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EXECUTIVE SUMMARY

The Central lowa Expo facility located in Boone, lowa, needed to be reconstructed in 2012 to
provide an improved pavement foundation for pavement with hot mix asphalt (HMA) and
portland cement concrete (PCC). This rework created a unique opportunity to conduct pavement
foundation research using a range of stabilization construction and testing technologies on about
4.8 miles of roadway. The lowa Department of Transportation (DOT) initiated a research project
to build the pavement foundation layer (Phase 1), construction of the pavement layers (phase II),
and performance monitoring of the pavement systems (Phase 111).

Phase I: Pavement Foundation Construction and Testing

Phase I construction occurred in May-July 2012. The project site consists of thirteen roads
oriented in the North-South direction (denoted as 1st St. to 13th St.) and three roads oriented in
the East-West direction (denoted as South Ave., Central Ave., and North Ave.). Re-construction
occurred on all roads except 13th St, which was paved with HMA earlier in 2012. Construction
of test sections required removing the existing deteriorated chip seal surface and subbase, and 6
to 12 in. of subgrade. The subgrade consisted primarily of wet soils classified as lean clay (CL)
or A-6(5). Ground water was at depths of 3 to 6 ft below original grade across the site, and at
about 12 ft or greater near drainage features.

Sixteen test sections were constructed on the North-South roads that used woven and non-woven
geotextiles at subgrade/subbase interfaces; triaxial and biaxial geogrids at subgrade/subbase
interfaces; 4 in. and 6 in. geocells in the subbase layer + non-woven geosynthetics at
subgrade/subbase interfaces; portland cement (PC) and fly ash stabilization of subgrades; PC
stabilization of recycled subbase; PC + fiber stabilization of recycled subbase with
polypropylene fibers and monofilament-polypropylene fibers; mechanical stabilization (mixing
subgrade with existing subbase); and high-energy impact compaction. Triaxial and biaxial
geogrids were used at subgrade/subbase interfaces at select locations on East-West roads. All
North-South test sections except one were topped with a nominal 6 in. of modified subbase
material (MSB) classified as GP-GM or A-1-a (7% fines content); the 6 in. geocell section
required 7 in. of MSB. All East-West test sections were topped with a nominal 9 in. of MSB
material. Crushed limestone was used in the MSB layer on all North-South roads, and a mixture
of recycled concrete and recycled asphalt was used in the MSB layer on all East-West roads. Six
North-South test sections (6th St., 7th St., and 9th St.) and the East-West test sections consisted
of 6 in. of recycled subbase material classified as SM or A-1-a (14% fines content) between the
subbase and subgrade layers.

A series of laboratory tests were conducted to characterize the soils, determine compaction
characteristics, unconfined compressive strength tests on chemical stabilized samples, and
freeze-thaw durability. In situ strength and stiffness based test measurements were performed
during construction (in July 2012), about three months after construction (in October 2012),
seven months after construction (in January 2012) during frozen condition, and about nine to ten
months after construction (in April/May 2013) during spring-thaw. Strength based test
measurement included dynamic cone penetrometer (DCP), and stiffness based measurements
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included light weight deflectometer (LWD), falling weight deflectometer (FWD), and roller-
integrated compaction monitoring (RICM) or intelligent compaction (IC). Field permeability of
the aggregate base material was assessed in several test section using a gas permeameter test
(GPT) device. Traditional nuclear density gauge testing was also conducted during subgrade and
subbase layer construction, and the results are compared with the strength-stiffness based test
measurements. In addition, earth pressure sensor arrays were also installed in the foundation
layers at different depths to monitor ground stresses for different loading conditions.

Significant findings from the Phase I testing were as follows:

e Cost, average stiffness values, and uniformity were reported for all of the pavement
foundation sections. Analysis of this data is useful to optimize pavement foundation
design.

e Comparison between LWD and FWD measurements indicated that both provided
statistically related moduli measurement values, but LWD measurements do not always
show influence of stiff underlying layers as measured with the FWD. The measurement
influence depth is greater for the FWD compared to the LWD, because of the higher
stresses that can applied with the FWD.

e The RICM values (CMV and MDP* measured with Caterpillar IC roller and CCV
measured with Sakai roller) provided near-continuous electronic records of ground
stiffness and showed variations between the test sections and locations of lower stiffness
materials within sections. The CMV and CCV values correlated better with FWD values
than MDP* values. CMV values correlated better to FWD values than LWD values.

e The QC/QA nuclear density testing showed that this approach to quality assessment can
lead to shortcomings (including lack of reproducibility and infrequent testing) and does
not capture the wide range in stiffness values measured from the other devices.

e Shortly after construction and after spring thaw, test sections with mechanical
stabilization (TS-MS) with in situ mixing of recycled aggregate with existing subgrade
versus over excavation (TS-OE) and replacement produced comparatively higher elastic
moduli values than control (TS-C) sections. There was no statistical evidence to suggest
that TS-OE pavement foundation performed better than the TS-MS pavement foundation,
or vice versa, after construction. However, after spring-thaw, results showed that the TS-
OE pavement foundation performed better than the TS-MS foundation.

e Laboratory freeze-thaw testing showed that the mechanically stabilized subgrade used in
this study exhibits strength and stiffness behavior similar to the on-site recycled material
at optimum environmental conditions. During thaw-weakening conditions, the
mechanically stabilized subgrade exhibits strength and stiffness behavior similar to the
subgrade.

e Average FWD composite elastic moduli values from each test section during October
2012 (i.e., never-frozen) ranged from 37 MPa to 507 MPa. Test sections with Portland
cement (PC) stabilized subgrade, fly ash stabilized subgrade, or PC stabilized reclaimed
gravel subbase produced the highest moduli values. Test sections with mechanically
stabilized subgrade, compacted subgrade, or untreated reclaimed gravel subbase
produced comparatively higher moduli values than control test sections with no subgrade
compaction or other treatment.
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Average FWD composite elastic moduli during April 2013 (i.e., thaw-weakened) ranged
from 11 MPa to 159 MPa. All test sections experienced reductions in moduli values as
conditions transitioned from never-frozen to thaw-weakened (by about 2 to 9 times on
average). Test sections with PC stabilized subgrade or PC stabilized reclaimed gravel
subbase produced the highest moduli values. Test sections with fly ash stabilized
subgrade or untreated reclaimed gravel subbase produced relatively high moduli values
as well.

Correlations between thaw-weakened and never-frozen elastic moduli values suggest that
PC stabilized pavement foundations are less susceptible to thaw-weakening than
untreated pavement foundations or fly ash stabilized pavement foundations.

Elastic moduli values determined from FWD in never-frozen condition showed
statistically significant relationships with both subbase and subgrade layer penetration
index (PI) values from DCP tests at that time. But, FWD elastic moduli values after
thawing showed strong correlation with the subgrade P1, but not with the subbase layer Pl
at that time. This emphasizes the importance of subgrade support on composite response
as measured from the top of the subbase layer.

Laboratory freeze-thaw durability tests showed that subgrade stabilized with self-
cementing fly ash exhibits improvements with increasing fly ash content up to 15% with
decreasing level of frost-heave and thaw-weakening susceptibility. Greater improvement
was related to shorter fly ash set time. Subgrade and subbase stabilized with cement
showed low to negligible frost susceptibility. For subbase, the addition of fibers increased
the pre-test and post-test (saturated) CBR values slightly. Comparatively, the addition of
cement reduced the heave rates and increased the CBR values significantly. Results also
indicated that curing time and compaction delay influence the freeze-thaw performance
of chemically stabilized soils.

To achieve very low thaw-weakening susceptibility, the heave rate must be controlled to
less than 4 mm/day per ASTM D5918. The current ASTM classification does not
distinguish classifications with CBR values greater than 20. A proposed classification for
chemically stabilized soils identifies thaw-susceptibility as negligible for post-test CBR
values > 100. The advantage of this rating is it provides additional criteria for rating
freeze-thaw susceptibility for stabilized soils with post-test CBR values greater than 20. It
is difficult to predict the post-tests CBR values from the pre-test measurements for
chemically stabilized soils due to time-dependent strength gain and supports the need to
perform the freeze-thaw tests and monitoring the influence of curing time for stabilized
soils.

In situ gas permeameter tests (GPTs) were conducted to rapidly determine field saturated
hydraulic conductivity of granular base layer and its relationship with different
foundation support conditions and gradation of the subbase. Testing was focused on three
test sections, where the subbase layer was compacted with a vibrator smooth drum roller.
Aggregate degradation from over-compaction varied between sections and appears to be
linked to the foundation support condition. The section with the highest support values
(i.e, high CBR and elastic moduli values) consisted of cement stabilized subgrade, but it
showed the highest degradation of the aggregate subbase and the lowest hydraulic
conductivity. The control section (with only granular subbase over uncompacted
subgrade) yielded the lowest support values, but the highest hydraulic conductivity. The
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geogrid reinforced aggregate section provided comparatively better support conditions
than the control section and intermediate hydraulic conductivity values.

Phases Il and 111: Pavement Construction and Performance Monitoring Testing

Pavement construction occurred in June-July 2013. All test sections oriented in the North-South
direction, except on the 6™ street, were paved with nominal 4 in. of asphalt base course layer and
a nominal 2 in. of asphalt surface course layer. The asphalt layer mixes comprised of different
combinations of either warm mix or hot mix binder and either low or high absorption aggregate.
Evaluation of the asphalt layers as a function of the mix type was beyond the scope of this study.
All test section with asphalt pavement layers were compacted using a Hamm HD+ 120 VVV dual
smooth-drum vibratory roller equipped with RICM technology (referred to as HMV value). The
6'" street north-south sections and all east-west roadways were paved with 6 in. of PCC. A
geosynthetic composite drainage layer was installed directly beneath the PCC layer in 6™ St.
South section for comparison of drainage with the 6™ St. North section without the
geocomposite. A geocomposite layer was also installed on 11" St. North section (stabilized with
PC in subgrade) directly beneath the asphalt layer, along with a control section without for
comparison of drainage performance between the two sections.

All test sections were mapped with the Hamm roller prior to paving to compare with
measurements obtained on the asphalt base and surface course layers, to assess the significant of
support layer conditions on the surface layer compaction properties. Asphalt temperature was
monitored with the Hamm roller during compaction, and the mat temperature was independently
measured at different times and locations for comparison with the roller measured temperature
values. Asphalt density was monitored with nuclear gauge at multiple compaction passes and
were correlated with the roller measurements.

Shortly after paving was completed, performance monitoring testing was conducted from Fall
2013 to Fall 2016. This testing included FWD testing on the pavement layer in Fall 2013 and
after spring thaw in Spring 2014, and ground penetrating radar (GPR) measurements to evaluate
thickness of the asphalt layer and moisture conditions of the base layer. In addition, foundation
layer temperatures were monitored in a test section with asphalt surface layer versus
temperatures in a test section with PCC surface layer down to a depth of about 5 ft below surface
over the entire monitoring period.

Many highway agencies currently use FWD testing as part of routine testing of pavements in
situ. Different agencies use different back- or forward-calculation procedures to determine layer
moduli values. Many agencies also rely on empirical relationships in determining the design
moduli values. This study attempted to point out the statistical uncertainties associated with the
values determined from the different procedures (AASHTO and Hogg forward calculation and
ERIDA backcalculation) and empirical relationships.

Significant findings from the Phases Il and 11 testing were as follows:
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In general, HMV values during asphalt pavement construction were higher when placing
asphalt over stiff pavement foundations. All HMV measurements correlated with
statistical significance to HMV measurements obtained on the foundation layer.

For asphalt construction over softer pavement foundations, HMV increased with each
additional pavement layer. For asphalt construction over stiff foundations, in general, the
pavement foundation HMV was greater than base course HMV, and base course HMV
was less than surface course HMV.

Asphalt pavement surface temperature measurements from the roller temperature sensors
were in agreement with thermal camera temperatures at higher temperatures (greater than
87.4 °C), but tended to underestimate pavement surface temperatures at lower
temperatures (< 87.4 °C).

Asphalt pavement relative compaction from neither nuclear density gauge tests nor
pavements cores correlated with HMV measurements. However, falling weight
deflectometer (FWD) measurements strongly correlate with HMV measurements.

Based on multivariable analyses, RICM systems can potentially be used as QC for
asphalt pavement layer modulus, provided that the composite modulus of the pavement
foundation is a known target value.

Comparison of three different forward and back-calculation procedures for FWD data
analysis has indicated significant differences in the estimated moduli values for the
asphalt, base, and subgrade layers. Standard errors of the estimated values were in the
range of 13 MPa for subgrade, over 120 MPa for base layer, and over 3,000 MPa for
asphalt layer.

Numerous regression relationships have been documented in the literature between DCP
test measurements and moduli values and are summarized herein. Upper and lower
bounds are presented based on the available relationships. The bounds suggest that the
predicted moduli values can have an error of = 50 to 335 MPa if DCP penetration
resistance (PR) values are between 2 and 10 mm/blow, and + 10 to 50 MPa if PR value is
> 10 mm/blow.

New relationships between PR and moduli values calculated from three forward and back
calculation methods for a PR range of 2 and 78 mm/blow are presented herein. PR values
determined from the weakest 75 mm of the subgrade showed slightly higher R? values
when compared to PR values for the top 300 mm of the subgrade.

The relationships presented in this study indicated that for if PR data between 2 to 78 mm
are considered, the SE of the estimate ranged from 24 to 60 MPa, depending on the
modulus calculation method. The SE of the estimate decreased to < 20 MPa, when PR
data from only subgrade are considered.

A new database of dielectric properties of subgrade and base layer materials and
chemically stabilized subgrade materials at different moisture contents are provided in
this study. Results indicated that the dielectric properties are sensitive to moisture
content, as expected, and are sensitive to curing times for chemically stabilized soil due
to the hydration process. PC and FA stabilized subgrade materials produced lower
dielectric values than unstabilized subgrade materials.

GPR surveys conducted during frozen condition did not properly differentiate variations
in the foundation layers because of similar dielectric properties of those materials in a
frozen condition. This was verified by conducting a simple laboratory box study with
compacted pavement and foundation layers in frozen and unfrozen conditions.
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e The estimated asphalt thicknesses using the actual measured dielectric properties from
the GS3 device values produced an average error of about 11%. The estimated values
asphalt thicknesses were close to the 1:1 line when compared with the measured values,
when dielectric properties backcalculated from GPR were used. The average error
reduced to about 3.7% with that process and the errors are similar to reported by others in
the literature with air-coupled GPR antennas.

e Comparison between asphalt thickness measured using the MIT gauge and GPR
indicated that the MIT gauge measurements were on average about 9% higher than
estimated with GPR.

e GPR data was used to estimate volumetric moisture content of the granular subbase
material. Results indicated that on average, the volumetric moisture contents in the
subbase layer varied from about 6 to 25%. The variations are attributed to material
segregation and degradation, and variations in aggregate gradations and permeability
between the test sections, as documented in the Phase | portion of this study with GPT
measurements.

e Air and surface temperatures were used to estimate the seasonal frost penetrations in
accordance with three simplified empirical models and the modified Berggren equations
in this study. The estimated results were compared to in situ measurements to evaluate
the accuracy of these models. These comparisons showed that the frost penetration depth
estimates from the three empirical models did not match well the measured frost
penetration depths. When using tested values for moisture contents and dry unit weights,
calculations with the modified Berggren equation provided more accurate results of
predicted frost penetrations than using default soil property values. However, the n-factor
used in the estimations was found to have a significant influence on the accuracy of
estimations, although it is difficult to precisely determine the value of n at every specific
location.

Significant Lessons Learned, Limitations, and Recommendations

This project generated significant and important information regarding the mechanistic
properties for pavement foundation support for a range of foundation improvement/ stabilization
methods. The test sections at the Central lowa Expo facility are unique in terms of the range of
technologies used and for the fact that the performance data particularly isolates the influence of
the seasonal changes without any loading. Some significant lessons learned from this project and
the limitations of the findings are identified below, to identify the path forward for the lowa
DOT with implementation of the findings into the design and construction practice and future
research/testing on these test sections.

Traditional nuclear gauge moisture-density testing has played an important role in earthwork
quality assessment specifications in the U.S. for decades. This form of QC/QA can be effective,
but has shortcomings due to regulations, test reproducibility, limited test frequency, and only
serving as a surrogate to strength and stiffness design requirements. Results from this study
showed that all the QC agent test results met the target moisture and density criteria, while the
QA agent results are much more variable on both accounts. At this point, one could only
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speculate about these differences. It is clear though that the nuclear density testing does not
indicate the wide stiffness variations resulting from treatments and materials.

The distinct advantage of the strength/stiffness related measurements used at this site (i.e., DCP,
FWD, and LWD) is that they identified the variations in support values between different
stabilization sections. While these measurements were critical in identifying the relative
differences in the strength/stiffness properties between the test sections, they all produced
different measurement values that can potentially be used to estimate the mechanistic input
parameters used in the pavement design process. However, the following limitations of these test
measurements must be realized:

Thus far, however, there is no supporting evidence that these measurements can be reliably used
to predict the key mechanistic input parameters used in design (i.e., resilient modulus (Mr) and
modulus of subgrade reaction (k-value)) with high statistical confidence.

Empirical relationships have been published between DCP or CBR measurements and Mr and k-
values, but all these relationships produce significantly different numbers and therefore present
significant uncertainty in selecting an appropriate value in design. Local or regional correlations
can be more reliable, but can be very time consuming to generate.

In situ Mr is commonly predicted from non-destructive surrogate tests including the FWD or
LWD, but the elastic moduli values calculated from these test devices based on elastic
deformations are often confused with resilient modulus values which is based on resilient (i.e.,
recoverable) deformations. One of the major limitations of these non-destructive surrogate tests
is the lack of a conditioning stage prior to testing. During pavement construction, pavement
foundation materials are subjected to relatively high loads from construction traffic and
compaction equipment. In response to these loads, aggregate particles rearrange themselves
resulting in higher density and stiffness. For this reason, it is important to apply conditioning
load cycles prior to testing to determine in situ resilient modulus. Once surface paving is
complete, the pavement foundation below is confined by the overlying pavement layers. The
response of a pavement foundation to subsequent repeated traffic loading is both nonlinear and
stress-dependent and therefore the effect of confinement is an important condition to consider in
a field based Mr test.

FWD testing provides an estimate of the modulus of the asphalt layer, but is not the same as the
stress and frequency dependent dynamic modulus value used in the design for the asphalt layer.

The results documented herein demonstrated the importance of support conditions on the overall
composite response at the surface under loading. Improved support at the subgrade level with
cement stabilization provided the best response to loading at the surface, followed by cement
stabilization at the granular base layer level. The geosynthetic stabilized test sections, although
did not show as high of moduli values as cement stabilized test sections, past experience has
showed that geosynthetic reinforcement can provide better resistance against permanent
deformation/rutting under traffic loading than sections without reinforcement. This aspect was
not evaluated at this site and must be evaluated in future testing.
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Although cement stabilization method provided improved support conditions than in
sections without stabilization, stabilization did not improve uniformity. The coefficient of
variation of moduli values in the cement stabilized sections were higher than in the
sections without stabilization, and this is related to lack of construction process control
with the stabilization process.

Based on the lessons learned and the limitations identified above, the following are
recommended for considerations by the lowa DOT for future testing and evaluation at this site:

Evaluate new in situ testing technologies that provide a direct measurement of the M, and
k-values of the foundation layers, and stress and frequency dependent dynamic modulus
of the asphalt layers. The objective of such testing and evaluation should be to generate
typical foundation input parameter values that can be used in future design by the lowa
DOT.

Evaluate the test sections over the long-term (10+ years) and/or with accelerated
pavement testing (trafficking or accelerated loading) to evaluate the influence of the
foundation layers on the permanent deformation behavior at the surface.

Evaluate the condition of the temperature monitoring sensors and continue the
monitoring to generate frost-depth penetration data over longer period.
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CHAPTER 1: INTRODUCTION
Problem Statement

The Central lowa Expo facility located in Boone, lowa, needed to be reconstructed in 2012 to
provide an improved pavement foundation for eventual pavement with hot mix asphalt (HMA)
and portland cement concrete (PCC). This rework created a unique opportunity to conduct
pavement foundation research using a range of technologies on 4.8 miles of roadway. The lowa
Department of Transportation (DOT) initiated a research project to build the pavement
foundation systems (Phase I), construction the pavement layers (phase 1), and monitor
performance of the pavement system (Phase I11).

This report covers the research tasks as part of the Phase | pavement foundation construction and
testing. Results from Phases Il and 111 are discussed in separate reports.

Objectives
The primary research objectives for the Phase | project were to:

e conduct full-scale field studies to assess pavement foundation compaction using
intelligent compaction and high energy impact compaction technology,

e Duild full-scale field test sections consisting of geosynthetics, chemical stabilizers, and
recycling of existing materials that will allow long-term performance monitoring,

e develop recommendations with respect to conducting the Phase Il pavement studies to
demonstrate various pavement technologies.

e develop local experience with stiffness based quality assurance (QA) and quality control
(QC) measurement technologies to assist with near-term implementation; and

e increase the range of stabilization technologies to be considered for future pavement
foundation design to optimize the pavement system;

The primary research objectives for the Phase 111 monitoring project were to monitor:

Seasonal changes (within a year and over time) in foundation layer support conditions,
Seasonal changes (within a year and over time) in subbase layer permeability,
Seasonal temperature changes in foundation layers (document number of F/T cycles),
Seasonal changes in in-ground stresses under loading,

Surface layer distresses over time (crack mapping and elevation changes),

Moisture changes in subbase and subgrade layers seasonally and over time,
Micro-mechanical changes in stabilized subgrade over time,

Seasonal water table changes, and

Loss of support/erosion

Weather information monitoring
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Phase | Project Scope

The project was constructed in Boone, lowa during May-July 2012. The project site consists of
4.8 miles of roadway with thirteen roads oriented in the North-South direction (denoted as 1st St.
to 13th St.) and three roads oriented in the East-West direction (denoted as South Ave., Central
Ave., and North Ave.). Re-construction occurred on all roads except 13th St, which was paved
with HMA earlier in 2012. Construction of test sections required removing the existing chip seal
surface and subbase, and 6 to 12 in. of subgrade. The subgrade consisted primarily of wet soils
classified as lean clay (CL) or A-6(5). Pore water pressure measurements from cone penetration
tests (CPTSs) indicated ground water elevations at depths of about 3 to 6 ft below original grade
across the site, and at about 12 ft or greater near drainage features.

Sixteen test sections were constructed on the North-South roads that used woven and non-woven
geotextiles at subgrade/subbase interfaces; triaxial and biaxial geogrids at subgrade/subbase
interfaces; 4 in. and 6 in. geocells in the subbase layer + non-woven geosynthetics at
subgrade/subbase interfaces; portland cement (PC) and fly ash stabilization of subgrades; PC
stabilization of recycled subbase; PC + fiber stabilization of recycled subbase with
polypropylene fibers and monofilament-polypropylene fibers; mechanical stabilization (mixing
subgrade with existing subbase); and high-energy impact compaction. Triaxial and biaxial
geogrids were used at subgrade/subbase interfaces at select locations on East-West roads.

All North-South test sections except one were topped with a nominal 6 in. of modified subbase
material (MSB) classified as GP-GM or A-1-a (7% fines content); the 6 in. geocell section
required 7 in. of MSB. All East-West test sections were topped with a nominal 9 in. of MSB
material. Crushed limestone was used in the MSB layer on all North-South roads, and a mixture
of recycled concrete and recycled asphalt was used in the MSB layer on all East-West roads. Six
North-South test sections (6th St., 7th St., and 9th St.) and the East-West test sections consisted
of 6 in. of recycled subbase material classified as SM or A-1-a (14% fines content) between the
subbase and subgrade layers.

In situ strength and stiffness based test measurements were performed during construction (in
July 2012), about three months after construction (in October 2012), seven months after
construction (in January 2012) during frozen condition, and about nine to ten months after
construction (in April/May 2013) during spring-thaw. Strength based test measurement included
dynamic cone penetrometer (DCP), and stiffness based measurements included light weight
deflectometer (LWD), falling weight deflectometer (FWD), and roller-integrated compaction
monitoring (RICM) or intelligent compaction (IC). Traditional nuclear density gauge testing was
also conducted during subgrade and subbase layer construction, and the results are compared
with the strength-stiffness based test measurements. In addition, earth pressure sensor arrays
were also installed in the foundation layers at different depths to monitor ground stresses for
different loading conditions.



Phases Il and 111 Project Scope

Pavement construction at the site occurred in June-July 2013. All test sections oriented in the
North-South direction, except on the 6" street were paved with nominal 4 in. of asphalt base
course layer and a nominal 2 in. of asphalt surface course layer. The asphalt layer mixes
comprised of different combinations of either warm mix or hot mix binder and either low or high
absorption aggregate. Evaluation of the asphalt layers as a function of the mix type is beyond the
scope of this study. All test section with asphalt pavement layers were compacted using a Hamm
HD+ 120 VV dual smooth-drum vibratory roller equipped with RICM technology (referred to as
HMV value). The 6" street north-south sections and all east-west roadways were paved with 6
in. of PCC. A geosynthetic composite drainage layer was installed directly beneath the PCC
layer in 6™ St. South section for comparison of drainage with the 6™ St. North section without the
geocomposite. A geocomposite layer was also installed on 11" St. North section (stabilized with
PC in subgrade) directly beneath the asphalt layer, along with a control section without for
comparison of drainage performance between the two sections.

All test sections were mapped with the Hamm roller prior to paving to compare with
measurements obtained on the asphalt base and surface course layers, to assess the significant of
support layer conditions on the surface layer compaction properties. Asphalt temperature was
monitored with the Hamm roller during compaction, and the mat temperature was independently
measured at different times and locations for comparison with the roller measured temperature
values. Asphalt density was monitored with nuclear gauge at multiple compaction passes and
were correlated with the roller measurements.

Shortly after paving was completed, performance monitoring testing was conducted from Fall
2013 to Fall 2016. This testing included FWD testing on the pavement layer in Fall 2013 and
after spring thaw in Spring 2014, and ground penetrating radar (GPR) measurements to evaluate
thickness of the asphalt layer and moisture conditions of the base layer. In addition, foundation
layer temperatures were monitored in a test section with asphalt surface layer versus
temperatures in a test section with PCC surface layer down to a depth of about 5 ft below surface
over the entire monitoring period.

Many highway agencies currently use FWD testing as part of routine testing of pavements in
situ. Different agencies use different back- or forward-calculation procedures to determine layer
moduli values. Many agencies also rely on empirical relationships in determining the design
moduli values. This study attempted to point out the statistical uncertainties associated with the
values determined from the different procedures (AASHTO and Hogg forward calculation and
ERIDA backcalculation) and empirical relationships.

Report Organization

The report is organized into ten chapters and an Appendix. Chapter 2 of this report provides
background for the selected pavement foundation treatments. Chapter 3 summarizes the
experimental test methods used in this study. Chapter 4 summarizes the index material properties
including laboratory performance characterization tests. Chapter 5 presents the overall site



conditions and research plan. Chapter 6 describes the construction methods for each of the
pavement foundation tests sections and the field QA/QC test results. Chapter 7 presents analysis
results comparing the different pavement foundation properties. Chapter 8 provides results from
pavement construction. Chapters 9 and 10 presents results from performance monitoring after
pavement construction. Chapter 11 summarizes key findings and conclusions from this study
along with lessons learned and recommendations for future work.



CHAPTER 2: BACKGROUND

Subgrade soils in lowa generally rate from fair to poor with the majority of soils classifying as
A-4 to A-7-6 (according to AASHTO classification). These soils can exhibit low bearing
strength, high volumetric instability, and freeze/thaw durability problems. Stabilization offers
opportunities to improve these soil conditions. One of the objectives of this study is to
investigate the use of different stabilization methods in subgrade and subbase layers to optimize
pavement foundation design by measuring in situ engineering properties over time with a special
focus on freeze/thaw performance. This chapter provides a brief background of the stabilization
methods and the stiffness based quality control and quality assurance technologies that are used
on this project.

Geomaterials Stabilization Methods
Chemical Stabilization

Numerous studies have been conducted over the past several decades on chemical stabilization
process. Review of literature indicates that admixtures used in the chemical stabilization process
are typically either active or passive. Active chemical admixtures that are commonly used
include portland cement, fly ash, lime, and passive chemical admixtures include bitumen, plant
processed bio-fuel co-products with varying lignin contents and lignosulfates, and polymer
emulsions.

General information published in the literature for selecting stabilizer based on soil grain-size
characteristics and Atterberg limits are shown in Figure 1 to Figure 3 and Table 1. ASTM class C
self-cementing fly ash has been used on a limited scale in lowa to treat unstable/wet subgrades.
Using self-cementing fly ash for soil stabilization provide environmental incentives in terms of
using a waste product, cost savings relative to other chemical stabilizers, and availability at
several power plants across lowa (White et al. 2005). The characteristics of fly ash can vary
significantly between different plants due to variations in the coal used and various operating
conditions in the plant. Laboratory mix design is recommended when using fly ash for
stabilization.

Chemical stabilization process in the field typically involves application of stabilizer to loose
soil, mixing the stabilizer with a soil reclaimer and moisture-conditioning the mixture, and
compacting the mixture within a specified time (typically less than 1 to 2 hours). Compaction
time is critical and is dependent on the chemical admixture set time and must be determined
using laboratory testing.
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Table 1. Recommended cement contents for different soil types (PCA 1995)

Normal range of cement | Cement content | Cement contents for
requirements for moisture- wet-dry and freeze-
AASHTO soil Unified soil % by % by density test, % thaw tests, % by
classification classification volume weight by weight weight
GW, GP, GM,
A-l-a SW. SP. SM 5-7 3-5 5 3-5-7
A-1-b GM, GP, SM, SP 7-9 5-8 6 6-4-8
A-2 GM, GC, SM, SC 7-10 5-9 7 5-7-9
A-3 SP 8-12 7-11 9 7-9-11
A-4 CL, ML 8-12 7-12 10 8-10-12
A-5 ML, MH, CH 8-12 8-13 10 8-10-12
A-6 CL,CH 10-14 9-15 12 10-12-14
A-7 MH, CH 10-14 10-16 13 11-13-15




Durability of chemically stabilized materials to freeze-thaw cycles has been studied by many
researchers in laboratory setting. The testing involves either determining loss of material during
freeze thaw cycles and/or measuring unconfined compressive strength/California bearing ratio
(CBR) after a certain number of freeze thaw cycles. Previous research indicated that portland
cement stabilized materials generally show superior performance than any other chemical
stabilizer (e.g., Parsons and Milburn 2003, Henry et al. 2005). A few studies indicated
improvements with non-traditional stabilizers such as Soil-Sement (polymer emulsion) products
(e.g., Collins 2011). Mixed information was found with fly ash stabilized fine-grained and
coarse-grained soils. For e.g., Berg (1998) studied freeze-thaw performances of reclaimed
hydrated fly ash activated aggregate materials, and found that the materials did not survive over
ten laboratory freeze-thaw cycles. The percentage fly ash additive levels in these materials varied
from about 15% to 20%. However, some field studies documented therein showed that these
materials did perform well, even though they break down during the freeze-thaw action. Results
presented by Bin-Shafique et al. (2010) were similar to Berg (1998), in terms of performance of
fly ash stabilized soils. Bin-Shafique et al. (2010) indicated that fly ash stabilized soils lost up to
40% of the strength due to freeze-thaw cycles, although they did not experience significant
strength loss during wet-dry cycles. The swell potential of the stabilized expansive soil was
greater due to freeze-thaw cycles. However, even after the strength loss, the fly ash stabilized
mixture had about three times more strength than an unstabilized soil. Khoury and Zaman (2007)
investigated the effect of freeze-thaw cycles on cement kiln dust (CKD), class C fly ash, and
fluidized bed ash (FBA) stabilized aggregates. Results indicated that the resilient modulus values
of these mixtures decreased with increasing freeze thaw cycles. Comparisons with no stabilizer
were not provided in that study. It is mentioned therein that CKD stabilized base materials
deteriorated faster than fly ash and FBA stabilized base materials.

