesota Department of Transportation began building high-performance concrete 
pavements (HPCP) in 2000 under the FHWA TE-30 program.  Since that time, the HPCP design 
has become the standard for most urban high-volume highways.  The current design service life 
for Minnesota’s HPCP is 60 years [8].  Minnesota’s current long-life PCC pavement design is a 
Jointed Plain Concrete Pavement (JPCP) and is summarized in Table 1 below.    
 
Corrosion of dowel bars is an important issue in a climate as severe as Minnesota’s.  Standard 
epoxy-coated steel dowel bars in Minnesota have had life spans as short as 15 years.  In 2006, 
Mn/DOT approved of six types of dowel bars to be used in HPCP projects.  Table 2 lists the 
types and properties of the approved dowel bars.  All dowel bars are 15 in. long, mounted in a 
dowel basket, and are required to have a smooth surface [8].   
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Table 1. Typical design features for HPCP in Minnesota [8]. 

Design Feature Material Typical Dimensions 
Slab thickness HPCP mix 12 - 13 in. 
Base course Mn/DOT Class 5 material* 4 in. 

Subbase Mn/DOT select granular** Minimum 36 in. 

Transverse joints Preformed Elastomeric 
Compression Seal 

15 ft. spacing, perpendicular to 
direction of traffic 

Dowel bars Corrosion resistant 1.5 in. diameter, 15 in. long, spaced 
12 in. apart on center 

Texture Astro-Turf or broom drag 1/25 in. average depth using ASTM 
E965 

*Mn/DOT Class 5 is a dense graded granular material containing a minimum of 10% crushed particles 
**See specification 3149 (Mn/DOT 2005) for information on the gradation of Mn/DOT select granular material 
 
 

Table 2. Approved dowel bar types for HPCP projects in Minnesota [8]. 

Design 
Feature Material(s) Minimum Out 

-side Diameter Additional Details 

Stainless 
steel clad 

316L stainless 
steel/carbon steel 1.5 in. 1.5 mm cladding thickness over Grade 

60 (min) carbon steel 
Stainless 
steel tube 
-Steel insert 

316L stainless 
steel/carbon steel 1.5 in. 1.5 mm wall thickness, press-filled 

with Grade 60 (min) carbon steel 

Stainless 
steel tube 
-Resin/Grout 
fill 

316L stainless 
steel/resin or grout 1.5 in. 

3.0 mm wall thickness, filled with 
resin or grout with minimum 
compressive strength 5000 psi 

Stainless 
steel pipe 
-Schedule 40 

316L stainless steel 1.25 in. 

Pipe must conform to ASTM A312, 
have wall thickness of 3.5 mm, be 
filled or capped to prevent intrusion of 
concrete or other materials 

Stainless 
Steel 
-Solid 

316L stainless steel 1.5 in. Solid stainless steel bar 

Rolled zinc 
alloy 
-Clad 

Zinc alloy (U.N.S. 
Z41121)/carbon  
steel 

1.5 in. 1.0 mm cladding thickness over Grade 
60 (min) carbon steel 

 
 
The fine aggregates for HPCP are tested for ASR potential based on the accelerated mortar bar 
test method according to ASTM C 1260.  Expansions greater than or equal to 0.15% require 
mitigation through the use of supplementary cementitious materials.  If the expansion is greater 
than 0.30%, the aggregate is rejected [8].  Mn/DOT also uses a well graded combined aggregate 
gradation based on an 8-18 specification.  The percent retained on all specified sieves should be 
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between 8% and 18% except for the coarsest sieve and sieves finer than No. 30, where the 
percent retained can be less than 18%.  The acceptable gradation band for HPCP aggregates is 
shown in Figure 1 [8]. 
 
Mn/DOT uses supplementary cementitious materials to reduce the permeability and protect 
against durability issues such as ASR in HPCP mixes.  A rapid chloride ion permeability value 
of 2,500 coulombs or less at 28 days is specified.  Contractors typically meet this specification 
by using Class C fly ash.  To protect against freeze-thaw damage, Mn/DOT specifies an air 
content of 7.0±1.5% for HPCP projects.  The high air content is to protect against loss of air due 
to over-vibration and infilling of voids.  Current projects provide incentives for w/cm ratios 
under 0.40.  
 
Mn/DOT requires that new pavements be closed to traffic for 7 days or until a flexural strength 
of 350 psi is reached.  A minimum cementitious content of 530 lb/yd3 and a minimum cement 
content of 400 lb/yd3 is required.  The concrete is cured using poly-alpha-methylstyrene curing 
membranes.  The supplementary cementitious content limits are 30% fly ash or 35% ground 
granulated blast furnace slag (GGBFS).  SCM’s are used to decrease permeability, improve 
durability, and mitigate ASR [8]. Aggregate quality is very important in long-life concrete.  In 
Minnesota, the absorption content of aggregates is limited to 1.5% and the carbonate content is 
limited to less than or equal to 20% [7].     
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Figure 1. 8-18 Aggregate gradation acceptance band for Minnesota HPCP mixes [8]. 

 

Long-Life Concrete Pavements: Domestic Practices in the U.S. 
The definition of long-life concrete pavements in others states vary but typically it refers to 
pavements with service lives of 30 to 40 years or more.  While the climates and conditions vary 
tremendously throughout the United States, common to all the long-life PCC designs are well 
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graded aggregates, high strength concrete (approximately 650 psi flexure at 28 days), drainable 
bases, and in the case of JPCP, joint spacing near 15 ft.  In every state investigated in this study, 
premature failures were attributed to saturated base layers even when high quality concrete was 
used.   
 

Illinois 
Illinois began investigating a long-life pavement program in the late 1990’s.  Illinois high 
volume pavements are typically Continuously Reinforced Concrete Pavement (CRCP) designs.  
The main changes that were made to the existing concrete pavement design in order to extend the 
service life was more rigorous concrete materials requirements in order to better resist freeze-
thaw and ASR damage, and stricter construction tolerances [5].  The more rigorous material 
requirements include limiting the freeze-thaw expansion to 0.025 % elongation and if the ASTM 
C 1260 expansion test results in 0.10 % expansion, the equivalent alkalis in the cement are 
limited to 0.60 percent [9].  Table 3 summarizes Illinois long-life concrete mixture design.   
 
Illinois uses a w/cm ratio less than 0.40 along with fly ash, or GGBFS, and entrained air.  A hot 
mix asphalt stabilized base is also used.  The subbase consists of a 12 in. aggregate layer. The 
maximum aggregate size of the top 3 in. of this layer is limited to 1.5 in.  The maximum 
aggregate size of the bottom 9 in. of this layer is limited to 8 in. [9]. 
 
 

Table 3. Typical Illinois long-life concrete mix design [9]. 

Ingredient Quantity 
Coarse Aggregate 1840 - 1920 lbs 
Fine Aggregate 1150 - 1250 lbs 
Cement (Type I) 430 - 490 lbs 
Fly Ash 135 - 145 lbs 
Water 217 - 255 lbs 
Admixtures Air entrainment, water reducer

  
 

Texas 
The Texas DOT (TxDOT) primarily uses CRCP for long-life pavements.  In their experience, the 
primary failures in CRCP are punchouts, wide cracks, spalling, and construction joint failures.  
In almost all cases, punchout was preceded by pumping and erosion of the base.  Absence of tied 
shoulders and insufficient slab thickness also contributed to punchout failure [10].  In order to 
improve pavement performance, TxDOT requires a stabilized base, tied shoulders, increased slab 
thickness, and the Coefficient of Thermal Expansion (CTE) is limited to decrease spalling [11].    
 
Two types of stabilized bases are used in Texas.  One consists of 6 in. of cement-stabilized base 
with a 1in. asphalt layer on top.  The other is 4 in. of asphalt-stabilized base.  TxDOT found that 
aggregate with high CTE creates issues with spalling.  Based on this finding, the CTE of coarse 
aggregates is limited to 6.0E-6 in./in./˚F [10]. 
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It was found that the use of tied concrete shoulders limited FWD deflection on the CRCP edge to 
1/3 that of asphalt shoulders.  The deflections measured were similar to those of an interior slab 
and it is expected that concrete shoulders will result in less erosion and pumping [10].     
 

