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EXECUTIVE SUMMARY 

Quality foundation layers (the natural subgrade, subbase, and embankment) are essential to 
achieving excellent pavement performance. Unfortunately, many pavements in the United States 
still fail due to inadequate foundation layers. To address this problem, a research project, 
Improving the Foundation Layers for Pavements (FHWA DTFH 61-06-H-00011 WO #18; 
FHWA TPF-5(183)), was undertaken by Iowa State University (ISU) to identify, and provide 
guidance for implementing, best practices regarding foundation layer construction methods, 
material selection, in situ testing and evaluation, and performance-related designs and 
specifications. As part of the project, field studies were conducted on several in-service concrete 
pavements across the country that represented either premature failures or successful long-term 
pavements. A key aspect of each field study was to tie performance of the foundation layers to 
key engineering properties and pavement performance. In-situ foundation layer performance 
data, as well as original construction data and maintenance/rehabilitation history data, were 
collected and geospatially and statistically analyzed to determine the effects of site-specific 
foundation layer construction methods, site evaluation, materials selection, design, treatments, 
and maintenance procedures on the performance of the foundation layers and of the related 
pavements. A technical report was prepared for each field study. 

This report presents results and analysis from a field study conducted on an interstate highway 
I-96 reconstruction project in Lansing, Michigan. The old section of the highway was a 4 to 6 
lane divided freeway with a 230 mm (9 in.) thick jointed portland cement concrete (PCC) 
pavement, 104 mm (4 in.) of select subbase, and 254 mm (10 in.) of sand subbase. Field studies 
by the Michigan Department of Transportation (MDOT) indicated that the ride quality of the 
existing pavement was poor and needed replacement. MDOT decided to reconstruct the highway 
with a twenty-year design life jointed PCC pavement with 292 mm (11.5 in.) thick PCC at 4.3 m 
(14 ft) joint spacing, 127 mm (5 in.) cement treated base (CTB) layer with recycled PCC (RPCC) 
material and 279 mm (11 in.) existing or new sand subbase with a geotextile separator at the 
CTB/subbase interface. Review of construction bid documents indicated that the construction 
cost of the foundation layers (i.e., CTB, subbase, and geotextile separator) was about 34% 
($1,996,113) of the total cost of the project ($5,937,041). 

The ISU research team was present at the project site from May 18 to May 23, 2010, during the 
reconstruction process to conduct a field study on the foundation layers constructed for the new 
pavement. Field testing was conducted on three test sections. Two test sections involved testing 
the sand subbase and the underlying subgrade layers, and one test section involved testing the 
CTB layer. Field testing was conducted by spacing the test measurements about 50 to 100 m 
apart to capture the variability along the road alignment. Testing was also conducted in a dense 
grid pattern (spaced at about 0.9 to 3.0 m) to capture spatial variability over a small area. 
Geostatistical semivariogram analysis was performed to analyze the point test data from the 
dense grid pattern testing to characterize and quantify spatial non-uniformity of the foundation 
layer properties. Comparisons between the measured design input parameters from laboratory 
and in situ testing and the design assumed values revealed the following: 

• The average CTB/sand subase layer modulus (ESB) back-calculated from FWD data was 
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about 362 MPa (52 ksi). On average, it was about 0.87 times the design ESB value of 413.7 
MPa (60 ksi), with about 81 out of the 119 measurements being lower than the design value. 
The in situ ESB values showed a COV of about 50% with values ranging from 35.5 MPa (5.1 
ksi) to 709.5 MPa (102.9 ksi). 

• Subgrade layer resilient modulus (Mr) determined from laboratory measurements on Shelby 
tube samples at field anticipated stress conditions showed an average of 31 MPa (4.5 ksi) and 
was about 1.5 times higher than the design Mr of 20.7 MPa (3.0 ksi).  The in situ Mr values 
determined from FWD measurements showed an average of about 18.9 MPa (2.7 ksi), which 
was slightly lower than the design value. The Mr value determined from DCP-CBRSubgrade 
was on average about 7.7 times higher than the design value.  

• Compoiste modulus of subgrade reaction (kcomp) values were determined based on ESB and 
Mr values. A lower bound kcomp = 101 kPa/mm (370 pci) value was estimated assuming 
average ESB and average Mr determined from FWD measurements. Similarly, an upper bound 
kcomp = 327 kPa/mm (1200 pci) value was estimated using average ESB from FWD 
measurements and Mr = 138 MPa (20 ksi) based on DCP measurements. The lower bound 
and upper bound kcomp values were about 0.74 times and 2.4 times the design kcomp value. 