Stabilization of aggregates, sand, and silt soils using foamed asphalt also showed good
performance on unpaved roadways (Castedo and Wood 1983, Collings et al. 2004, Kendall et al.
2001). The foamed asphalt is produced by a process in which water is injected into the hot
bitumen resulting in immediate foaming. The foam expands to approximately 15 times its
original volume forming foam with high surface area and low viscosity, and is mixed with
aggregate in its foamed state (Kendall et al. 2001 and Muthen 1998). Foamed asphalt can offer a
cheaper means of mixing asphalt/bitumen into soils compared to emulsified asphalt. Information
of freeze-thaw durability of these mixtures is not well documented in the literature. White et al.
(2007) conducted field full depth reclamation of granular shoulders with foamed asphalt, which
indicated increase in CBR of the stabilized layer shortly after stabilization but started rutting
after one year. Freeze-thaw testing indicated that the material can expand by about 18%, but the
percent loss during freeze-thaw was however not significant.

A recent lowa DOT research study (TR-582) by Gopalakrishnan et al. (2010) conducted a
laboratory study investigating the use of ethanol based liquid type bio-fuel by-products with high
and low lignin contents. Their study results indicated that the by-products are effective in
stabilizing lowa Class 10 soils (CL or A-6(8)) with excellent resistance to moisture degradation.
By-products with high lignin content performed better than with low lignin content. The authors
of that study indicated that additional research is warranted to evaluate the freeze-thaw durability
of the stabilized soils.



Use of lignosulfonates to treated unpaved gravel roads is documented in the literature (Cook
2002 and Bushman et al. 2005). Lignosulfonates are the glue found mainly in trees. During the
pulping process, lignosulfonates are removed from the pulp and flushed into tanks or lagoons.
The chemicals added during the pulping process determine whether it is a calcium, sodium, or
ammonium lignosulfonate. The liquid is typically sold in a 50% suspended solid solution (Cook
2002). Previous research documented mixed performance information on lignosulfonate
stabilized granular materials. Cook (2002) reported good performance results based on studies
conducted in New York on shoulder material with no signs of erosion or distress after two years.
In contrary, Bolander (1999) reported that lignosulfonates have poor durability to wet-dry and
freeze-thaw cycle. White et al. (2007) studied performance of stabilized granular shoulders with
polymer and soybean oil by-product materials. Results from their study did not show
considerable improvement, but recommended needing additional durability testing.

Table 2 shows typical elastic moduli for geomaterials that are chemically stabilized with
hydrated lime, PC, and asphalt.

Table 2. Typical elastic moduli for chemically stabilized geomaterials (SHRP 1993)

Unconfined Compressive

Material Type Strength, UCS (psi) Elastic Modulus, E (psi)

Hydrated Lime <250 5,000 — 100,000
Stabilized 250 — 500 10,000 - 150,000
> 500 15,000 - 200,000
Asphalt <300 10,000 - 300,000
Stabilized 300 - 800 25,000 - 800,000

> 800 50,000 - 1,500,000

Portland cement <750 50,000 - 1,500,000

Stabilized 750 - 1,250 100,000 - 3,000,000

> 1,250 150,000 — 4,000,000

Mechanical Stabilization (Blending)

Mechanical stabilization by mixing/blending coarse-grained granular materials with wet fine
grained subgrade soils and compaction can provide a stable working platform and foundation
layer under pavements (Christopher et al. 2005). The mechanically stabilized layer can
potentially exhibit lower plasticity, lower frost-heave potential, and higher drainage
characteristics compared to subgrade soils (Kettle and McCabe 1985, Rollings and Rollings
1996). Based on laboratory testing, Kettle and McCabe (1985) found that the magnitude of
reduction in frost-heave is related to the coarse-aggregate content and the type of aggregate used
in the mechanically stabilized layer. Further, support capacity of a mechanically stabilized layer
is influenced by the degree of saturation and the percentage of clay-particles present in the
mixture (Hopkins et al. 1995). Therefore, post-construction changes in saturation (in part due to
freeze-thaw) must be considered in properly understanding the long-term performance of a
mechanically stabilized layer. Hopkins et al. (1995) indicated that a soil-aggregate mixture must
be designed to have a Kentucky California bearing ratio >10 in soaked condition but cautioned



that this limiting condition must be viewed as very approximate. Freeze-thaw durability of
mechanically stabilized (by blending) materials is not well documented in the literature.

Geosynthetic Stabilization

Geosynthetics have been used in roadway foundation layers for separation, filtration, lateral
drainage, and reinforcement purposes (Berg et al. 2000). The mechanisms by which
geosynthetics provide reinforcement when placed at the subbase and subgrade interface include
lateral restraint or confinement of aggregate material, and increase in bearing capacity. Previous
research has documented the following benefits of using geosynthetics in roadways (Berg et al.
2000, Giroud and Han 2004a, Giroud and Han 2004b, Powell et al. 1999):

Reduction of the intensity of stress on the subgrade.

Increase the bearing capacity of the subgrade.

Preventing the subgrade fines from pumping into the base.

Preventing contamination of the base materials allowing for more open graded, free-
draining aggregates.

Reducing the depth of excavation required for the removal of unsuitable subgrade
materials.

Reducing the thickness of the aggregate layer required to stabilize the subgrade.
Minimize disturbance of the subgrade during construction.

Minimize maintenance and extend the life of the pavement.

Prevents development and growth of local shear zones and allows the subgrade to support
stresses close to the plastic limit while acting as if it is still in the elastic limit.

Two types of geosynthetics are commonly used: geotextiles and geogrids. There are two types of
geotextiles (woven and non-woven) and both act primarily as separation layers between strata to
prevent the upward migration of fine-grained particles from the subgrade into aggregate layers.
The non-woven geotextiles can also provide lateral drainage. Polymer geogrids act primarily as
reinforcement by providing lateral restraint or confinement of aggregate layers above subgrade.
Some pictures of geotextiles and geogrids are shown in Figure 4 and Figure 5, respectively.
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Figure 4. Woven geotextile (left) and non-woven geotextile (right) placed at
subgrade/aggregate layer interface
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Figure 5. Triaxial (left) and biaxial (right) polymer geogrids placed on the subgrade

Giroud and Han (2004a) presented a theoretical method to predict rutting behavior of unpaved
roadways by calibrating the method using experimental results. In this method, the subgrade is
assumed as saturated, has low permeability, and behaves in an undrained manner. The following
equation was developed for calculating gravel layer thickness:

12



15

r\b
0.868 + (0.661—1.006J 2)() logN >
E m c'C sg (1)

where, h = required base course thickness (m); J = geogrid aperture stability modulus (mN/°); N
= number of axel passages; P = wheel load (kN); r = radius of equivalent tire contact area (m); m
= bearing capacity mobilization coefficient; Nc = bearing capacity factor; fc = factor equal to 30
kPa; and CBRsg = CBR of subgrade soil. For unreinforced unpaved roads, J = 0 and N = 3.14.
For geotextile-reinforced unpaved roads, J = 0 and N¢ = 5.14. For geogrid-reinforced unpaved
roads, J > 0 and N¢ = 5.71. The bearing capacity mobilization coefficient, m, is calculated using
the following equation:

(i)

where, s = rut depth (mm); and fs = factor equal to 75 mm rut depth. {, o, and n are parameters
equal to 0.9, 1.0, and 2, respectively, based on the experimental data used for calibration. The
bearing capacity mobilization coefficient, m, cannot be greater than unity. If m > 1, the base
course thickness must be increased or a smaller allowable rut depth is selected.

@)

To calculate the required base course thickness for specific site conditions, the second equation
is first used to calculate m using an assumed base course thickness and then the base course
thickness h is calculated using the first equation and is compared to the assumed h value. The
process is repeated until the assumed base course thickness value in the first step equals the
calculated value in the second step.

The limitations of this method are the following:

e The method was validated for Tensar biaxial geogrids and geotextiles products only.
e Only aperture stability modulus of less than or equal to 0.8 mN/° can be used.
e Tensioned membrane effect is not taken into account.

A recent lowa DOT study (TR-531) on granular shoulder material stabilization indicated that rut
depths measured in field compared well with rut depths predicted using the Giroud and Han
(2004) method (White et al. 2007).

Henry (1996) provided a literature review of using geotextiles to mitigate frost effects in soils, by
using them as capillary barriers and drainage layers. It is indicated therein that soil particle size
distribution, wettability, and for some products the material thickness influence will influence the
performance. Hoover et al. (1981) evaluated frost-heave properties of geosynthetic (spun-
bounded polyethylene and polypropylene material) reinforced silty clay soil. Their results
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indicated that sample with two layers of geosynthetic heaved much less than sample with one
and no geosynthetic. It was hypothesized that capillary barrier and reinforcement are possible
reasons for reduced heave.

Geocell Reinforcement

Geocells are three-dimensional, honeycomb-shaped soil-reinforcing geosynthetics composed of
polymeric materials and are primarily used for confinement of granular material. Geocells are
placed at grade, in-filled with granular material, and compacted. The cellular structures of the
geocells provide lateral and vertical confinement and tensioned membrane effect, thereby
increasing the bearing capacity and providing a wider stress distribution (Rea and Mitchell
1978). As a result, rutting or permanent deformations under traffic loading can be reduced.
Typically, the geocell-base/subbase system is underlain by a geotextile to separate the infilled
base/subbase material from the subgrade.

US Army Corps of Engineers first studied the use of geocells to reinforce unpaved roads with
poorly graded sand soils in the 1970s (Webster 1979). Yuu et al. (2008) and Pokharel (2010)
summarized previous experimental (lab and field) and analytical studies conducted using
geocells. Some key aspects of geocell reinforcement that have been studied include (Pokharel
2010): (a) influence of geometric ratio (i.e., height to diameter) of geocell, (b) failure
mechanisms, (c) properties of geocell, (d) effectiveness of geocell, (e) loading area, position, and
type, (f) infill density, and (h) type and size of geocell. A design methodology to estimate
required base layer thickness over unreinforced or geosynthetic-reinforced layers was proposed
by Giroud and Han (2004). This design methodology was extended for geocell reinforcement by
Pokharel (2010). Several studies (Bathurst and Karpurapu, 1993; Latha and Murthy, 2007,
Mengelt et al., 2000; Pokharel, 2010) have investigated the shear strength and stiffness properties
of geocell reinforced geomaterials in laboratory environments, but only limited studies (Webster,
1979; Webster, 1981; White et al., 2011a) have assessed performance in situ. Freeze-thaw
durability performance of geocells will primarily depend on the permeability characteristics of
the infill granular material, but studies on the durability performance of geocells are not well
documented. Henry et al. (2005) built test sections in Vermont (Figure 6), but conclusive results
related to freeze-thaw durability in those sections was not provided.
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Figure 6. Geocells placed over non-woven geotextile on a test section in Vermont (Henry et
al. 2005)

Fiber Reinforcement

Previous research studies (e.g., Gray and Ohashi 1983, Consoli et al. 1998, Santoni and Webster
2001, Kaniraj and Havanagi 2001, Consoli et al. 2003, Newman and White 2008) on discrete
fiber reinforced natural and chemically stabilized soils have generally shown improvements in
soil shear strength, bearing capacity, ductility, toughness, and resistance to rutting. Gray and
Ohashi (1983) reported that the failure mechanism of a fiber-reinforced soil depends on the
acting average effective stress. Failure occurs through slippage of fibers up to a critical stress and
as the stresses increase, failure is governed by the tensile strength of the fiber element (Consoli et
al. 2011). Santoni and Webster (2001) reported that in unconfined compressive strength tests, the
fiber reinforced soil yielder higher shear strengths due to development of tension in the fibers
with increasing strains. Consoli et al. (2003) indicated that the fiber content, orientation of fibers
with respect to the shear surface, and the elastic modulus of the fibers influences the contribution
of the reinforcement to the shear strength. In lowa loess, Hoover et al. (1982) found that
inclusion of fibers decreased freeze-thaw volumetric changes on the order of 40% compared to
soil with no fibers.

Improvement of engineering properties from fiber reinforcement depends on the fiber material
type (e.g., polypropylene or polyetheylene), fiber type (e.g., fibrillated or monofilament), fiber
length, fiber aspect ratio (i.e., length to diameter), fiber content, fiber orientation, and original
geomaterial properties. Fiber reinforcement that is used in conjunction with chemical
stabilization offsets the brittle behavior induced by chemical stabilization in favor of ductile
behavior; which is characterized by increased toughness (i.e., the ability to endure stresses at
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high strains) (Consoli et al., 1998; Consoli, et al., 2009; Consoli, et al., 2010; Consoli et al.,
2011). There have been several laboratory and theoretical studies into fiber-reinforced
geomaterials (Al-Refeai, 1991; Andrawes et al., 1980; Benson and Khire, 1994; Fletcher and
Humphries, 1991; Freitag, 1986; Gray and Ohashi, 1983; Michalowski and Cermak, 2003; Sadek
et al., 2010), however there are limited field studies (Grogan and Johnson, 1994; Newman and
White, 2008; Santoni and Webster, 2002). Pictures of construction from an airfield construction
project in Australia are shown in Figure 7.

Santoni and Webster (2002) evaluated the efficacy of polypropylene fibers in various lengths for
stabilization of sandy soil. Their study indicated that increasing fiber contents from 0.6 to 1.0
percent (by dru weight of soil) significantly increases the engineering properties of the sandy
soil. Fiber lengths greater than 2 in. were not found to significantly improve soil properties and
proved more difficult to work with in both laboratory and field experiments. In their study,
fibrillated fibers yielded better results over tape, monofilament, and mesh fibers. Their field
observations indicated that it was necessary to treat a fiber stabilized soil surface using emulsion
to prevent fiber pullout from traffic.

Figure 7. Polypropylene fibers (left) and distribution of fibers and mixing with cement
(right) (Newman and White 2008)

High-Energy Impact Roller Compaction

Application of high-energy impact roller (IR) compaction technology to earthwork and
stabilization projects in lowa has been limited primarily to concrete pavement recycling projects,
but is recently seeing increased interest. IR is essentially a non-circular-shaped, tow-behind solid
steel compactor that typically varies in weight from about 9 to 15 tons. Picture of an IR
manufactured by Impact Roller Technology company in Plattsmouth, Nebraska is shown in
Figure 8.

The dynamic impact compaction energy is transferred to the soil by means of the lifting and
falling motion of the non-circular rotating mass. The type of roller depends on the soil type and
moisture regime and depth of treatment needed. The rollers are pulled at relatively high speeds
(typically about 6 to 8 mph) to generate a high-impact force that reportedly can densify material
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to depths greater than 6 ft, which is significantly deeper than conventional static or vibratory
rollers (Clegg and Berrangé 1971). One disadvantage of this technology is that the high-impact
forces disturb (i.e., loosen) the top 0.25 to 1.5 ft of the surface so the top layer needs additional
compaction with conventional rollers. The vibrations caused by the impact rollers and their effect
on nearby structures (e.g., underground utilities/pipe lines or nearby building structures) are
important to consider with this technology. Some case studies indicated that the vibration effect
is minimal beyond 30 to 45 ft from the impact source (Bouazza and Avalle 2006).

The range of applications of IR is broad and includes the following:

¢ Insitu densification of existing fill, collapsible sands, landfill waste, chemically-
stabilized soils, mine haul roads, and bulk earthwork

e Thick lift compaction
Existing pavement rubblization to create a new subbase

e Construction of water storage and channel banks in the agricultural sector

Figure 8. High energy impact compaction (HEIC) roller manufactured by Impact Roller
Technology in Plattsmouth, Nebraska

Stiffness-Based QA/QC Methods

Stiffness based quality control (QC) and quality assurance (QA) in situ tests provide
performance data which can be input into mechanistic and mechanistic-empirical pavement
designs. This section discusses the stiffness based QC and QA in situ tests that are used in this
project: light weight deflectometer, falling weight deflectometer, dynamic cone penetrometer,
and roller-integrated compaction monitoring.
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Light Weight Deflectometer and Falling Weight Deflectometer

The light weight deflectometer (LWD) and the falling weight deflectometer (FWD) are dynamic
load in situ tests that are used to determine elastic modulus. Elastic moduli are calculated from
the Boussinesq solution for homogeneous, elastic half-space (Boussinesq, 1883). LWD tests
apply lower applied contact stresses (about 30 psi or less) than FWD testing (up to 150 psi).
FWD tests are often performed with an array of deflection sensors spaced away from the loading
source to develop deflection basin data to assess the stiffness/modulus of the subsurface layers
down to a depth of about 6 ft.

FWD equipment is trailer-mounted and pulled with a suitable vehicle. LWD devices come in an
enclosed box and can be carried in a truck. Although the methodology of the LWD and FWD
tests is similar, different manufacturers use different type of measurement sensors to measure
deflections (e.g., geophones, accelerometers, or seismometers). For LWD testing, some devices
assume a constant load while some devices use a load cell to measure the applied load. These
differences between device configurations affect the modulus value. LWDs are generally setup
with 8 in. or 12 in. diameter plates, while FWDs are generally setup with 12 in. and 18 in.
diameter plates. The modulus values are affected by the plate diameter and applied contact
stresses. Additional information about factors affecting the dynamic modulus values is
documented in Vennapusa and White (2009).

Deflection basin data can be useful in comparing FWD measurements over time. Example data
from Salour and Erlingsson (2012) are shown in Figure 9, which shows low values during the
thawing period and recovery after thawing.

Dynamic Cone Penetrometer

The dynamic cone penetrometer (DCP) is an intrusive test which involves driving a cone tip into
the soil by lifting an 17.6 Ib sliding hammer to 22.6 in. drop height and then releasing it. The
total penetration for a given number of blows is then measured and recorded as mm/blow. Based
on the measurements, CBR or shear strength of soil layers down to about 3 ft can be determined.
ASTM D6951 provides correlations between California Bearing Ratio (CBR) and mm/blow for
different soil types. Correlations between DCP and undrained shear strength and modulus are
documented in the literature.
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Figure 9. Variation in FWD deflection basin parameters over an year (lowest point in all
graphs depicting the thawing time) from a low volume road site in Southern Sweden
(Salour and Erlingsson 2012)

Roller Integrated Compaction Monitoring

Roller-integrated compaction monitoring (RICM) (or also referred to as intelligent compaction
or continuous compaction control) refer to sensor measurements integrated into compaction
machines. This technology allows recording and color-coded real time display of integrated
measurement parameter values on rollers virtually over 100% of the compacted area, including
roller operation parameters, position (based on global positioning system (GPS) measurements),
and roller-ground interaction parameter values. Several manufacturers currently offer RICM
technologies on smooth drum vibratory roller configurations for compaction or mapping of
granular materials and non-vibratory roller configurations for non-granular materials (Figure 10).
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The compaction measurement values (noted next to the manufacturer names in Figure 10) vary
between the manufacturers and technologies. These current technologies calculate: (1) an index
value based on a ratio of selected frequency harmonics for a set time interval for vibratory
compaction, (2) ground stiffness or dynamic elastic modulus based on a drum-ground interaction
model for vibratory compaction, or (3) a measurement of rolling resistance calculation from
machine drive power for vibratory and non-vibratory compaction (White et al. 2011b). Research
over the past three decades on this technology indicated that these measurements generally
correlate well with modulus or stiffness based measurements (such as FWD or LWD modulus)
than with dry density or CBR measurements (White et al. 2011b). This technology can be used
on gravel/base/subgrade layers to detect areas of concern to apply appropriate stabilization to
improve the conditions.

Caterpillar:
CMV, RMV, MDP

Dynapac:

CMV, Bouncing Value

Bomag:E,

Sakai: CCV

Case/Ammann:k

TRtelligent Asphalt Compaction Analyzer

Eas [T 1

= —

25l g Volvo: CMV

Figure 10. Pictures of various roller manufacturers, roller configurations, and display
software’s with RICM technology (note that this does not represent a complete list)
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CHAPTER 3: TEST METHODS AND ANALYSIS
Laboratory Testing
Index Properties and Soil Classification

Particle-size analysis tests were conducted on soil samples collected from field in accordance
with ASTM D422-63. Atterberg limits tests (i.e., liquid limit—LL, plastic limit—PL, and
plasticity index—PI) were performed in accordance with ASTM D4318-10 using the dry
preparation method. Using the results from particle size analysis and Atterberg limits tests, the
samples were classified using the unified soil classification system (USCS) in accordance with
ASTM D2487-10 and American Association of State Highway and Transportation Officials
(AASHTO) classification system in accordance with ASTM D3282-09.

Moisture-Density Relationship

Laboratory Proctor compaction tests were performed in accordance with ASTM D698-10.
Proctor methods were performed based on the material gradations. An automated, calibrated
mechanical rammer was used to perform these tests. Proctor tests on stabilized materials (with
fly ash and cement) were conducted on samples mellowed for about 30 min.

Unconfined Compressive Strength

Unconfined compressive strengths were determined for soils stabilized with cementitious
material. All soils were compacted into cylindrical specimens under standard Proctor energy
following 30 min compaction time delay. Soils with gradations meeting the criteria for method A
of ASTM D698 were compacted into 2 in. diameter by 2 in. high cylindrical specimens. Soils
with gradations meeting the criteria method B of ASTM D698 were compacted into 4 in.
diameter by 4.584 in. high cylindrical specimens. Samples were immediately extruded from their
molds, sealed in clear plastic wrap and aluminum foil, and placed in an oven set to 100° F for 7
days to cure. Samples that could not maintain their shapes after compaction (i.e., cohesionless
samples) were not extruded from their molds until 24 hours after compaction before sealing and
placement into the oven. After samples had cured at 100° F for 7 days, unconfined compressive
strength test were conducted using a strain rate of approximately 1% per minute. Select samples
were vacuum saturated in accordance with Dempsey and Thompson (1973) prior to testing.

Freeze/Thaw Testing

ASTM D5918-96 “Standard Test Methods for Frost Heave and Thaw Weakening Susceptibility
of Soils” is the index test for estimating the relative degree of frost-susceptibility of soils used in
pavement systems. Johnson (2012) fabricated the laboratory equipment used in this study for
conducting freeze-thaw tests (Figure 11). Six-inch samples are fully saturated before they are put
into the freezer, then they are connected to Mariotte water supplies that maintain the water
pressure. Two disks that connect to the water bath are applied to control the temperatures at the
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top and bottom. Lasers are set above the samples to measure the heave values during testing, and
the computer program records the outputs of thermocouples, pressure transducers, and lasers.
The entire freeze-thaw process takes around 120 hours, and includes two 8-hour freezing cycles
(Table 1).

Figure 11. Freeze-thaw test assembly in the freezer (Zhang 2013)

Table 3. Freezing schedule based on computer program settings (Zhang 2013)

Day Elapsed Time, Top Plate Bottom Plate Comments
hr Temperature, Temperature,
°C °C
1 0 3 3 24-hr conditioning
2 24 3 3 First 8-hr freeze
32 12 0 Freeze to bottom
3 48 12 3 First thaw
64 3 3 —
4 72 3 3 Second 8-hr freeze
80 12 0 Freeze to bottom
5 96 12 3 Second thaw
112 to 120 3 3 —
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Field Testing
Light Weight Deflectometer

LWD tests were conducted using a Zorn LWD setup with an 11.81 in. diameter plate and a 27.9
in. drop height (Figure 12). The tests were conducted by performing three seating drops and
three loading drops, per ASTM E2835-11. Elastic modulus values were determined using Eq. 1:

E:MxF (1)

0

where: E = elastic modulus (psi), Do = measured deflection under the plate (in.), | = Poisson’s
ratio (assumed as 0.4), oo = applied stress (psi), r = radius of the plate (in.), and F = shape factor
depending on stress distribution (assumed as 8/3 for testing on granular materials (see
Vennapusa and White 2009). In this report, LWD modulus values obtained on granular subbase
layers are presented as Esg-Lwp

Figure 12. Zorn light weight deflectometer
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Falling Weight Deflectometer

FWD tests were conducted using a Kuab FWD setup with an 11.81 in. diameter loading plate by
applying one seating drop and four loading drops (Figure 13). The applied loads varied from
about 5,000 to 15,000 Ib in the four loading drops. The actual applied forces were recorded using
a load cell, and deflections were recorded using seismometers mounted on the device, per ASTM
D4694-09. Elastic modulus values from the FWD tests (Esg-rwp) were determined using Eq. 1.
The loading plate used in the test is a segmented (four-part) plate. According to the
manufacturer, the segmented plate results in a uniform stress distribution. Therefore, F = 2 was
used in determination of Esg-rwp.

To compare Esg-rwp from different test locations at the same applied contact stress, the
deflection values at each test location were normalized to a 14,000 Ib load.

Figure 13. Kuab falling weight deflectometer
Dynamic Cone Penetrometer

DCP tests were conducted in accordance with ASTM D6951-03 (Figure 14). The tests involve
dropping a 17.6 Ib hammer from a height of 22.6 in. and measuring the resulting penetration
depth. California bearing ratio (CBR) values were determined using either Eq. 2 or 3, as
appropriate, where the penetration index (PI) is in units of mm/blow.

292

P|1‘12

CBR = for all soils with CBR > 10 (2)

CBR = 1/(0.017019 DPI)? when CBR < 10 on CL soils 3)
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Figure 15 shows a sample DCP-CBR profile and cumulative blows with a depth profile that
illustrates the procedure used to determine layer depths and calculate the CBR of subbase layers.
In this report, CBR values of different layers are presented as follows:

Existing granular subbase layer - CBRsg
Crushed limestone MSB layer — CBRc-msB
Recycled MSB layer — CBRRr-msB

Reclaimed subbase layer — CBRrss

Mechanically stabilized subgrade layer —- CBRwmss
Subgrade layer — CBRsc

Figure 14. Dynamic cone penetrometer

CBR Cummulative Blows
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Pl of Subbase = Subbase layer depth/Cumulative blows at bottom of subbase
=>6in./108.8 blows = 0.055 in./blow = 1.4 mm/blow
CBR of Subbase = 292/(1.4)**2 = 200

Figure 15. Example of DCP-CBR and cumulative blows with depth profiles and procedure
followed to determine CBR for each layer
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Roller-Integrated Compaction Monitoring (RICM) Systems

Roller-integrated compaction monitoring (RICM) (i.e., intelligent compaction or continuous
compaction control) is the recording and color-coded, real-time display of integrated
measurement parameter values on rollers including roller operation parameters, position, roller-
ground interaction parameter values, and/or temperature. Intelligent Compaction (IC)
technologies consist of machine-integrated sensors and control systems that provide a record of
drum-soil interaction and automatically adjust vibration amplitude and/or frequency and/or speed
using drum feedback during the compaction process. Without the automatic feedback system, the
technology is commonly referred to as continuous compaction control (CCC). Although most
RICM technologies are vibratory-based systems applied to self-propelled smooth drum rollers,
RICM technologies have also been applied to vibratory double drum asphalt compactors and
self-propelled padfoot machines.

Four rollers equipped with different RICM systems were used on this project and were all
operated in the CCC mode of operation:

e Caterpillar CS683 (Figure 16) vibratory smooth drum roller equipped with compaction
meter value (CMV) and machine drive power (MDP) measurement technologies.

e Caterpillar CS74 (Figure 16) vibratory smooth drum roller equipped with CMV and MDP
measurement technologies.

e Sakai SV610D (Figure 18) vibratory smooth drum roller equipped with compaction
control value (CCV) measurement technology.

e Hamm HD120VV (Figure 19) vibratory double smooth drum roller equipped with CMV
measurement technology.

@ | (b)
Figure 16. (a) Caterpillar CS683 vibratory smooth drum roller, (b) Caterpillar on-board
display monitor
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@ (b)

Figure 17. (a) Caterpillar CS74 vibratory smooth drum roller, (b) Caterpillar on-board
display monitor

@ - (b)

Figure 18. (a) Sakai SV610D vibratory smooth drum roller, (b) Sakai on-board display
monitor
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Figure 19. (a) Hamm HD120VV vibratory smooth drum roller, (b) Hamm on-board display
monitor
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CMV is a dimensionless compaction parameter developed by Geodynamik that depends on roller
dimensions, (i.e., drum diameter and weight) and roller operation parameters (e.g., frequency,
amplitude, speed), and is determined using the dynamic roller response (Sandstréom 1994). CMV
is calculated using Eq. 4:

CMV = C - 222 (4)
Aq

where: C = constant (300), Axa = the acceleration of the first harmonic component of the
vibration, and Aq = the acceleration of the fundamental component of the vibration (Sandstrom
and Pettersson 2004). To differentiate CMV obtained from the CS683, CS74, and HD120 rollers,
the values are presented as CMVcses3, CMVcs74, and CMVhpa12o, respectively.

CCV measurement system was developed by Sakai and is similar to CMV. However, it is
calculated using the acceleration data from first sub-harmonic (Aosa), fundamental (Aq), and
higher-order harmonics (A1s0, Axo, A250, Ase). According to the manufacturer, as the ground
stiffness increases and roller drum starts to enter into a “jumping” motion, vibration accelerations
at various frequency components are developed (Scherocman et al. 2007). CCV is calculated
using Eq. 5, using

AO.SQ + Al.SQ + AZQ + AZ.SQ + ASQ
AO.SQ + AQ

Cccv :{ }xlOO

()

Caterpillar’s MDP technology relates mechanical performance of the roller during compaction to
the properties of the compacted soil. Detailed background information on the MDP system is
provided by White et al. (2005b). Controlled field studies documented by White and Thompson
(2008), Thompson and White (2008), and Vennapusa et al. (2009) verified that MDP values are
empirically related to soil compaction characteristics (e.g., density, stiffness, and strength). MDP
is calculated using Eq. 6:

MDP =P, —Wv(sina+£]—(mv+ b)

g (6)

where: MDP = machine drive power (Ib-ft/s), Pq = gross power needed to move the machine (lb-
ft/s), W = roller weight (Ib), A' = machine acceleration (ft/sec?), g = acceleration of gravity
(ft/s?), o = slope angle (roller pitch from a sensor), v = roller velocity (ft/s), and m (Ib-ft/ft) and b
(Ib-ft/s) = machine internal loss coefficients specific to a particular machine (White et al. 2005).

MDP is a relative value referencing the material properties of the calibration surface, which is
generally a hard compacted surface (MDP = 0 Ib-ft/s). Positive MDP values therefore indicate
material that is less compact than the calibration surface, while negative MDP values indicate
material that is more compacted than the calibration surface (i.e., less roller drum sinkage). The
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MDP values obtained from the machine were recalculated to range between 1 and 150, and these
re-scaled values are referred to as MDP*. While the original MDP values decrease in increasing
compaction, the MDP* values increase with increasing compaction. To differentiate MDP*
obtained from the CS683 and CS74 rollers, the values are presented as MDP*csggz and
MDP*cs74, respectively.

In-ground Earth Pressure Cells

Earth pressure cells (EPC) with measurement ranges between 0 and 600 kPa (Figure 20) were
used to measure the increase in in situ vertical stresses. The EPCs in this study were
semiconductor-type sensors manufactured by Geokon (3500 series). They are made of two
stainless steel plates welded together around their periphery and separated by a narrow gap filled
with de-aired hydraulic fluid.

The array of EPCs in this study comprised 7 EPCs installed between 0 and 4 ft. below the
surface of the subgrade. EPCs were installed beneath the 6th St South test section. Each EPC was
placed and levelled on top of a mound of silica sand (Figure 9b) and then backfilled with silica
sand (Figure 9c). The GPS coordinates for each EPC were measured following placement
(Figure 9d).

The deepest most EPC was installed first by excavating a level pit to about 4 ft. below the
surface of the subgrade. Following EPC placement, the pit was backfilled with an approximately
6 in. to 12 in. thick lift of compacted, natural subgrade over which another EPC was placed.
Alternating layers of EPCs and lifts of compacted, natural subgrade were placed until the surface
of the subgrade was reach. Test section construction required that the subbase layer above
subgrade be mixed in place with a reclaimer which could potential damage EPCs placed at or
near the surface of the subgrade. For this reason, the shallowest EPC (i.e., subgrade surface) was
installed after the test section subbase layer had been mixed and compacted by the contractor.