Washington 
Washington typically uses jointed plain concrete designs for long-life PCC pavements.  About 
38% of the concrete pavements were older than 35 years as of 2006 in Washington.  The three 
primary distresses found in these pavements are: joint faulting due to lack of dowels and poor 
underlying conditions, surface wear due to studded tires, and longitudinal cracking which is 
believed to have occurred early in the pavements life due to traffic loading.  While the 
pavements are considered deficient in thickness (8-9 in.) and load transfer (no dowels at joints) 
for long-life, they have performed very well due to the use of high quality materials including 
large aggregate size with excellent characteristics [11]. 
 
The thickness of concrete pavements has increased to 13 in. in the high volume areas of Seattle, 
to accommodate diamond grinding around years 20-25 in order to remove wear due to studded 
tires.  The bases typically consist of four inches of dense-graded HMA over 4 in. of crushed 
stone.  This base was chosen based on the performance of three types of bases traditionally used 
in Washington [12]: 
 

• Cement-treated base - Pavement had severe joint faulting, pumping, and cracking.  
Showed signs of erosion and voids and is no longer allowed in Washington. 

• Asphalt-treated base - Pavements had minimal joint faulting.  It was found that joint 
faulting occurred due to stripping because of the low asphalt content (2.5 to 4.5%). 

• Crushed stone - Pavement faulted.  Fines migrated from the base and subgrade to the top 
of the base course contributing to joint faulting.  The height of the joint faulting was 
directly related to the height of the migrated fines.   

 
Current concrete mix designs allow either gap or continuously graded aggregates with 0.8 in. 
max aggregate size.  If used, fly ash is Class F and is limited to 35% replacement of the total 
cementitious content.  Ground Granulated Blast Furnace Slag (GGBFS) or combinations of 
GGBFS and blended cements are permitted.  Traffic opening is allowed when a compressive 
strength of 2,466 psi is reached as determined from compression tests or maturity measurements.  
Stainless steel dowels are used in all JPCP [12].     
 

Iowa 
Iowa typically uses JPCP design for long-life pavements.  Ceylan, Cable, and Gopalakrishnan 
2006 [13] conducted a survey on long-life concrete pavements in Iowa.  Surveys were sent to the 
six Iowa DOT District Offices, 99 counties, and 40 cities.  The survey asked to identify three 
pavements, 20 years old or older, that are performing well and three pavements that are under 20 
years old which are not performing well.  Twenty nine of the counties responded with 112 
pavement sections and seven cities responded with 36 pavement sections.  According to the Iowa 
DOT records, there are 30 pavement sections over 20 years old in the Interstate system and 
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according to the District Offices, there are 641 pavement sections over 20 years old that have not 
been resurfaced.   
 
Limited data was available about the pavement subgrades.  The well performing pavements had 
average w/cm ratio of 0.49 and the poor pavements had average w/cm ratios of 0.55.  One of the 
most common distresses observed in the low and medium volume roads was longitudinal 
cracking.  Longitudinal cracking can results from subgrade and concrete materials problems as 
well as heavy axle loads and subgrade failure.  
 

Florida 
Florida typically uses JPCP designs for long-life pavements.  In Florida, pavements that range 
from 40 to 45 years old that are in good condition exist in the Interstate Highway System.  These 
well performing long-life pavements typically have good subbase drainage, carefully constructed 
joints, and concrete materials and mixture designs that required longer curing times than typical 
pavements currently being used.  The longer curing time allowed less restrained shrinkage and 
longer fatigue life [14].  
 
The pavements that did not perform well typically had poor subbase drainage.  Water was 
trapped between the subgrade and the pavement, causing pumping and corner cracks.  Dowels 
were not used.  Quality control was also an issue [14]. 
 
In a prematurely failed pavement, I-75, pumping was a problem.  The base had low strength and 
the pavement had randomly spaced joints with some spaced more than 20 ft.  Distress from 
thermal restraint also occurred because the longitudinal joints from all lanes and shoulders were 
tied [14].  As a result of the premature failures, Florida adopted new long-life concrete 
guidelines; all joints are doweled, no joint spacing greater than 15 ft, no randomly spaced joint 
patterns, no skewed joints, and all joints are sealed [14].  
 
Two different drainable support designs are used in Florida.  The first is 4 in. of asphalt- or 
cement-treated permeable base over a stabilized subgrade.  An asphalt separation layer is used 
between the subgrade and base to prevent the migration of fines.  The second support is a 5 ft. 
subgrade/embankment composed of special select material that meets AASHTO A-3 soil 
classification.  The required permeability is 1.6x10-6 ft/s with less than 12% fines passing the No. 
200 sieve.  Since this layer lacks the fines to give adequate stiffness, 3 in. of AASHTO standard 
size 57 or 89 aggregate is placed on top of the subgrade (directly under the pavement) and 
blended with the top 6 in. of the special select material.  An edge drain is also used in all 
concrete pavements in Florida [14].      
 

California 
California uses both CRCP and JPCP for long-life pavements. Rao, Darter, and Pyle 2006 [15], 
studied two CRCP in California; a stretch of I-80 between San Francisco and Sacramento, built 
in 1949 and the other, a section of I-5 in Tracy, built in 1971.  Both pavements have served well 
beyond their design lives and capacity.   
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The I-80 project consisted of an 8 in. slab with two 12 ft. tied lanes using 0.63 in. diameter ties 
spaced at 30 in.  A tongue and groove joint was used between the lanes with a 4 in. expansion 
joint at both ends of the one mile long CRCP lanes.  The 360 day flexural strength of the 
concrete used was 810 psi.  From 1949 to 2005 the lane carried about 40 million trucks.  The 
remaining pavement in this section consisted of JPCP with 15 ft joint spacing.  Cement treated 4 
in. base (3.5%) was used over 8 in. of granular material under both sections.  The concrete 
maximum aggregate size was 2.5 in.  While the CRCP remains in good condition, the JPCP is 
not and has transverse cracking, corner breaks, and spalled joints [15].  
The section of I-5 near Tracy, California was an 8.5 in. thick CRCP slab with 0.56% steel.  The 
concrete used had a modulus of elasticity of 4.05E+06 psi and a 15 year flexural strength of 664 
psi measured on cut beams.  The CTE was measured to be 6.15E-6 in/in/˚F.  The base layer was 
also cement treated (4%) and placed over an A-2-4 granular subbase.  This pavement is also 
currently in very good condition [15]. 
 
Evaluation of the M-E Design Guide was also part of this study and both of these pavements 
performed as the MEPDG 2002 [3] predicted and were not outliers.  It is believed that the low 
mix shrinkage as well as the long curing time during low to moderate temperatures played a 
significant role in the performance of these two pavements.  Based on California’s experience 
with long-life pavements, they recommend 28-day flexural strength of at least 675 psi, CTE 
below 6.0E-6 in/in/˚F, and using either a cement or asphalt treated base with good drainage 
properties [15].    
 

Virginia 
The typical high-performance pavement design in Virginia consists of a 9 in. doweled JPCP slab 
with 15 ft. joint spacing.  Hossain and Elfino 2006 [16] investigated the premature failure of a 
JPCP in Virginia.  They found that even though the concrete was of high quality and constructed 
with high quality materials, because drains were blocked, water was trapped under the pavement. 
Premature failure then occurred due to pumping of the trapped water.  Pavement sections that did 
not have clogged drains remained in good condition. 
 
The base consisted of 4 in. of AASHTO #57 aggregate mixed with 230 lb/yd3.  Under this layer 
was 6 in. of cement-treated soil using 10% cement by volume.  The shoulder consisted of 6 to 9 
in. of variable depth, undoweled tied shoulders with 4 in. of dense graded base material and a 
pavement edge drain. 
  