• The Cd value assumed in design = 1.05, which represents that the quality of drainage is rated 
as Good. According to AASHTO (1993), if water is removed from the pavement system in 
one day, the quality of drainage is rated as Good. Both laboratory and field measurements 
indicated that the quality of the drainage layer can be rated as Excellent according to 
AASHTO (1993), which exceeds the Good rating assumed in the design. 

Laboratory testing was conducted on foundation layer materials obtained from field to determine 
index properties, moisture-dry unit weight relationships from compaction tests and resilient 
modulus. Resilient modulus tests were conducted on single samples as well as well as composite 
samples (i.e., sand subbase over subgrade). Hydraulic conductivity tests were conducted on sand 
subbase, untreated RPCC base, and CTB materials. Compressive strength and durability (to 
freeze-thaw and wet-dry cycles) of the CTB material were also assessed as part of the laboratory 
testing. Some key findings from laboratory testing are as follows: 

• Results indicated that the Mr of subbase material increases with increasing bulk stresses, as 
expected for granular materials. Mr of subgrade materials decreased with increasing deviator 
stress, as expected for non-granular materials. Increasing moisture content decreased Mr and 
increasing dry unit weight increased Mr for both subbase and subgrade materials. 

• Comparing composite and single samples revealed that the average Mr of composite samples 
is about 1.2 times lower than the average Mr of a single layer subbase sample at a similar 
density. The reason for this reduction in Mr in the composite sample is attributed to the 
weaker subgrade layer. This is an important finding and efforts are underway in this research 
study to further investigate the influence of composite soil layer configurations on Mr 
properties. 

• Compressive strength test results from ISU and MDOT indicated that with the exception of 
one sample, all other samples met the specified seven-day compressive strength range (i.e., 
1,380 to 4,830 kPa). 

• All CTB samples tested for durability (i.e., 12 wet-dry and freeze-thaw cycles) showed 
percent mass loss less than the PCA (1971) recommended maximum allowable percent loss 
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of 14%. One of the three CTB samples subjected to wet-dry cycles showed a percent loss of 
about 12%, which was greater than the Department of Army, the Navy, and the Air Force 
(1994) recommended 11% maximum allowable loss. 

The findings from the field studies under the Improving the Foundation Layers for Pavements 
research project will be of significant interest to researchers, practitioners, and agencies dealing 
with design, construction, and maintenance of PCC pavements. The technical reports are 
included in Volume II (Appendices) of the Final Report: Improving the Foundation Layers for 
Pavements. Data from the field studies are used in analyses of performance parameters for 
pavement foundation layers in the Mechanistic-Empirical Pavement Design Guide (MEPDG) 
program. New knowledge gained from this project will be incorporated into the Manual of 
Professional Practice for Design, Construction, Testing, and Evaluation of Concrete Pavement 
Foundations, to be published in 2015. 
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CHAPTER 1. INTRODUCTION 

This report presents laboratory and in situ test results and analysis from an experimental field 
study conducted on interstate highway I-96 reconstruction project between mile posts 90 and 93 
in Lansing, Michigan. The existing section for I-96 is a 4 to 6 lane divided freeway with paved 
outside and inside shoulders. The existing pavement consisted of a 230 mm (9 in.) thick jointed 
portland cement concrete (PCC) pavement, 104 mm (4 in.) thick select subbase, and 
254 mm (10 in.) thick sand subbase. Field studies by the Michigan Department of Transportation 
(MDOT) indicated that the ride quality of the existing pavement was poor and needed 
replacement. MDOT evaluated two reconstruction alternatives using the 1993 American 
Association of State Highway Transportation Officials (AASHTO) pavement design guide 
(AASHTO 1993). Alternative # 1 was to reconstruct the roadway with a twenty-year design life 
hot mix asphalt (HMA) pavement, and alternative #2 was to reconstruct with a twenty-year 
design life jointed PCC pavement. Based on life cost analysis of the two alternatives, MDOT 
selected alternative #2, which involved construction of a 292 mm (11.5 in.) thick jointed PCC 
pavement with 4.3 m (14 ft) joint spacing, 127 mm (5 in.) cement treated base layer (CTB), a 
geotextile separator, and 279 mm (11 in.) existing or new sand subbase. The CTB layer consisted 
of crushed recycled PCC material obtained from crushing the existing pavement on the project. 