Figure 20. Earth pressure cells (EPC)
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Figure 21. EPC installation on 6th St. South: (a) excavation; (b) level placement on top of
silica sand; (c) backfilling with silica sand; and (d) measurement of actual elevation using
RTK-GPS

In Situ Permeability

Two different in situ permeameter test devices were used in the evaluation of the permeability of
the granular subbase materials. Details about the two devices are provided below.

Air Permeameter Test

The air permeability test (APT) device weights about 40 Ibs and consists of a contact ring,
differential pressure gauges, precision orifice, and a programmable digital display (Figure 22). A
compressed gas source is connected to the device and acts as the permeant. Air was used as the
permeant in this study. The device is described in detail in White et al. (2014). The test involves
control and measurement of gas pressure on the inlet and outlet sides of a precision orifice and
calculation of gas flow rate to determine the saturated hydraulic conductivity (Ksa). A detailed
description of the derivation of Ksa is provided in White et al. (2007). The Ksa is derived by
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expanding Darcy’s Law considering the compressibility of gas, viscosity of gas, and gas flow
under partially saturated conditions. Ksat was calculated using Equation 7:

2 P
Ksat =2834.65x% |: p‘gaszQ - 2 :| X p3 (@0
r Go(Pl - I:’2 ) Mowater (1 S ) (1 S ) (7)

where, Ksat = saturated hydraulic conductivity (ft/day); pgas = dynamic viscosity of the gas =
1.83E-05 PasS for air; Q = volumetric flow rate (cm3/s); P1 = absolute gas pressure on the soil
surface (Pa) = Po(g) x 9.81 + 101325; Po(g) = gauge pressure at the orifice outlet (mm of H20);
P2 = atmospheric pressure = 101325 Pa; r = radius at the outlet (4.45 cm); Go= Geometric factor
(dimensionless factor, see White et al. 2007), Se = effective water saturation [Se = (S — Sr)/(1-
Sr)]; A = Brooks-Corey pore size distribution index; Sr = residual water saturation; S = water
saturation; p = density of water (g/sm3); g = acceleration due to gravity (cm/s2); and pwater =
absolute viscosity of water = 0.01 gm/cm-s.

For the results presented in this study, A is assumed as 0.3 and Sy is assumed as 1% in the
calculations. S was determined assuming a constant dry unit weight of 120 pcf (based on
laboratory Proctor testing on crushed limestone subbase material), specific gravity of 2.70, and
an average moisture content of 1% based on measurements from a few locations (varied between
0.1% to 1.5. A parametric study by White et al. (2014) indicated that A and S, values have
negligible influence on Ksat for S < 20%. Po(g) and Q values have the maximum influence on Ksa
values and are measured during the test.

Sk 5 = e
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Figure 22. In situ APT setup for determination of saturated hydraulic conductivity
Mn/DOT Permeameter

Mn/DOT permeameter test (MPT) was originally developed by Clyne et al. (2001). The test
device shown in Figure 23 was fabricated at lowa State University, based on the design provided

31



in Clyne et al. (2001). The MPT procedure involved scraping loose material from the test surface
(Figure 24a), excavating an approximately 5 in. diameter by 4 in. deep hole using confining base
plate with a 5 in. diameter hole as a guide (Figure 24b), and then performing a constant-head
permeability test. Material excavated from the hole was collected for moisture content and grain
size analyses. Water was allowed to drain out of the MPT internal reservoir and into the hole
(Figure 24c) such that a constant total head of approximately 2 in. was maintained in the hole
(Figure 24d). Flow volume into the hole was measured at intervals ranging from 20 seconds to 2
minutes depending on apparent flow rate out of the hole. Ksat was calculated using Equation 8.

2834.65x CQ
Ksat = C 2
2nH2[1+(a) j
2\ H

where, Ksat = saturated hydraulic conductivity (ft/day); C = shape factor = 0.02(H/a)¥®; Q = flow
rate (cm®/s); H = total head within hole (cm); and a = radius of hole (cm).

(8)

Figure 23. In situ MPT setup for determination of saturated hydraulic conductivity
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Figure 24. MPT testing included (a) clearing the test surface, (b) excavating a hole for

testing, (c) using the testing apparatus to release water into the hole; and (c) maintaining a
constant head of approximately 2 in.

Statistical Data Analysis

CBR values of the MSB layer (CBRwsg) and the immediate underlying stabilized and
unstabalized layers (CBRunderlying Layer) determined from DCP test results were compared with
Ess-rwp measurements (which represents composite dynamic stiffness) obtained at the surface. A
multiple regression analysis was performed by incorporating CBRmse and CBRunderlying Layer INt0
a multivariate linear regression model to predict Esg-rwp, as shown in Eq. 9:

Ess-rwp = bo + b1 (CBRwmsB) + b2 (CBRunderlying Layer) 9)

where bo, b1, and b> are regression coefficients. The statistical significance of each parameter
was assessed using the p-value and t-value statistics (p-value < 0.05 and t-value > 2 are
considered as statistically significant). The purpose of this multiple regression analysis was to
assess the relative influence of subgrade and gravel layers on the surface FWD measurements
using Eqgs. 10 and 11:

b
Influence of MSB (%)= n +1b x100 (10)
1 2
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b
Influence of the Underlying layer (%) = n +2b x100 (11)

1 2
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CHAPTER 4: MATERIAL PROPERTIES

Different subbase and subgrade geomaterials, geosynthetics, and chemical stabilizers were used
on this project. This chapter provides a summary of the material properties and results from
laboratory testing.

Pavement Foundation Materials

Four geomaterials were used in construction of the test sections—crushed limestone modified
subbase (MSB), recycled MSB, reclaimed subbase (reclaimed from existing granular subbase
layer), and natural subgrade. The crushed limestone material was imported from Martin Marietta
Quarry in Ames and recycled material was imported from Mannats in Ames. The recycled
material consisted of a mixture of recycled asphalt and concrete. Table 4 summarizes gradation,
plasticity, and compaction properties for the three four materials. Figure 25 shows grain size
distribution curves for the four geomaterials and Figure 26 shows standard proctor curves for the
four geomaterials.

Table 4. Summary of gradation, plasticity, and compaction properties for geomaterials

Crushed
Limestone Recycled Reclaimed
Parameter MSB PCC MSB Subbase Subgrade

Specific Gravity 2.75 2.60 2.60 2.70

(Assumed) (Assumed) (Assumed) (Assumed)
Gravel Content (%) (>4.75 mm) 65.2 61.3 37.2 5.3
Sand Content (%) (4.75 = 75 um) 58.1 34.0 48.4 39.7
Silt + Clay content (%) (<75um) 7.1 4.7 14.4 55.0
D1o (Mmm) 0.3 0.3 0.02 0.12
D30 (mm) 3.6 2.6 0.45 0.01
Dgo (mm) 10.1 11.6 4.0 -
Coefficient of Uniformity, C, 33.7 39.7 160 -
Coefficient of Curvature, C. 4.3 2.0 2.0 -
Liquid Limit, LL (%) 33
Plasticity Index, PI (%) NP NP NP 15
AASHTO A-l-a A-l-a A-l-a A-6(5)
USCS Group Symbol GP-GM GW SM CL

Poorly

USCS Group Name graded_ Well graded S_ilty sand Sandy lean

gravel with gravel with gravel clay

silt and sand
l(\g(":‘;‘)imum Dry Unit Weight, yamx 136.2 116.6 124.7 115.8
(OO/E));umum Moisture Content, Wopt 8.9 111 79 135
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Stabilization/Reinforcement Materials
Geosynthetics

Four geosynthetic materials—4 in. and 6 in. high geocells, woven and NW geotextiles, biaxial
and triaxial polymer geogrids—were used in this study.

Geocell sections were composed of individual cells that were approximately rhomboidal in
shape. The sides of each cell had perforations for drainage. Table 5 summarizes the key features
and properties of the geocells. Per AASHTO M 288, the NW geotextile classified as a Class 11
geotextile and the woven geotextile classified as a Class | geotextile. Table 6 summarizes the key
features and properties for the geotextiles. Biaxial polymer geogrids had rectangular shaped
aperture openings and triaxial polymer geogrids had triangular shaped aperture openings. Table 7

summarizes the key features and properties of the polymer geogrids.

Table 5. Summary features of geocell products (from manufacturer)

Feature 4 in. geocell 6 in. geocell
Manufacturer Strata Systems, Inc.
Product ID StrataWeb™ 20 StrataWeb™ 20
(4 in. depth) (6 in. depth)
Material Description Virgin, non-thermally degraded high-density-
polyethylene
Minimum Polymer Density (ASTM D 1505) 58.7 Ib./ft.2
Environmental Stress Crack Resistance
>400 hours

(ASTM D 5397)

Carbon Black Content (ASTM D 1603)
Nominal Sheet Thickness Before Texturing
(ASTM D 5199)

Nominal Sheet Thickness Before Texturing
(ASTM D 5199)

Rhomboidal texturing surface density

Minimum 1.5% (by weight)
50 mil (x 5%)
60 mil ( 5%)
140 to 200 per in.?

Cell Cross-Sectional Dimensions (Expanded) 10.2in.x 8.8 in.

Cell Area (Expanded) 44.8in.2

Cell Height 4in. 6 in.

Section Size (Expanded) 8.4 ft. x 21.4 ft.

Seam Peel Strength 320 Ib. 480 Ib.
Section Weight 57 Ib. 86 Ib.
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Table 6. Summary features of geotextile fabric products (from manufacturer)

Feature NW Geotextile Woven Geotextile
Manufacturer Propex, Inc.
Product ID GEOTEX 601 GEOTEX 350ST

. e Polypropylene staple Woven silt film
Material description fibe);f)ne%lepunchped geotextile
Geotextile Class (AASHTO M 288) Class 11 Class |
Section Size 15 ft. x 300 ft.

Grab Tensile Strength (ASTM D 4632) 160 Ib. 350 Ib.
Ultimate Tensile Strength (ASTM D 4595) Not available 4,500 Ib./ft.
Tensile Strength at 2% Strain (ASTM D 4595) Not available 540 Ib./ft.
Tensile Strength at 5% Strain (ASTM D 4595) Not available 1,360 Ib./ft.
Elongation (ASTM D-4632) 50% 12%
Puncture (ASTM D 4833) 85 Ib. 180 Ib.
CBR Puncture (ASTM D 6241) 410 Ib. 1000 Ib.
Mullen Burst (ASTM D 3786) 280 psi 1000 psi
Trapezoidal Tear (ASTM D 4533) 60 Ib. 150 Ib.

UV Resistance (ASTM D 4355)

70% Retained at 500 hours.

Apparent Opening Size (ASTM D 4491)

70 US Std. Sieve 30 US Std. Sieve

Permittivity (ASTM D 4491) 1.30s? 0.52 st
Permeability (ASTM D 4491) Not available 0.05 cm/s
Water Flow Rate (ASTM D 4491) 110 gpm/ft.2 40 gpm/ft?
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Table 7. Summary features of polymer geogrid products (from manufacturer)

Biaxial Polymer Triaxial Polymer

Feature Geogrid Geogrid
Manufacturer Tensar Earth Technologies, Inc.
Product ID BX4100 TX130S
Material Polypropylene Polypropylene
Section Size 13.1 ft. x 246 ft.
Aperture Shape Rectangular Triangular
Aperture Dimensions 1.3in.x1.3in. *
Aperture Area 1.69 in.2 1.09 in.?
Rib Length 1.3in. 1.3in.
Minimum Rib Thickness 0.03in. 0.02 in.
Ultimate Tensile Strength (ASTM D 4595) 880 Ib./ft. *
Tensile Strength at 2% Strain (ASTM D 4595) 270 Ib./ft. *
Tensile Strength at 5% Strain (ASTM D 4595) 550 Ib./ft. *
Junction Efficiency (GRI-GG2-B7) 93%
Flexural Stiffness (ASTM D 5732) 250,000 mg-cm *
Aperture Stability** 0.28 m-N/deg 0.03 m-N/deg
Resistance to Installation Damage in Clayey Sand (SC) 90% -
(ASTM D 6637)
Resistance to Installation Damage in well graded sand 83% -
(SW) (ASTM D 6637)
Resistance to Installation Damage in poorly graded 20% *
gravel (GP) (ASTM D 6637)
Radial Stiffness at Low (0.5%) Strain
TASTM b 6637 (0.5%) * 15,075 Ib./ft.
Resistance to long Term Degradation (EPA 9090) 100%
Resistance to UV Degradation (ASTM D 4365) 100%

*Data not available

**|n accordance with U.S. Army corps of Engineers Methodology for measurement of Torsional

Rigidity

Fibers

Two types of discrete fibers were used in this study, which included black monofilament
polypropylene (MF-PP) fibers and white fibrillated polypropylene (PP) micro-fibers (Figure 27).
The MF-PP fibers were 1 in. long by 0.1 in. wide monofilament strips of polypropylene. The PP
fibers were 3/4 in. long, 0.004 in. diameter strands of polypropylene. Table 8 summarizes key
features and properties for the fibers.
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Figure 27. (a) Black MF-PP fibers, and (b) white fibrillated PP fibers

Table 8. Summary features of fiber products (from manufacturers)

Fibrillated Monofilament
Polypropylene Polypropylene (MF-
Feature (PP) Fibers PP) Fibers
Manufacturer Fiber _Reinforced Euclid Chemical
Soils, LLC Company
Product ID Geofibers 3610BF  PSI Fiberstrand™ 100
o Discrete, fibrillated Monofllamen_t
Description fibers polypropylene micro-
fiber
Material Polypropylene Polypropylene
Fiber Length lin. 0.75in.
Fiber Width 0.1in. . .
Fiber Depth 0.004 in. 0.004 in. (Diameter)
Fiber Aspect Ratio (Length to Diameter) 177 188
Specific Gravity (ASTM D 762) 0.91 0.91
Water Absorption Negligible
Carbon Black Content (ASTM D 1603) 0.6% *
Tensile Strength (ASTM D 2256) 40,000 psi *
Tensile Elongation (ASTM D 2256) 15% *
Young’s Modulus (ASTM D 3822) 600,000 psi *
Melting Point * 320 °F
Electrical and Thermal Conductivity * Low
Acid and Alkali Resistance * Excellent

*Data not available
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Fly Ash

Fly ash (FA) was imported from three sources across lowa—Ames power plant, Muscatine
power plant, and Port Neal power plant. Each FA classified as type C per ASTM C618.

Diffractograms

for the three FA materials are shown in Figure 28. Key compositional values

from X-ray fluorescence (XRF) analysis and ASTM C618 classification are provided in Table 9.

Intensity (CPS)

gé CoS04  picsipos

Intensity (CPS)

Intensity (CPS)

g«casg AlgSin0;.

Figure 28

1600

1400 4

0,

1200 +
1000
800
600

400

200

=
o
N
o

(Degrees)
@

1600
1400 4
1200 +
1000
800
600 -
400

200 +

10 70

201 (Degrees)
(b)

1600

0,

1400 +

1200 +

a3Al,0g

1000 +
800 -
600 -

400

=————Ca,(AlFe"),0,

200 +

70

=
o
N
o

201 (Degrees)
©
. Diffractograms for (a) Muscatine FA, (b) Ames FA, and (c) Port Neal FA

41



Table 9. XRF chemical assays and classifications for FA materials

Chemical composition and

other properties Port Neal Ames Riverside

SiO2 + Al203 + Fex03, % 61.22 56.16 64.25

Ca0, % 25.3 26.4 22.9

SOs, % 2.25 2.53 2.14
Moisture Content, % 0.2 0.1 0.2
Loss on ignition, % 1.0 1.5 0.4
ASTM C 618 Class C C C
Final Set Time (minutes) 6 19 170

Set times for the FA materials are shown in Figure 29. Results indicated that the Muscatine FA
material had longer set times (107 min initial and 170 min final) than Ames FA (4 min initial and
19 min final) and Port Neal FA (3 min initial and 6 min final). The set time gives an indication of
the rate at which the cementation reaction products form in the FA that cements soil particles
together and provides a basis for setting the compaction schedule.

Set Times;

Muscatine FA Initial = 107 min, Final = 170 min
Ames FA Initial = 4 min, Final = 19 min

Port Neal FA Initial = 3 min, Final = 6 min
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Figure 29. Set times for FA materials
Portland Cement

Type /11 Portland cement (PC) were used in this study for stabilized subgrade and reclaimed
subbase materials.
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Laboratory Durability Tests

Freeze-thaw and CBR tests were conducted on a total of 36 materials comprising unstabilized
and stabilized materials. Table 10 provides a summary of the frost-heave and thaw-weakening
susceptibility ratings for all materials. The unstabilized soils tested in this study (SM, CL, and
ML) exhibited frost-heaves of 11.43 to 19.1 mm/day and post-test CBR of 0.5% to 8.8%
resulting in high to very high frost susceptibility and medium to very high thaw-weakening
susceptibility. The finding in grain size distribution indicated that the freeze-thaw susceptibility
might be influenced by the fine contents of soils.

For all tests, the CBR pre-test values ranged from 2.8% to over 200%. The unstabilized subgrade
is rated as very high thaw-weakening susceptibility based on the post-test CBR of 1.4%. The
unstabilized recycled subbase resulted in a medium rating for thaw-weakening susceptibility
with a post-test CBR of 8.8%.

Subgrade stabilized with fly ash yielded variable results, but generally showed improvement in
post-test CBR and lower heave rates with increasing fly ash. Both the 15% Port Neal and Ames
fly ash stabilized subgrade (based on dry weight of soil) reached the very low to negligible thaw-
weakening susceptibility rating. Increasing the fly ash content to 20% resulted in slightly higher
heave rates with medium to low frost-heave susceptibility for two fly ashes. The fly ash source
was identified as a factor in the freeze-thaw susceptibility rating. Comparing the set time of the
three fly ash specimens with the frost susceptibility rating shows that shorter set times resulted in
reduced frost-heave and thaw-weakening for the 7-day curing duration. Tests performed on loess
(ML) specimens stabilized with 15% Ames fly ash showed that curing up to 180 days before
testing improved the freeze-thaw performance by both reducing the heave rate and increasing the
post-test CBR.

For cement stabilized materials, heave rates for the subgrade specimens were close to 0 mm/day
for both the 5% and 10% cement additional rates. For the recycled subbase, frost susceptibility
decreased as the cement content increased; however, there was little improvement at 2.5%
cement content. For all cement contents, the post-test CBR values were about four times lower
than the pre-test CBR values.

Fibers were added to the recycled base (SM) at rates of 0.2%, 0.4%, and 0.6% (based on dry
weight of soil). Results showed improvement in both reduced heave rate and increased CBR
values. For this set of experiments, the post-test CBR values were all higher than the pre-test
CBR values. This finding suggests that the freeze-thaw action and associated stress development
in the fibers contributed to the increase in CBR values. The frost susceptibility ratings based on
heave ranged from medium to high for all six combinations of fibers. At 0.6% fibers, the heave
rate was reduced from about 15 mm/day to about 7 mm/day. The finding with respect to frost
heave differs from Hoover’s (1982) conclusions, but the finding with respect to thaw-weakening
matches to the conclusion reported by Gullu and Khudir (2014).
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Table 10. Summary of frost-heave and thaw-weakening tests results.

Soil Stabilizer Heave Post- Pre- Frost-heave Thaw-
rate test test susceptibility weakening
(mm/d) CBR CBR susceptibility
(%) (%)
Subgrade No stabilizer 11.43 1.4 2.8 High Very high
5% Ames fly ash 8.40 6.6 155 High Medium
10% Ames fly ash 6.60 9.6 44.6 Medium Medium
15% Ames fly ash 6.87 20.1 73.2 Medium Negligible
20% Ames fly ash 7.85 10.2 18.2 Medium Low
5% Muscatine fly ash 9.88 2.9 — High High
10% Muscatine fly ash 12.32 2.6 — High High
5% Port Neal fly ash 6.61 5.7 — Medium Medium
10% Port Neal fly ash 8.21 11.2 15.0 High Low
15% Port Neal fly ash 1.96 16.9 25.8 Very low Very low
20% Port Neal fly ash 3.16 17.9 — Low Very low
5% cement 0.02 165.8 37.3 Negligible Negligible
10% cement 0.07 >200.0 94.5 Negligible Negligible
Recycled No stabilizer 15.63 8.8 4.6 High Medium
subbase 2.5% cement 12.70 12.8 95.6 High Low
3.75% cement 2.09 35.1 127.0 Low Negligible
5.0% cement 3.35 56.7 208.9 Low Negligible
7.5% cement 1.64 43.4 >200.0 Very low Negligible
0.2% PP 12.11 11.4 4.6 High Low
0.4% PP 12.75 7.8 7.3 High Medium
0.6% PP 6.25 16.3 5.8 Medium Very low
0.2% MF 10.34 12.1 41 High Low
0.4% MF 9.90 14.8 7.9 High Low
0.6% MF 6.94 18.4 8.6 Medium Very low
0.2% PP + 3.75% cement 1.31 58.2 185.5 Very low Negligible
0.2% PP + 3.75% cement 3.83 20.3 — Low Negligible
(12-hr compaction delay)
0.4% PP + 3.75% cement 0.18 127.4 >200.0 Negligible Negligible
0.4% PP + 3.75% cement 2.98 19.8 — Low Negligible
(12-hr compaction delay)
0.6% PP + 3.75% cement 1.48 120.1 >200.0 Very low Very low
0.2% MF+ 3.75% 0.75 190.5 184.9 Negligible Negligible
cement
0.4% MF+ 3.75% 1.43 203.2 143.1 Very low Negligible
cement
0.6% MF+ 3.75% 1.00 177.0 158.7 Negligible Negligible
cement
Western No stabilizer 19.1 0.5 — Very high Very high
lowa 15% Ames fly ash 7 days 14.10 7.1 — High Medium
loess curing
15% Ames fly ash 90 11.83 8.7 — High Medium
days curing
15% Ames fly ash 180 8.27 32.0 — High Negligible
days curing
Note: — = data not available

Adding cement to the recycled subbase-fiber mixtures significantly reduced the heave rates. The
frost susceptibility classifications of all the cement + fiber stabilized recycled subbase (no
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compaction delay) ranged from very low to negligible levels. When the 0.2% PP + 3.75%
cement and 0.4% PP + 3.75% cement stabilized recycled subbase specimens with a 12-hour
compaction delay were tested, the frost susceptibility increased from very low or negligible to
low. The addition of 3.75% cement into the fiber-soil mixtures reduced the thaw weakening
susceptibility to negligible, even with the 12-hr compaction delay. The possible reason to explain
these results might be cement improved the compressive strength while fibers improved the
tensile strength. This finding matches to the conclusion reported by Gullu and Khudir (2014),
which was fibers plus chemical stabilization can provide better freeze-thaw performance than
fibers alone.

Figure 30 shows the heave rate values and ASTM D 5918 frost susceptibility classifications for
all tests. Comparing 7-day and 90-day curing, thaw-weakening susceptibility of 15% fly ash
stabilized loess decreased from medium to negligible. Based on these results, the improvements
from longer curing times for fly ash stabilization was limited to strength improvement, and did
not show significant improvement for controlling frost-heave. Figure 31 shows the
corresponding CBR values and thaw-weakening susceptibility ratings for all tests.
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Figure 30. Comparison of frost-heave rates of all tested materials
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Figure 31. Post-test CBR values and corresponding frost susceptibility ratings based on
ASTM and the results from this study

Relationships between frost-heave rates and CBR values are shown in Figure 32. Very low thaw-
weakening susceptibility is achieved when the heave rate is less than 4 mm/day. Frost
susceptibility based on frost-heave cannot predict thaw-weakening susceptibility.

Based on the ASTM D5918 frost susceptibility classification method and data from this research,
an alternative thaw-weakening susceptibility classification rating is presented in Table 11. The
boundary values were adjusted to reflect differences in post-CBR and heave rates for the
stabilized materials. The current ASTM classification does not distinguish classifications with
CBR values greater than 20. The alternative classification proposed herein identified thaw-
susceptibility as negligible for post-test CBR values > 100. Figure 33 shows a side-by-side
comparison of the ASTM rating and the rating proposed herein for stabilized soils. The
advantage of the proposed rating criteria is that it allows for more refined classification of
stabilized soils.
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Figure 32. Relationships between Post-test CBR and measured heave rates with
comparison to the ASTM D5918 criteria

Table 11. Proposed frost-heave and thaw-weakening susceptibility classification for
stabilized soils based on data from this study.

Frost/thaw-weakening

susceptibility 2nd 8-hr heave rate CBR after thaw
classification (mm/d) (%)
Negligible <1 >100
Very low 1to2 100 to 30
Low 2to4 30to 15
Medium 4t08 15t0 10
High 81016 10to 5
Very high >16 <5

Figure 33 shows yet another perspective of evaluating pre and post-test CBR values for
stabilized soils. Five materials, the 5% and 10% cement stabilized subgrade and the 3.75%
cement with 0.2%, 0.4%, and 0.6% MF fiber stabilized specimens, presented time dependent
strength gain. Freeze-thaw softening or no stiffness changes occurred for the other tested
materials. Plotting the results in terms of pre and post-test CBR values shows it is difficult to
predict the post-test CBR values from the pre-test measurements and supports the need to
perform the freeze-thaw tests and evaluate the influence of curing time for stabilized soils.
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CHAPTER 5: SITE DESCRIPTION AND TEST SECTION LAYOUT

The Central lowa Expo (CIE) site is a 72 acre area just north of the US 30/lowa Highway 17
interchange in Boone County, lowa (Figure 34). The CIE site has been hosting Farm Progress
shows bi-annually since 2008. This chapter presents an overview of the site conditions with
historical aerial imagery of t he CIE site since 1994, subsurface conditions from soil survey
information, geotechnical explorations, and field testing conducted prior to 2012 construction,
and the designed test section layout for foundation layer stabilization.

Figure 34. Aerial imagery of CIE site in Boone County, 1A

Site Conditions

Historical aerial imagery of the project site at selected time intervals from 1994 to 2012 is shown
in Figure 35. As can be seen in the images, grading in the north-west portion of the site began in
1994. More grading work was performed in 2007/2008 to create a 4.8 mile grid network of 12
roads oriented in North-South direction (denoted as 1st St. to 13th St. from West to East) and
three roads oriented in East-West direction (denoted as South Ave., Central Ave., and North
Ave.) (Figure 36). In this report, sections on each North-South road located north and south of
Central Ave. are referred to as North sections and South sections, respectively.

Project drawings from 2007/2008 construction indicate that the East-West and North-South
roads were topped with asphalt chipseal coating (over a nominal 6 in. granular subbase and
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natural subgrade). Geogrid was installed at the interfaces of granular subbase and natural
subgrade on all East-West roads and 6th St.

North Ave. and South Ave. were 24 ft. wide, and Central Ave. and 6th St. were 28 ft. wide.
These roads were shaped as inverted crowns with nominal 2.0% slopes towards the centerline,
where storm sewers were located at about 4 ft below grade. The remaining North-South roads
were 18 ft wide, also with inverted crowns with 2.0% slopes towards the centerline.
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Figure 35. Historical aerial imagery from 1994 to 2012 of the CIE site
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Figure 36. North-south and east-west road layout at the CIE site (aerial image from June
2012)

Field observations in April 2012 indicated that the existing roads were in poor condition with
potholes, rutting, and water ponding (Figure 37). Test pits were conducted on South Ave. to
observe subsurface soil conditions and obtain soil samples for preliminary testing (Figure 38).
Figure 39 shows the foundation layer cross-section based on test pit observations, which
consisted of an asphalt chipseal at the surface underlain by about 8 in. of granular subbase
(classified as SM and A-1-a) and 12 in. of brow-gray sandy lean clay (classified as CL, A-6(5))
fill or reworked subgrade. Biaxial polymer geogrid was present at the granular subbase and
subgrade interface.
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Figure 37. Conditions of South Ave. in pril 2012

Figure 38. Pavement foundation layer profile from test pit observations on South Ave.
(April 2012)
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Subgrade
CL, A-6(5) Biaxial 12"
Geogrid

Figure 39. Existing roadway cross-section (prior to 2012 construction) on South Ave.
Subsurface Conditions
NRCS Soil Survey Information

The site is located within the lowa’s Des Moines Lobe, which typically consists of sandy lean
clay glacial till deposits with random zones of high sand and/or silt content. Soils identified in
the Natural Resources Conservation Service (NRCS) soil survey map (NRCS 2013) are shown in
Figure 40. Summary of soil properties are provided in Table 12. Atterberg limits of the soils
from NRCS (2013) are overlaid on the plasticity chart in Figure 41, which indicate the on-site
soils are predominantly classified as CL. Based on soil coloring (i.e., grayish redoximorphic
features), NRCS (2013) indicated that the depth to groundwater table ranges between 0 to 4 ft. of
the surface in all soils expect the Okoboji mucky silt loam (identified with symbol 90). The
depth to groundwater table in Okoboji mucky silt loam is > 6.5 ft.

Figure 40. NRCS soil survey map of CIE site (humbers indicate soil map unit symbol)
(NRCS 2013)
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Table 12. Summary of surficial soils from USDA soil survey (NRCS 2013)

Soil map Percent
unit symbol Name Acres Coverage LL Pl AASHTO
55 Nicollet loam 17.8 24.6 375 175 A-6
90 Okaoboji mucky silt 59 79 75 20 AT
loam
95 Harps loam 22.4 31.1 375 175 Not available
107 Webs“fé asr'r']ty cly g5 00 475 225 A-7
138 Clarion loam 12.9 17.9 325 10 A-4
507 Canisteosiltyclay 25 4155 45 175 A-7
loam
70
60
=
= 50 -
o
é_ 40 |
é 30 CL
T 20
o CL- ML
10
ML
0

0 10 20 30 40 50 60 70 80 90 100
Liquid Limit, LL (%)

Figure 41. Atterberg limits of soils from NRCS soil survey overlaid on the plasticity chart
Soil Borings — 2007

Geotech Engineering and Observation (GEO) conducted soil borings on the site in June 2007
prior to grading work on the site during 2007/2008. The Geotechnical Exploration Report
(Brocka and Casteel 2007) submitted for the project indicated cut-and-fill construction on the
site on the order of 9 ft. or less on the site as part of the 2007/2008 construction, to achieve the
desired final grades. Twenty soil borings were conducted across the site down to about 15 to 20
ft. below exiting grades. The soils borings indicated topsoil or possible reworked soils (classified
as CL) at the surface. Below the surficial soils, medium stiff to stiff, brown to gray-brown sandy
lean clay (CL) glacial till soils were encountered. In one of the borings, a layer of lean to fat clay
(CL/CH) glacial till was encountered beneath the topsoil. Some of the borings indicated
interbedded sand seams/layers at random depths in the glacial till. Stiff to very stiff dark gray
sandy lean clay (CL) was encountered beneath the brown to gray-brown sandy lean clay. Shortly
after the borings were completed, groundwater accumulation was observed at about 3.5 to 12.5
ft. below existing grades in fifteen of the borings, and no groundwater accumulation was
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observed in five of the borings. Piezometers were installed in five borings for long-term
groundwater monitoring. Twenty-five days after the completion of drilling, groundwater was
observed at depths of about 4 to 5 ft. in five borings.

Pre-Construction In Situ Testing — 2012

Geotechnical Services, Inc. (GSI) performed eight piezocone penetration tests (CPTu) to a depth
of about 20 ft. below existing grade at eight locations across the project site, in general
accordance with ASTM D5778 (Thomas and Lustig 2012). The CPTu locations are provided in
Appendix A. CPTu profiles from two selected locations are shown in Figure 42 and Figure 43.
Profiles from all test locations are included in Appendix A. The profiles consist of tip resistance
(qv), frictional resistance (fs), pore pressure (pw), and soil behavior type. Soil behavior types were
determined based on soil classification chart developed by Robertson and Campanella (1986).