Long-Life Concrete Pavements: International Practices 
Germany and Austria typically use CRCP and a design catalog to select pavement thickness.  
The design thicknesses are based on previous laboratory research and field observations.  In the 
Netherlands and the United Kingdom, mechanistic-empirical design software is used but very 
few miles of concrete pavements are constructed in these two countries.  In Germany and 
Austria, maximum slab thickness is a common feature in the design catalogs with the maximum 
slab thicknesses being thinner than in the United States for similar traffic levels with often 
heavier trucks.  Fatigue cracking has not been an issue with the thinner slabs [17].   
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Australia 
Australia’s experience with concrete pavement is mainly limited to the populous New South 
Wales area.  While the rest of the country has had little experience with concrete pavements, they 
have borrowed the best practices of other countries and adapted them to their material and 
climate conditions.  Australia has developed a catalog for long-life heavy-duty pavements.  
Concrete has a required minimum flexural strength of 653 psi and compressive strength of 5,076 
psi at 28 days.  The JPCP is also debonded from the base layer to allow for free curl and warping 
of the concrete [18].   
 
A lean-mix concrete base is used with minimum compressive strength of 725 psi at 42 days.  
This layer has no induced joints and limited construction joints.  Tied concrete shoulders are 
used with widths of 7 to 10 ft in the curb lane and 2 ft. in the median lane.  All joints are sealed 
and a minimum of 12 in. of the subbase is select material with a CBR greater than 30% after a 4-
day soak, a PI of less than12, and compressive strength of 145 psi.   The top 6 in. is stabilized 
with 2% hydrated lime if the material has a soaked California bearing ratio less than 30% [18].       
 

Austria 
In Austria, the highest-volume pavements (18-40 million design axle loads) are typically 10 in. 
thick JPCP on 2 in. bituminous interlay and either 18 in. of unbound base or 8 in. of cement 
stabilized base with 18 to 20 ft pavement joint spacing.  All concrete pavements are built in two 
lifts with recycled or inexpensive aggregates used in the bottom 8 in. and more wear resistant 
aggregate used in the upper 1.5 in. with an exposed aggregate surface.  Dowels in the transverse 
joints are 1 in. diameter and 20 in. long.  They are spaced more closely in the traffic wheel paths 
and farther apart between the wheel paths.  Tie bars in the longitudinal joints are 0.55 in. in 
diameter, 27.5 in. long, and spaced 6.5 ft apart for three tie bars per slab.  Sealant reservoirs are 
sawed 0.3 in. wide in both transverse and longitudinal joints.  Preformed seals are used in 
transverse joints and liquid sealant is used in longitudinal joints [17].    
 
Austria requires European standard type CEM II cement with an initial set time of no less than 2 
hours at 68˚F, Blaine fineness no greater than 3,500 cm2/g, and 28-day cube strength no less than 
1,000 psi.  In the lower concrete course of the two lift construction; the required 28-day flexural 
strength is 800 psi and 28-day compressive strength is 5,000 psi.  The upper course is required to 
have a 28-day flexural strength of 1,000 psi and a 28-day compressive strength of 5,800 psi.  
Aggregate used for exposed aggregate concrete must have a polished stone value of at least 50.  
The lower course may consist of recycled concrete or asphalt aggregate (10% maximum for 
asphalt aggregate).  Slag replacements of 20-25% are used.  The minimum cement content in the 
lower course is 594 lb/yd3 and 675 lb/yd3 in the upper layer.  The required air content is 4.0 – 
6.0% [17].        
 

Belgium 
The E5 motorway from Brussels to Liege is a CRCP that is still in good condition after 34 years 
and with 112,000 vehicles per day as of 2000.  This road has had minimal maintenance during 
the first 30 years and it is expected that it will have a life span of 40 to 50 years [19]. 
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The E5 is a CRCP with slab thickness of 7.9 in.  It has a 2.4 in. asphalt base above 7.9. in. of 
lean-mix concrete and finally a 7.9 to 31.5 in. sand subbase.  The required average concrete 
strength was 10,443 psi at 56 days and apparent dry density of 143 lb/ft3 [19].  The mix design 
used is shown in Table 4.   
 
The E5 concrete was not air entrained because of the high strength and density.  The w/cm ratio 
was 0.42.  The required 56 day compressive strength of the lean concrete subbase was 1,450 psi 
and it had a cement content of 169 lb/yd3.  To prevent cracking, a slow curing blast furnace slag 
cement was used.  Immediately after finishing, a bituminous emulsion was sprayed on then 
covered with sand.  The asphalt base also prevents reflective cracking from the subbase.  The 
performance of this road is attributed to the high-strength concrete base and asphalt base course 
and the high quality concrete.  Other reasons are the excellent bond between the asphalt layer 
and upper and lower concrete layers.  The good drainage due to side gutters, sufficient cross 
slope, thick layer of drainage sand, and drainage pipes on the edge of the shoulder also 
significantly contributed [19].      
 
 

Table 4. Concrete mix for CRCP on E5 Motorway [19]. 

Ingredient Quantity
Crushed stone 22/40 1261 lbs 
Crushed stone 8/22 631 lbs 
Crushed stone 2/8 589 lbs 
River sand 0/2 681 lbs 
Cement (CEM I or CEM III) 673 lbs 
Water 286 lbs 
Admixtures HRWR 

 
 
The Walloon Motorway is another successful long-life pavement in Belgium that has been in 
service for 35 years with hardly any maintenance and with average daily traffic of over 15,000 
heavy vehicles.  The road is located in a wet temperate area that experiences freeze-thaw cycles 
during 5 to 6 months of the year.  It was built on clay loam that was stabilized by applying quick 
lime on successive layers 11.8 in. thick.  The CRCP used was 7.9 in. thick, with 2.4 in. of dense 
macadam, then a lean-concrete 7.9 in. thick and finally a drainage layer of sand 9.8 in. thick 
above the specially compacted subgrade (colliery shale) which was 3.3 to 4.9 ft thick.  The lean 
concrete layer had a cement content of 152 to 170 lb/yd3.  The largest aggregate used (22/40) 
was limestone with the other coarse aggregates being sandstone [20].  The concrete mix design is 
shown in Table 5.  The w/c ratio varied from 0.40 to 0.42.  The concrete used had 90 day 
compressive strengths ranging from 9,956 to 11,379 psi [19].   
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Table 5. Walloon Motorway mix design [19]. 

Ingredient Quantity 
Crushed stone 22/40 1269 lbs 
Crushed stone 8/22 635 lbs 
Crushed stone 2/8 592 lbs 
Sand (FM 1.72 to 3.40) 719 - 731 lbs
Cement (HK40) 592 - 677 lbs
Water 254 - 271 lbs
Admixtures HRWR 

 
 

Canada 
The standard concrete pavement used in Ontario is a doweled, JPCP with a 14 ft widened outside 
lane.  Transverse joints are randomly spaced with an average spacing of 14 ft.  Concrete 
thickness design is based on both the 1993 AASHTO Guide for the Design of Pavement 
Structures and the Canadian Portland Cement Association’s mechanistic-empirical rigid design 
method with thicknesses ranging from 8 to 11 in. A 4 in. thick, asphalt-treated, open-graded 
drainage layer (0.75 in. maximum size aggregate, 1.8% asphalt cement) base layer is typically 
used.  An open graded cement treated base is also an option [17]. 
 
Quebec has had problems with joint deterioration and frost heave in their concrete pavements in 
the past.  In the mid 1990’s, two standard concrete pavement designs were adopted by the 
Quebec Ministry of Transportation.  The first was a JPCP with the slab thickness designed for 
truck traffic over a 30 year period with a thickness great enough to protect against frost heave 
(typically 10 to 13 in.).  JPCP are dowelled, have sealed joints and a base of 6 in. of granular 
material with a granular subbase of varying thickness.  These pavements have performed very 
well so far with the main distress types being joint and corner spalling.  CRCP is the second 
standard pavement used in Quebec.  A typical design uses an 11 in. CRCP slab on an open-
graded cement-stabilized base [17]. 
 