The Iowa State University (ISU) research team was present at the project site during the 
reconstruction process from May 18 to May 23, 2010, to conduct a field study on the foundation 
layers constructed for the new pavement. Field testing involved using the following in situ test 
methods: Kuab falling weight deflectometer (FWD) to determine elastic modulus; Zorn light 
weight deflectometer (LWD) to determine elastic modulus; cone penetrometer (DCP) to estimate 
California bearing ratio and resilient modulus; Humboldt nuclear gauge (NG) to determine 
moisture and dry unit weight; rapid gas permeameter test (GPT) device to measure saturated 
hydraulic conductivity; and static plate load test (PLT) to obtain elastic modulus and modulus of 
subgrade reaction. In addition, “undisturbed” Shelby tube samples were obtained from the 
subgrade layer for laboratory testing. The spatial northing and easting of all test measurement 
locations were obtained using a real-time kinematic (RTK) global positioning system (GPS). 
Laboratory testing was conducted on materials collected from the field to characterize the index 
properties (i.e., gradation, compaction, specific gravity, soil classification), and determine 
resilient modulus (Mr). Resilient modulus (Mr) tests were conducted on the subgrade and sand 
subbase materials. Mr testing was also conducted on composite subbase and subgrade materials 
to assess the composite behavior. Compressive strength and freeze-thaw durability tests were 
conducted on CTB samples prepared at the batching plant. 

Field testing was conducted on three test sections. Two test sections involved testing the sand 
subbase layer, and one test section involved testing the CTB layer. Field point testing was 
conducted by spacing the test measurements about 50 to 100 m apart to capture the variability 
along the road alignment. Testing was also conducted in a dense grid pattern (spaced at about 0.9 
to 3.0 m) to capture spatial variability over a small area. Geostatistical semivariogram analysis 
was performed to analyze the point test data from dense grid pattern testing to characterize and 
quantify spatial non-uniformity of the foundation layer properties. 
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This report contains six chapters. Chapter 2 provides background information of the project on 
the two alternatives evaluated by MDOT; life cycle cost analysis results; selection criteria for the 
PCC pavement structure; AASHTO (1993) pavement design input parameters; and construction 
methods and specifications. Chapter 3 presents an overview of the laboratory and in situ testing 
methods followed in this project. Chapter 4 presents results from laboratory testing. Chapter 5 
presents results from in situ testing and analysis on the three test sections with discussion of 
comparisons of the laboratory and in situ measured values and the design assumed values. 
Chapter 6 presents key findings and conclusions from the field study. 

The findings from this report should be of significant interest to researchers, practitioners, and 
agencies who deal with design, construction, and maintenance aspects of PCC pavements. This 
project report is one of several field project reports developed as part of the TPF-5(183) and 
FHWA DTFH 61-06-H-00011:WO18 studies. 
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CHAPTER 2. PROJECT INFORMATION 

This chapter presents brief background information on the project based on the information 
provided in an MDOT office memorandum dated May 4, 2009, and the authors’ field 
observations, pavement thickness design parameter selection and assumptions during the design 
phase of the project, and the new pavement foundation layer construction details (see 
Appendix A). 

Project Background 

This project involved reconstruction of about 5.8 miles of I-96 from just west of Wacousta Road 
(mile post 90) to south of M-43 (mile post 93) and about 0.8 miles of M-43 reconstruction from 
east of Market place Boulevard to east of Canal Road, in Clinton and Eaton Counties near 
Lansing, Michigan (Figure 1). ISU testing was conducted on I-96 so only details of I-96 
reconstruction are provided in this report. 
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Map: ©2012 Google 

Figure 1. Approximate project start and end and test section locations 

The old pavement section for I-96 was a 4 to 6 lane divided freeway with 3.66 m (12 ft) wide 
paved lanes, a 2.74 m (9 ft) paved outside shoulder, and a 1.22 m (4 ft) to 2.74 m (9 ft) paved 
inside shoulder in each direction. The pavement consisted of a 230 mm (9 in.) thick jointed PCC 
pavement, 104 mm (4 in.) of select subbase, and 254 mm (10 in.) of sand subbase. 
According to the MDOT memorandum, the ride quality index (RQI) of the existing pavement 
was about 74 on the east bound lanes and 71 on the west bound lanes. The average remaining 
service life (RSL) was about 2 on the east and west bound lanes. Based on the RQI and RSL 
data, the pavement quality was rated as poor. Two new pavement reconstruction alternatives 
were evaluated by MDOT: Alternative #1: Reconstruct with HMA pavement with twenty-year 
design life, and Alternative #2: Reconstruct with jointed plain concrete pavement (JPCP) with 
twenty-year design life. The two alternatives were evaluated using the 1993 AASHTO pavement 
design procedures and life cycle cost analysis using the Equivalent Uniform Annual Cost 
(EUAC) calculation method approved by the Engineering Operations Committee, MDOT, in 
June 1999 (MDOT 2005). The construction costs used in the estimations were reportedly 
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historical averages from similar projects, and user costs were reportedly calculated using 
MDOT’s Construction Congestion Cost model developed by the University of Michigan. 