Soil classifications from CPTu soundings generally indicated cohesive clay and silty clay soils.
Sand seams existed between approximately 8 ft to 10 ft below the ground surface in the south
eastern portion of the site (CPTu #1 and CPTu #4) and in the north central portion of the site
(CPTu #5). A lower strength zone existed at a depth ranging from approximately 10 to 14.5 ft
below the ground surface to termination over the eastern half of the site (CPTu #1, CPTu #2,
CPTu #3, and CPTu #4). Interbedded sand deposits existed at depths ranging from
approximately 12 ft. to 15.5 ft. below the ground surface to termination over the western half of
the site (CPTu #6, CPTu #7, and CPTu #8). CPT pw measurements indicated groundwater
elevations at the time of testing at depths of about 3 to 6 ft. below original grade across the site,
and at about 12 ft or greater near drainage features.
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Figure 42. CPT results from test location 2 on 12th St. South

Tip Resistance Frictional Resistance Pore Pressure
g, (tsf) f (tsf) p,, (Psi) Soil Behavior Type*

0 100 200 300 400 0 1 2 3 4 5 6 0 20 40 60 80100 0 2 4 6 8 1012

0 T 0 0 ! 0 -
[crT-9)

5 . 5 P CCE W s} RPN IO N

4 4 ad i i e e

6 6 6

8 8 - 8 -

10 - 10 - 10 |

12 4 12 4 12 |

14 4 14 1 14 14 4

16 1 {16 1 16 1 16 -

18 - 18 - 18 - 18 1

20 20 20 20

*Soil Behavior Type (Robertson and Campanella 1986): 1 - sensitive fine grained, 2 - organic material, 3 - clay, 4 - silty clay
to clay, 5 - clayey silt to silty clay, 6 - sandy silt to clayey sitl, 7 - silty sand to sandy silt, 8 - sand to silty sand, 9 - sand,
10 - gravelly sand to sand, 11 - very stiff fine grained, 12 - sand to clayey sand

Figure 43. CPT results from test location 6 on North Ave. just north of 2nd St. North
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FWD, LWD, and DCP tests were conducted on all north-south road sections. Two FWD and
LWD tests, and one DCP test were conducted in the north and south sections of each street. The
purpose of this testing was to generate baseline information for comparison with post-
construction foundation layer properties.

A summary of the Esg-rwp (determined from 14,000 Ib load), Esg-Lwp (determined from 1,597 Ib
load), CBR of subbase (CBRsg), and CBR of subgrade (CBRsg for top 12 in. of subgrade) results
with average and coefficient of variation (COV) of these measurements are provided in Table 13.
Average Esg-rwp and average Esg-Lwp for each section are shown in Figure 44 and Figure 45,
respectively. Similarly, CBRsg and CBRsg for each section are shown in Figure 46 and Figure
47, respectively. An example DCP-CBR and cumulative blows profile from 1st St. South section
is shown in Figure 48.

The site showed variable foundation layer conditions stiffness and strength characteristics across
the site. FWD testing indicated that the average Ess-rwp based on testing on all North-South
roads was about 6,528 psi with a coefficient of variation (COV) of about 46%. Similarly, average
Ess-Lwp was about 15,309 psi with a COV of about 45%. Average CBRsg was about 59% with a
COV of about 51% and average CBRsc was about 9.1 with a COV of about 64%.

58



Table 13. Summary of pre-construction FWD, LWD, and DCP test results

Road Ess-rwp, psi Ess-Lwp, psi
Road Section (COV %) (COV %) CBRse* CBRsc*
1st St North 4,146 (6) 6,869 (2) 43 14
' South 5,987 (9) 12,026 (35) 71 10
ond St North 6,513 (53) 15,534 (45) 47 3.9
' South 4,710 (14) 18,543 (74) 62 4.4
3rd St North 5,099 (21) 14,960 (18) 25 7.1
' South 3,218 (15) 7,172 (21) 49 1.2
4th St North 5,239 (8) 11,198 (14) 43 76
' South 5,349 (25) 12,438 (6) 6 6.1
Sth St North 3,832 (26) 8,522 (17) 50 12
' South 5,480 (13) 12,833 (17) 63 3.5
6th St North 8,926 (20) 20,306 (11) 65 26
' South 9,561 (34) 13,196 (10) 76 7.9
S st North 4,547 (46) 10,897 (27) 50 4.7
' South 9,258 (62) 16,911 (16) 42 13
th St North 3,294 (14) 10,490 (21) 17 15
' South 10,305 (21) 14,183 (23) 59 15
oth St North 6,486 (6) 14,912 (8) 50 13
' South 6,836 (3) 20,415 (15) 51 5.8
10th St North 4,746 (23) 9,366 (9) 49 3.9
' South 14,186 (2) 23,919 (12) 156 13
L1th St North 6,092 (4) 11,518 (10) 65 12
' South 11,427 (—*) 18,790 (—*) 113 4.5
Loth St North 7,539 (47) 10,349 (40) 77 18
' South 6,348 (19) 15,406 (6) 79 13

*only one test
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Figure 44. Average pre-construction FWD modulus by road section
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Figure 45. Average pre-construction LWD modulus by road section
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Figure 48. Example DCP-CBR and cumulative blows profiles (from 1st St. South) showing
pre-construction conditions and CBR values for subbase and subgrade layers

Test Section Layout and Construction

The lowa DOT in partnership with lowa State University designed sixteen test sections along the
North-South and East-West road sections with different stabilization technologies (Table 10).
These technologies included:

e woven and NW geotextiles at subgrade/subbase interfaces,

¢ triaxial and biaxial geogrids at subgrade/subbase interfaces,

e 4in. and 6 in. geocells in the subbase layer + non-woven geosynthetics at
subgrade/subbase interfaces,

e PC stabilization of subgrades,

e FA stabilization of subgrades,

e PC stabilization of reclaimed subbase (reclaimed from existing granular subbase layer on-
site),

e PC + fiber stabilization of reclaimed subbase with black PP fibers,

e PC + fiber stabilization of reclaimed subbase with white MF-PP fibers,

e mechanical stabilization (mixing subgrade with reclaimed subbase);

e reclaimed subbase between MSB and subgrade; and

e high-energy impact compaction.
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Table 14. Summary of foundation layer design profiles for all test sections

Foundation Layer Profile?
Street | Section Station (above existing/natural subgrade)
1st St. North 107+14.00 to 113+88.00 6in. (5.51in. 12 in. compacted subgrade®
South 100+12.00 to 106+86.00 actual) MSB®
2nd St. North 207+14.00 to 213+88.00 6in. (6.1in. 12 in. mechanically stabilized subgrade
South 200+12.00 to 206+86.00 actual) MSBP
3rd St. North 307+14.00 to 313+88.00 2 in. MSBP 4 in. geocell reinforced MSB, NW geotextile
South 300+12.00 to 306+04.00 1 in. MSBP 6 in. geocell reinforced MSB, NW geotextile
South 306+04.00 to 306+86.00 6 in. geocell reinforced MSB (no geotextile)
4th St North 407+14.00 to 413+88.00 6in. (7.0in. NW geotextile
South 400+12.00 to 406+86.00 actual) MSB® | woven geotextile
5th St. North 507+14.00 to 513+88.00 6in. (6.1in. triaxial geogrid
actual) MSBP
South 500+12.00 to 506+86.00 6in. (5.8in. biaxial geogrid
actual) MSB®
6th St. North 4026+93.49 to 4032.85.49 6in. (4.5t05 | 6in. reclaimed subbase + 5% (5.6% actual) PC +
in. actual) 0.4% (0.5% actual) PP fibers
4032+85.49 to 4033+67.49 | MSBP 6 in. reclaimed subbase + 0.4% (0.5% actual) PP
fibers
South 4020+82.30 to 4026+65.49 | 6in. (4.5to5 | 6 in. reclaimed subbase subbase + 5% (5.5%
in. actual) actual) PC + 0.4% (0.5% actual) MF-PP fibers
4020+21.30 to 4020+82.30 | MSB® 6 in. reclaimed subbase subbase + 0.4% (0.4%
actual) MF-PP fibers
Tth St. North 707+14.00 to 713+88.00 6in. (5.51in. 6 in. reclaimed subbase + 5% (6.2% actual) PC
South 700+12.00 to 706+86.00 actual) MSB® | 6 in. reclaimed subbase + 5% (5.2% actual) PC
8th St. North 807+14.00 to 813+88.00 6in. (6.0in. Compacted subgrade?
South 800+12.00 to 806+86.00 actual) MSBP
9th St. North 907+14.00 to 913+88.00 6in. (6.0in. 6 in. reclaimed subbase
South 900+12.00 to 906+86.00 actual) MSB®
10th St. North 1007+14.00 to 1013+88.00 | 6 in. (5.51n. 12 in. compacted subgrade®
South 1000+12.00 to 1006+86.00 | actual) MSB® | —
11th St. North 1107+14.00 t0 1113+88.00 | 6in. (6.0 in. 12 in. 10% (11.4% actual) PC stabilized subgrade
South 1100+12.00 to 1106+86.00 | actual) MSB® | 12 in. 20% (22.3% actual) Port Neal FA stabilized
subgrade
12th St. North 1207+14.00 to 1213+88.00 | 6 in. (6.0 in. 12 in. 15% (15.8% actual) Ames FA stabilized
actual) MSB® | subgrade
South 1200+12.00 to 1204+46.00 | 6 in. (5.7 in. 12 in. 10% (10% actual) Port Neal FA stabilized
actual) MSBP | subgrade
South 1204+46.00 to 1206+86.00 | 6 in. (6.0 in. 12 in. 10% (10% actual) Muscatine FA stabilized
actual) MSBP | subgrade
North West® 3000+02.50 to 3002+02.50 | 9 in. MSBf 6 in. reclaimed subbase, biaxial geogrid
Ave. West® 3002+02.50 to 3004+02.50 6 in. reclaimed subbase, triaxial geogrid
East® 3004+02.50 to 3023+38.14 6 in. reclaimed subbase
South West® 1001+00.00 to 1003+00.00 | 9 in. MSBf 6 in. reclaimed subbase, biaxial geogrid
Ave. 1003+00.00 to 1005+00.00 6 in. reclaimed subbase, biaxial geogrid
1005+00.00 to 1009+06.08 6 in. reclaimed subbase
South East® 1009+94.00 to 1011+94.00 | 9 in. MSBf 6 in. reclaimed subbase, biaxial geogrid
Ave. 1011+94.00 to 1013+94.00 6 in. reclaimed subbase, biaxial geogrid
1013+94.00 to 1023+39.91 6 in. reclaimed subbase
Central East/West | 2000+01.43 to 2023+39.59 | 9 in. MSBf 6 in. reclaimed subbase
Ave.

2thicknesses provided are nominal unless indicated as actual in parenthesis (actual measurements were obtained
from test pits); "crushed limestone; ¢ Existing subgrade scarified, moisture conditioned, and compacted; ¢ The
original subbase layer topped with chipseal was compacted with high-energy impact roller and the subbase layer
was excavated down to about 6 in. below final grade and replaced with MSB; ®with reference to 6th St.; 'mixture of
recycled PCC and asphalt
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Construction of the test sections required removing the existing chip seal surface, granular
subbase, existing biaxial geogrid, and 6 to 12 in. of subgrade. The existing granular subbase
material was stockpiled on-site for use as reclaimed subbase on some of the test sections.

Details of construction and results from in situ testing during construction are provided
separately for each test section in the next chapter. In brief, all North-South test sections except
one were topped with a nominal 6 in. of crushed limestone MSB (GP-GM or A-1-a with 7%
fines content); the 6 in. geocell section required 7 in. of crushed limestone MSB. All East-West
roads were topped with 9 in. of recycled MSB (GW or A-1-a with 5% fines content). 6th St., 7th
St., 9th St. and all East-West test sections consisted of 6 in. of reclaimed subbase material (SM
or A-1-a 1 with 4% fines content) between crushed limesonte MSB and subgrade layers.

The final MSB layer elevation on all the roads were at about 6 in. below the previous chipseal
surface elevation (constructed during 2007/2008), to accommodate pavement layer during Phase
Il construction. The roadway widths and shape were same as previous with inverted crowns with
2.0% slopes towards the centerline. Additional grading was performed prior to paving and is
discussed in the Phase |1 report.
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CHAPTER 6: TEST SECTION CONSTRUCTION AND TESTING

This chapter documents construction observations and field test results on each test section. In
brief, the following testing was conducted at different times during and after construction of test
sections:

e July 2012 - during construction: DCPs in test sections constructed using chemical
stabilizers), and DCPs and RICM using Caterpillar CS583 in mechanically stabilized
subgrade test section.

e July 2012 - shortly after construction: FWDs, LWDs, and RICM (using Caterpillar
CS683 roller) in each test section.

e October 2012 — about three months after construction: DCPs, FWDs, and RICM (using
Sakai and Hamm rollers) in each test section.

e February 2013 (frozen condition) — about seven months after construction: FWDs in each
test section.

e April/May 2013 (sprig-thaw condition) — about nine to ten months after construction:
DCPs, FWDs, and RICM (using Caterpillar CS74 and CS683 rollers) in each test section.

Results from July 2012, October 2012, and April/May 2013 are presented in this chapter.
Comparison of results between test sections along with results from February 2013 are provided
in the next chapter.

1st North-South: Compacted Subgrade (Control)
Construction Observations

Control test sections with compacted subgrade was constructed on 1st St. North and South. The
pavement foundation profile on the test sections are shown in Figure 49. First, the existing
subbase layer was excavated down to the subgrade elevation. Then the top 12 in. of subgrade
was pulverized using a soil reclaimer (Figure 50a,b) and was compacting using a padfoot roller
followed by a smooth drum roller (Figure 50c,d). A 6 in. thick layer of crushed limestone MSB
was placed and compacted over the subgrade (Figure 50g,f).

Crushed Limestone MSB
GP-GM, A-1-a

Compacted Subgrade
CL, A-6(5)

Figure 49. Pavement foundation profile on 1st St. North and South test sections
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(a) ()

© )

o ; , (f) &

Figure 50. Construction operations on 1st St.: (a) pulverizing top 12 in. of subgrade, (b)
pulverized subgrade layer, (c) compaction of subgrade using smooth drum roller after
padfoot roller, (d) compacted subgrade layer, (e) and (f) placement of MSB layer
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As-Constructed Test Results

RICM values (MDP*, CMV, and elevation) on compacted crushed limestone MSB layer are
shown in Figure 51. RICM measurements were obtained in low amplitude mode (a = 0.85 mm, f

=30 Hz). FWD and LWD modulus measurements obtained from 20 test locations along 1st St.
are also shown in Figure 51.
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Figure 51. CS683 RICM, LWD, and FWD modulus measurements on 1st St. shortly after
construction (July 2012)

Performance Monitoring Results

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwp from October 2012 (about three months after construction) are shown in Figure 52. MDP*
and CMV results from the CS683 machine obtained in low amplitude mode (a = 0.85 mm, f = 30
Hz)) in comparison with Esg-rwp from April 2013 (during spring-thaw) are shown in Figure 53.
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Similarly, results from the CS74 machine obtained in low amplitude mode (a = 0.97 mm, f =28

Hz) are shown in Figure 54. MDP* and CMV results obtained from the CS683 machine from
July 2012 and April 2013 are compared in Figure 55.

DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 56 and
Figure 57. Average CBRwss and CBRsg for each test section are shown in Figure 58. Average
Ess-rwo for each test section are shown in Figure 59.

CBRwmse and CBRsc showed lower values in May 2013 during spring-thaw compared to
measurements in October 2012 and April 2013. Esg-rwp, MDP*, and CMV measurements were
lower in April 2013 than in July and October 2012.
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Figure 52. Sakai CCV and FWD modulus measurements on 1st St. three months after
construction (October 2012)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 53. CS683 RICM and FWD modulus measurements on 1st St. nine months after
construction during thawing (April 2013)

04/03/2013 (Nine months after construction - Thawing)
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Figure 54. CS74 RICM and FWD modulus measurements on 1st St. nine months after
construction during thawing (April 2013)
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Figure 55. Comparison between CS683 RICM measurements on 1st St. shortly after
construction and nine months after construction during thawing
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Figure 56. DCP test results from 1st St. South from different testing

times
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Figure 57. DCP test results from 1nd St. North from different testing times
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2nd North-South: 12 inch Mechanically Stabilized Subgrade
Construction Observations

Test sections with mechanically stabilized subgrade between the MSB and the unstabilized
subgrade layers were constructed on 2nd St North and South. The pavement foundation profile in
the test sections is shown in Figure 60. The existing subbase layer was scarified (Figure 61a) and
excavated down to the subgrade elevation (Figure 61b). About 6 in. of reclaimed subbase layer
was loosely placed on the subgrade (Figure 61c) and was mixed with the underlying subgrade
using a soil reclaimer (Figure 61d) to create a mechanically stabilized subgrade layer. The
stabilized layer was compacted using the CS683 vibratory smooth drum roller equipped with
RICM (Figure 61e). A 6 in. thick layer of crushed limestone MSB was placed and compacted
over the stabilized subgrade layer (Figure 61f). A picture of the final compacted surface is shown
in Figure 62.

Soil samples of the stabilized subgrade layer were obtained from six random locations along 2nd
St. for laboratory testing. Gradation curves of the mechanically stabilized subgrade samples in
comparison with subgrade, reclaimed subbase, and crushed limestone MSB materials are shown
in Figure 63. The mechanically stabilized subgrade material was classified as clayey sand (SC)
according to the USCS soil classification system and A-2-6 according to the AASHTO soil
classification system (average fines content of about 33%).

»
Vl

Crushed Limestone MSB
GP-GM, A-1-a

12 in. Mechanically Stabilized
Subgrade w/ Reclaimed
Subbase

SC, A-2-6 v

Figure 60. Pavement foundation profile on 2nd St. North and South test sections
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@

Figure 61. Construction operations on 2nd St.: (a) scarifying existing subbase layer, (b)
excavating existing subbase layer, (c) replacing 6 in. of reclaimed subbase layer, (d) mixing
reclaimed subbase and subgrade layers, (e) compaction of mechanically stabilized layer,
and (f) placement of crushed limestone MSB layer
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Figure 62. 2nd St. after placement and compaction of crushed limestone modified subbase

layer
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Figure 63. Grain-size distribution curves for subgrade, reclaimed subbase, mechanically
stabilized subgrade, and crushed limestone MSB materials
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As-Constructed Test Results

The mechanically stabilized subgrade layer was compacted using the RICM roller in three roller
lanes (namely east, middle, and west lanes). Compaction was performed using low amplitude (a
= 0.9 mm, f = 30 Hz) and high amplitude (a = 1.8 mm, f = 30 Hz) settings. LWD and DCP tests
were conducted at 0 pass and after 6 passes.

Linear plots of RICM data, i.e., MDP*cseg3, CMV cses3, elevation, and change in elevation
(AElevation), obtained on the west, middle, and east lanes for six roller passes are shown in
Figure 64, Figure 65, and Figure 66, respectively. The AElevation values were calculated using
pass 1 elevation data as reference. Change in average (per pass) MDP*cses3, CMVcses3, and
elevation with increasing passes are shown in Figure 67.

Average LWD modulus (based on 3 to 10 measurements) and CBR (based on 10 measurements)
of the mechanically stabilized subgrade layer (CBRwmss) before and after compaction (6 passes)
are also shown in Figure 67. DCP-CBR and cumulative blows with depth profiles for 2nd St.
South and North are shown in Figure 68 and Figure 69, respectively.

MDP*csegs results from multiple compaction passes indicate that the measurements are
repeatable and generally increased with compaction passes. CMVcsss3 values were low (< 10)
and did not change considerably with increasing passes. Elevation values generally showed a
decreasing trend with increasing pass.

FWD and LWD testing and RICM measurements using the CS683 roller were conducted on the
MSB layer shortly after construction (July 2012). RICM values (MDP*csgs3, CMVseg3, and
elevation) obtained in low amplitude mode (a = 0.85 mm, f = 30 Hz) on 2nd St. are shown in
Figure 70. FWD and LWD modulus measurements obtained from 20 locations along 2nd St. are
also presented in Figure 70, as comparison with the RICM measurements.
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Figure 70. CS683 RICM, LWD, and FWD modulus measurements on 2nd St. shortly after
construction (July 2012)

Performance Monitoring Results

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwp from October 2012 (about three months after construction) are shown in Figure 71.
MDP*csgez and CMVcsess results in comparison with Esg-rwp from April 2013 (during thawing
about nine months after construction) are shown in Figure 72. Similarly, results from the CS74
machine obtained in low amplitude mode (a = 0.97 mm, f = 28 Hz) are shown in Figure 73.

MDP*cses3 and CMVcssss results obtained from July 2012 and April 2013 are compared in
Figure 74.

DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 75 and
Figure 76. Average CBRwss and CBRsg for each test section are shown in Figure 77. Average
Ese-rwp for each test section are shown in Figure 78.
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CBR in the surface MSB layer and the underlying stabilized and unstabilized subgrade layers

were lower in May 2013 than in October 2012 and April 2013. The subgrade and the stabilized
subgrade layers were likely in partially thawed/frozen condition in April 2013. Esg-rwp, MDP*,
and CMV measurements were lower in April 2013 than in July and October 2012.
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Figure 71. Sakai CCV and FWD modulus measurements on 2nd St. three months after
construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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Figure 72. CS683 RICM and FWD modulus measurements on 2nd St. nine months after
construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 73. CS74 RICM and FWD modulus measurements on 2nd St. nine months after
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construction during thawing (April 2013)
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Figure 75. DCP test results from 2nd St. South from different testing times
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Figure 76. DCP test results from 2nd St. North from different testing times
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Figure 78. Average FWD subbase modulus (based on 10 tests) on 2nd St. South and North
sections

3rd North-South: 4 and 6 inch Geocell + Geotextile
Construction Observations

Test sections were constructed with 4 in. high geocells on 3rd St. North and with 6 in. high
geocells on 3rd St. South. The pavement foundation profiles for the two test sections are shown
in Figure 79. The existing granular subbase layer was first excavated down to the subgrade level
(Figure 80). A non-woven geotextile was placed over the subgrade to act as a separation barrier
(Figure 81a). The geocell strips were stretched by staking the edges with short pieces of rebar
(Figure 81b). Adjacent geocell strips were initially attached using 5 in. long staples or zip ties.
This approached resulted in variability in the geocell opening widths and relatively slow speed of
construction. Later, a pneumatic hog ring tool was used to staple adjacent geocell strips (Figure
81c) which expedited the construction process and helped achieve more uniform geocell
openings. After the geocells were installed, crushed limestone MSB was placed with a skid steer
(Figure 81d,e, and f) and compacted using a smooth drum vibratory roller. The design subbase
layer thickness was 6 in. in the 4 in. geocell section and about 7 in. in the 6 in. geocell section.
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Figure 79. Pavement foundation profiles with (a) 4 in. geocells on 3rd St. North, and (b) 6
in. geocells on 3rd St. South

Figure 80. Removal of existing granular subbase on 3rd St.
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Figure 81. Geocell installation and crushed limestone MSB layer construction: (a)
installation of non-woven geotextile over subgrade; (b) stretching geocells over non-woven
geotextile using short rebars; (c) attaching adjacent geocell strips using pneumatic hog ring
tool; (d) placement of MSB in geocells; () MSB in geocells; and (f) 3rd St. after compaction
of MSB layer
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As-Constructed Test Results

RICM values (MDP*, CMV, and elevation) along 3rd St. on compacted crushed limestone MSB
layer are shown in Figure 82. RICM measurements were obtained in low amplitude mode (a =
0.85 mm, f = 30 Hz). FWD and LWD modulus measurements obtained from 20 test locations
along 3rd St. are also presented in Figure 82.
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Figure 82. RICM, LWD, and FWD measurements on 3rd St. shortly after construction

Performance Monitoring Results

(July 2012)

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwp from October 2012 (about three months after construction) are shown in Figure 83.
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MDP*cseg3 and CMVcsgss results in comparison with Esg-rwp from April 2013 (during spring-
thaw) are shown in Figure 84. Similarly, results from the CS74 machine are shown in Figure 85.
MDP*csegz and CMVcssgs from July 2012 and April 2013 are compared in Figure 86.

DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 87 and
Figure 88. Average CBRwss and CBRsg for each test section are shown in Figure 89. Average
Ess-rwo for each test section are shown in Figure 90.

Ess-rwp showed slightly lower values in April 2013 during spring-thaw than in July and October
2012. No significant differences were observed in CBRmsg on 3rd St. North between different
testing times, but the values on 3rd St. South were lower during spring-thaw in April 2013 than
in October 2012. No significant differences were observed in CMV and MDP* measurements
between July 2012 and April 2013.
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Figure 83. Sakai CCV and FWD modulus measurements on 3rd St. three months after
construction (October 2012)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 84. CS683 RICM and FWD modulus measurements on 3rd St. nine months after
construction during thawing (April 2013)
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Figure 85. CS74 RICM and FWD modulus measurements on 3rd St. nine months after
construction during thawing (April 2013)
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Figure 87. DCP test results from 3rd St. South from different testing times
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Figure 88. DCP test results from 3rd St. North from different testing times

98



| October 2012 Average CBR of original
R | B April 2013 (spring-thaw) | subbase (April 2012)
g\i 100 4 May2013 (spring-thaw)
[aa] ] W
a 1
m
® /
o /
¢ 0y
3 f /
>
z %
.
] October 2012
| HEE April 2013 (spring-thaw)
< May2013 (spring-th
Q\i 100 4 . v (spring-thaw) Average CBR of original
o ] subgrade (April 2012)
0:ll)
m
o
[
(o)
o
(5]
>
<
7.\

3rd St. South 3rd St. North
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4th North-South: Non-woven and Woven Geotextile
Construction Observations

Test sections were constructed with non-woven geotextile on 4th St. North and with woven
geotextile on 4th St. South, by placing the geotextiles at the subgrade and MSB layer interface.
The pavement foundation profiles are shown in Figure 91. The existing granular subbase layer
was first excavated down to the subgrade level (Figure 92). Geotextiles were then placed over
the subgrade (Figure 93a,b). A 6 in. thick crushed limestone MSB was placed over the geotextile
(Figure 93c,d,e,f) and compacted using a smooth drum vibratory roller.

Crushed Limestone MSB R Crushed Limestone MSB 6
GP-GM, A-1-a GP-GM, A-1-a

(@) (b)

Figure 91. Pavement foundation profiles with (a) non-woven geotextile on 4th St. North,
and (b) woven geotextile on 4th St. South

Figure 92. Removal of existing granular subbase and excavating to subgrade elevation on
4th St.
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@ " (b)

(c) (d)

© G

Figure 93. Geotextile installation and crushed limestone MSB layer construction: (a) woven
geotextile over subgrade; (b) non-woven geotextile over subgrade; (c) MSB layer placement
over woven geotextile; (d) MSB layer placement over non-woven geotextile; (e) MSB layer
spreading using motor grader; and (f) 4th St. after compaction of MSB layer
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As-Constructed Test Results

RICM values (MDP*, CMV, and elevation) along 4th St. on compacted crushed limestone MSB
layer are shown in Figure 94. RICM measurements were obtained in low amplitude mode (a =
0.85 mm, f = 30 Hz). FWD and LWD modulus measurements obtained from 20 test locations
along 4th St. are also presented in Figure 94.
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Figure 94. RICM, LWD, and FWD measurements on 4th St. shortly after construction

Performance Monitoring Results

(July 2012)

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwp from October 2012 (about three months after construction) are shown in Figure 95.

MDP*csegz and CMVcsegs results in comparison with Esg-rwp from April 2013 (during spring-
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thaw) are shown in Figure 96. Similarly, results from the CS74 machine are shown in Figure 97.
MDP*cses3 and CMVcsess from July 2012 and April 2013 are compared in Figure 98.

DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 99 and
Figure 100. Average CBRwmse and CBRsc for each test section are shown in Figure 101. Average
Ess-rwp for each test section are shown in Figure 102.

Ess-rwp Showed lower values in April 2013 during spring-thaw than in July and October 2012,
CBRwmsg Vvalues were lower during spring-thaw in April 2013 than in October 2012, but increased
in May 2013. CMV and MDP* measurements were generally lower in April 2013 than in July
2012.
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Figure 95. Sakai CCV and FWD modulus measurements on 4th St. three months after
construction (October 2012)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 96. CS683 RICM and FWD modulus measurements on 4th St. nine months after
construction during thawing (April 2013)
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Figure 100. DCP test results from 4th St. North from different testing times
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Figure 101. Average CBR (based on 3 tests) of MSB and subgrade layers on 4th St. South
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Figure 102. Average FWD subbase modulus (based on 10 tests) on 4th St. South and North
sections

108



5th North-South: Triaxial and Biaxial Geogrid
Construction Observations

Test sections were constructed with triaxial geogrid on 5th St. North and with biaxial geogrid on
5th St. South, by placing the geogrids at the subgrade and MSB layer interface. The pavement
foundation profiles are shown in Figure 103. The existing granular subbase layer was first
excavated down to the subgrade level (Figure 104). Geogrids were then placed over the subgrade
(Figure 105a,b). A 6 in. thick crushed limestone MSB was placed over the geogrids (Figure
106c,d,e,f) and compacted using a smooth drum vibratory roller.

Crushed Limestone MSB & Crushed Limestone MSB 6
GP-GM, A-1-a

GP-GM, A-1-a

(@) (b)

Figure 103. Pavement foundation profiles with (a) triaxial geogrid on 5th St. North, and (b)
biaxial geogrid on 4th St. South

s

Figure 104. Removal of existing granular subbase and excavating to subgrade elevation on
5th St.
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© 0

Figure 105. Geogrid installation and crushed limestone MSB layer construction: (a) biaxial
geogrid over subgrade; (b) triaxial geogrid over subgrade; (c) MSB layer placement over
biaxial geogrid; (d) MSB layer placement over triaxial geogrid; () MSB layer spreading

using motor grader; and (f) 5th St. after compaction of MSB layer
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As-Constructed Test Results

RICM values (MDP*, CMV, and elevation) along 5th St. on compacted crushed limestone MSB
layer are shown in Figure 106. RICM measurements were obtained in low amplitude mode (a =

0.85 mm, f = 30 Hz). FWD and LWD modulus measurements obtained from 20 test locations

along 5th St. are also presented in Figure 106.
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Figure 106. RICM, LWD, and FWD measurements on 5th St. shortly after construction

(July 2012)

Performance Monitoring Results

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwo from October 2012 (about three months after construction) are shown in Figure 107.
MDP*csgez and CMVcsess results in comparison with Esg-rwp from April 2013 (during spring-
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thaw) are shown in Figure 108. Similarly, results from the CS74 machine are shown in Figure

109. MDP*csgs3 and CMVsss3 from July 2012 and April 2013 are compared in Figure 110.

DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 111

and Figure 112. Average CBRwmse and CBRsc for each test section are shown in Figure 113.

Average Esg-rwp for each test section are shown in Figure 114.