A minimum concrete compressive strength of 4,350 psi is required in Ontario.  An air content of 
6.0±1.5% is used.  Up to 25% GGBFS or up to 10% fly ash can be used or a mixture of both (up 
to 25%) where the amount of fly ash shall not exceed 10% of the total cementitious materials.  In 
Quebec, ternary mixes are allowed (Portland cement, blast furnace slag, and fly ash) in CRCP 
but not in JPCP.  Blended cements are also allowed.  A minimum compressive strength of 5,100 
psi is required for both CRCP and JPCP [17]. 
 

Germany 
Germany uses a design catalog to select total pavement thickness with the standard design based 
on a 30 year service life.  The total thickness includes the concrete slab, base layer, and frost 
protection layer with typical JPCP thicknesses of 8.6 to 13.8 in.  Germany requires the use of a 
geotextile between concrete pavements and cement stabilized bases to unbond the two layers 
[17]. 
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The German standard sets the maximum w/c ratio at 0.50, the minimum cement content at 540 
lb/yd3, and minimum air content at 4.0%.  Beyond this standard, Additional Guidelines for the 
Construction of Concrete Pavements [17] sets the maximum w/c ratio at 0.45 and the minimum 
cement content for exposed aggregate layers at 702 lb/yd3. Portland cement grade CEM I 32.5 
(ASTM Type 1) is used and with the client’s agreement, portland slag cement, portland burnt 
shale cement, portland limestone cement, or blast furnace cement may be used. Only cement 
with alkali contents less than 1.0% can be used.  Pozzolans may be used but fly ash and silica 
fume cannot be used together.  Supplementary cementitious materials are not taken into 
consideration in the calculation of the cementitious content or w/c ratio.  In two-coarse 
construction, recycled or inexpensive aggregates may be used in the lower layer and different 
strength requirements exist for each layer.  Requirements for aggregates include; high freeze-
thaw resistance, high polishing resistance, and at least 35% must be crushed.  Concrete in the 
high-volume strength class must have 60 day compressive strength of 4,350 psi and 650 psi 
flexural strength at 28 days [17].  
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CONSTRUCTION 
 
 

Base and Pavement Design 
MnROAD Low Volume Road (LVR) test Cell 53 is 125 ft long between stations 210+85 and 
212+00.  It consists of a 12 in. JPCP over 5 in. of Class 5 base and 36 in. of Modified Select 
Granular Subbase.  Each lane of Cell 53 has the same panel sizes of 12 feet wide by 15 feet long 
in both the driving and passing lanes.  Five No.13 epoxy coated tie bars were used per panel.  
Stainless steel 1.5 in. diameter dowel bars were spaced every 1.0 ft with 12 per panel.  The 
shoulders consisted of 8 inches of Class 5 underneath 4 inches of concrete.  Both shoulders were 
8 ft wide with 7.5 ft. tooled joints.  The shoulders were not tied to the pavement. 
 

Concrete Mixture Proportions 
The concrete mix design for both the lanes and shoulders of Cell 53 followed Mn/DOT’s 
specifications for High Performance Concrete Pavements (HPCP’s).  The submitted mix design 
is included in Appendix C and summarized below in Table 6. 
 
 

Table 6. Concrete mix design. 

Material Quantity Units 
Water 205 lb/yd3 
Cement 410 lb/yd3 
Fly Ash 175 lb/yd3 
w/cm ratio 0.35  
Fine Agg. (oven dry) 1123 lb/yd3 
CA #1 (size #4, oven dry) 627 lb/yd3 
CA #2 (size #67, oven dry) 1154 lb/yd3 
CA #3 (size #9, oven dry) 224 lb/yd3 
Air content 7±1.5 % 
AEA (Sika AIR) As needed oz/cwt
WRA (Sikament 686) 0-8.0 oz/cwt

 
 

Placement of Concrete 
Formed paving was used for both lanes and shoulders.  The inside instrumented lane was poured 
on September 29, 2008 and the sensors were covered with concrete at 1:00 PM.  The outside lane 
was poured on October 16, 2008 and both shoulders were poured on October 21, 2009.  The 
concrete tickets from both lane pours are included in Appendix D.  The forms were removed the 
next day in all cases. An L2KT keyed longitudinal joint was used between the inside and outside 
lanes.  The shoulders were not tied to the lanes.  All joints were tooled.  A McCleary screed was 
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used to compact the concrete.  Prior to paving, concrete was placed around the sensors and 
compacted with a pensile vibrator.  Construction pictures are included in Appendix E.  
 

Concrete Material Sampling and Testing 
During construction, material samples were taken for testing by American Engineering Testing 
(AET).  Table 7 summarizes the quantity and type of standard test performed on concrete 
material samples taken during the construction of test Cell 53. 
 
The University of Pittsburgh Civil Engineering Laboratory tested the concrete samples for 
coefficient of thermal expansion and American Engineering Testing tested the concrete samples 
for freeze-thaw durability, flexural, and compressive strength.  In addition Mn/DOT made and 
tested additional flexure beams on site.   
 
 

Table 7. Material samples taken during construction. 

Test (Standard) Number of Samples Test Age (Days) 

Compressive Strength 
(ASTM C 39) 

2 3 
2 7 
2 21 
2 28 

Flexural Strength – Third Point 
(ASTM C 78) 

1 1 
1 3 
5 7 
3 28 
2 47 

Freeze-Thaw 
(ASTM C 666) 3 - 

Coefficient of Thermal Expansion 2 - 
Rapid Chloride Ion Permeability 

(ASTM C 1202) 3 28 

 
 

Compressive Strength 
Table 8 lists the results from compressive strength testing done on the concrete samples by AET.  
The cylinders listed in this table were cast on site then transported to AET’s testing lab for 
curing.  Mn/DOT requires 3000 psi to open a road to traffic.  As shown in Table 8, the concrete 
used for this test cell had over 3000 psi at 3 days.   
 

Flexural Strength 
Table 9 lists the results from the flexural strength testing done by American Engineering Testing 
(AET) and Mn/DOT.  The beams tested by AET were cured on site for the first 24 hours then 
transported and cured in a temperature controlled moist room.  The Mn/DOT beams were cured 
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on site in a water bath.  The difference in strengths between the AET and Mn/DOT beams 
reflects this difference in curing.  A flexural strength of 350 psi is required by Mn/DOT to open a 
road to traffic.  As shown in Table 9, the AET beams (lab cured) had more than 350 psi at 3 days 
and the Mn/DOT beams (field cured) had 525 psi at 7 days. 
 
 

Table 8. Compressive strength testing results. 

AET Inside Lane 
Age Date Cast Date Tested Strength (psi) Type of Failure 

3 9/29/08 10/02/08 3270 Shear 
3 9/29/08 10/02/08 3230 Cone & Shear 
7 9/29/08 10/06/08 4470 Shear 
7 9/29/08 10/06/08 4420 Cone & Split 
21 9/29/08 10/20/08 5370 Side Fracture 
21 9/29/08 10/20/08 5560 Cone & Split 
28 9/29/08 10/27/08 5950 Cone & Split 
28 9/29/08 10/27/08 5840 Cone 

 
 

Table 9. Flexural strength testing results. 

Age Date 
Cast 

Date 
Tested 

Strength 
(psi) 

Air 
Content 

(%) 

Slump 
(in) 

Concrete 
Temp 
(°F) 

AET Inside Lane 
1 9/29/08 9/30/08 280 - - - 
3 9/29/08 10/02/08 580 - - - 
7 9/29/08 10/06/08 790 - - - 
7 9/29/08 10/06/08 730 - - - 
28 9/29/08 10/27/08 1080 - - - 
28 9/29/08 10/27/08 1150 - - - 

Mn/DOT Inside Lane 
7 9/29/08 10/06/08 590 - - - 
7 9/29/08 10/06/08 460 - - - 
28 9/29/08 10/27/08 505 - - - 

 AET Outside Lane 
7 10/16/08 10/23/08 710 6.2 2.25 62 
47 10/16/08 12/02/08 840 6.2 2.25 62 
47 10/16/08 12/02/08 930 6.2 2.25 62 

 

Coefficient of Thermal Expansion 
Tests to determine the coefficient of thermal expansion (CTE) were done at the University of 
Pittsburgh.  The length change due to temperature changes was measured by a Geokon 4200A-2 
Vibrating Wire Strain Gauge.  This strain gauge was cast in the concrete cylinder are shown in 



18 
 

Figure 2.  The cylinders were then tested according to the AASHTO procedure except that length 
change was measured using the imbedded strain gauge.  Table 10 shows the coefficient of 
thermal expansion testing results. 
 