Alternative #1 consisted of the following pavement and foundation layer structure: 

• 51 mm (2 in.)  HMA, gap-graded superpave, top course (mainline and inside shoulder) 
• 64 mm (2.5 in.) HMA, 4E30, leveling course (mainline and inside shoulder) 
• 159 mm (6.25 in.) HMA, 3E30, base course (mainline and inside shoulder) 
• 51 mm (2 in.) HMA, 5E3, top course (outside shoulder) 
• 64 mm (2.5 in.) HMA, 4E3, leveling course (outside shoulder) 
• 159 mm (6.25 in.) HMA, 3E3, base course (outside shoulder) 
• 127 mm (5 in.) Open-graded drainage course (OGDC), geotextile separator at 

subgrade/OGDC interface 
• 483 mm (19 in.) Sand subbase 
• 152 mm (6 in.) Underdrain system (diameter) 

Life cycle analysis results for alternative #1 showed the following results: 

Present value initial construction cost: $1,984,358/directional mile 
Present value initial user cost: $397,854/directional mile 
Present value maintenance cost: $176,481/directional mile 
Equivalent uniform annual cost (EUAC): $138,233/directional mile 

Alternative #2 consisted of the following pavement and foundation layer structure: 

• 292 mm (11.5 in.) Non-reinforced concrete pavement with 14 ft joint spacing 
• 127 mm (5 in.) Stabilized OGDC [CTB] 
   Geotextile separator at subbase/CTB interface 
   Existing sand subbase (65% of the project) 
• 279 mm (11 in.) New sand subbase (35% of the project) 
• 152 mm (6 in.)  Open-graded underdrain system (diameter) 

Life cycle analysis results for alternative #2 produced the following results: 

Present value initial construction cost: $1,167,170/directional mile 
Present value initial user cost: $266,047/directional mile 
Present value maintenance cost: $106,597/directional mile 
Equivalent uniform annual cost (EUAC): $83,188/directional mile 

Based on the guidelines outlined in MDOT (2005), alternative #2, the alternative with lower 
EUAC, was selected. 
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Pavement Design Input Parameter Selection and Assumptions 

A summary of pavement thickness design input parameters is provided in Table 1. A composite 
modulus of subgrade reaction, kcomp = 135 kPa/mm (500 pci), was determined by MDOT 
following the AASHTO 1993 design guidelines based on an assumed mean subbase layer elastic 
modulus, ESB, mean subgrade resilient modulus, Mr, and target subbase layer thickness, HSB, as 
summarized in Table 1.  

Table 1. Summary of pavement thickness design input parameters/assumptions  

Parameter Value 
General Assumptions 

ESALs over initial performance period 38,009,260 (18-kip) 
Design period 20 years 

Surface Layer Design Assumptions 
Pavement type JPCP 
Initial serviceability 4.5 
Terminal serviceability 2.5 
28-day mean PCC modulus of rupture, Sc 4620 kPa (670 psi)    
28-day mean modulus of elasticity of concrete, Ec 29,000 MPa (4,200,000 psi) 
Reliability level 95% 
Overall standard deviation 0.39 
Load transfer coefficient, J 2.7 

Foundation Layer Design Assumptions 
Subbase layer thickness, HSB 406 mm (16 in.) [137 mm (5 in.) CTB and 

279 mm (11in.) sand subbase] 
Mean subbase elastic modulus, ESB 410 MPa (60,000 psi) 
Mean subgrade resilient modulus, Mr 20 MPa 3,000 psi [stiff clay to semi-infinite 

depth, i.e., > 10 ft] 
Composite modulus of subgrade reaction, kcomp 135 kPa/mm (500 pci) 
Loss of support (due to erosion), LS 0.5 
Effective modulus of subgrade reaction, keff 76 kPa/mm (280 psi/in) 
Overall drainage coefficient, Cd 1.05 (Quality of drainage = Good according to 

AASHTO 1993) 
Saturated hydraulic conductivity, Ksat* 0.1 cm/s (260 ft/day) 
Other Geotextile separator at sand subbase and CTB 

layer interface (6 inch diameter) 
Pavement Thickness Design 

Calculated design thickness 287 mm (11.29 in.) [292 mm (11.5 in.) actual] 

*Estimated assuming 90% of water to be removed within 1 day and effective porosity of CTB = 0.3.  