Ess-rwp Showed lower values in April 2013 during spring-thaw than in July and October 2012,
CBRwmsg Vvalues were lower during spring-thaw in April 2013 than in October 2012, but increased
in May 2013. No significant changes were observed in CBRsc. CMV and MDP* measurements
were generally lower in April 2013 than in July 2012.
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Figure 107. Sakai CCV and FWD modulus measurements on 5th St. three months after

construction (October 2012)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 108. CS683 RICM and FWD modulus measurements on 5th St. nine months after
construction during thawing (April 2013)

04/03/2013 (Nine months after construction - Thawing)
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Figure 109. CS74 RICM and FWD modulus measurements on 5th St. nine months after
construction during thawing (April 2013)
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Figure 113. Average CBR (based on 3 tests) of MSB and subgrade layers on 5th St. South
and North
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Figure 114. Average FWD subbase modulus (based on 10 tests) on 5th St. South and North
sections
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6th North-South: Bottom 6 inch Subbase + 5% Cement Stabilization and Fibers
Construction Observations

PC stabilization with fiber reinforced reclaimed subbase layer was conducted on 6th St. North
and South test sections. MF-PP black fibers were used on 6th St. South and PP white fibers were
used on 6th St. North. About 60 ft on the south end of 6th St. South and about 80 ft on the north
end of 6th St. North included only fiber reinforcement without PC stabilization in the subbase
layer. The pavement foundation profiles are shown in Figure 115. The construction process
involved: (1) excavating the existing subbase and subgrade material down to the desired
elevation and loosely placing the reclaimed subbase material over the subgrade (Figure 116a,b),
(2) distributing a target 0.4% fibers on the subbase layer using a straw blower (Figure 116c¢,d);
(3) mixing the subbase material with fibers using a soil reclaimer (Figure 116e,f); (4) distributing
a target 5% cement on the subbase-fiber mixture (Figure 117a); (5) mixing and moisture
conditioning the mixture by injecting water into the mixing drum (Figure 117b); and (f)
compacting the stabilized layer with a vibratory padfoot roller immediately behind the reclaimer
(Figure 117b). Note that the PC and fiber contents are based on dry weight of the soil. Close-up
views of the subbase material after mixing with PC and fibers are shown in Figure 117c,d.
Within one to three days of curing, a 6 in. crushed limestone MSB layer was placed over the
stabilized subbase layers and compacted using a vibratory smooth drum roller.

Sta. 4026+93.49 to 4032+85.49

Crushed Limestone MSB
GP-GM, A-1-a

Reclaimed Subbase + 5.6% PC
+ 0.5% PP Fiber, SM, A-1-a

Sta. 4020+82.30 to 4026+65.49

Crushed Limestone MSB
GP-GM, A-1-a

Reclaimed Subbase + 5.5% PC
+ 0.5% MF-PP Fiber, SM, A-1-a

(©)

(@)

Sta. 4032+85.49 ti 4033+67.49

Crushed Limestone MSB
GP-GM, A-1-a

Reclaimed Subbase + 0.5% PP
Fiber, SM, A-1-a

]

(b)
Sta. 4020+21.30 to 4020+82.30
Crushed Limestone MSB
GP-GM, A-1-a

Reclaimed Subbase + 0.4% MF-
PP Fiber, SM, A-1-a

S

(d)

Figure 115. Pavement foundation profiles with (a) PC + PP fiber stabilized reclaimed
subbase on 6th St. North; (b) PP fiber stabilized reclaimed subbase on 6th St. N; (c) PC +
MF-PP fiber stabilized reclaimed subbase on 6th St. S; and (d) MF-PP fiber stabilized
reclaimed subbase on 6th St. S
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o7riofamiz

Figure 116. PC + Fiber stabilized subbase layer construction: (a) scarification of existing
subbase; (b) stockpiling of existing subbase after removing biaxial geogrid beneath the
existing subbase lyaer; (c) placing white PP fiber with a straw blower; (d) mixing white PP
fiber with subbase; (e) placing black MF-PP fiber with a straw blower; and (f) mixing
black MF-PP fibers with subbase
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Figure 117. PC and fiber mixing: (a) placement of PC on fiber reinforced subbase layer; (b)
moisture conditioning and mixing PC with fiber reinforced subbase; (c) PC + PP stabilized
subbase; (d) PC + MF-PP stabilized subbase; and (e) 6th St. after placement of crushed
limestone MSB layer
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As-Constructed Test Results

RICM values (MDP*, CMV, and elevation) along 6th St. on compacted crushed limestone MSB
layer are shown in Figure 118. RICM measurements were obtained in low amplitude mode (a =

0.85 mm, f = 30 Hz). FWD and LWD modulus measurements obtained from 20 test locations

along 6th St. are also presented in Figure 118.
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Figure 118. RICM, LWD, and FWD measurements on 6th St. shortly after construction

Performance Monitoring Results

(July

2012)

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwp from October 2012 (about three months after construction) are shown in Figure 119.

MDP*csegz and CMVcsegs results in comparison with Esg-rwp from April 2013 (during spring-
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thaw) are shown in Figure 120. Similarly, results from the CS74 machine are shown in Figure
121. MDP*csggz and CMVcsess from July 2012 and April 2013 are compared in Figure 122.

DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 122
and Figure 100. Average CBRwmss, CBRpc-Fiber sunbase aNd CBRsc for each test section are shown
in Figure 101. Average Esg-rwp for each test section are shown in Figure 102.

Ess-rwp Obtained on both 6th St. North and South showed lower values in April 2013 during
spring-thaw than in October 2012, but were higher than values obtained shortly after
construction in July 2012. CBRmsg and CBRpc-Fiber sunbase layers also showed similar trend. This

trend is also confirmed by RICM measurements with higher values in April 2013 than in July
2012.

Ess-rwp values on PP fibers only section were lower than PC + PP fibers section on 6th St. North
at all testing times. On average, the Esg-rwp was about 6 times lower in April 2013 in the PP
fibers only section than in PC + PP fibers section. DCP tests indicated lower CBR values in the
MSB layer and the stabilized subbase layer in the fiber only sections compared to PC + fiber
sections, on 6th St. North and South. No significant differences were observed between the PC +
MEF-PP fiber and the PC + PP fiber sections in terms of Esg.rwp and CBR values.

0 10/02/12 (Three months after construction)
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Figure 119. Sakai CCV and FWD modulus measurements on 6th St. three months after
construction (October 2012)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 120. CS683 RICM and FWD modulus measurements on 6th St. nine months after
construction during thawing (April 2013)

04/03/2013 (Nine months after construction - Thawing)
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Figure 121. CS74 RICM and FWD modulus measurements on 6th St. nine months after
construction during thawing (April 2013)
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Figure 122. Comparison between CS683 RICM measurements on 6th St. shortly after
construction and nine months after construction during thawing
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Figure 123. DCP test results from 6th St. South from different testing times
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Figure 124. DCP test results from 6th St. North from different testing times
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7th North-South: Bottom 6 inch subbase with 5% Cement Stabilization
Construction Observations

PC stabilized reclaimed subbase layer was conducted on 7th St. North and South test sections.
The pavement foundation profiles are shown in Figure 127. The construction process involved:
(1) excavating the existing subbase and subgrade material down to the desired elevation and
loosely placing the reclaimed subbase material over the subgrade (Figure 128a,b); (2)
distributing a target 5% PC on the subbase (Figure 128c¢); (3) mixing PC with the subbase layer
using a soil reclaimer (Figure 128d); and (4) compacting the stabilized layer with a vibratory
padfoot roller immediately behind the reclaimer (Figure 128e). Within one to three days of
curing, a 6 in. crushed limestone MSB layer was placed over the stabilized subbase layer (Figure
128f) and compacted using a vibratory smooth drum roller.

Crushed Limestone MSB . Crushed Limestone MSB

GP-GM, A-1-a 6 GP-GM, A-1-a 6
Reclaimed Subbase + 5.2% PC 6 Reclaimed Subbase + 6.2% PC 6
SM, A-1-a SM, A-1-a

(@) (b)

Figure 127. Pavement foundation profiles with (a) 5.2% PC stabilized reclaimed subbase
on 7th St. South; and (b) 6.2% PC stabilized reclaimed subbase on 7th St. South
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© - )

© B

Figure 128. Construction operations on 7th St.: (a) removing existing subbase layer down
to subgrade elevation, (b) reclaimed subbase layer placed over subgrade (c) placing PC
over reclaimed subbase, (d) moisture conditioning and mixing reclaimed subbase with PC,
(e) compacting stabilized layer with padfoot roller, and (f) placing crushed limestone MSB
layer over stabilized subbase
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As-Constructed Test Results

RICM values (MDP*, CMV, and elevation) along 7th St. on compacted crushed limestone MSB
layer are shown in Figure 129. RICM measurements were obtained in low amplitude mode (a =
0.85 mm, f = 30 Hz). FWD and LWD modulus measurements obtained from 20 test locations
along 7th St. are also presented in Figure 129.

07/13/12 (Shortly after construction)
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Figure 129. RICM, LWD, and FWD measurements on 7th St. shortly after construction
(July 2012)

Performance Monitoring Results

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwo from October 2012 (about three months after construction) are shown in Figure 130.
MDP*csgsz and CMVcsess results in comparison with Esg-rwp from April 2013 (during spring-
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thaw) are shown in Figure 131. Similarly, results from the CS74 machine are shown in Figure
132. MDP*csgs3 and CMVsss3 from July 2012 and April 2013 are compared in Figure 133.

DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 134
and Figure 135. DCP profiles obtained from different testing times from one selected test
location each from 7th St. North and South test sections are presented in Figure 136. Average
CBRwmse, CBRpc-subbase and CBRsg from different testing times in each test section are shown in
Figure 137 and Figure 138. Average Esg-rwp for each test section are shown in Figure 139.

Ess-rwp Obtained on both 7th St. North and South showed lower values in April 2013 during
spring-thaw than in October 2012. CBRmse and CBRepc-Fiber subbase 1ayers also showed lower
values in April 2013 than in October 2012, but the values increased in May 2013. RICM
measurements obtained in July 2012 and April 2013 were generally similar.
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Figure 130. Sakai CCV and FWD modulus measurements on 7th St. three months after
construction (October 2012)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 131. CS683 RICM and FWD modulus measurements on 7th St. nine months after
construction during thawing (April 2013)
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Figure 132. CS74 RICM and FWD modulus measurements on 7th St. nine months after
construction during thawing (April 2013)
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Figure 133. Comparison between CS683 RICM measurements on 4th St. shortly after
construction and nine months after construction during thawing
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Figure 134. DCP test results from 7th St. South from different testing times
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Figure 135. DCP test results from 7th St. North from different testing times

135



CBR (%) CBR (%)
0.1 1 10 100 1000 0 100 200 300 400 500

d 111 111 L1 L1

0 Refusal Crushed

1 I—E [< 0.1 mm/blow] Limestone
1 ; 6 MSB
6 1 L= ] PC-Stabilized
] —p 1V Reclaimed
] . 12 ] N Subbase

o

12 A :
] - Subgrade
1
T o] : ]
< 18 A - Bl
< 1 1 i
a
) ] .
O 24 = Original Conditions 24 A
1 i (May 2012) No Stab.
—— 6.2% PC - 0 day cure
] 2 (July 2012) i
30 ] ! . - - 6% PC - 7 day cure 30
. 6% PC - 28 day cure
H =— 6% PC - 86 day cure

36 ] m— 6% PC - 281 day cure 36
(spring-thawApril 2013)

7th St. South

CBR (%) CBR (%)
04 1 10 100 1000 o 3. 190 200 300 400 S00
Refusal  Crushed
[<0.1mm/ Limestone
6 blow] MSB
1 PC-Stabilized
] Reclaimed
1 Subbase
12
1 ubgrade
€ 18 A
= '.
% J .
[a) 24 4 = Original Conditions 24
(May 2012) No Stab. .
i —— 5.2% PC - 0 day cure .
(July 2012) i .
30 - - 5% PC - 7 day cure 30 :
5% PC - 28 day cure ;
1 = 5% PC - 86 day cure
36 ] m— 505 PC - 281 day cure 36 -
(spring-lthawApriI 2013) 7th St. North

Figure 136. DCP test results from a selected test point each in 7th St. South and North at
different curing times after construction
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Figure 137. Average CBR (based on 3 tests) of MSB, PC stabilized reclaimed subbase, and
unstabilized subgrade on 7th St. South
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Figure 138. Average CBR (based on 3 tests) of MSB, PC stabilized reclaimed subbase, and
unstabilized subgrade on 7th St. North
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Figure 139. Average FWD subbase modulus (based on 10 tests) on 7th St. South and North
sections
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8th North-South: Compacted Subgrade (Control)
Construction Observations

The high-energy IR was used to rubblize and push down the chip seal coat and the existing
granular subbase on 8th St. North and South test sections. The test sections were compacted
using 20 IR passes with the high-energy impact roller at a nominal speed of 7 mph (on May 30,
2012), and then compacted using a vibratory smooth drum roller (on June 7, 2012). The chipseal
surface after IR passes is shown in Figure 140.

DCP-CBR and cumulative blows with depth profiles seven test locations along 8th St. are shown
in Figure 141 to Figure 144. . Results and field observations indicated that the chip seal coat
surface was rubblized as expected. DCP test results at some locations indicated improvement in
CBR with depth, while at other locations showed de-compaction at shallow depths. For example,
at Pt (3) in Figure 142, the CBR from about 4 to 6 in. depth increased from an average of about
55 to 77 after 20 IR passes. On the other hand, at Pt (7) in Figure 144, the CBR values at almost
all depths were lower after IR passes. Improvement of the underlying subgrade was not expected,
as it is not possible under saturated conditions. Due to the limited scope on this project, potential
advantages of the IR for earthwork compaction were not fully explored and warrant additional
demonstration. However, this demonstration provided hands-on experience to researchers and
practitioners with this technology.

et

Figure 140. Chipseal surface after IR passes on 8th St. North
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Figure 141. DCP test results from test points (1) and (2) on 8th St. before IR passes and
after 12 and 20 IR passes, and after smooth drum roller passes
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Figure 142. DCP test results from test points (3) and (4) on 8th St. before IR passes and
after 12 and 20 IR passes, and after smooth drum roller passes
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Figure 143. DCP test results from test points (5) and (6) on 8th St. before IR passes and
after 12 and 20 IR passes, and after smooth drum roller passes
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Figure 144. DCP test results from test point (7) on 8th St. before IR passes and after 12 and
20 IR passes, and after smooth drum roller passes

The 8th St. South and North test sections were converted to control test sections with
“compacted” subgrade under IR passes. The pavement foundation profile on the test sections are
shown in Figure 145. After IR and smooth drum roller passes, the rubblized chipseal surface and
the subbase layer were excavated down to the desired subgrade elevation (Figure 146a,b). Then a
6 in. thick layer of crushed limestone MSB was placed and compacted over the subgrade (Figure
146¢,d).

Crushed Limestone MSB

GP-GM, A-1-a 6
Compacted Subgrade
CL, A-6(5) 197

Figure 145. Pavement foundation profile on 8th St. North and South test sections
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- e (d)

Figure 146. Construction operations on 8th St.: (a) existing subbase layer surface after IR
passes, (b) excavating down to 6 in. below final grade to allow placement of MSB, (c)
placement of crushed limestone MSB, and (d) 8th St. after placement and compaction of
MSB

As-Constructed Test Results

RICM values (MDP*, CMV, and elevation) on compacted crushed limestone MSB layer are
shown in Figure 147. RICM measurements were obtained in low amplitude mode (a = 0.85 mm,
f =30 Hz). FWD and LWD modulus measurements obtained from 20 test locations along 1st St.
are also shown in Figure 147.
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07/13/12 (Shortly after construction)
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Figure 147. CS683 RICM, LWD, and FWD modulus measurements on 8th St. shortly after

Performance Monitoring Results

construction (July 2012)

CCV results obtained in low amplitude mode (a = 0.63 mm, f = 33 Hz) in comparison with Esg-
rwp from October 2012 (about three months after construction) are shown in Figure 148. MDP*
and CMV results from the CS683 machine obtained in low amplitude mode (a = 0.85 mm, f = 30
Hz)) in comparison with Esg-rwp from April 2013 (during spring-thaw) are shown in Figure 149.
Similarly, results from the CS74 machine obtained in low amplitude mode (a = 0.97 mm, f =28
Hz) are shown in Figure 150. MDP* and CMV results obtained from the CS683 machine from
July 2012 and April 2013 are compared in Figure 151.
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DCP-CBR and cumulative blows profiles from different testing times are shown in Figure 152
and Figure 153. Average CBRwmse and CBRsg for each test section are shown in Figure 154.
Average Esg-rwp for each test section are shown in Figure 155.

CBRwmse and CBRsc showed lower values in April 2013 during spring-thaw compared to
measurements in October 2012. The values increased slightly in May 2013. Esg-rwp
measurements were lower in April 2013 than in July and October 2012. There was no significant
difference between RICM measurements obtained in July 2012 and April 2013.

10/02/12 (Three months after construction)
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Figure 148. Sakai CCV and FWD modulus measurements on 8th St. three months after
construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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Figure 149. CS683 RICM and FWD modulus measurements on 8th St. nine months after
construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 150. CS74 RICM and FWD modulus measurements on 8th St. nine months after
construction during thawing (April 2013)
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Figure 151. Comparison between CS683 RICM measurements on 8th St. shortly after
construction and nine months after construction during thawing
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Figure 153. DCP test results from 8th St. North from different testing times
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Figure 154. Average CBR (based on 2 to 3 tests) of MSB and subgrade layers on 8th St.
South and North
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Figure 155. Average FWD subbase modulus (based on 10 tests) on 8th St. South and North
sections
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9th North-South: 6 inch Reclaimed Subbase
Construction Observations

The pavement foundation profile on 9th St. North and South is shown in Figure 156. Pictures
during construction of the sections by removing the existing base down to the subgrade
elevation, and placing the reclaimed subbase, and the crushed limestone MSB are shown in
Figure 157.

Crushed Limestone MSB _‘2,,
GP-GM, A-1-a v
Reclaimed Subbase 4 6"
SM, A-1-a v

Figure 156. Pavement foundation profile on 9th St. South and North sections
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Figure 157. Construction operations on 9th St.: (a) scarifying and removing existing
subbase, (b) excavating down to subgrade elevation, (c) placing relacimed subbase, (d)
compacting reclaimed subbase layer, (e) placement of MSB layer, and (f) final compacted
MSB layer
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As-Constructed Test Results

FWD and LWD testing and RICM mapping was conducted on the crushed limestone MSB layer
shortly after construction (July 2012). RICM values (MDP*, CMV, and elevation) along 1st St.
on compacted crushed limestone MSB layer are shown in Figure 158. FWD and LWD modulus
measurements obtained from 20 test locations along 1st St. are also shown in Figure 158.

07/13/12 (Shortly after construction)
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Figure 158. CS683 RICM, LWD, and FWD modulus measurements on 9th St. shortly after

Performance Monitoring Results

construction (July 2012)

CCV results in comparison with Esg-rwp from October 2012 (about three months after
construction) are shown in Figure 159. MDP* and CMV results from the CS683 machine in
comparison with Esg-rwp from April 2013 (during thawing about nine months after construction)
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are shown in Figure 160. Similarly, results from the CS74 machine are shown in Figure 161.
MDP* and CMV results obtained from the CS683 machine from October 2012 and April 2013
are compared in Figure 162. DCP-CBR and cumulative blows profiles from different testing
times are shown in Figure 163 and Figure 164. Average CBRmse and CBRsg for each test
section are shown in Figure 165. Average Esg-rwp for each test section are shown in Figure 166.
CBRwmse and CBRsc showed the lowest values in May 2013, while Esg-rwp showed the lowest
values in April 2013 when the foundation layers were partially thawed at the surface. MDP* and
CMYV measurements were also lower in April 2013 during thawing than in Ocotber 2012.
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Figure 159. Sakai CCV and FWD modulus measurements on 9th St. three months after
construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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Figure 160. CS683 RICM and FWD modulus measurements on 9th St. nine months after
construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 161. CS74 RICM and FWD modulus measurements on 9th St. nine months after
construction during thawing (April 2013)
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Figure 162. Comparison between CS683 RICM measurements on 9th St. shortly after
construction and nine months after construction during thawing
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Figure 163. DCP test results from 9th St. South from different testing
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Figure 164. DCP test results from 9th St. North from different testing times
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Figure 166. Average FWD subbase modulus (based on 10 tests) on 9th St. South and North
sections

10th North-South: 12 inches of Compacted Subgrade and Control
Construction Observations

The pavement foundation profiles on 10th St. North and South is shown in Figure 167. The
sections were constructed by removing the existing base down to the subgrade elevation,
scarifying and compacting the subgrade on 10st. North, and placing and compacting the crushed
limestone MSB on both north and south sections.

Crushed Limestone MSB
GP-GM, A-1-a

Crushed Limestone MSB
GP-GM, A-1-a

Compacted Subgrade
CL, A-6(5)

(@) (b)

Figure 167. Pavement foundation profile on: (a) 10th St. North (compacted subgrade), and
(b) 10th St. South (control)

As-Constructed Test Results

FWD and LWD testing and RICM mapping was conducted on the crushed limestone MSB layer
shortly after construction (July 2012). RICM values (MDP*, CMV, and elevation) along 1st St.
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on compacted crushed limestone MSB layer are shown in Figure 168. FWD and LWD modulus
measurements obtained from 20 test locations along 1st St. are also shown in Figure 168.

07/13/12 (Shortly after construction)
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Figure 168. CS683 RICM, LWD, and FWD modulus measurements on 10th St. shortly
after construction (July 2012)

Performance Monitoring Results

CCV results in comparison with Esg-rwp from October 2012 (about three months after
construction) are shown in Figure 169. MDP* and CMV results from the CS683 machine in
comparison with Esg-rwp from April 2013 (during thawing about nine months after construction)
are shown in Figure 170. Similarly, results from the CS74 machine are shown in Figure 171.
MDP* and CMV results obtained from the CS683 machine from October 2012 and April 2013
are compared in Figure 172. DCP-CBR and cumulative blows profiles from different testing
times are shown in Figure 173 and Figure 174. Average CBRmse and CBRsg for each test
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section are shown in Figure 175. Average Esg-rwp for each test section are shown in Figure 176.
CBRwmse and CBRsc showed the lowest values in May 2013, while Esg-rwp showed the lowest
values in April 2013 when the foundation layers were partially thawed at the surface. MDP* and
CMYV measurements were also lower in April 2013 during thawing than in Ocotber 2012.
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Figure 169. Sakai CCV and FWD modulus measurements on 10th St. three months after
construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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Figure 170. CS683 RICM and FWD modulus measurements on 10th St. nine months after
construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 171. CS74 RICM and FWD modulus measurements on 10th St. nine months after
construction during thawing (April 2013)
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Figure 172. Comparison between CS683 RICM measurements on 10th St. shortly after
construction and nine months after construction during thawing
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Figure 174. DCP test results from 10th St. North from different testing times
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Figure 175. Average CBR (based on 2 to 3 tests) of MSB and subgrade layers on 10th St.
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Figure 176. Average FWD subbase modulus (based on 10 tests) on 10th St. South and
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165



11th North: Subgrade + 10% Cement Stabilization
Construction Observations

The pavement foundation profile on 11th St. North is shown in Figure 177. Pictures from
construction are shown in Figure 178.

Crushed Limestone MSB

GP-GM, A-1-a 6
11.4% PC Stabilized Subgrade
CL, A-6(5) 12

Figure 177. Pavement foundation profile on 11th St. North
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Figure 178. Construction operations on 11th St. North: (a) prepared subgrade for
treatment, (b) placing PC over subgrade, (c) moisture conditioning and mixing PC with
subgrade, (d) compacting stabilized layer with padfoot roller, (e) placing crushed limestone
MSB, and (f) compacted MSB layer
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As-Constructed Test Results

FWD and LWD testing and RICM mapping was conducted on the crushed limestone MSB layer
shortly after construction (July 2012). RICM values (MDP*, CMV, and elevation) along 1st St.
on compacted crushed limestone MSB layer are shown in Figure 179. FWD and LWD modulus
measurements obtained from 20 test locations along 1st St. are also shown in Figure 179.

07/13/12 (Shortly after construction)
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Figure 179. CS683 RICM, LWD, and FWD modulus measurements on 11th St. North
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shortly after construction (July 2012)

Performance Monitoring Results

CCV results in comparison with Esg-rwp from October 2012 (about three months after
construction) are shown in Figure 180. MDP* and CMV results from the CS683 machine in
comparison with Esg-rwp from April 2013 (during thawing about nine months after construction)

168

Esg.rwp @nd Egg o (PS1)

Esg-rwp @and Egg o (PSI)



are shown in Figure 181. Similarly, results from the CS74 machine are shown in Figure 182.
MDP* and CMV results obtained from the CS683 machine from October 2012 and April 2013
are compared in Figure 183. DCP-CBR and cumulative blows profiles from different testing
times are shown in Figure 184 and Figure 185. Average CBRmse and CBRsg for each test
section are shown in Figure 186. Average Esg-rwp for each test section are shown in Figure 187.
CBRwmse and CBRsc showed the lowest values in May 2013, while Esg-rwp showed the lowest
values in April 2013 when the foundation layers were partially thawed at the surface. MDP* and
CMYV measurements were also lower in April 2013 during thawing than in Ocotber 2012.
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Figure 180. Sakai CCV and FWD modulus measurements on 11th St. North three months

after construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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Figure 181. CS683 RICM and FWD modulus measurements on 11th St. North nine months

after construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 182. CS74 RICM and FWD modulus measurements on 11th St. North nine months

after construction during thawing (April 2013)
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Figure 183. Comparison between CS683 RICM measurements on 11th St. North shortly
after construction and nine months after construction during thawing
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Figure 185. DCP test results at different times of curing at a selected test location on 11th
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layers on 11th St.
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Figure 187. Average FWD subbase modulus (based on 10 tests) on 11th St. North
11th South: Subgrade + 20% Class-C Fly Ash
Construction Observations

The pavement foundation profile on 11th St. South is shown in Figure 188. Pictures from
construction are shown in Figure 189.

Crushed Limestone MSB _6
GP-GM, A-1-a v
A

22.3% FA Stabilized Subgrade
CL, A-6(5)
__V_

Figure 188. Pavement foundation profile on 11th St. South
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Figure 189. Construction operations on 11th St. South: (a) excavating existing subbase
down to subgrade layer for treatment, (b) placing FA over subgrade, (c) and (d) moisture
conditioning and mixing FA with subgrade, (e) placing crushed limestone MSB, and (f)
compacted MSB layer
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As-Constructed Test Results

FWD and LWD testing and RICM mapping was conducted on the crushed limestone MSB layer
shortly after construction (July 2012). RICM values (MDP*, CMV, and elevation) along 1st St.
on compacted crushed limestone MSB layer are shown in Figure 190. FWD and LWD modulus
measurements obtained from 20 test locations along 1st St. are also shown in Figure 190.

07/13/12 (Shortly after construction)
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Figure 190. CS683 RICM, LWD, and FWD modulus measurements on 11th St. South
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shortly after construction (July 2012)

Performance Monitoring Results

CCV results in comparison with Esg-rwp from October 2012 (about three months after
construction) are shown in Figure 191. MDP* and CMV results from the CS683 machine in
comparison with Esg-rwp from April 2013 (during thawing about nine months after construction)
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are shown in Figure 192. Similarly, results from the CS74 machine are shown in Figure 193.
MDP* and CMV results obtained from the CS683 machine from October 2012 and April 2013
are compared in Figure 194. DCP-CBR and cumulative blows profiles from different testing
times are shown in Figure 195 and Figure 196. Average CBRwmse and CBRsg for each test
section are shown in Figure 197. Average Esg-rwp for each test section are shown in Figure 198.
CBRwmse and CBRsc showed the lowest values in May 2013, while Esg-rwp showed the lowest
values in April 2013 when the foundation layers were partially thawed at the surface. MDP* and
CMYV measurements were also lower in April 2013 during thawing than in Ocotber 2012.
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Figure 191. Sakai CCV and FWD modulus measurements on 11th St. South three months
after construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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Figure 192. CS683 RICM and FWD modulus measurements on 11th St. South nine months
after construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 193. CS74 RICM and FWD modulus measurements on 11th St. South nine months
after construction during thawing (April 2013)
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Figure 194. Comparison between CS683 RICM measurements on 11th St. South shortly
after construction and nine months after construction during thawing
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Figure 195. DCP test results from 11th St. South from different testing times
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Figure 196. DCP test results at different times of curing at a selected test location on 11th

St. South
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Figure 197. CBR mesaurements in MSB, stabilized subgrade, and unstabilized subgrade
layers on 11th St. South
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Figure 198. Average FWD subbase modulus (based on 10 tests) on 11th St. South
12th North: Subgrade + 15% Class-C Fly Ash
Construction Observations

The pavement foundation profile on 12 St. North is shown in Figure 199. Pictures from
construction are shown in Figure 200.

Crushed Limestone MSB

GP-GM, A-1-a Jf
15.8% FA Stabilized Subgrade 4
CL, A-6(5) 12

Figure 199. Pavement foundation profile on 12th St. North
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(e)

Figure 200. Construction operations on 11th St. South: (a) prepared subgrade prior to
treatment, (b) placing FA over subgrade, (c) moisture conditioning and mixing FA with
subgrade, (d) compacting FA treated subgrade with padfoot roller, and (f) compacted MSB
layer over FA treated subgrade
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As-Constructed Test Results

FWD and LWD testing and RICM mapping was conducted on the crushed limestone MSB layer
shortly after construction (July 2012). RICM values (MDP*, CMV, and elevation) along 1st St.
on compacted crushed limestone MSB layer are shown in Figure 201. FWD and LWD modulus
measurements obtained from 20 test locations along 1st St. are also shown in Figure 202.
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Figure 201. CS683 RICM, LWD, and FWD modulus measurements on 11th St. South

Distance (ft)

shortly after construction (July 2012)

Performance Monitoring Results

CCV results in comparison with Esg-rwp from October 2012 (about three months after
construction) are shown in Figure 202. MDP* and CMV results from the CS683 machine in
comparison with Esg-rwp from April 2013 (during thawing about nine months after construction)
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are shown in Figure 203. Similarly, results from the CS74 machine are shown in Figure 204.
MDP* and CMV results obtained from the CS683 machine from October 2012 and April 2013
are compared in Figure 205. DCP-CBR and cumulative blows profiles from different testing
times are shown in Figure 206 and Figure 207. Average CBRmse and CBRsg for each test
section are shown in Figure 208. Average Esg-rwp for each test section are shown in Figure 209.
CBRwmse and CBRsc showed the lowest values in May 2013, while Esg-rwp showed the lowest
values in April 2013 when the foundation layers were partially thawed at the surface. MDP* and
CMYV measurements were also lower in April 2013 during thawing than in Ocotber 2012.
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Figure 202. Sakai CCV and FWD modulus measurements on 11th St. South three months

Figure 203. CS683 RICM and FWD modulus measurements on 12th St. North nine months
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after construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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after construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 204. CS74 RICM and FWD modulus measurements on 12th St. North nine months
after construction during thawing (April 2013)
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Figure 205. Comparison between CS683 RICM measurements on 12th St. North shortly
after construction and nine months after construction during thawing
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Figure 206. DCP test results from 12th St. North from different testing times
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Figure 207. DCP test results at different times of curing at a selected test location on 12th
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Figure 209. Average FWD subbase modulus (based on 10 tests) on 12th St. North
12th South: Subgrade + 10% Class-C Fly Ash
Construction Observations

The pavement foundation profile on 12" St. South is shown in Figure 210. Pictures from
construction are shown in Figure 211.

Crushed Limestone MSB K

GP-GM, A-1-a Jf
10% FA Stabilized Subgrade *
CL, A-6(5) 127

Figure 210. Pavement foundation profile on 12th St. South
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(€)

Figure 211. Construction operations on 12th St. South: (a) prepared subgrade prior to
treatment, (b) placing FA over subgrade, (c) moisture conditioning and mixing FA with
subgrade and compacting with padfoot roller, (d) placing crushed limestone MSB layer

over FA treated subgrade, and (f) compacted MSB layer

188



As-Constructed Test Results

FWD and LWD testing and RICM mapping was conducted on the crushed limestone MSB layer
shortly after construction (July 2012). RICM values (MDP*, CMV, and elevation) along 1st St.
on compacted crushed limestone MSB layer are shown in Figure 212. FWD and LWD modulus
measurements obtained from 20 test locations along 1st St. are also shown in Figure 212,

07/13/12 (Shortly after construction)
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Figure 212. CS683 RICM, LWD, and FWD modulus measurements on 11th St. South

shortly after construction (July 2012)

Performance Monitoring Results

CCV results in comparison with Esg-rwp from October 2012 (about three months after
construction) are shown in Figure 212. MDP* and CMV results from the CS683 machine in
comparison with Esg-rwp from April 2013 (during thawing about nine months after construction)
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are shown in Figure 213. Similarly, results from the CS74 machine are shown in Figure 214.
MDP* and CMV results obtained from the CS683 machine from October 2012 and April 2013
are compared in Figure 215. DCP-CBR and cumulative blows profiles from different testing
times are shown in Figure 217 and Figure 218. Average CBRmse and CBRsg for each test

section are shown in Figure 219. Average Esg-rwp for each test section are shown in Figure 220.