 
Figure 2. Orientation of strain gauges in CTE cylinders. 

 
 

Table 10. CTE testing results. 

Specimen 1 2 
Cast Date 9/29/08 9/29/08 
Height (in) 12.125 12.125 

Diameter (in) 6 6 
CTE (10-6/F) 5.3 5.3 
Weight (lbs) 29.9 29.7 

Description 
Normal Concrete,

Intact, 
no visible cracks 

Normal Concrete, 
Intact, 

no visible cracks 
 
 

Freeze-Thaw Testing 
American Engineering Testing collected concrete samples and made freeze-thaw beams on site.  
The beams were then cured and tested at their laboratory according to ASTM C 666A.  While 
there is no standard for mass loss after 300 cycles, generally less than 5% is considered 
acceptable.  Length change is limited to 0.10% and failure for Reduction in Dynamic Modulus of 
Elasticity (RDME) is 60% after 300 cycles.  As shown in Table 11, length change, mass loss, 
and reduction in dynamic modulus all show that this mix had very good freeze-thaw durability.     
 



19 
 

 

Table 11. Freeze-thaw test results. 

Cycles 
Completed 

Test Criteria Beam No. Average 

  1 2 3  
30 Weight Loss (%) .00 .01 .00 .00 
 Length Exp. (%) .00 .00 .00 .00 
 RDME (%) 100 100 100 100 

60 Weight Loss (%) .00 .00 .01 .00 
 Length Exp. (%) .00 .00 .00 .00 
 RDME (%) 100 100 100 100 

92 Weight Loss (%) .01 .02 .03 .02 
 Length Exp. (%) .01 .01 .01 .01 
 RDME (%) 100 100 100 100 

120 Weight Loss (%) .04 .03 .04 .04 
 Length Exp. (%) .01 .01 .01 .01 
 RDME (%) 100 100 100 100 

153 Weight Loss (%) .06 .05 .07 .06 
 Length Exp. (%) .01 .01 .01 .009 
 RDME (%) 100 100 99 100 

187 Weight Loss (%) .1 .09 .16 .11 
 Length Exp. (%) .01 .01 .02 .01 
 RDME (%) 98 99 98 98 

213 Weight Loss (%) .15 .18 .21 .18 
 Length Exp. (%) .02 .02 .02 .02 
 RDME (%) 98 98 97 98 

245 Weight Loss (%) .20 .22 .27 .23 
 Length Exp. (%) .02 .02 .03 .02 
 RDME (%) 97 97 95 98 

276 Weight Loss (%) .28 .26 .30 .28 
 Length Exp. (%) .03 .03 .04 .03 
 RDME (%) 97 97 95 96 

301 Weight Loss (%) .31 .32 .33 .32 
 Length Exp. (%) .04 .04 .04 .04 
 RDME (%) 96 96 94 95 
Durability Factor 96 96 94 95 

 
 

Rapid Chloride Ion Permeability 
A concrete samples was not taken during the construction of this test cell but a sample was 
obtained from Cell 5 which used the same mix design.  Three 2 in. thick pucks were cut from 
one 4x8 in. concrete cylinder.  They were then tested according to ASTM C 1202.  The test 
results are shown in Table 12.  This mix had moderate to low ion permeability.     
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Table 12. Rapid chloride ion permeability test results. 

 Coulombs Milliamps (max)
Trial 1 2100 118.5 
Trial 2 2080 121.4 
Trial 3 1940 108.4 

Average 2040 116.1 
 
 

Base and Subgrade Testing 
The base layers in Cell 53 consisted of a 5 in. thick Class 5 base on top of a 36 in. Modified 
Select Granular subbase on top of a clay subgrade.   Samples of the clay subgrade and Modified 
Select Granular subbase were collected and proctor (Table 13) and gradation (Table 14) tests 
were performed.  Material from the Class 5 base layer was not tested in Cell 53 but Class 5 was 
tested in other cells at MnROAD constructed at the same time as Cell 53.  The average values 
from the Class 5 material tested in other MnROAD cells is shown in Tables 13 and 14.  In 
addition Light Weight Deflectometer (LWD) tests were done on top of the Class 5 layer. 
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Table 13. Base and subgrade proctors. 

Material Opt. 
Moisture 

Max 
Density 
(lb/ft3) 

Liquid 
Limit 

Plastic 
Limit 

Plasticity 
Index 

Mn/DOT 
Class 

Clay 
% 

Silt 
% 

Sand 
% 

AASHTO 
Group 

Group  
Index 

R 
Value 

Clay Subgrade 16.0 111.3 33.0 18.6 14.4 L 13.8 41.1 45.1 A-6 5 22.3 
Clay Subgrade 14.8 111.4 31.2 19.0 12.2 L 13.0 39.2 47.9 A-6 4 27.7 
Select Granular 9.8 124.1        A-2-6   
Select Granular 9.7 119.3        A-2-6   

Avg Class 5 9.3 128.1        A-1-b   
 
 

Table 14. Base and subgrade gradations. 

Material 1” 3/4” 5/8” 1/2” 3/8” #4 #8 #10 #16 #20 #30 #40 #50 #60 #100 #200
Clay Subgrade  100   98 93  88  83  77  71 64 54.9 
Clay Subgrade  100   99 94  87  83  77  70 61 52.1 
Select Granular 100 100 99 97 95 90 82 79 70  52 37 25  11 6.8 
Select Granular 100 100 100 98 96 93 86 83 74  55 40 25  10 5.9 

Avg Class 5 100 98 95 90 86 73 64 61 52 42 36 26 19 15 9 6.9 
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INSTRUMENTATION AND EARLY TESTING 
 
 

Instrumentation 
An important feature on the Mn/ROAD project is the extensive infrastructure available to 
support the instrumentation of pavement sections.  Test Cell 53 was built with a large number of 
electronic sensors embedded in it to measure the pavement’s response to load and environmental 
effects.  Table 15 summarizes the type and number of sensors.  Appendix F contains more 
information regarding the function and location of the sensors.  Figure 3 shows the layout of the 
sensors in Cell 53.  Installation photos can be found in Appendix E.   
 
 

Table 15. Sensors used in Cell 53. 

Sensor Code Sensor Type Measurement Type Quantities
CE Tokyo Sokki PML-60 Dynamic Strain 24 

DT Schaevitz HCD-500 
Linear Variable Differential Transducer Displacement 6 

EC Decagon ECH2O-TE Moisture 8 
HC Tokyo Sokki PI-5 Joint Opening 6 
IK Intellirock Maturity 10 
IV Invar Reference Rod Elevation 4 
TC Omega Thermocouple (Type-T) Temperature 24 
VG Geokon 4202 Vibrating Wire Environmental Strain 3 
VW Geokon 4200A-2 Vibrating Wire Environmental Strain 16 
WM Watermark Freeze-thaw Cycles 12 
XG Geokon 4202 Vibrating Wire Temperature 3 
XV Geokon 4200A-2 Vibrating Wire Temperature 16 
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Figure 3. Sensor layout in Cell 53. 
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Early Testing 
It is now realized that characterizing the early-age behavior of a concrete pavement can be 
paramount in understanding its long-term performance.  The presence of “built-in curl and warp” 
can significantly affect how the slab response to dynamic vehicle loads.  Another area of interest 
is in developing further understanding of how concrete maturity relates to stresses in the slabs, 
such that the timing of joint formation might be better predicted.  To accomplish these 
objectives, intensive early age testing was carried out on Cell 53. 
 