The design guide requires determining seasonal variations in the ESB and Mr values and then an 
average value for analysis. The ESB and Mr values provided in Table 1 represent average values. 
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Seasonal variations in the ESB and Mr values were not determined by the design engineer (Email 
communication with Mark Grazioli, MDOT). The effective modulus of subgrade reaction, keff, 
was then estimated based on an assumed potential loss of support (due to erosion), LS = 0.5. 

The assumed drainage coefficient Cd =1.05 represents that the quality of drainage is good to 
excellent (varies as a function of time above a threshold base saturation level). These design 
assumptions are compared with the actual field measurements in Chapter 6. 

Construction Details and Specifications 

A summary of bid quantities, engineers’ estimated costs, and bid costs is presented in Table 2.  

Table 2. Bid quantities, estimated unit costs, and bid costs 

Item Description 
Bid  

Quantity Unit 
Estimated  
Unit Cost Total Cost 

Earth excavation 52,637 yd3 $3.07 $161,596 
Sand subbase 16,850 yd3 $2.79 $47,012 
Geotextile separator 163,094 yd2 $0.96 $156,570 
5 in. CTB 163,094 yd2 $10.00 $1,630,935 
11.5 in. PCC layer 163,094 yd2 $20.80 $3,392,345 
Contraction joint with load transfer (ML) 67,131 ft $7.61 $510,869 
Contraction joint with load transfer (shoulder) 37,714 ft $1.00 $37,714 
Total Project Cost    $5,937,041 
Total Foundation Layer Construction Cost    $1,996,113 
 

Based on the contractor’s bid costs, the cost of the construction of foundation layers (i.e., CTB, 
subbase, and geotextile separator) was about 34% of the total cost of the project. 

In about 65% of the project, the existing sand subbase layer was reused, and in about 35% of the 
project, new 279 mm (11 in.) thick sand subbase layer was placed. A picture of the sand subbase 
layer taken near I-96 and M-43 intersection is shown in Figure 2.  
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Figure 2. Compacted sand subbase layer on I-96 EB lane just north of M-43 intersection 

A 127 mm (5 in.) thick CTB layer was installed over the sand subbase layer with a Geoturf ® 
W270 woven geotextile at the interface of sand subbase and CTB layers. Recycled PCC material 
was used in the CTB layer. 

A special provision (SP) 03CT303(A140) was used for the CTB layer (see Appendix B). The SP 
indicates that the OGDC material used in the CTB should consist of crushed PCC from this 
project, meeting the gradation specifications provided in Table 3, and the material should contain 
at least 90% of crushed material.  

Table 3. Gradation requirements of the OGDC material used in CTB 

Sieve Size Percent Passing 
38.1 mm (1.5 in.) 100 
25.4 mm (1.0 in.) 90–100 
12.7 mm (0.5 in.) 25–60 
#4 0–20 
#8 0–8 
#200 0–5 
 

The CTB layer mix design proportions are provided in Table 4.  
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APPENDIX C: AASHTO (1993) DESIGN CHARTS 

 

Figure 59. Chart to estimate modulus of subbase layer (ESB) from CBR (from AASHTO 
1993 based on results from van Til et al. 1972) 
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Figure 60. Chart to estimate resilient modulus (Mr) of subgrade from CBR (from AASHTO 
1993 Appendix FF based on results from van Til et al. 1972) 
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Figure 61. Chart for estimating composite modulus of subgrade reaction (kcomp) assuming a 
semi-infinite subgrade depth (from AASHTO 1993) 
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APPENDIX D: STRESS-STRAIN CURVES FROM RESILIENT MODULUS TESTS 

 

Figure 62. Cyclic stress-strain curves for subgrade sample # 1 
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Figure 63. Cyclic stress-strain curves for subgrade sample # 2 
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Figure 64. Cyclic stress-strain curves for subgrade sample # 3 
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Figure 65. Cyclic stress-strain curves for subgrade sample # 4 
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Figure 66. Cyclic stress-strain curves for subgrade sample # 5 
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Figure 71. Cyclic stress-strain curves for subbase + subgrade composite sample 