CBRwsg and CBRsc showed the lowest values in May 2013, while Esg-rwp showed the lowest

values in April 2013 when the foundation layers were partially thawed at the surface. MDP* and
CMYV measurements were also lower in April 2013 during thawing than in Ocotber 2012.

ccv
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Figure 213. Sakai CCV and FWD modulus measurements on 11th St. South three months

after construction (October 2012)

04/03/2013 (Nine months after construction - Thawing)
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Figure 214. CS683 RICM and FWD modulus measurements on 12th St. North nine months

after construction during thawing (April 2013)
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04/03/2013 (Nine months after construction - Thawing)
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Figure 215. CS74 RICM and FWD modulus measurements on 12th St. North nine months
after construction during thawing (April 2013)
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Figure 216. Comparison between CS683 RICM measurements on 12th St. North shortly
after construction and nine months after construction during thawing
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Figure 217. DCP test results from 12th St. South from different testing times (note: Pt (2)

consists of Muscatine FA and Pts (5) and (8) consist of Port Neal FA)

192



CBR (%) Cumulative Blows

0 50 100 150 200 250

O P
N Subbase
1\ N
6 .
] MUSCATINE
1 . Fly Ash
11! Stabilized
] Subgrade
= ]
= 18
£ ] : Clay
& 1 = Original Conditions - : Subgrade
o) ] (May 2012) No Stab. ] .
24 g — 10% FA - 0 day cure 24 i H
(June 2012) .
] - 10% FA - 26 day cure ] :
30 A —— 10% FA - 56 day cure 30 4 \
] = 10% FA - 104 day cure 1 \
i m— 10% FA - 285 day cure |
1 (Thawed - April 2013) 4 \
36 1 | 36 1
CBR (%) Cumulative Blows
0.1 1 10 100 1000 0 50 100 150 200 250
- 01||||I||||I||||I||||I||||
M Subbase
6 11—
] . PORT NEAL
1 . Fly Ash
I Stabilized
B Subgrade
— E \
c 1 .
= 18 T
£ : . Clay
8 = Original Conditions 1 \ SUbg rade
[a) (May 2012) No Stab. 24 :
— 10% FA - 0 day cure
(June 2012)
- 10% FA - 26 day cure
—— 10% FA - 56 day cure 30 +
= 10% FA - 104 day cure ] |
m— 10% FA - 285 day cure
(Thawed - April 2013) 36

Figure 218. DCP test results at different times of curing at a selected test location on 12th
St. North Muscatine and Port Neal FA stabilized sections
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Figure 219. CBR mesaurements in MSB, stabilized subgrade, and unstabilized subgrade
layers on 12th St. North
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Project QA/QC Test Results versus Stiffness/Strength Based Measurements

Traditional nuclear gauge moisture-density testing has played an important role in earthwork
quality assessment specifications in the U.S. for decades. This form of QC/QA can be effective,
but has shortcomings due to regulations, test reproducibility, limited test frequency, and only
serving as a surrogate to strength and stiffness design requirements. Figure 221 shows the QC
agent and QA agent test results during foundation layer construction. Results show that the QC
agent results all meet the minimum 95% criteria and £2% moisture control criteria. In contrast,
the QA agent results are much more variable on both accounts. At this point, one could only
speculate about these differences. It is clear though that the nuclear density testing does not
indicate the wide stiffness variations resulting from treatments and materials (see discussion in
the following section of this chapter).
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Figure 221. Comparison of nuclear density/moisture measurements for the QC and QA
agents

The distinct advantage of FWD and LWD soil stiffness measurements on this project is the
identification of variations in support values between different stabilization sections. The
advantage of RICM measurements is that they are reported electronically on a near-continuous
basis and are available to the contractor in real-time such that the construction process can be
controlled around identifying “soft spots” that need remediation and achieving design target
values. The primary weakness with soil stiffness assessment is that moisture control remains the
critical factor in the construction process.
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Summary of Foundation Layer Construction Costs

Figure 222 summarizes the combined material and installation costs for the test sections used on
this project. The cost data was compiled from all six contractor bidders’ unit prices as requested
in the plans and specifications. Geosynthetics are at the low end of the cost range, chemical
stabilization is at the intermediate range, and special products (fibers and geocell) are at the high
end of the range. The quantities used on this project ranged from about 140 m? to 420 m?2,
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Figure 222. Bid prices for stabilization material + placement based on six bidders
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CHAPTER 7: COMPARISONS OF PAVEMENT FOUNDATION LAYER PROPERTIES
BETWEEN TEST SECTIONS

Measurement Influence Depth of Stiffness Measurements

To implement soil stiffness measurements, the assessment of measurement influence depth
(MID) is needed so that the measurement value is assigned to a volume of soil beneath the test
device. It has been demonstrated that RICM values are influenced by ground conditions to
depths of about 0.3 m to more than 0.9 m (Floss et al., 1983; Mooney et al., 2010; Thompson and
White, 2007; Vennapusa et al. 2012; White et al., 2009;). An influence zone can be defined as
analogous to a strip footing where the depth of influence is proportional to the footing width and
length. Complicating factors for determining influence depth include layered soft to stiff
materials and setting a value for stress increase. In this report, the authors assigned MID based
on a total vertical stress increase equal to 10 psi (1 psi = 6.89 kPa) as the defining value. This
simple approach eliminates more complicated analyses that require assumptions for unknown
parameters. The MID values are shown in Figure 223. Establishing MID values is important as
part of understanding analyses of correlations between test devices and in determining remedial
actions for areas of non-compliance—is it a shallow problem or an unstable deeper layer?

Total Vertical Stress (kPa) CBR (%)

0 100 200 300 400 0 200 400 600 800 1000

Crushed Limestone Subbase/ Fb

0.4% Fiber + 5% Cement Stabil\ized\

0.0

.05 - o7 CL Subgrade
E
=
o
2 ——— Overburden LWD 0.35m
-1.0 4 —O— LWD FWD 0.67m
—&— FWD STATIC  0.41m
-m - CS683 Static LOW AMP 0.96 m
—v— CS683 Low Amplitude HIGH AMP 1.01m
- A - (CS683 High Amplitude 7
-------- 168.9 kPa Measurment
15 4 Influence Depth (MID)

Figure 223. Measurement influence depth (MID) for LWD, FWD, and smooth drum roller
using +10 psi criteria from piezoelectric earth pressure cells.

As Constructed Strength and Stiffness Properties Comparison between Test Sections

Figure 224 shows the summary results of the FWD and LWD measurements for each test
section. The sections with fly ash and cement stabilized subgrade produced the highest stiffness
values. Figure 225 shows the summary results of the CBR measurements for each layer within
the test sections. Generally, CBR values within the test sections are consistent with the FWD and
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LWD results. The exception however is the polymer grid test sections, which produced CBR
values higher than most of the other test sections. The sections underlain by stiff layers (e.g.,
cement stabilized subgrade) produced the highest CBR values within the crushed limestone
subbase layer.

Figure 226 establishes the correlations between FWD and LWD results. The correlation analysis
indicates that LWD MID values are lower than FWD MID values, and that FWD MID values
better reflect stiff underlying layers better than LWD measurements. Note that the FWD and
LWD results from 11 St. show increased differences in moduli due to differences in the MID.
11st St. included a subgrade stabilized layer 305 mm below the surface.

Figure 227 summarizes RICM measurement results. RICM correlations analyses with FWD and
LWD are presented in Figure 228. Results show that the CMV measurements are better
correlated to FWD than LWD for the range of materials and conditions tested at this site. The
FWD produced vertical stress conditions more similar to the roller in comparison with the LWD
vertical stress profile (see Figure 223). Geospatially referenced maps of the CMV and MDP x
values for low amplitude vibratory operations are presented in Figure 229 and Figure 230. Note
that the installation of the geosynthetic sections was to aid in control of rutting/permanent
deformation and to provide a durable layer during spring thaw, because drawing conclusions of
“effectiveness” solely based on as-constructed stiffness measurements would not necessarily be a
complete assessment of the benefits of the products.

Table 15 and Table 16 summarizes the average values for the various measurements for each test
section. The coefficients of variation (COV) values are also reported for each section. It is worth
noting that the COV for CMV is in line with stiffness based values whereas the MDP x is very
low. Low COV values for MDP = are attributed to a higher scaled value; lower sensitivity to
variations in stiffness of underlying layers (i.e., lower MID) compared to the CMV
measurements; and lower sensitivity to variations in stiffness for very stiff materials.
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Figure 224. Average subbase elastic modulus measurements from (a) FWD tests and (b)

LWD tests on each segment (As constructed properties — July 2012).
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Figure 225. Average California bearing ratio from DCP tests within (a) crushed limestone

subbase and (b) subgrade (As constructed properties — July 2012).
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Table 15. Summary statistics of in situ test measurements on each road segment (as-
constructed properties — July 2012)

CBR¢in
Crushed
Ese-rwp®  EssLwp®  Limestone  CBRCin
Foundation (MPa) (MPa) Subbase Subgrade  MDP*? CMVe
Street Layer [COVP [COVP (%) (%) [COVP [COVP
Name®™ Description %] %] [COV"%] [COVP%] %] %]
18tS Control 45 [24] 58 [25] 121 [25] 18 [21] 132 [3] 6 [48]
1N Control 57 [15] 77 [12] 134 [74] 10 [53] 121 [5] 6 [43]
2dS Mechanical 65 [15] 81 [10] 90 [20] 20 [47] 120 [3] 6 [44]
Stabilization
2N Mechanical 51 [46] 64 [42] 107 [44] 19 [18] 121 [3] 7 [25]
Stabilization
3¢S 6 in. Geocell 25 [65] 22 [34] 83 [55] 13 [54] 124 [3] 3[40]
+ NW
Geotextile
39N 4 in. Geocell 28 [29] 23 [25] 48 [16] 18 [27] 124 [2] 4 [31]
+ NW
Geotextile
4hs Woven 34 [19] 52 [30] 89 [65] 26 [52] 132 [4] 4 [43]
Geotextile
4" N NW 38 [39] 44 [42] 121 [23] 17 [36] 133 [4] 5[42]
Geotextile
5 S Biaxial 33[28] 56 [28] 148 [34] 17 [42] 132 [4] 5[42]
Polymer
Geogrid
Geogrid
5N Triaxial 21 [39] 31 [44] 234 [38] 16 [42] 129 [6] 6 [39]
Polymer
6" S 5% PC 73 [30] 84 [27] 252 [23] 9 15] 123 [3] 7 [43]
Subbase +
MF-PP
Fibers
6" N 5% PC 82 [32] 97 [18] 230 [24] 14 [91] 129 [6] 7[33]
Subbase + PP
Fibers
Notes: ¢(CMV = compaction meter value
fS = south
9N = north

3€ = elastic modulus

bCOV = coefficient of variation
°CBR = California bearing ratio
dMDP* = machine drive power
hData not available
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Table 16. Summary statistics of in situ test measurements on each road segment (as-
constructed properties — July 2012) (continued)

CBR¢in
Crushed
Foundati Limestone CBR®in
on Layer Esg-rwp? Esg-Lwp? Subbase Subgrade
Street Descripti (MPa) (MPa) (%) (%) MDP*d CMVe
Namef on [COVP %] [COVP %] [COVP%] [COVP%] [COV %] [COVP%]
s 5% PC 60 [16] 93 [12] 163 [39] 10 [20] 122 [2] 10 [35]
Subbase
7"N 5% PC 95 [16] 106 [23] 232 [28] 15 [44] 123 [2] 6 [44]
Subbase
ghs Control 16 [5] 35[22] 69 [24] 21[23] 120 [6] 4 [53]
8" N Control 20 [32] 55 [40] 91 [34] 32 [4] 124 [5] 6 [56]
ghs Recycled 62 [18] 104 [24] 399 [20] h 136 [1] 8 [41]
Existing
Base
9" N Recycled 57 [39] 79 [35] 178 [15] 17 [38] 133 [3] 14 [35]
Existing
Base
10" S Control 18 [21] 30 [32] 117 [27] 19 [18] 118 [3] 5 [43]
10" N Control 35 [39] 62 [41] 112 [22] 14 [25] 127 [5] 5 [40]
11*S 20% Fly 147 [37] 119 [23] 117 [27] 19 [18] 137 [2] 52 [21]
Ash
Subgrade
11N 10% PC 304 [16] 148 [14] 644 [32] 131 [7] 145 [2] 28 [39]
Subgrade
12t S 10% Fly 98 [52] 124 [25] 186 [24] 33[57] 137 [3] 21[31]
Ash
Subgrade
120N 15% Fly 138 [19] 137 [14] 204 [11] 56 [38] 137 [3] 18 [66]
Ash
Subgrade
Notes: ¢(CMV = compaction meter value
fS = south
9N = north

€ = elastic modulus

bCOV = coefficient of variation
°CBR = California bearing ratio
dMDP* = machine drive power
hData not available

Before Freeze and After Freeze-Thaw Strength and Stiffness Properties Comparison
between Test Sections

FWD and DCP testing evaluated test section pavement foundation stiffness in situ. Between 9
and 10 FWD tests at 15 m intervals were performed on each test section, and between 2 and 3
DCP tests at 46 m intervals were performed on each test section. Tests that were conducted

during October 2012 represent never-frozen pavement foundation stiffness, and tests that were
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conducted during April 2013 and May 2013 represent freeze-thaw pavement foundation
stiffness. FWD and DCP testing that evaluated never-frozen pavement foundation stiffness was
conducted on October 2—-3, 2012 when local temperatures ranged from a minimum of 8 °C to a
maximum of 27 °C (Weather Channel, 2016). FWD testing that evaluated freeze-thaw pavement
foundation stiffness was conducted on April 3, 2013 when local temperatures ranged from a
minimum of —4 °C to a maximum of 8 °C (Weather Channel, 2016). DCP testing that evaluated
freeze-thaw pavement foundation stiffness was conducted on April 24-25, 2013 when local
temperatures ranged from a minimum of -3 °C to a maximum 16 °C and on May 23-24, 2013
when local temperatures ranged from a minimum of 6 °C to a maximum of 22 °C (Weather
Channel, 2016).

FWD Test Results

Figure 231 shows comparisons of average test section E, values during October 2012 testing and
April 2013 testing, and Table 17 reports average test section E,. values with respective
coefficients of variation during October 2012 testing and April 2013 testing. October 2012 FWD
testing yielded E, values that ranged from about 37 MPa to 507 MPa. Test sections with PC
stabilized subgrade (i.e., 11th North), fly ash stabilized subgrade (i.e., 11th South, 12th South,
12th North), or PC stabilized reclaimed gravel subbase (i.e., 6th South, 6th North, 7th South, and
7th North) produced the highest E. values during October 2012 testing. Other test sections that
produced comparatively higher E. values during October 2012 testing included test sections with
mechanically stabilized subgrade (i.e., 2nd South and 2nd North), compacted subgrade (i.e., 1st
South, 1st North, and 10th North), or untreated reclaimed gravel subbase (i.e., 9th South and 9th
North).

As shown in Figure 231, all test sections experienced reductions in E,. (by about 2 to 9 times on
average) during the spring thaw in April 2013 to where E. values ranged from about 11 MPa to
159 MPa. Test sections with PC stabilized subgrade (i.e., 11th North) or PC stabilized reclaimed
gravel subbase (i.e., 6th South, 6th North, 7th South, and 7th North) produced the highest E,
values during April 2013 testing. Other test sections that produced comparatively higher E,
values during April 2013 testing included test sections with fly ash stabilized subgrade (i.e., 11th
South, 12th South, 12th North) or untreated reclaimed gravel subbase (i.e., 9th South and 9th
North).
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Notes:
°Eon at 567 kPa applied contact stress (40 kN load)

"Refer to Table 4.1 for test section descriptions
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Figure 231. Average test section (a) composite moduli from October 2012 FWD testing, (b)
composite modulit from April 2013 FWD testing, and (c) ratios of October 2012 to April
2013 FWD composite moduli
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Table 17. Summary statistics of FWD testing on each test section (Fall 2012 vs. Spring 2013
testing)

October 2012 April 2013

Average Average
Composite Composite
FWD FWD
Modulus, Modulus,

Ec(Oct) (M pa) Ec(Apr) (M pa) Ec(Apr) / Ec(Oct)
[COVA(%)]  [COVA(%)] [COV®(%)]

Ist  South 163 [34] 22 [17] 0.15 [42]
North 98 [39] 17 [11] 0.20 [57]
2nd  South 174 [24] 26 [16] 0.16 [25]
North 128 [24] 26 [22] 0.21 [28]
3rd  South 44 [42] 16 [10] 0.42 [36]
North 37 [19] 18 [12] 0.49 [21]
4th  South 74 [27] 25 [15] 0.36 [22]
North 95 [28] 23 [58] 0.25 [60]
5th  South 103 [29] 20 [17] 0.20 [26]
North 122 [28] 21 [12] 0.18 [26]
6th  South 246 [21] 116 [21] 0.48 [20]
North 285 [17] 140 [35] 0.49 [34]
7th  South 176 [32] 91 [18] 0.54 [18]
North 280 [16] 123 [16] 0.4 [20]
8th  South 63 [28] 13 [19] 0.22 [29]
North 123 [66] 11 [19] 0.13 [59]
9th  South 195 [18] 44 [11] 0.23[21]
North 168 [29] 41 [23] 0.26 [27]
10th  South 43 [41] 14 23] 0.39 [45]
North 103 [27] 17 [23] 0.17 [35]
11th  South 324 [21] 54 [54] 0.16 [36]
North 507 [28] 159 [23] 0.34 [39]
12th  South 237 [33] 29 [48] 0.12[33]
North 321 [15] 39 [29] 0.12 [23]

Notes: 2COV = coefficient of variation

Figure 232 shows correlations between E. in April 2013 [E,(apr)] and E. in October 2012
[Eccoce)]- Because test sections with PC stabilization yielded both the highest E¢ ) values and
the highest E(4,ry Values, FWD test points on these test sections were plotted separately from
test points on all other test sections. A power equation best fits the relationship between E; 4,y
and E,ocr) for FWD test points with PC stabilization, and an exponential growth equation best
fits the relationship between E. 4pr) and E¢ (o) for FWD test points without PC stabilization.
E¢(apry correlates well with E; o) for both FWD test points with PC stabilization and FWD test

points without PC stabilization. As evidenced by the 95% confidence intervals for the two
correlations in Figure 232, E. 4,y for FWD test points with PC stabilization will be predictably
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greater (with statistical significance) than E; .y, for FWD test points without PC stabilization.

These results suggest that PC stabilized pavement foundations are less susceptible to thaw-
weakening than untreated pavement foundations or fly ash stabilized pavement foundations.

Notes:
*Eoe @nd E ) at 567 kPa applied contact stress (40 kN load)

PC = Portland cement

“‘Model comprised PC stabilized R b o
subbase and subbgrade test points No PC" stabilization
4CI = confidence interval ® PC’ stabilized subbase
°SE = standard error of estimate 0 PC’ stabilized subgrade
250 ,
. [ _ 0.398
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Figure 232. Correlations between April 2013 composite FWD moduli and October 2012
composite FWD moduli.

DCP Test Results

Figure 233a shows comparisons of average test section subbase CBR values during October 2012
DCP testing. With the exception of test sections on which all DCP tests reached refusal before
penetrating the subbase layer, October 2012 DCP testing yielded average test section subbase
CBR values that ranged from about 32% to 179%. In general, October 2012 DCP results show
that test sections with stiff layers (e.g., PC stabilized subgrade) that underlay subbase layers tend
to produce comparatively higher subbase CBR values. Figure 234a shows comparisons of
average test section subgrade CBR values during October 2012 DCP testing. For test points at
which DCP tests had penetrated the subbase layer, average test section subgrade CBR values
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ranged from about 2.6% to 44% during October 2012 DCP testing. Test sections with fly ash
stabilized subgrade (i.e., 11th South, 12th South, and 12th North) produced the highest subgrade
CBR values during October 2012 DCP testing. The 6th North test section produced a relatively
high average subgrade CBR value equal to approximately 33%; however, this average is the
result of a single data point unlike all other test sections. Therefore the high subgrade CBR value
on 6th North during October 2012 is likely an outlier in the data set. Results from different times
are summarized in Table 18.

Figure 233b shows comparisons of average test section subbase CBR values during April 2013
DCP testing. April 2013 DCP testing yielded average test section subbase CBR values that
ranged from about 12% to 96%. Not including test sections in which DCP tests reached refusal
during October 2012 testing, the average subbase CBR value decreased for all test sections
during April 2013 DCP testing (by about 1.2 to 12 times on average), except for the 1st North
test section, which increased by a factor of about 1.3. Figure 234b shows comparisons of average
test section subgrade CBR values during April 2013 DCP testing. April 2013 DCP testing
yielded average test section subgrade CBR values that ranged from about 1.2% to 63%. Similar
to subbase CBR results, subgrade CBR on test sections on which DCP tests penetrated the
subbase layer decreased during April 2013 testing (by about 1.0 to 7 on average), except for the
1st South, 1st North, 2nd South, 2nd North, and 5th South test sections, which all experienced
increases in subgrade CBR. There is no evident reason as to why subgrade CBR increased for
multiple test sections during April 2013 testing; however, the authors hypothesize that these test
sections were still partially frozen at the time of testing. Of the test sections that experienced
decreased subgrade CBR values during April 2013 testing, test sections with PC stabilized
subgrade (i.e., 11th North) and test sections with fly ash stabilized subgrade (i.e., 11th South,
12th South, and 12th North) produced the highest subgrade CBR values.

Because of the possibility that multiple test sections were still partially frozen during April 2013
DCP testing, additional DCP testing was performed in May 2013 to reassess the thaw-weakened
CBR values for the test sections. Figure 233c shows comparisons of average test section subbase
CBR during May 2013 DCP testing. May 2013 DCP testing yielded average test section subbase
CBR values that ranged from about 21% to 268%. Not including test sections in which DCP tests
reached refusal during October 2012 testing, average subbase CBR decreased (by about 1.1 to 8
on average), except for the 4th South, 6th North, 10th South, and 10th North test sections, which
all experienced increases in subbase CBR. Most test sections produced increased subbase CBR
values during May 2013 testing as compared with April 2013 testing, except for the 1st South,
1st North, 2nd South, 2nd North, and 12th South test sections, which all produced lower subbase
CBR values. Test sections with PC stabilized subbase (i.e., 6th South, 6th North, 7th South, and
7th North) and the test section with woven geotextile (i.e., 4th South) produced the highest
subbase CBR values during May 2013 testing. Because only these test sections have such
markedly higher subbase CBR values during May 2013 testing than during April 2013 testing,
these stabilization techniques (i.e., PC stabilized subbase and woven geotextiles) may hasten the
rate for recovery from thaw-weakening for subbase materials. Figure 234c shows comparisons of
average test section subgrade CBR during May 2013 DCP testing. May 2013 DCP testing
yielded average test section subgrade CBR values that ranged from about 2.7% to 57%. Not
including test sections in which DCP tests reached refusal during October 2012 testing, average
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subgrade CBR decreased (by about 1.0 to 3 on average), except for the 1st South, 3rd South, 8th
South, 10th South, 11th South, and 12th South test sections, which all experienced increases in
subgrade CBR. Similar to test section subbase layers, most test sections produced increased
subgrade CBR values during May 2013 testing than during April 2013 testing, except for the 1st
South, 1st North, 2nd South, 2nd North, 3rd North, 5th South, and 11th North test sections,
which all produced lower subgrade CBR values. Test sections with either PC stabilized subgrade
(i.e., 11th North) or fly ash stabilized subgrade (i.e., 11th South, 12th South, and 12th North)
yielded the highest subgrade CBR values during May 2013 DCP testing. The average subgrade
CBR value for the PC stabilized subgrade test section remained relatively unchanged between
April 2013 testing and May 2013 testing; however, average subgrade CBR for the fly ash
stabilized subgrade test sections increased by about 1.4 to 3 times on average between April
2013 testing and May 2013 testing. Because the subgrade CBR values for fly ash stabilized
subgrade are markedly higher during May 2013 testing than during April 2013 testing, fly ash
stabilization may hasten the rate for recovery from thaw-weakening for cohesive subgrades.

Because multiple April 2013 DCP testing points seemed to have still been partially frozen at the
time of testing and because multiple May 2013 DCP testing points seemed to have already began
recovering from their initial thaw-weakened states at the time of testing, the authors combined
the two data sets to best represent thaw-weakened CBR and Pl values on the test sections.
Therefore, for both subbase and subgrade layers at a particular data point, thaw-weakened layer
CBR equals the minimum of April 2013 layer CBR and May 2013 layer CBR, and thaw-
weakened layer Pl equals the maximum of April 2013 layer Pl and may 2013 layer PI. Figure
235a correlates the minimum of April 2013 and May 2013 subbase CBR values to October 2012
subbase CBR values. As evidenced by the position of the data points relative to the line of
equality, test point subbase layers all experience reductions in CBR within the thaw-weakened
state. However, the correlation between thaw-weakened subbase CBR and never-frozen (i.e.,
October 2012 DCP testing) subbase CBR is poor (r*> = 0.0662) and lacks statistical significance
so thaw-weakened subbase CBR is likely independent of never-frozen subbase CBR. Figure 235b
correlates the minimum of April 2013 and May 2013 subgrade CBR values to October 2012
subgrade CBR values. Similar to test section subbase layers, the majority of test point subgrades
layers experienced reductions in CBR within the thaw-weakened state as shown by data point
position relative to the line of equality. Unlike test section subbase layers, however, thaw-
weakened subgrade CBR has a respectable correlation (r? = 0.3799) with statistical significance
to never-frozen subgrade CBR, so never-frozen subgrade CBR is likely an indicator of thaw-
weakened subgrade CBR. Only one DCP test penetrated through a PC stabilized layer during
October 2012 DCP test, so no conclusions on possible decreased susceptibility of PC stabilized
pavements to thaw-weakening can made.
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Notes:
®Refer to Table 1 for test section descriptions

PAll tests on 6th St South, 7th St South, 7th St North, 9th St South, and 11th st North test sections
reached refusal within subbase layer
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Figure 233. Average subbase layer California bearing ratio values from DCP testing during
(a) October 2012, (b) April 2013, and (c) May 2013 for each test section
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Notes:
®Refer to Table 1 for test section descriptions
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Figure 234. Average subgrade layer California bearing ratio values from DCP testing
during (a) October 2012, (b) April 2013, and (c) May 2013 for each test section
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Table 18. Summary statistics of DCP testing on each test section (Fall 2012 vs. Spring 2013
testing)

October 2012 Testing April 2013 Testing May 2013 Testing
Average Average Average Average Average Average
Subbase Subgrade Subbase Subgrade Subbase Subgrade

CBR, CBR, CBR, CBR, CBR, CBR,
CBRsg(oct) CBRsG(oct) CBRseapy  CBRsg@apr) CBRsemayy CBRsg(may)

(%) (%) (%) (%) (%) (%)

Test Section [CoVve] [CoVe] [CoVe] [CoVe] [CoVe] [CoVve]

st South 99 [20] 8 [57] 65 [16] 33[ 50] 49 [14] 8[ 19]
North 73 [46] 5 [66] 96 [35] 40[ 8] 35 [66] 4[122]
2nd  South 77 [11] 13 [67] 60 [38] 35 40] 23[19] 9[ 77]
North 86 [48] 13 [30] 45 [53] 26 [ 49] 311 8] 8[ 5]
3rd South 44 [38] 7[92] 26 [50] 2[ 29] 21 [36] 10[ 63]
North 38 8] 10 [40] 24 [59] 9 [104] 22 [11] 5[ 51]
4th South 64 [93] 11 [47] 53 [20] 6 [ 53] 149 [22] 9 18]
North 88 [11] 8 [47] 47 [72] 3[ 32] 58 [21] 6 [ 44]
5th South 116 [33] 8 [61] 49 [12] 9[ 57] 61 [21] 6 [ 90]
North 138 [30] 10 [65] 49 [48] 2[ 38] 72 [43] 91 47]
6th South b b 521 9 41 9 b b
North 164 33[ 9 771 9] 5[ 63] 189 [b] 12[ 9
Tth South b b 44 [51] 6[ 13] 268 [b] 100 9
North b b 52[ 9 3[ 9 101 [b] 26 9
8th South 57 [10] 8 [44] 43 [33] 3[ 16] 541 7] 10 [ 64]
North 65 [12] 15 [59] 13 [38] 41 35] 31 [24] 8[ 34]
9th South b b 49 [39] 41 54] 64 [ 5] 7 [114]
North 117 [15] 11 [64] 22 [30] 2[ 13] 371 8] 3[19]
10th  South 32 [57] 2.6 [31] 26 [11] 2[ 69] 45 [18] 31 36]
North 53 [13] 41 9] 29 [14] 1[ 35] 63 [31] 31 68]
11th  South 86 [39] 44 [ 5] 25 [27] 141 20] 29 [51] 48 [ 39]
North b b 12 [16] 63 [ 39] 34 [17] 57[ 21]
12th  South 144 119] 21[73] 39 [33] 10[ 79] 33[31] 32[ 10]
North 179 [13] 38 [32] 15 [43] 13[ 57] 22 [36] 18 18]

Notes: 2COV = coefficient of variation
bAll DCP tests on test section reached refusal within subbase layer
Test section contained only one data point (i.e., indeterminate coefficient of
variation)
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Note: Test points with cement stabilization not
shown due to DCP refusal in October 2012
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Figure 235. Correlations between (a) minimum of April 2013 and May 2013 subbase CBR
values and October 2012 subbase CBR values and (b) minimum of April 2013 and May
2013 subgrade CBR values and October 2012 subgrade CBR values
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Layer influence on overall pavement foundation stiffness

Herein, the results have been analyzed to determine which layer, subgrade or subbase, has
greater influence on the overall pavement foundation stiffness during never-frozen and freeze-
thaw conditions. E, values from FWD testing represent overall pavement foundation stiffness,
and subbase PI values and subgrade PI values represent subbase and subgrade layer stiffnesses,
respectively. Figure 236a shows correlations between October 2012 E,. values and October 2012
subbase and subgrade PI values. During October 2012 testing (i.e., never frozen condition), both
subbase PI values and subgrade PI values correlate well (r? = 0.4059 and r? = 0.6882,
respectively) and with statistical significance to E, values. Figure 236b shows correlations
between April 2013 E . values and the maximum of April 2013 and May 2013 PI values for
subbase and subgrade layers. During April 2013 and May 2013 testing (i.e., freeze-thaw
condition), subgrade PI values correlate well (r? = 0.4844) and with statistical significance to E.
values; however, subbase PI values do not correlate (r> = 0.0513) and without statistical
significance to E, values.

Table 19 reports the results of multivariable analyses that incorporate both subbase and subgrade
layer PI values into models for predicting E,. for both October 2012 testing and April 2013 and
May 2013 testing. 6th South and North, 7th South and North, and 9th South and North test
sections were not included in the multivariable analysis because subbase layers on these test
sections were nominally twice as thick as subbase layers on all other test sections, and influence
of subbase thickness is beyond the scope of the multivariable analyses.

The October 2012 multivariable model for predicting E. fits well (r?> Adj. = 0.6978), and both
subbase PI and subgrade PI model coefficients are statistically significant (p < 0.0001 and

p < 0.0001, respectively). Sensitivity index for subbase PI equals 0.835, and sensitivity index for
subgrade PI equals 0.165. In essence, during the never-frozen condition, subbase layer stiffness
accounts for 83.5% of the overall pavement foundation stiffness and subgrade layer stiffness
accounts for 16.5% of the overall pavement foundation stiffness.