Warp and Curl Measurements 
To characterize the built-in curl and warp of the new slabs, the a recently developed laser 
profiling device called the PALPS (Portable Automated Laser Profile System) was used over 
several of the panels in each test cell and shoulder to measure the slab profile during the first 72 
hours of curing.  The measurement locations are shown in Figure 4.  The origin of all 
measurements was 6 in. from the pavement joint and 6 in. from the pavement edge as shown in 
the figure.  Two longitudinal measurements and two diagonal measurements were then taken 
every 24 hours for the first four days after the pavement was poured. 
 
The measured warp and curl for each measurement path is shown in Figures 5 through 8.  At 
each measurement location, the measured warp and curl did not significantly change over the 
first four days.  The built in warp and curl along measurement path G appears to be convex or 
“curled down.”  Along path H, the slab appears to be concave or “curled up.”  The initial drop in 
displacement at 1 ft in Figure 6 is from a surface sensor.  Along path L, the slab is also “curled 
up.”  The drop in displacement at 9 ft is also from a surface sensor.  The slab along path M is 
also “curled up” and also has a drop in displacement at 3 ft due to a surface sensor.     
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Figure 4. PALPS measurement paths. 
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Figure 5. PALPS measurement along path G. 
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Figure 6. PALPS measurement along path H. 
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Figure 7. PALPS measurement along path L. 
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Figure 8. PALPS measurement along path M. 

 
 

Concrete Maturity 
Two maturity “trees” with sensors at 5 depths through the slab were installed in this test cell.  
Both “trees” were installed approximately at mid panel with one 6 in. (Edge) from the pavement 
edge and the other 36 in. (Mid) from the edge.  Of the ten maturity sensors installed, only four 
survived construction.  Figure 9 show the maturity at four different locations in the slab.  As 
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shown in the figure, the maturity at 36 in. from the pavement edge was higher than at 6 in. and 
the maturity near the bottom of the pavement was higher than near the top. 
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Figure 9. Maturity versus time data from maturity sensors. 
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SUMMARY AND CONCLUSIONS 
 

 
MnROAD Low Volume Road test Cell 53 was built to represent Mn/DOT’s current Long-Life or 
High Performance Concrete Pavement design.  The primary objective of this research study is to 
develop an improved service life prediction model for Mn/DOT’s current 60-year concrete 
pavement designs.  Secondary objectives include understanding the behavior of these pavements 
with regards to maturity, slab warp and curl, and thermal expansion.  These objectives will be 
accomplished through extensive testing of materials during construction, and conducting 
seasonal load response testing under controlled loads of an instrumented concrete pavement test 
cell (Cell 53) built to Mn/DOT’s current 60-year design standards.  Load response testing of 
traditional designs constructed in MnROAD Phase I will be used in the development of the 
improved life prediction model. 
 



29 
 

 

REFERENCES 
 
 

1. D. M. Tompkins, L. Khazanovich, and D. M. Johnson (2008).  “Benefits of the 
Minnesota Road Research Project,” Transportation Research Record, No. 2087, 12-19. 

 
2. B. J. Worel, T. R. Clyne, T. R. Burnham, D. M. Johnson, and D. M. Tompkins (2007).  

“Low-Volume-Road Lessons Learned: Minnesota Road Research Project,” 
Transportation Research Record, No. 1989, 198-207.  

  
3. NCHRP (2004), Guide for Mechanistic-Empirical Design of Pavement Structures, 

NCHRP Project 1-37A, National Cooperative Highway Research Program, Washington, 
D.C., 2004.  

 
4. M. I. Darter and E. J. Barenberg (1977). Design of Zero-Maintenance Plain Jointed 

Concrete Pavement, Report No. FHWA-RD-77-111, Vol. 1, Federal Highway 
Administration, McLean, VA. 

 
5. J. K. Cable and L. McDaniel (1998). Performance Based Specifications, Center for 

Transportation Research and Education (CTRE), Iowa State University, Ames, IA. 
 
6. T. W. Aymond and D. Theobald (2000). “High Performance Concrete Extends Life of 

Charenton Canal Bridge,” PCI Journal, Vol. 45, No. 4, July, pp. 52-62. 
 

7. P. R. Rangaraju (2003). “Development of Some Performance-Based Material 
Specifications of High-Performance Concrete Pavement,” Transportation Research 
Record, No. 1834, pp. 69-76. 

 
8. T. Burnham, B. Izevbekhai, and P. R. Rangaraju (2006). “The Evolution of High-

Performance Concrete Pavement Design in Minnesota,” Proceedings of the International 
Conference on Long-Life Concrete Pavements, Chicago, IL, October 25-27. 

 
9. T. Winkelman (2006). “Design and Construction of Extended Life Concrete Pavements 

in Illinois,” Proceedings of the International Conference on Long-Life Concrete 
Pavements, Chicago, IL, October 25-27. 

 
10. M. Won, D. H. Kim, Y. H. Cho, and C. Medina-Chavez (2006). “Long-Term 

Performance of Continuously Reinforced Concrete Pavement in Texas,” Proceedings of 
the International Conference on Long-Life Concrete Pavements, Chicago, IL, October 
25-27. 

 
11. Federal Highway Administration (2007). Long-Life Concrete Pavements: Best Practices 

and Directions from the States, Report No. FHWA-HIF-07-030, Federal Highway 
Administration, McLean, VA. 



30 
 

 
12. S. Muench, L. Pierce, J. Uhlmeyer, and K. Anderson (2006). “The Evolution of Long-

Life Concrete Pavements in Washington State,” Proceedings of the International 
Conference on Long-Life Concrete Pavements, Chicago, IL, October 25-27. 

 
13. H. Ceylan, J. Cable, and K. Gopalakrishnan (2006). “Defining the Attributes of Well-

Performing, Long-Lasting Jointed Portland Cement Concrete Pavements,” Proceedings 
of the International Conference on Long-Life Concrete Pavements, Chicago, IL, October 
25-27. 

 
14. J. Armaghani and R. Schmitt (2006). “Long-Life Concrete Pavements-The Florida 

Perspective,” Proceedings of the International Conference on Long-Life Concrete 
Pavements, Chicago, IL, October 25-27. 

 
15. C. Rao, M. I. Darter, and T. Pyle (2006). “Extended Service Life of Continuously 

Reinforced Concrete Pavement in California,” Proceedings of the International 
Conference on Long-Life Concrete Pavements, Chicago, IL, October 25-27. 

 
16. S. Hossain and M. K. Elfino (2006). “Impact of Construction on the Life of a Jointed 

Plain Concrete Pavement in Virginia,” Proceedings of the International Conference on 
Long-Life Concrete Pavements, Chicago, IL, October 25-27. 

 
17. K. Hall, D. Dawood, S. Vanikar, R. Tally, Jr., T. Cackler, A. Correa, P. Deem, J. Duit, G. 

Geary, A. Gisi, A. Hanna, S. Kosmatka, R. Rasmussen, S. Tayabji, and G. Voigt (2007). 
Long-Life Concrete Pavements in Europe and Canada, Federal Highway Administration, 
Report No. FHWA-PL-07-027. Federal Highway Administration, McLean, VA. 

 
18. G. Vorobieff and J. Moss (2006). “Australia’s Experience with Long-Life, Heavy-Duty 

Concrete Pavements,” Proceedings of the International Conference on Long-Life 
Concrete Pavements, Chicago, IL, October 25-27. 

 
19. C. Caestecker (2006). “The Motorway E40 (Formerly E5) From Brussels to Liege,” 

Proceedings of the International Conference on Long-Life Concrete Pavements, Chicago, 
IL, October 25-27. 

 
20. V. Helmus (2006). “The Walloon Motorway, From One Millennium To Another,” 

Proceedings of the International Conference on Long-Life Concrete Pavements, Chicago, 
IL, October 25-27. 

 
 
 
 
 
 
 
 



 

 
 
 
 
 

Appendix A:  MnROAD Test Cells 
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Figure A1. Phase I MnROAD Mainline test sections. 
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Figure A2. Phase II MnROAD Mainline test sections. 
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Figure A3. MnROAD Low Volume Road (LVR).