Similar to the October 2012 multivariable model, the April 2013 and May 2013 multivariable
model for predicting E_ fits well (r? Adj. = 0.6615). However, unlike the October 2012
multivariable model, the subgrade PI model coefficient is statistically significant (p < 0.0001)
while the subbase PI model coefficient is not statistically significant (p = 0.4799). Because the
subbase PI model coefficient is not statistically significant for the April 2013 and May 2013
multivariable model, overall pavement foundation stiffness is independent of subbase layer
stiffness (i.e., subbase PI sensitivity index equals 0) and only subgrade layer stiffness accounts
for the overall pavement foundation stiffness (i.e., subgrade PI sensitivity index equals 1).

Layered stress distribution in accordance with Burmister (1945) may explain why subbase
stiffness has no effect on overall pavement foundation stiffness during the thaw-weakened
condition. When a stiff layer overlies a soft layer (e.g., subbase over subgrade), the stiff layer
acts as a reinforcing layer with a load-spreading effect. Load-spreading effectiveness depends on
the ratio of the stiff layer elastic modulus to the soft layer elastic modulus. Because DCP testing
showed that thaw-weakening causes reductions in not only test section subgrade stiffness but
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also test section subbase stiffness, the insensitivity of overall pavement foundation stiffness to
subbase stiffness during thaw-weakening may therefore be the result of reduced load-spreading
effectiveness.

The subbase elastic moduli (Esg) and subgrade layer elastic moduli (Eg;) were backcalculated
for October 2012 and April 2013 FWD testing. Figure 237a shows boxplot comparisons of Egp
to E ratios for October 2012 and April 2013 FWD testing. The average Esg t0 Eg ratio during
October 2012 FWD testing equals about 7.6, and the average Egp to Eg ratio during April 2013
FWD testing equals about 1.6. A Welch’s t test analysis (i.e., assumed unequal variances)
showed with statistical significance (p < 0.001) that the average Esg to Egsratio during October
2012 FWD testing does not equal the average Esg to Eggratio during April FWD testing. Because
the ratio of Esg to Eg;decreases by about 4.6 times on average from the never-frozen condition
to the thaw-weakened condition, the load-spreading effectiveness of test section subbase layers
also decreases from the never-frozen condition to the thaw-weakened condition.

Ratios of o to g, for October 2012 and April 2013 testing were determined using the
Burmister solution for stress distribution and values for Egg and Eg; from FWD testing. Figure
237b shows boxplot comparisons of g to g,for October 2012 and April 2013 testing. The
average agg to o, ratio during October 2012 FWD testing equals about 0.406, and the average
o5 to g, ratio during April 2013 FWD testing increased as compared with October 2012 testing
(by about 1.5 times on average) to about 0.593. A Welch’s t test analysis showed with statistical
significance (p < 0.001) that the average o to g, ratio during October 2012 FWD testing does
not equal the average o to g, ratio during April FWD testing. If the subbase load-spreading
effect is ignored (i.e., applying the Boussinesq solution), then the ratio of o to o, equals about
0.638.
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Notes:
ClI = confidence interval
PSE = standard error of estimate
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Figure 236. Correlations between (a) October 2012 FWD composite moduli and October
2012 subbase and subgrade CBR values and (b) April 2013 FWD composite moduli and
minimum of April 2013 and May 2013 subbase and subgrade CBR values
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Figure 237. Comparisons between October 2012 and April 2013 (a) ratios of subbase to
subgrade elastic moduli and (b) ratios of distributed stress on subgrade to applied surface
stress

Table 19. October 2012 testing and April/May 2013 testing multivariable models for FWD
composite moduli as functions of subbase and subgrade PI values

Standard

Multivariable Error
Analysis? Term Estimate  (MPa) tRatio Prob. >t 2 Adj
Oct. 2012 bo 3.261 1.339 25.7 <0.0001 0.698

b1 -0.597 1.318 -5.0 <0.0001

b2 -0.731 1.282 -6.8 < 0.0001
min[Apr. 2013, bo 2.435 1.511 13.6 <0.0001 0.662
May 2013] b1 0.078 1.295 0.7 0.478

b2 -0.799 1.210 -9.6 < 0.0001

To quantitatively describe load-spreading effectiveness, the authors introduced the load-
spreading effectiveness index (LET) that is shown in the following equation:

g -0
LEI = SG(Bouss.) —9SG(Bur.)

o =y >0
0SG(Bouss.) » USG(Bouss.) SG(Bur.)

where LET = load-spreading effectiveness index; gsg gouss.) = distributed stress on subgrade
using the Boussinesq solution; g gy = distributed stress on subgrade using the Burmister

solution. The lower limit for LET is O (i.e., no load-spreading effect), and the upper limit for LEI
is 1 (i.e., complete load-spreading effectiveness). Average test section subbase LEI equaled
about 0.364 for October 2012 FWD testing, and average test section subbase LEI equaled about
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0.070 for April 2013 FWD testing. As environmental test section condition transitioned from
never-frozen to thaw-weakened, LET decreased by about 5 times on average to the point where
the load-spreading effect was nearly negligible. With decreased subbase load-spreading
effectiveness, subgrade layers must endure higher levels of stress and therefore must experience
greater amounts of deformation. Increased deformation from reduced subbase load-spreading
effectiveness during thaw-weakening therefore results in the apparent softening of pavement
foundations. So reduction of overall pavement foundation stiffness during thaw-weakening is
likely the result of reduced load-spreading effectiveness, in addition to the saturation of unbound
layers from freeze-thaw processes.

Summary
The following key findings from this comparison:

e Auverage test section composite elastic moduli (E,) during October 2012 (i.e., never-
frozen) FWD testing ranged from 37 MPa to 507 MPa. Test sections with Portland
cement (PC) stabilized subgrade, fly ash stabilized subgrade, or PC stabilized reclaimed
gravel subbase produced the highest E,. values. Test sections with mechanically stabilized
subgrade, compacted subgrade, or untreated reclaimed gravel subbase produced
comparatively high E, values. Subbase and subgrade layer CBR values from DCP testing
in October 2012 revealed test section stiffnesses that were consistent with FWD testing.

e Average test section composite elastic moduli (E,) during April 2013 (i.e., thaw-
weakened) FWD testing ranged from 11 MPa to 159 MPa. All test sections experience
reductions in E, values as conditions transitioned from never-frozen to thaw-weakened
(by about 2 to 9 times on average). Test sections with PC stabilized subgrade or PC
stabilized reclaimed gravel subbase produced the highest E, values. Test sections with fly
ash stabilized subgrade or untreated reclaimed gravel subbase produced relatively high E,
values as well. Similar to testing during the never-frozen condition, subbase and subgrade
layer CBR values from DCP testing in April 2013 and May 2013 reflect FWD testing
during April 2013.

e Correlations between thaw-weakened and never-frozen E, values suggest that PC
stabilized pavement foundations are less susceptible to thaw-weakening than untreated
pavement foundations or fly ash stabilized pavement foundations. Because of a lack of
data, DCP results could neither support nor oppose this claim. The authors recommend
future research to investigate the claim further.

e There is no correlation between thaw-weakened and never-frozen subbase CBR values,
so thaw-weakened subbase CBR is likely independent of never-frozen subbase CBR.
However, there is a statistically significant correlation between thaw-weakened and
never-frozen subgrade CBR values, so so never-frozen subgrade CBR is likely an
indicator of thaw-weakened subgrade CBR.

e Never-frozen E, correlated to both never-frozen subbase penetration index (PI) and
never-frozen subgrade PI, while thaw-weakened E. only correlated with thaw-weakened
subgrade PI. Multivariable analyses that related E. to subbase and subgrade layer PI
showed with statistical significance that both subgrade and subbase layer stiffnesses
account for overall pavement foundation stiffness during the never-frozen condition
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(83.5% and 16.5%, respectively), while only subgrade layer stiffness account for overall
pavement foundation stiffness during the thaw-weakened condition.

e Loss in subbase layer load-spreading effectiveness during thaw-weakening may explain
why subbase layer stiffness does not contribute to overall pavement foundation stiffness
during thaw-weakening. Application of Burmister stress distribution with backcalculated
layer elastic moduli showed that the average distributed stress on the subgrade layer
increased by about 1.5 times on average as conditions transitioned from never-frozen to
thaw-weakened.

e The authors introduced the load-spreading effectiveness index (LET), which ranges from
0 (no load-spreading effectiveness) to 1 (complete load-spreading effectiveness), to
quantify the effectiveness of the subbase layer to distribute applied loading to the
underlying subgrade layer. As conditions transitioned from never-frozen to thaw-
weakened, subbase layer LEI decreased by about a factor of 5 from 0.364 to 0.070, so
reduction of overall pavement foundation stiffness during thaw-weakening is likely the
result of reduced load-spreading effectiveness.

Assessment of Drainage Properties

Drainage is an important component of pavement design and is critical in achieving good
pavement performance. Pavement design engineers typically assume a minimum hydraulic
conductivity value in design, primarily based on marginally accurate empirical relationships (see
Zapata and Houston 2008, White et al. 2014) or limited laboratory testing. Virtually, no field
verification is conducted to measure in situ hydraulic conductivity. Previous research has
documented that the coefficient of variation (COV) of in situ hydraulic conductivity of pavement
granular base layers can be in the range of 50% to 400% (see White et al. 2004, White et al.
2007). The lack of field verification during construction provide little confidence to the assumed
design values and do not address the variability associated with this parameter.

Because aggregates can breakdown or degrade as a result of the compaction process,
specifications for subbase placement typically restrict the number of roller passes and roller
compaction effort. The lowa DOT specification (lowa DOT 2013) limits compaction to a
maximum of three passes of a self-propelled non-vibratory steel or pneumatic roller. The roller
compactive effort is required to be 150 to 200 pounds per lineal inch of contact surface. The
underlying support conditions are not considered in the determination of the compaction limits.

Permeability Field Testing

To assess the influence of underlying support conditions, in situ APTs were conducted on three
selected test sections (5th St. South, 8th St. South, and 11th St. North) surfaced with crushed
limestone MSB layer. The support conditions consisted of PC stabilized subgrade with 11.4%
PC (11th St. North), biaxial geogrid reinforcement at the subbase/subgrade interface (5th St.
South), and compacted subgrade with no stabilization which served as a control (8th St. South).
As indicated in the last chapter, MSB layer on all test sections were constructed in July 2012 and
were compacted with vibratory smooth drum roller. Since construction, all test sections were

222



mapped using vibratory smooth drum intelligent compaction rollers for a total of 10 roller
passes. APTs were conducted in a dense grid pattern at about 0.6 m to 1.0 m apart over a
relatively small area (about 350 to 500 ft2). Ksa results were used to conduct geostatistical semi-
variogram analysis to quantify spatial variability and develop spatial contour maps for
visualization. Samples of the subbase layer were obtained from a few test locations to conduct
particle size analysis and compare with the variations observed in the Ksa values.

Photos taken while conducting APTs in these sections are shown in Figure 238. Representative
DCP-CBR and cumulative blows with depth profiles from the three test sections from October
2012 and May 2013 testing are provided in Figure 239, for reference.
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Figure 238. Photographs showing surface conditions during APT testing on the three test
sections (May 2013)
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Figure 239. Representative DCP-CBR and cumulative blows profiles from the three test
sections from October 2012 testing

Spatial Variability of Saturated Hydraulic Conductivity

Using the APT measurements obtained in a dense grid pattern from the test sections, the spatial
variability of Ksat is quantified using geostatistical semivariogram analysis. The semivariogram
v(h) is defined as one-half of the average squared differences between data values that are
separated at a distance, h (Isaaks and Srivastava 1989). If this calculation is repeated for as many
different values of h as the sample data will support, the result can be graphically presented as an
experimental semi-variogram plot. Data points shown in Figure 240 are the experimental semi-
variogram points for the three test sections. The Ksa values showed a skewed distribution,
therefore, the data was transformed to determine log Ksat to determine the experimental semi-
variogram (Clark and Harper 2002). A theoretical spherical variogram model was fit to the data,
to define the spatial relationship between the values at specified distances. The mathematical
expression to define the spherical model is shown as follows:

y(h)=C0+C[2—h—2h—33} when O<h<a
a 2a )
y(h)=C,+C when h>a (10)

where, Co = nugget, C + Co = sill, a = range. The nugget is the value of semi-variogram on the y-
axis, when h = 0. Nugget was observed as zero for the three test sections. Range is the distance at
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which the semi-variogram reaches a plateau and sill is the semi-variogram at the range. The sill
and range values are defined on Figure 242. More discussion on the theoretical models can be
found elsewhere in the literature (e.g., Clark and Harper 2002, Isaaks and Srivastava 1989). For
the results presented in this report the sill, range, and nugget values during theoretical model
fitting were determined by checking the models for “goodness” using the modified Cressie
goodness fit method (see Clark and Harper 2002) and cross-validation process (see Isaaks and

Srivastava 1989). Comparatively, larger range and smaller sill values suggest greater spatial
continuity or uniformity.

The range values were similar (varied between 10 and 13 ft) but the sill values were significantly
different between the three test sections. The 8th St. South control section showed the lowest sill
value (0.17) and the 5th St. South geogrid reinforced section showed the highest sill value (1.80).
The average and COV of Ksat measurements are summarized in Figure 241 for the three sections.

The COV values showed the same trend as the sill values with high COV on the 5th St. South
section and low COV on the 8th St. South section.

In addition to quantifying spatial variability, semi-variogram can be used to predict values at
unsampled locations based on values at sampled locations. Kriging is a stochastic interpolation
procedure developed by Krige (1951), in which the variance of the difference between the
predicted and “true” values is minimized using a semivariogram model. Kriging is used to create
contour maps of Ksat values and are presented in the Figure 242.
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> Sill: 0.17
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X W
>; ~ vV v 11th St. North:
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Figure 240. Semi-variograms of Log (Ksat) measurements on the three test sections
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Particle Size Analysis

Aggregate subbase material samples were obtained from 10 test locations in the three sections.
Grain size distribution curves of five selected test locations with a circle around the test point in
Figure 242 are provided in Figure 243. Pictures of these samples are shown in Figure 244.
Comparison of grain size analysis results and gradation paramters with Ksat values at these test
locations indicate that the Ksat values were lower at locations where the materials were relatively
well-graded and contained high amount of fines content.

Relationship between percent passing the No. 200 (F200), No. 100 (F200), and No. 40 (F200) Sieves
and Ksat, is provided in Figure 245. Similarly, relationship between gradation parameter Dzo
(i.e., particle diameter corresponding to 30% passing) and Ksat is provided in Figure 246.
Statistically signinficant relationship with an exponential trend was observed between these
gradation parameters and Ksat.
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Figure 243. Particle size analysis of samples collected from different test locations
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Summary

The findings presented above show relationships between in situ hydraulic conductivity,
foundation support conditions, and gradation of the subbase material. The subbase layer for each
of the three test sections was compacted with a vibrator smooth drum roller, which contributed to
the aggregate degradation. Degradation varied, however, between sections and appears to be
linked to the foundation support conditions. The section with the highest support values (i.e, high
CBR values) was the cement stabilized subgrade showed the highest degradation of the
aggregate subbase and the lowest hydraulic conductivity. The control section yielded the lowest
support values, but the highest hydraulic conductivity. The geogrid reinforced aggregate section
provided high support conditions and intermediate hydraulic conductivity values. The results
demonstrate that the performance of pavement foundation sections from a stiffness and drainage
perspective are variable and require detailed testing to fully characterize the behavior. By better
characterizing the engineering properties, it is envisioned that construction specifications could
be shifted from prescriptive (i.e., limits on roller passes, etc.) to performance specifications.
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CHAPTER 8: PAVEMENT CONSTRUCTION, TESTING, AND RICM DATA
ANALYSIS

Description of Surface Layer Details in Each Section

Phase Il construction, which occurred in summer 2013, involved placing a 102 mm thick asphalt
base course layer and a 51 mm thick asphalt surface course layer. Test section surface and base
course layer asphalt mixes comprised different combinations of either warm mix or hot mix
binder and either low or high absorption aggregate. Table 20 details the binder and aggregate
types used in the test section asphalt pavement layers. All test section asphalt pavement layers
were compacted using a Hamm HD+ 120 VV dual smooth-drum vibratory roller equipped with
RICM technology (Figure 247).

Statistical Methods for Analysis

Statistical methods used in this report include the first-order, variance-based sensitivity analyses
of multivariable models and the comparison of measurement method agreement. Statistical
significance in this study was based on an alpha value of 0.05 (i.e., 95% confidence).

First-order, variance-cased sensitivity analysis

The authors of this report developed multivariable models to empirically predict HMV
measurements from subbase FWD composite moduli [Egy p(sg)] and asphalt pavement moduli
(E4p)- First-order, variance-based sensitivity analyses of the multivariable models assessed the
sensitivity of HMV measurements to changes Epy p(sgy and E,p. Per Sobol’ (1990), the
influences of Erwp(se) and Eap on HMV measurements were quantified using sensitivity indices
(S) that are calculated from following equations:

Vi

S; =
L VY

(5.6)

Ve =3,V (5.7)

where S; = sensitivity index of i independent variable; V; = partial variance of i independent
variable; Vy, = total unconditional variance; and N = number of independent variables. The
summation of all sensitivity indices for a given model must equal unity (Sobol’, 1990); therefore
the authors interpreted sensitivity index for each independent variable as the percent influence of
the independent variable on the predicted dependent variable.
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Table 20. Descriptions of test section pavement cross-sections

Pavement Layers by Test Section

Layer Description

TS-W

TS-NW

TS-BX

TS-TX

TS-PCSB

TS-NSG

TS-CSG

TS-FASG

TS-PCSG

Asphalt Surface Course
Asphalt Base Course
Subbase Layer
Subgrade Layer
Asphalt Surface Course
Asphalt Base Course
Subbase Layer
Subgrade Layer
Asphalt Surface Course
Asphalt Base Course
Subbase Layer
Subgrade Layer
Asphalt Surface Course
Asphalt Base Course
Subbase Layer
Subgrade Layer
Asphalt Surface Course
Asphalt Base Course
Subbase Layer

Subgrade Layer
Asphalt Surface Course
Asphalt Base Course
Subbase Layer
Subgrade Layer
Asphalt Surface Course
Asphalt Base Course
Subbase Layer
Subgrade Layer
Asphalt Surface Course
Asphalt Base Course
Subbase Layer
Subgrade Layer

Asphalt Surface Course
Asphalt Base Course
Subbase Layer

Subgrade Layer

51 mm warm mix asphalt binder with low absorption aggregate

102 mm warm mix asphalt binder with low absorption aggregate
152 mm modified subbase® underlain by woven geotextile fabric
Natural subgrade®

51 mm warm mix asphalt binder with low absorption aggregate

102 mm warm mix asphalt binder with low absorption aggregate
152 mm modified subbase? underlain by non-woven geotextile fabric
Natural subgrade®

51 mm warm mix asphalt binder with low absorption aggregate

102 mm warm mix asphalt binder with low absorption aggregate
152 mm modified subbase? underlain by biaxial polymer geogrid
Natural subgrade®

51 mm warm mix asphalt binder with low absorption aggregate

102 mm warm mix asphalt binder with low absorption aggregate
152 mm modified subbase® underlain by triaxial polymer geogrid
Natural subgrade®

51 mm hot mix asphalt binder with high absorption aggregate

102 mm hot mix asphalt binder with low absorption aggregate

152 mm modified subbase? underlain by152 mm reclaimed subbase®
stabilized with 5% Portland cement

Natural subgrade®

51 mm warm mix asphalt binder with high absorption aggregate
102 mm hot mix asphalt binder with low absorption aggregate

152 mm modified subbase?

Natural subgrade®

51 mm warm mix asphalt binder with high absorption aggregate
102 mm hot mix asphalt binder with low absorption aggregate

152 mm modified subbase?

305 mm compacted subgrade® underlain by natural subgrade®

51 mm warm mix asphalt binder with high absorption aggregate
102 mm warm mix asphalt binder with low absorption aggregate
152 mm modified subbase?

305 mm compacted subgrade® stabilized with 20% fly ash underlain by
natural subgrade®

51 mm warm mix asphalt binder with high absorption aggregate
102 mm warm mix asphalt binder with low absorption aggregate
Synthetic subsurface drainage layer® underlain by 152 mm modified
subbase?

305 mm compacted subgrade® stabilized with 10% Portland cement
underlain by natural subgrade®

aModified subbase classifies as GP-GM (A-1-a)

®Compacted/natural subgrade classifies as CL [A-6(5)]

‘Reclaimed subbase classifieds as SM (A-1-a)

dSynthetic subsurface drainage layer included in northernmost 175 m portion of 205 m long test section
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Figure 247. (a) Hamm HD+ 120 VV dual smooth-drum vibratory roller used to compact
test section asphalt base course and surface course layers; (b) on-board computer that
recorded RICM measurements, which the operator viewed in real time

Agreement between Different Measurement Methods

Comparisons between two indirect methods of measurement are oftentimes misleading because
both methods are expected to generate measurement error, so Bland & Altman (1999)
recommend comparing measurement agreement instead of correlating measurements with one
another. Bland Altman plots graphically represent measurement agreement by plotting difference
in measurements versus average of measurements, and measurement agreement limits quantify
measurement agreement. If the difference in measurements distributes uniformly, then the
measurement agreement limits are calculated from equation 5.8.

AL = d *5Zy (5.8)

where AL = agreement limits; d = mean of difference in measurements; s = standard deviation of
difference in measurements; and Z,, = two-tailed standard score for a given alpha value. Bland
& Altman (1999) detail a regression-based approach for calculating agreement limits when the
difference in measurements distributes nonuniformly.

Influence of Underlying Layer on HMV

Figure 248 presents boxplot comparisons of HM Vg and final pass HM Vg and HMV;, for each
test section along the centerline, and Table 21 summarizes the average and coefficient of
variation values for the HMVsg and final pass HM V- and H MV measurements by test section.
On average, HMVsp ranges from 7 to 67, HMVp ranges from 8 to 24, and HMVs, ranges from
21 to 48.
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Test section pavement foundations ranged from soft to very stiff, as evidenced by average FWD
moduli measured on top of subbase layers [Epypsgy] (Table 21). Average Ery,p(spy Values on

stiff pavement foundation test sections (TS-PCSB, TS-FASG, and TS-PCSG) ranged from 280 to
507 MPa, and average Ery p(spy Values on soft pavement foundation test sections (TS-W, TS-
NW, TS-BX, TS-TX, TS-CSG, and TS-NSG) ranged from 43 MPa to 122 MPa.

100

80 4

o<—95™ Percentile
Mean

LTS—Median
5™ percentile—=*

— On subbase (HMV;)
=== On base course (HMVy)
mmsm On surface course (HMVg()

60

40 4

20 4

HAMM Measurement Value, HMV

I

1k

W

A

TS-FASG

iy

TS-BX

=L

TS-W

S | D=

TS-NSG TS-CSG

TS-NW

=%

TS-TX

TS-PCSB TS-PCSG

Figure 248. Comparisons of pre-construction HMV measured on subbase, final pass HMV
measured on base course, and final pass HMV measured on surface course along centreline
each test section

Table 21. Summary Statistics of RICM and FWD Measurements on Each Test Section

Average
Average Average Erwp On Average

Average Average HMV on Erwp ON Surface Asphalt

HMV on HMV on Surface Subbase, Course, Pavement

Subbase, Base Course, Course, Erwp(se) Erwb(sc) Modulus, Eap

HMVsg HMVzc HMVsc (MPa) (M Pa) (MPa)
Test Section [COV ()] [COV (W)] [COV ()] [COV (W)] [COV ()] [COV (W)]
TS-W 8[43] 9 [36] 26 [22] 74 [27] 277 [19] 7077 [ 76]
TS-NW 7 [23] 9 [69] 22 [21] 95 [28] 268 [33] 3755 [ 80]
TS-BX 10 [48] 10 [95] 21 [26] 103 [29] 219 [16] 1537 [ 64]
TS-TX 7[37] 8 [64] 22 [25] 122 [28] 215 [16] 994 [ 64]
TS-PCSB 36 [38] 24 [26] 43 [21] 280 [16] 594 [14] 3429 33]
TS-NSG 9 [36] 9 [58] 22 [35] 43 [41] 181 [19] 7140 [109]
TS-CSG 8 [48] 9 [26] 22 [29] 103 [27] 248 [18] 2773 [ 98]
TS-FASG 33[42] 17 [33] 38 [27] 324 [21] 478 [21] 1252 [ 39]
TS-PCSG 67 [23] 20 [22] 48 [13] 507 [28] 415 [17] 385 [ 32]

In general, stiff pavement foundation test sections differed from soft pavement foundation test
sections in that the stiff pavement foundation test sections yielded significantly higher HM Vg,
HMVg, and HMVg- measurements. On stiff pavement foundation test sections, average HMVp
ranged from 33 to 67, average HMVy- ranged from 17 to 24, and HMV; ranged from 38 to 48;
and, on soft pavement foundation test sections, average HMVsg ranged from 7 to 10, average
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HMVg ranged from 8 to 10, and HMV;. ranged from 21 to 26. Therefore, HMV measured
during asphalt pavement construction reflects the stiffness of underlying pavement foundation.

Table 22 summarizes statistical comparisons between HMVsg, HMVy-, and HMV- by test
section. In general, HMV measurements on soft pavement foundation test sections increase with
each additional layer (i.e., HMVs. > HMVg. > HMVsg). However, stiff pavement foundation
layer HMV decreases from subbase to base course (i.e., HMVsg > HMVy) and then increases
from base course to surface course (i.e., HMVsc > HMVpc). TS-PCSG [average Epyp(sp)
equalled 507 MPa] was an exception in that HM Vg significantly exceeded both HMVy and
HMVy,.

Table 22. Statistical comparisons of HMVSB, HMVBC, and HMVSC on each test Section

Mean Difference 95%

Standard Confidence Limits
HMV value Mean Error Lower Upper
Test Section Comparison Difference Difference Bound Bound p Value?
TS-W HMVsc - HMVsg 17.79 0.14 17.46 18.12 < 0.0001
HMVsc - HMVec 16.71 0.17 16.31 17.11 < 0.0001
HMVgc - HMVsp 1.08 0.16 0.70 1.46 < 0.0001
TS-NW HMVsc - HMVsg 14.71 0.15 14.35 15.07 < 0.0001
HMVsc - HMVec 13.39 0.18 12.99 13.81 < 0.0001
HMVgc - HMVsp 131 0.16 0.94 1.68 < 0.0001
TS-BX HMVsc — HMVsp 11.13 0.22 10.62 11.64 <0.0001
HMVsc — HMVgc 11.401 0.26 10.81 12.01 <0.0001
HMVgc — HMVsg -0.28 0.24 -0.85 0.29 0.492
TS-TX HMVsc — HMVsp 15.21 0.14 14.88 15.55 <0.0001
HMVsc — HMVgc 13.64 0.18 13.22 14.06 <0.0001
HMVgc — HMVsg 1.57 0.16 1.19 1.95 <0.0001
TS-PCSB HMVsc - HMVsg 7.08 0.37 10.84 12.97 < 0.0001
HMVsc - HMVec 18.99 0.49 17.84 20.13 < 0.0001
HMVgc - HMVsp -11.91 0.45 -12.97 -10.84 < 0.0001
TS-NSG HMVsc - HMVsg 12.22 0.21 11.72 12.72 < 0.0001
HMVsc - HMVec 12.78 0.23 12.25 13.30 < 0.0001
HMVgc - HMVsp -0.55 0.22 -1.06 -0.04 0.032
TS-CSG HMVsc — HMVsp 14.56 0.15 1421 14.92 <0.0001
HMVsc — HMVgc 13.59 0.18 13.16 14.01 <0.0001
HMVgc — HMVsg 0.98 0.16 0.601 1.34 <0.0001
TS-FASG HMVsc — HMVsp 4.45 0.38 3.60 5.39 <0.0001
HMVsc — HMVgc 21.15 0.41 20.20 22.11 <0.0001
HMVgc — HMVsp -4.45 0.38 -5.39 -3.60 < 0.0001
TS-PCSG HMVsc - HMVsg -19.30 0.47 -20.41 -18.19 < 0.0001
HMVsc - HMVec 27.55 0.57 26.21 28.88 < 0.0001
HMVgc — HMVsp -46.85 0.48 -47.97 -45.73 <0.0001

Note:  2Emboldened p values indicate statistical significance

Differences in HMVgg, HMVy, and HMVs. were all statistically significant across the test
sections, except the comparison of HMVgg and HMVy. on TS-BX (p = 0.49). Additional t testing
showed that HM Vs on TS-BX was significantly greater than HMVsg on all other soft pavement
foundation test sections (all p values were less than 0.0001), even though Ery,p(sgy 0N TS-BX
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(equaled 103 MPa) was not substantially greater than all other soft pavement foundation Erwp(ss)
values. Therefore, the biaxial polymer geogrid underlying the TS-BX subbase may have
influenced HMV measurements on that test section.

Figure 249 presents a scatterplot matrix for associations between spatially paired HMVg, final
pass HMVy., and final pass HMVg. measurements across the test sections. In general, HMVsg,
HMVg, and HMVs all positively correlated with one another. Because HMV;p did not distribute
normally (skewed right), nonlinear equations best fit the associations between HM Vs and
HMVyg (r? = 0.55) and between HMVgg and HMVs. (r> = 0.58). The distributions for both
HMVg and HMVs. were approximately normal, so a linear equation best fit the association
between HMVg. and HMV. (r> = 0.52). Results from the regression analyses are consistent with
findings from White and Vennapusa (2008) and further demonstrate how underlying layers
influence HMV measured during asphalt pavement construction.
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Comparisons between RICM and QC spot test methods

During asphalt base course layer construction, RCy. and Tgy;z In Situ spot measurements with
increasing roller pass number were obtained at a single location within each test section. The in
situ testing process was repeated for asphalt surface course layer construction, although tests
were conducted at separate locations within the test sections. GPS coordinates were obtained for
each in situ spot test location to spatially pair RCy; and Tg;;r measurements with RICM data.

Comparison of HMV with Nuclear Density Gauge Relative Compaction

Figure 250 presents asphalt base and surface course RCy; and HMV measurements with
increasing roller pass number for all of the test sections combined. For both base course and
surface course asphalt layers, RCy increased with increasing roller pass number. Hyperbolic
models best fit the associations between base course RCy; [RCyg(sc)] and roller pass number (r?

= 0.83) and between surface course RCy¢ [RCyg(scy] and roller pass number (r? =0.90).

Although asphalt layers quite evidently densify with additional compactive effort, there is little
to no change in HMV with increasing roller pass numbers. No statistically significant correlation
exists between HMVg and number of roller passes, and a slight correlation exists between
HMVs and number of roller passes (r*> = 0.16). Interpretation of Figure 250 suggests that HMV
measurements do not strongly associate with RCy, o the authors used data from all test
sections to conduct regression analyses (Table 5.5) between HMVgc and RCng(sc) and between
HMVs: and RCyg(sc), and, as suspected, neither regression analysis yielded a statistically
significant correlation.