 
 

 

 
 
 
 

Appendix B:  Work Plan 
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PROPOSED WORKPLAN FOR SIXTY-YEAR DESIGN CONCRETE  

PAVEMENT – PERFORMANCE MODEL DEVELOPMENT  
 

Principal Investigator:  

Name: Ryan Rohne, E.I.T 
Department: Minnesota Department of Transportation 
Office of Materials and Road Research 
Title:  Research Project Engineer 
Address: 1400 Gervais Avenue, Maplewood, MN 55109 
Phone : 651 366 5449  
Fax: 651 366 5461 
E-mail: Ryan.Rohne@dot.state.mn.us  
 
Proposal Abstract 
Due to increased traffic congestion and reduced highway construction budgets, emphasis is now 
being placed on designing and constructing longer life pavements.  For concrete pavements, the 
new goal for urban high volume highways in Minnesota is toward a 60-year design life.  Using 
the current Mn/DOT design guide for concrete pavement design (based on 1981 AASHTO 
design guide), Mn/DOT is now constructing what is believed to be 60-year design concrete 
pavements.  However, during the design process, both the traffic prediction and service life of 
the concrete pavement is being extrapolated far beyond the available charts in the current design 
method. 
 
The primary objective of this research study is to develop an improved service life prediction 
model for Mn/DOT’s current 60-year concrete pavement designs.  Secondary objectives include 
understanding the behavior of these pavements with regards to maturity, slab warp and curl, and 
thermal expansion.  These objectives will be accomplished through extensive testing of materials 
during construction, and conducting seasonal load response testing under controlled loads of an 
instrumented concrete pavement test cell (MnROAD LVR Cell 53) built to Mn/DOT’s current 
60-year design standards.  Load response testing of traditional designs constructed in MnROAD 
Phase I will be used in the development of the improved life prediction model. 
 
Anticipated duration of research project: 54 Months 
 
Total Budget Direct & Indirect Cost: $113300 
Budget details (Direct & Indirect Costs): 

Salaries:   $106000 
Supplies:  Office Supplies & Instrumentation = $7300 
 
Matching Funds: To facilitate the research process Mn/DOT will construct a Mn/DOT 60-year 
design concrete pavement test cell at MnROAD (on the low volume loop portion) for $43,113. 
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Research Matrix & Methods 
• Construct and instrument a concrete pavement test cell based on Mn/DOT current 

60-year design standards.  
• Collect and analyze sensor measurements including maturity, dynamic and 

environmental strain, displacement, slab warp and curl during and shortly after 
construction. 

• On a monthly basis, collect and analyze dynamic and environmental strain, 
displacement, and slab warp and curl measurements. 

• Frequently (at least seasonally) monitor surface distress and ride quality of the test 
cell for a 4-year period. 

• After 2 years of traffic application, develop preliminary life prediction models 
based on available MnROAD data.  Refine load response testing schemes if 
necessary.  

• After 4 years of traffic has been applied, complete a life prediction model and 
prepare, publish, and present research papers and final reports based on the 
findings. 

 
Required Instrumentation 
To perform the proposed measurements and monitoring, the following instrumentation would be 
required: dynamic and environmental strain sensors, thermocouples, slab moisture sensors,  
maturity dataloggers, invar elevation reference rods, and frost pins. 
 
Work plan 
 

1. Task 1 
Test cell layout, instrumentation, and data collection plan development 
This task involves includes determining the overall geometric layout and structural 
layers of the test cell, and the placement of the instrumentation to accomplish the 
research study objectives.  Construction materials and specifications will also be 
developed. 
 
The geometric layout of the test cell will follow current Mn/DOT standards for 60-year 
design concrete pavements. 
 
The instrumentation plan will include detailed information on the geometric location of 
the sensors, and their function in achieving the study objectives.  Data collection 
frequency will also be outlined and related to research objectives. 
 
The test cell load response data collection plan will be developed based on the research 
objectives and standard MnROAD facility operation practices.  The plan will outline the 
suggested schedule of load response and non-destructive testing, distress survey, and 
ride quality measurement events. 
 
Deliverables for Task 1: Powerpoint presentation and a summary report detailing the 
following: 
 



B-3 
 

• Geometric layout and structural layers details for test Cell 53 
• A copy of the construction plans and special provisions to the specifications 
• Layout of instrumentation 
• Performance monitoring plan 

 
Duration of Task 1:  September 2007 to March 2008 
 

2. Task 2 
Literature review on long life concrete pavement life prediction models 
This includes an investigation of the current research initiatives and historical results 
related to the development of life prediction models for long life concrete pavements.  
Associated subject areas in the investigation will include maturity, dynamic and 
environmental strain, displacement, slab warp and curl, joint load transfer efficiency, joint 
faulting, and surface distress and ride quality of long life concrete pavements. 
 
Based on the findings of the investigation, final research objectives may be adjusted so as 
to not to repeat the study of well established parameters related to long life concrete 
pavements.  A summary report of the investigation will be prepared and disseminated. 
 
Deliverables for Task 2: Powerpoint presentation and summary report of the literature 
review investigation, including recommendations for adjusting preliminary research 
objectives. 
 
Duration of Task 2:  November 2007 to December 2007, November 2008 to February 
2009. 
 

3. Task 3 
Test section construction report 
This report will discuss the construction process and document the results from material 
tests performed during or shortly after the construction.  The report will also include the 
results from maturity testing and early slab warp and curl measurements.  As-built 
geometric and layer thickness data will also be included in the report and input into the 
MnROAD database. 

 
Deliverables for Task 3:  Powerpoint presentation and construction report. Excel 
spreadsheets with updated cell and instrumentation data for input into the MnROAD 
database.   

 
Duration of Task 3:  Beginning 12 weeks after the date of paving, and ending 12 weeks 
later. 

 
4. Task 4 

Data Collection and Analysis 
Based on the data collection plan developed in Task 1, data will be collected, organized, 
and analyzed to characterize the load response of test Cell 53.  Similar data will be 
collected from other MnROAD concrete pavement test cells in a effort to compare to the 
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results from Cell 53.  Data organization (including insertion into the MnROAD database) 
and analysis will be done on a timely basis.  

 
Deliverables for Task 4: Excel spreadsheets with data and analysis results from this task 
for input into the MnROAD database. 
 
Duration of Task 4:  Beginning 1 month after the date of traffic application on test Cell 
53, and ending 36 months later. 

 
5. Task 5 

Develop Preliminary Life Prediction Model 
Based on the analysis results from Task 4, a preliminary life prediction model for 
Mn/DOT’s 60-year concrete pavement design will be developed.  Based on the model 
developed, adjustments to the remaining data collection scheme will be invoked.  An 
interim report will be written outlining the preliminary model that was developed.  

 
Deliverables for Task 5:  Powerpoint presentation and interim research paper/report.  A 
modified data collection scheme will be implemented (if necessary). 

 
Duration of Task 5:  Beginning 2 years after the date of traffic application on test Cell 
53 and ending 16 weeks later. 

 
6. Task 6 

Develop Final Life Prediction Model and Summarize Other Performance 
Observations 
Using additional data collected since the completion of Task 5, a final life prediction 
model will be developed.  Findings related to secondary research objectives will also be 
disseminated.  This may include a forensic investigation and report of the performance or 
characteristics of test Cell 53. 

 
Deliverables for Task 6:  Powerpoint presentations, a research paper/report describing 
the life prediction model developed, and paper(s) summarizing the findings of secondary 
research objectives. 

 
Duration of Task 6:  Beginning 3 years after the date of traffic application on test Cell 
53 and ending 6 months later. 

 
7. Task 7 

Technical Brief, Implementation Strategies Report 
Based on recommendations of the Technical Advisory Panel, a four page technical brief, 
summarizing the findings of the study, will be prepared for general distribution.  A brief 
report will also be prepared outlining suggested implementation strategies for the 
findings of the study. 
 
Deliverables for task 8:  A technical brief and a brief report on implementation 
strategies. 



 

 
 
 
 
 

Appendix C:  Concrete Mix Design 
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Appendix D:  Concrete Tickets 
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Appendix E:  Construction Pictures 
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Figure E1. Placement of concrete around sensors. 

 
 

 
Figure E2. McCleary screed used to compact the concrete. 
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Figure E3. Tooled joint and concrete finishing methods. 
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Figure E4. Instrumentation used in Cell 53. 
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Figure E5. Vibrating wire strain gauges. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 

 
Appendix F:  Cell 53 Instrumentation 
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Table F1. Cell 53 sensor locations. 

CELL MODEL SEQ ORIENTATION STATION (FT) OFFSET (FT) DEPTH (IN) 
53 CE 101 LONGITUDINAL -7.5 -11.5 11.748 
53 CE 102 TRANSVERSE -7.5 -6 0.252 
53 CE 103 LONGITUDINAL -3 -11.5 0.252 
53 CE 104 39° -2.5 -10 0.252 
53 CE 105 TRANSVERSE -1 -9 0.252 
53 CE 106 TRANSVERSE -1 -6 0.252 
53 CE 107 LONGITUDINAL 7.5 -11.5 0.252 
53 CE 108 LONGITUDINAL 7.5 -11.5 11.748 
53 CE 109 TRANSVERSE 7.5 -9 0.252 
53 CE 110 TRANSVERSE 7.5 -9 11.748 
53 CE 111 LONGITUDINAL 7.6 -9 0.252 
53 CE 112 LONGITUDINAL 7.6 -9 11.748 
53 CE 113 TRANSVERSE 7.5 -6 0.252 
53 CE 114 TRANSVERSE 7.5 -6 11.748 
53 CE 115 LONGITUDINAL 7.6 -6 0.252 
53 CE 116 LONGITUDINAL 7.6 -6 11.748 
53 CE 117 LONGITUDINAL 12 -11.5 0.252 
53 CE 118 LONGITUDINAL 12 -11.5 11.748 
53 CE 119 39° 12.5 -10 0.252 
53 CE 120 39° 12.5 -10 11.748 
53 CE 121 TRANSVERSE 14 -9 0.252 
53 CE 122 TRANSVERSE 14 -9 11.748 
53 CE 123 TRANSVERSE 14 -6 0.252 
53 CE 124 TRANSVERSE 14 -6 11.748 
53 DT 101   -7.5 -12.2 0.75 
53 DT 102   0 -12.2 0.75 
53 DT 103   0 -12.2 0.75 
53 DT 104   7.5 -12.2 0.75 
53 DT 105   15 -12.2 0.75 
53 DT 106   15 -12.2 0.75 
53 EC 101   16 -11.2 15 
53 EC 102   17 -10.2 18 
53 EC 103   18 -9.2 24 
53 EC 104   19 -8.2 30 
53 EC 105   20 -7.2 36 
53 EC 106   21 -6.2 48 
53 EC 107   22 -5.2 60 
53 EC 108   23 -4.2 72 
53 HC 101   0 -11 0.996 
53 HC 102   0 -11 11.004 
53 HC 103   0 -6 0.996 
53 HC 104   0 -6 11.004 
53 HC 105   15 -11 6 
53 HC 106   15 -6 6 
53 IK 101   -7.6 -7 0.996 
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Table F1. Sensor locations (cont). 

CELL MODEL SEQ ORIENTATION STATION (FT) OFFSET (FT) DEPTH (IN) 
53 IK 102  -7.6 -7 3.504 
53 IK 103   -7.6 -7 6 
53 IK 104   -7.6 -7 8.496 
53 IK 105   -7.6 -7 11.004 
53 IK 106   -7.6 -7 0.996 
53 IK 107   -6.6 -6 3.5 
53 IK 108   -5.6 -5 6 
53 IK 109   -4.6 -4 8.5 
53 IK 110   -3.6 -3 11 
53 IV 101   -7.5 -12.2 6 
53 IV 102   0 -12.2 6 
53 IV 103   7.5 -12.2 6 
53 IV 104   15 -12.2 6 
53 TC 101   1 -11.5 0.5 
53 TC 102   1 -11.5 1 
53 TC 103   1 -11.5 2 
53 TC 104   1 -11.5 3 
53 TC 105   2 -10.5 4 
53 TC 106   1 -11.5 5 
53 TC 107   1 -11.5 8 
53 TC 108   1 -11.5 11 
53 TC 109   7 -6 0.5 
53 TC 110   7 -6 1 
53 TC 111   7 -6 1.5 
53 TC 112   7 -6 3 
53 TC 113   7 -6 5 
53 TC 114   7 -6 8 
53 TC 115   7 -6 11 
53 TC 116   7 -6 15 
53 TC 117   7 -6 18 
53 TC 118   7 -6 24 
53 TC 119   7 -6 30 
53 TC 120   7 -6 36 
53 TC 121   7 -6 48 
54 TC 122   7 -6 54 
55 TC 123   7 -6 60 
56 TC 124   7 -6 72 
53 VG 101 LONGITUDINAL -6 -6.5 0.996 
53 VG 102 LONGITUDINAL -6 -6.5 6 
53 VG 103 LONGITUDINAL -6 -6.5 11.004 
53 VW 101 LONGITUDINAL -12 -11 0.996 
53 VW 102 LONGITUDINAL -12 -11 11.004 
53 VW 103 39° -12.5 -10 0.996 
53 VW 104 39° -12.5 -10 11.004 
53 VW 105 TRANSVERSE -14 -9 0.996 
53 VW 106 TRANSVERSE -14 -9 11.004 
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Table F1. Sensor locations (cont). 

CELL MODEL SEQ ORIENTATION STATION (FT) OFFSET (FT) DEPTH (IN) 
53 VW 107 LONGITUDINAL -14 -6 0.996 
53 VW 108 LONGITUDINAL -14 -6 11.004 
53 VW 109 TRANSVERSE -13.5 -6 0.996 
53 VW 110 TRANSVERSE -13.5 -6 11.004 
53 VW 111 LONGITUDINAL -7.5 -11 0.996 
53 VW 112 LONGITUDINAL -7.5 -11 11.004 
53 VW 113 LONGITUDINAL -8 -6 0.996 
53 VW 114 LONGITUDINAL -8 -6 11.004 
53 VW 115 TRANSVERSE -7 -6 0.996 
53 VW 116 TRANSVERSE -7 -6 11.004 
53 WM 101   7 -6.5 14.496 
53 WM 102   7 -6.5 18 
53 WM 103   7 -6.5 30 
53 WM 104   7 -6.5 42 
53 WM 105   7 -6.5 51.96 
53 WM 106   7 -6.5 56.04 
53 WM 107   0.5 -11.5 14.496 
53 WM 108   0.5 -11.5 18 
53 WM 109   0.5 -11.5 30 
53 WM 110   0.5 -11.5 42 
53 WM 111   0.5 -11.5 51.96 
53 WM 112   0.5 -11.5 56.04 
53 XG 101 LONGITUDINAL -6 -6.5 0.996 
53 XG 102 LONGITUDINAL -6 -6.5 6 
53 XG 103 LONGITUDINAL -6 -6.5 11.004 
53 XV 101 LONGITUDINAL -12 -11 0.996 
53 XV 102 LONGITUDINAL -12 -11 11.004 
53 XV 103 39° -12.5 -10 0.996 
53 XV 104 39° -12.5 -10 11.004 
53 XV 105 TRANSVERSE -14 -9 0.996 
53 XV 106 TRANSVERSE -14 -9 11.004 
53 XV 107 LONGITUDINAL -14 -6 0.996 
53 XV 108 LONGITUDINAL -14 -6 11.004 
53 XV 109 TRANSVERSE -13.5 -6 0.996 
53 XV 110 TRANSVERSE -13.5 -6 11.004 
53 XV 111 LONGITUDINAL -7.5 -11 0.996 
53 XV 112 LONGITUDINAL -7.5 -11 11.004 
53 XV 113 LONGITUDINAL -8 -6 0.996 
53 XV 114 LONGITUDINAL -8 -6 11.004 
53 XV 115 TRANSVERSE -7 -6 0.996 
53 XV 116 TRANSVERSE -7 -6 11.004 
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