However, Vennapusa et al. (2013) noted that relative compaction and RICM measurements do
not correlate well with one another when data sets comprise heterogeneous underlying layer
conditions (e.g., data combined from multiple test locations). Therefore, regression analyses
between RCyggcy and HMVpg and between RCy(scy and HM Vg, by test section are
summarized in Table 23. On the sole basis of r? value, the majority of regression analyses did not
yield statistically significant correlations; however, r? values for certain test sections were
considerably large (e.g., r? equalled 0.89 for TS-PCSB base course). Despite the occasional large
r? value, F-tests indicated that only one of the correlations (TS-PCSG) was statistically
significant because, in general, the test section regression analyses had insufficient amounts of
degrees of freedom. So, neither base course nor surface course HMV adequately predicts its
respective RCy, even after data sets representing the entire project site were separated and
grouped together by test section.
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Note: *SE = standard error of estimate
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Table 23. Correlations of RCNG(BC) with HMVBC and RCNG(SC) with HMVSC for each
test section and combined test sections

Estimated Parameters

Asphalt Layer Test Section a b n r2 F Ratio P value®
Base Course? All test sections 1.952 0.015 54 0.054 2.98 0.090
TS-W 2.096 -0.148 4 0.850 11.35 0.078
TS-NW 1.958 0.003 7  0.007 0.03 0.861
TS-BX 1.934 0.034 6  0.099 0.44 0.544
TS-TX 1.973 -0.014 5 0.006 0.02 0.904
TS-PCSB 1.445 0.409 3 0.886 7.75 0.220
TS-NSG 1.992 -0.023 5 0.050 0.16 0.717
TS-CSG 1.933 0.043 9 0115 0.91 0.372
TS-FASG 1.976 -0.006 7 0.001 0.01 0.945
TS-PCSG* 1.839 0.114 8 0.368 3.49 0.111
Surface Course? Al test sections 1.948 0.013 60 0.049 3.01 0.088
TS-W 1.830 0.093 4  0.697 4,61 0.165
TS-NW 1.956 0.010 5 0.011 0.03 0.868
TS-BX 1.982 -0.017 4  0.607 3.09 0.221
TS-TX 1.526 0.309 4 0.427 1.49 0.346
TS-PCSB 1.931 0.025 11 0.054 0.52 0.490
TS-NSG 1.992 -0.023 5 0.050 0.16 0.717
TS-CSG 1.967 0.052 9 0.000 0.00 0.958
TS-FASG 1.979 -0.007 8 0.002 0.01 0.912
TS-PCSG* 1.887 0.051 8 0.775 20.67 0.004

a|Og[RC|\IG(Bc)] =a+bh |Og(HMVBc)

®Emboldened p values indicate statistical significance

“Testing conducted on portion of test section with synthetic subsurface drainage layer
d|0g[RCNG(sc)] =a+b |0g(HMVsc)

Comparison between Roller-Integrated Temperature Sensor and FLIR Thermal Camera Asphalt
Surface Temperature Measurements

According to West et al. (2010); mix temperature is one of the primary factors affecting asphalt
pavement compactability. Asphalt mix temperature must be high enough for the binder to act as
a lubricant, thereby facilitating the movement of aggregates in a dense configuration. In addition,
asphalt mixes become stiffer and more resistant to compaction with decreasing mix temperature
(Roberts et al. 1996). Therefore, control of asphalt mix temperature is critical to the construction
of quality pavements.

Figure 251a presents the Bland Altman plot comparing asphalt surface temperatures measured
from the roller-integrated temperature sensors (Troe-) @nd from the FLIR thermal camera
(Tr1r)- There was an apparent relationship between temperature measurement difference and
average temperature measurement, so the authors logarithmically transformed the temperature
measurement data as recommended by Bland and Altman (1999). Despite the logarithmic

241



transformation, the relationship remained (r?> = 0.38) so the authors used the regression-based
approach detailed by Bland and Altman (1999) to develop the agreement interval. In general,
Trouer Measurements tended to be lower than Ty, measurements with the measurement
discrepancy increasing in magnitude with decreasing temperature.

Figure 251b presents the results of the agreement comparison as a plot of Ty VErsus Tepg-
Consistent with the Bland Altman plot, T, and Try g Values seem to be approximately equal
to one another at warm FLIR temperatures (Tx;;z equals about 90 to 110 °C), but T,z tended to
be increasingly greater than Ty, With decreasing FLIR temperature. The upper agreement
limit intersects the line of equality (i.e., Trouer = Triir) at Trrg €qual to 87.4 °C, SO Troyer @and
Ty Values are in agreement with another when FLIR temperature exceeds 87.4 °C (zone of
agreement). Trouer and Trp g Values are not in agreement when FLIR temperature is less than
87.4 °C (zone of disagreement). Average Troer 10 Try g ratios ranged from 0.8 to 1.0 within the
zone of agreement and from 0.7 to 0.8 within the zone of disagreement. Therefore, the roller-
integrate temperatures sensors in this study adequately measured asphalt surface temperature at
high temperatures (greater than 87.4 °C), but underestimated asphalt surface temperature at low
temperatures (less than 87.4 °C).

Note: *SE = standard error of estimate 140 Note: *SE = standard error of estimate

O Base Course WMA !
044 @ Base Course HMA IN(Tggper) = 1.81In(T5) +-3.82
m  Surface Course WMA > =0.534,n =79, SE*=8.5 °C
120 A

[IN(Treued) = IN(Tepr) 1= 0.577 [IN(Tggye) + IN(Teg) 1/2 +-2.72
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Figure 251. Comparison of roller-integrated temperature sensor and FLIR thermal camera
for measuring asphalt mix temperature during compaction; (a) logarithmically
transformed Bland-Altman plot, (b) correlation between roller-integrated temperature
sensor and FLIR thermal camera measurements

Regression Analyses between HMV and QA Properties

The overseeing transportation agency used relative compaction determined from core samples as
acceptance criteria. Immediately after asphalt pavement placement, transportation agency
technicians extracted core samples from both base course and surface course layers. For both
base and surface course layers, technicians extracted one or two core samples from each of the
test sections. Authors of the study conducted 10 FWD tests on each test section subbase layer
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before and after asphalt pavement placement. GPS coordinates were obtained for the locations of
each core sample and FWD test to spatially pair with RICM data.

Comparison of HMV with Asphalt Core Relative Compaction

Figure 252a presents comparisons between base course core relative compaction [RCcore(sc)]
and HMVgg, HMVy, and HMV;. measurements, and Figure 252b presents comparisons between
surface course core relative compaction [RCeore(scy)] and HMVsg, HMVpgc, and HMVg
measurements. Neither RCcoregcy NON RCeore(scy COrrelated with statistical significance to any
HMYV measurement. Because only 1 or 2 core samples were extracted from each test section, the
authors did not perform regression analyses between RC¢,,. and HMV measurement by test
section. Despite the lack of regression analyses by test section, the comparisons between RC¢yye
and HMYV measurements are consistent with comparisons between RCy, and HMV
measurements that the authors discussed earlier in this report. Therefore, results from this study
suggest that asphalt pavement relative compaction does not correlate with RICM measurements.

Comparison of HMV with FWD Measurements

Figure 253a presents regression analyses between FWD modulus measured on test section
subbase layers [Epwp(sgy] and HMVgg, HMVp, and HMVs: measurements, and Figure 253b
presents regression analyses between FWD modulus measured on test section surface course
layers [Erwp(scy] and HMVgg, HMVpc, and HMVsc. Epywp(spy COrrelated with statistical
significance to all HMV measurements—HMVsp (r? = 0.79), HMVp (r? = 0.39), and HMVy, (r?
=0.50). In addition, Ey p(scy correlated with statistical significance to all HMV
measurements—HM Vs (r> = 0.55), HMVp, (r> = 0.62), and HM V. (r*> = 0.60).

The strong correlations between HMV measurements and FWD moduli are consistent with
previous studies that report RICM measurements typically correlating well with stiffness
measurements. Simple linear models best fit all associations between FWD moduli and HMV
measurements, except for the association between Egyp(scy and HMVsg, which followed a
nonlinear model. The nonlinear relationship between Egy p(scy and HMVgg, which is similar to
the relationships between HMVy. and HMVsg and between HMVs. and HMVs that were
reported earlier in this report, may be the result of load spreading in layered systems (Burmister,
1945). This hypothesis, however, is a mere conjecture that requires additional research to
validate or reject.

Figure 253c presents regression analyses between asphalt pavement (i.e., combined base and
surface courses) modulus (Ear) and HMVsg, HMVy, and HMVs. Although this study has
already shown that HMV measurements correlate quite well with stiffness measurements, none
of the HMV measurements correlated with E,p (r* values ranged from 0.01 to 0.07). However, an
F-test indicated that the association between E,» and H MV, was statistically significant (p value
equalled 0.01). This unexpected statistically significant association may be due to the fact that
Erwp(sg), Which strongly correlates with HM Vg, was used to calculate Ep.
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Figure 252. Correlations of subbase HMV, asphalt base course HMV, and asphalt surface
course HMV with relative compaction values for (a) asphalt base course and (b) asphalt

surface course
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Implications for RICM in HMA Construction Practice

Results from this report have indicated with statistical significance that HMV does not correlate
with asphalt pavement relative compaction, which is consistent with previous RICM studies. The
lack of correlations between RICM measurements and relative compaction poses an obstacle for
implementing RICM for QC and QA because many asphalt pavement contractors in the United
States currently use relative compaction measurements for QC. However, the presence of this
obstacle attests more so to the necessity of a paradigm shift end-result to performance-related
construction specifications than to the limitations of RICM.

According to Epps et al. (2002), asphalt pavement performance is governed by the prevalence of
fatigue cracking and rutting in pavement wheel paths, which are both related to in situ strains and
therefore asphalt pavement modulus. In this study, FWD tests showed that average test section
asphalt pavement moduli (E,p) ranged from 385 to 7,140 MPa, even though RC.,,. values
ranged from 90% to 95% and 89% to 95%, respectively. Due to this observed discrepancy
between RC.,.. and E,p, the authors contend that relative compaction is not a good indicator of
asphalt pavement modulus and therefore not a good indicator of pavement performance.

As discussed earlier in this report, HMV values strongly correlate with performance-related QA
measurements (i.e., FWD modulus), so the QC applicability for RICM technologies in asphalt
pavement construction is quite promising. However, there is a caveat to the relationship between
RICM measurements and stiffness because of the degree to which underlying layer stiffness
affects RICM measurements during asphalt pavement construction. This study compared asphalt
base and surface course HMV with asphalt pavement layer elastic modulus, but found no
statistically significant correlations. However, when these correlations are expanded to account
for pavement foundation elastic modulus [i.e., Epyp(sg)] in addition to asphalt pavement
modulus, then asphalt pavement elastic modulus becomes a statistically significant predictor of
HMV .

Table 5.6 presents results from multivariable analyses relating E4p and Eryp(sp) together with
HMVpg¢ and HMVg; measurements. In both multivariable models, E4p and Eryp(sp) are
statistically significant predictors of HMV. For the multivariable model predicting HM Vg (r? adj
= 0.46), E4p sensitivity index equaled 0.036 and Epyp(sp) Sensitivity index equaled 0.964, so
E4p accounts for 3.6% of HMVp and Epyp sy accounts for 96.4% of HMVp,. For the
multivariable model predicting HM Vs (r? adj = 0.58), Eap sensitivity index equaled 0.019 and
Epwp(sp) sensitivity index equaled 0.981, so Eap accounts for 1.9% of HMV¢ and Epy,p(sp)
accounts for 98.1% of HMV;.. Therefore, RICM systems can potentially be used as QC for
asphalt pavement layer modulus, provided that the composite modulus of the pavement
foundation is known.
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Table 24. Multivariable models for HMVBC and HMVSC as functions of EFWD(SB) and
EAP

Multivariable
Analysis Term Estimate Standard Error  tRatio  p Value r? Adj
HMVgc? bo -1.079 1.94 -3.76 0.0003 0.462
b1 0.616 1.17 8.85 <0.0001
b2 0.269 1.13 5.13 <0.0001
HMVsc® bo -0.173 1.53 -0.94 0.352 0.579
b1 0.489 1.11 10.93 < 0.0001
b2 0.171 1.08 5.07 <0.0001

Notes: a|Og(H|\/|VBc) =bo+ b Iog(EFWD(SB)) + b, Iog(EAp)
Plog(HMVac) = bo + b1 log(Erwp(se)) + bz 10g(Ear)
‘Emboldened p values indicate statistical significance

Summary and Key Conclusions
The key findings from the Phase Il pavement construction data analysis are as follows:

e In general, HMV values during asphalt pavement construction are higher when placing
asphalt over stiff pavement foundations. All HMV measurements correlated with
statistical significance to one another.

e For asphalt construction over soft pavement foundations, HMV increased with each
additional pavement layer. For asphalt construction over stiff foundations in general,
pavement foundation HMV was greater than base course HMV, and base course HMV
was less than surface course HMV.

e Asphalt pavement surface temperature measurements from the RICM temperature
sensors were in agreement with FLIR thermal camera temperatures at higher
temperatures (greater than 87.4 °C), but tended to underestimate pavement surface
temperatures at lower temperatures (less than 87.4 °C).

e Asphalt pavement relative compaction from neither nuclear density gauge tests nor
pavements cores correlated with HMV measurements. However, falling weight
deflectometer (FWD) measurements strongly correlate with HMV measurements.

e Based on multivariable analyses, RICM systems can potentially be used as QC for
asphalt pavement layer modulus, provided that the composite modulus of the pavement
foundation is known.
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CHAPTER 9: ESTIMATING INDIVIDUAL LAYER PROPERTIES FROM FWD AND
DCP TESTING ON PAVEMENT

The mechanistic empirical pavement design guide (MEPDG) emphasizes the importance of
proper characterization of pavement foundation layer mechanistic properties for pavement
analysis, design, and construction quality control/assurance (AASHTO 2008). Resilient modulus
(Mr) for unbound foundation layers and elastic modulus (E) for bound foundation layers is a
required input in the design and it has a significant effect on the computed pavement responses
(Rao et al. 2012). Determining Mr through laboratory testing following AASHTO T-307
(AASHTO 2000) or NCHRP 1-28A (Andrei et al. 2004) testing protocols is suggested in the
design guide for Level 1 analysis on newly constructed foundation layers. For rehabilitation
projects, back-calculated moduli values from falling weight deflectometer (FWD) testing per
ASTM D4694-09 (ASTM 2009) is the preferred method. For Level 2 analysis on new and
rehabilitated projects, empirical relationships are used to determine the moduli values from
California bearing ratio (CBR) values, penetration resistance (PR) values determined from
dynamic cone penetrometer (DCP) tests, and R-values (NCHRP 2004).

Use of FWD in estimating the modulus has advantages of being relatively rapid and non-
destructive, and many state agencies are currently equipped with the test devices (Alavi et al.
2008). To determine layer moduli values, FWD data analysis requires either forward- or back-
calculations. Forward-calculations involve using deflection basin measurements in closed-loop
equations. Back-calculations involve selecting initial moduli values for each layer and modifying
them in an iterative process until the predicted deflection basin matches the measured deflection
basin. Many forward- and back-calculation methods have been documented in the literature over
the past three decades and each method has its own advantages and disadvantages (Smith et al.
2007, Stubstad et al. 2007).

Despite significant research and development over the past four decades on back-calculation
analysis programs, many researchers have expressed challenges associated with the analysis
procedures. The MEPDG (AASHTO 2008) acknowledges these challenges and states that:
“Backcalculation programs that use this iterative technique do not result in a unique solution or
set of layer moduli. As such, determining a set of elastic layer moduli to match a measured
deflection basin that deviates from elastic theory, for whatever reason, may become difficult and
frustrating. . . . There are forward calculation programs that do result in unique layer moduli,
but these have not been commonly used and are restricted to three layer structures.”

Stubstad et al. (2006) stated that “a serious drawback to [back-calculation] is that one or more
of the many input assumptions . . . may be incorrect and therefore may not apply to the actual
pavement system. . . . forward calculation is easy to understand and use, whereas back-
calculation is presently more of an art than a science™.

Because of these challenges there is a need to properly understand the limitations and
characterize differences in different calculation methods using FWD data. This can be done by
statistically comparing moduli values estimated from the different calculation procedures over a
wide range of support conditions and assessing the standard error associated with the estimates.
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Estimating modulus using DCP measurements with empirical relationships also presents
uncertainty due to variations in material types and conditions, differences in test and analysis
methods, and the prediction errors observed within those correlations. Review of literature
indicates that, correlations have been developed using various methods including laboratory
cyclic triaxial (or resilient modulus) tests, FWD, static or cyclic plate load tests, and laboratory
or field small-strain wave propagation tests (Chen et al. 2005; George and Uddin 2000;
Heukelom and Klomp 1962; Mohammad et al. 2007; Powell et al. 1984). Correlation studies that
involved FWD tests to determine moduli values have made use of different calculation
procedures, which makes direct comparison difficult. It is believed that the limitations (i.e.,
standard error in estimates) are often overlooked as part of the pavement design process. This is
because it is often difficult to determine the errors or they are not reported. Further, the design
mechanism itself does not conveniently allow for introducing measurement error into the
process.

This study was undertaken with the goal of assessing the uncertainties involved in estimating the
asphalt pavement and foundation layer moduli values using FWD and DCP. Testing was
conducted on 16 test sections in lowa with varying pavement ages, support conditions, and
foundation layer thicknesses. Moduli values of asphalt, subgrade, and intermediate base layers
were determined from FWD data using forward-calculations recommended by Stubstad et al.
(2007) and back-calculations using Engineering Research Institute data analysis (ERIDA)
software. DCP tests were used to determine layer thicknesses used in the FWD data analysis and
correlate with FWD back-calculated and forward-calculated moduli values.

Forward Calculation Methods
AASHTO Method for Subgrade Modulus Determination

AASHTO (1993) presents closed-form equations based on Boussinesq solutions to determine
subgrade moduli values. The original Boussinesq equations relating vertical deflection, applied
stress, and elastic modulus for load applied at the surface of a half-space elastic, homogenous,
and isotropic material are expressed as:

E = (1 —v?*)Pf/(mad,) for uniformly distributed load at r =0 1)
E = (1 —v?)P/(nrd,) for point load on the surface at any r (2)

where, E = Elastic modulus (MPa), P = applied load (N), r = distance of deflection reading d:
from center of load (mm), dr = peak deflection at a distance r from the center of the load (mm),
do = peak deflection at the center of the loading plate (mm), v = Poisson’s ratio, and f = shape
factor that depends on the rigidity of the plate and the material type (i.e., cohesive or granular or
mixed) and varies between /2 to 8/3, depending on the anticipated stress distribution
(Vennapusa and White 2009).
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Eq.1 uses peak deflection directly beneath the loading plate, which is a composite deflection
measure of all layers within the measurement influence depth, and therefore represents a
composite modulus. Ullitdtz (1987) determined that the E values calculated using Eq. 2 represent
the subgrade modulus, provided the distance r is sufficiently large such that there is no influence
of deformation of the layers above the subgrade. AASHTO (1993) describes a relationship to
determine the minimum distance r, based on Odemark’s method of equivalent layer thickness
(Odemark 1949) combined with the Boussinesq’s solutions. The MET method is described in
detail in Ullidtz (1987).

Ullitdz (1987) reported that if E values determined from Eq. 1 and 2 are plotted against distance
r, using peak deflections obtained at various distances away from the plate, one of the following
two trends are generally observed: (1) modulus decreases with increasing distance and then
levels off after a certain distance or (2) modulus initially decreases and then increases after a
certain distance. The first type of trend represents a linear elastic subgrade and the lowest
modulus value can be used as the subgrade modulus value. The second type of trend represents a
non-linear subgrade indicating stress-dependency. For this case, according to Salt (1998) the
lowest modulus value calculated can be used as the subgrade modulus value. Ullidtz (1987)
proposed a stress-dependent non-linear model to address this case, but it requires an iterative
procedure to determine the curve fitting parameters in the non-linear model. Some software
programs (e.g. ELMOD developed by Dynatest, Inc.) currently use the nonlinear model in
subgrade analysis.

Hogg Model for Subgrade Modulus Determination

The Hogg model is described in detail by Stubstad et al. (2007). Hogg et al. (1944) developed the
original model based on a hypothetical two-layer pavement system. This model simplifies
multilayered elastic systems to calculate subgrade stiffness, and elastic modulus under a surface
load. The Hogg model as modified by Wiseman and Greenstein (1983) was used in this study.
The model consists of a series of equations to compute subgrade layer modulus as follows:

_ ; (1+v)(3-4v) So\ (P
E=1 2(1-v) (5) (Aol) (3)
l = y0r570 + [(YoT50)% — 4marsg]*/? if % < 0.2, thenl = (y, — 0.2m)rs, (4)
1
s
Tsg =7 —%—— (5)

GE-1)P-5
(%) =1-m(G-02) if $<02then 2=1 )

where, So = theoretical point load stiffness; S = pavement stiffness calculated as P/do (area
loading); P = applied load; do = deflection at center of load plate; dr = deflection at offset
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distance r; r = distance from center of load plate; rso = offset distance where Ar/Ag = 0.5;
| = characteristic length; a, £, and B = curve fitting coefficients (Table 1); yo and
m = characteristic length coefficients (Table 1); and m = stiffness ratio coefficient (Table 1).

The Hogg model described by Wiseman and Greenstein (1983) included three cases: Cases | and
Il are used for finite elastic layer with an effective thickness which is assumed to be 10 times the
characteristic length | and Case I11 is an infinite elastic foundation. The difference between Cases
I and Il are the assumed Poisson’s ratio which is 0.5 for Case I and 0.4 for Case Il. According to

Stubstad et al (2007), Case Il is typically used in calculating subgrade layer moduli and provides
conservative values. In this study, Case Il is assumed and the model coefficients are summarized
in Table 1.

Table 25. Hogg model coefficients (modified from Stubstad et al. 2007)

Parameter Coefficient Values
Assumed depth to hard bottom h/l 10
Poisson's ratio v 0.40
“Influence” factor | 0.1689
For 4,/40 > 0.43 o 0.3804
Iso = f( A/ Ao) )i} 1.8246
B 0
For 4./40 < 0.43 o 4.3795E-04
Iso = f( A+/ Ao) Jij 4.9903
B 3
| = f(rso,a) Yo 0.603
m 0.108
(S/Sp) = f(all) m 0.208

AREA Forward Calculation Method for Asphalt Surface Layer Modulus Determination

The AREA method was defined in Hoffman and Thompson (1981) and is commonly used in
rigid pavement analysis. Stubstad et al. (2007) proposed a simple set of equations using the
AREA method for determining asphalt surface layer moduli values based on calibrations carried
out with multi-layered elastic analysis programs. The procedure requires calculation of AREA
factor (AF), composite modulus using Eq.1, and normalized surface layer thickness to the
loading plate. The following equations are used to calculate asphalt pavement modulus:

(77ac)

Ejpc = [Eo * AFyc * k3 l/k32, (7)

AF = |(ky = 1)/ (k — Ak—: ]1'35 8
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A =2+[2+3 (3—?) + (%2)] 9)

where, Eac = modulus of the asphalt layer, Eo = composite modulus of the entire pavement
system calculated using Eq.1, AF = AREA factor, ki = 6.85, k> = 1.752, ks = thickness ratio of
upper layer thickness / load plate diameter = hy / (2*a), h1 = thickness of the asphalt layer,

A12 = AREA beneath the first 305 mm (12 in.) of the deflection basin, do = deflection measured
at the center of the loading plate, dg = deflection measured at 203 mm (8 in.) away from the
center of the plate, and di» = deflection measured at 305 mm (12 in.) from the center of the plate.

According to Stubstad et al. (2007), these equations work well for typical pavement materials
and modular ratios when the underlying materials are unbound. It is also noted therein that this
approach is not totally rigorous but is rather empirical in nature.

Dorman and Metcalf Forward Calculation Method for Base Layer Modulus Determination

Stubstad et al. (2007) proposed using the Dorman and Metcalf (1965) method to determine
modulus intermediate (base) layer between the bound surface and unbound subgrade layers.
Equation 10 is used to calculate the base layer modulus:

Egase = 0.86 X h9*° x Egq (10)

where, Egase = base layer modulus (psi), ho = Thickness of the base layer (in.), and
Esc = Subgrade modulus (psi).

According to Stubstad et al. (2007), the above method provides reasonable and realistic base
course modulus.

ERIDA Back-Calculation Method

ERIDA back-calculation software is provided by Engineering Research International, Inc.
(2009). This method assumes that the surface load is uniformly distributed over a circular area;
all layers are homogenous, isotropic, and linearly elastic; upper layers extend horizontally to
infinity; and bottom layer is a semi-infinite half-space. ERIDA uses the ELSYMD5 calculation
routine in analyzing pavement deflections. Details of ELSYMS5 calculation routine are provided
in Ahlbornm (1972). The process requires inputting a seed (or initial) modulus for each layer, the
lower and upper bounds of modulus for each layer, Poisson’s ratio of each layer, and thickness of
each layer. Calcuations are initiaited using an iterative approach where the layer moduli are
repeatedly adjusted until a suitable match between the calculated and measured deflection basin
is found. The program computes the root mean square error (RMSE) between the measured and
the calculated deflection values and runs the iterations until the lowest RMSE is achieved.
Review of literature indicated that acceptable errors in back-calculation vary from 2% to 10%
(AASHTO 2008; Engineering and Research International Inc. 2009). AASHTO (2008) indicates
that RMSE > 3% generally implies that the modulus values calculated are questionable. Irwin
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(2002) indicated that although RMSE is advisable to check the deflection basin fit, it does not
assure that the back-calculated modulus values are “correct.”

DCP Testing and Empirical Relationships to Determine Modulus

Many researchers have developed empirical relationships to estimate modulus values for
foundation layers from PR and CBR measurements. A summary of those relationships is
provided in Table 2 along with the statistical parameters (i.e., standard error (SE), coefficient of
determination (R?)) associated with the relationships and their validity ranges. The R? values of
the relationships ranged from about 0.4 to 0.9. In those relationships, the procedures used to
determine the modulus values included both laboratory and field testing methods. FWD was the
most commonly used method to determine the modulus values using back-calculation analysis.

Various different back-calculation analysis procedures were used in developing the empirical
relationships. Figure 254 shows the upper and lower bound relationships between PR and E or
Mr values as summarized in Table 26. The bounds suggest that the predicted moduli values can
have an error of + 50 to 335 MPa if PR value is between 2 and 10 mm/blow, and + 10 to 50 MPa
if PR value is > 10 mm/blow. Relationships derived from this study are also included in Figure
254, and will be discussed later in this report. In MEDPG, the empirical relationship provided by
Powell et al. (1984) between CBR and E is used as default, where CBR are estimated from DCP-
PR values using Eq.11. The Powell et al. (1984) equation is presented in Figure 254 for
reference, by converting CBR to PR. The E value determined from Powell et al. (1984) equation
is assumed to be same as Mr in MEPDG (NCHRP 2004).

* CBR versus E relationship provided by Powell et al. (1984) was used
here by converting CBR to PR using CBR = 292/PR"*? per ASTM D6951.
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Figure 254. Upper and lower bounds of relationships between PR and subgrade/base layer
modulus along with relationships observed in this study
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Table 26. Empirical relationships to determine modulus

Reference Material Prediction Equation R%'gt'gt]iscr:p Test Method® Data validity range
Heukelom E is calculated from shear wave
- _ R2=0.89 velocity, three-layer elastic CBR=2t0 200
??SGIE)Iomp Not indicated E (MPa) = 9.81 (CBR) SE =594 systems , and stiffness E =34 t0 1,960 MPa
measurements®
Powell et al. Subgrade _ 0.64 . . CBR=21012
(1984) materials? E (MPa) =17.6 (CBR) Not provided  Laboratory traixial and CBR tests E = no range provided
E is back-calculated from FWD PR =12 to 70 mm/blow
- -0.89 2 =
Subgrade? E (MPa) = 1780 (PR) R"=0.56 test using PHONIX program E = 30 to 250 MPa
PR =12 to 70 mm/blow
- -1.17 2 =
Pen (1990) E (MPa) = 4594 (PR) R7=081 E is back-calculated from FWD E = 30 to 250 MPa
a _ 085 5 _ test using PEACH program PR = 1.5 to 10 mm/blow
Granular base E (MPa) =419 (P) R?=0.73 E = 60 to 300 MPa
Granular base and
De Beer subbase, and Log (E) (MPa) = R2=0.76 E is back-calculated from FWD PR = 0.6 to 25 mm/blow
(1990) subgrade 3.05-1.07 log(PR) SE =0.209 test using ELSYMS5 program E =25 t0 3,980 MPa
materials®
AASHTO Fine-grained _ Relationship based on Heukelom and Klomp (1962)
(1993) subgrade? E (MPa) =10.34 (CBR) limiting CBR to < 10 Soaked CBR < 10
Chen et al. Lean clay to silt E (MPa) = 338 (PR) 0 RZ2=0.42 E is back-calculated from FWD PR =10 to 60 mm/blow
(1999) subgrade - SE =30.5 test using EVERCALC program E = 62 to 288 MPa
M; determined using laboratory
Coarse grained _ 048 RZ=04 resilient modulus test per PR = 2.8 to 73 mm/blow
Georae and sand soil M: (MPa) = 235.3 (PR) SE=185 AASHTO TP46 on recompacted M; = 30 to 160 MPa
Udgdin samples obtained from field
(2000) M; determined using laboratory
Fine grained sand M, (MPa) = 532.1 (PR)042 RZ=04 resilient modulus test per PR = 3.8 to 253 mm/blow
soil ' T SE=35.3 AASHTO TP4 on Shelby tube M; = 35 to 275 MPa
samples obtained from field
Konard and Granular _ E is back-calculated from static _
Lachance base/subbase and -0 Iggg ff)(l(:,'\é;) i)z_ 906 R2=0.92 plate load test using VIEWBACK PE _ fotg ttlzglgl ﬁllaoaw
(2001)d granular subgrade ' 9 ' program B
Cement treated, .
Nazzal lime treated, Ln (E) R2=0.91 tisl'f Sgik'EaII_CMUIOatSd:BOTOFYZg PR =5 to 67 mm/blow
(2003) untreated clay, (MPa) = 2.35+5.21/In(PR) SE=0.2 g -~ Prog E = 30 to 240 MPa

granular subgrade

provided by Dynatest, Inc.




Relationship

Reference Material Prediction Equation Statistics Test Method® Data validity range
Georae Medium clav and M; determined using laboratory
(2003) sand y E (MPa) = 21.83 (CBR)%4"®  Not provided resilient modulus test per Not provided
AASHTO TP46
Granular base,
chemically .
Chenetal. o bhilizeditreated  E (MPa) = 537.76 (PR)9%¢  Re=0ge = s back-calculated from FWD PR = 0.1 to 60 mm/blow
(2005) test using MODULUS program
subgrades, and
natural subgradea
Mohammad  A-4, A6, AT-5, b g gppyess RC=0.91 Mr feestle“r;‘]'t”;‘lgj:ﬂg t':sbtogiﬁory PR = 9 to 65 mm/blow
r - . — —
et al. (2007) and A-7-6 SE=6.1 AASHTO T294 M, =7.61t091.4 MPa
Vennapusa \gvc?rlll—gr?:;gds:::d E (MPa) = 1519 (PR)® RZ2=0.79 E is back-calculated from FWD PR =4 to 18 mm/blow
etal. (2012) POy 9 ’ = SE=395 testusing EVERCALC program E = 60 to 400 MPa
and clayey sand
2 =
Poorl ded E (MPa) = 73.28-0.15(PR) SRE _ (ig; E is back-calculated from FWD PR =23 to 78 mm/blow
crugr?e[dyl-i%r]isfone RZZ0 5'4 using the ERIDA program (see text
- -0.3724 -V i -
subbase, silty E (MPa) = 323.03(PR) SE =562 for details) PR =2 to 78 mm/blow
2 =
;:;‘lﬁfggii:d E (MPa) = 86.11-0.14(PR) RSE 3'32.1%)4 E is back-calculated using PR = 23 to 78 mm/blow
This Study © silty sand RZZ0 3.8 AASHTO forward calculation
- -0.3044 - i -
subbase, glacial E (MPa) = 253.94(PR) SE =564 method (see text for details) PR =2 to 78 mm/blow
; 5
tll subgrade, and o oy 5316 011(pR) K098 s hack-calculated using Hogg PR = 23 to 78 mm/blow
cement/fly ash SE=09.8 .
treated subgrade RZ= 050 model forward calculatlc_)n method
E (MPa) = 152.35(PR) 3024 SE = 2.6 5 (see text for details) PR =2 to 78 mm/blow

Note: PR determined using DCP described in ASTM D6951, unless otherwise indicated.
a Type of material is not indicated.
b PR is determined from DCP tests and therefore is not repeated in the column, while E and CBR are determined from various test and analysis procedures as

indicated.

¢ The type of stiffness method used is not indicated.
d PR determined using a larger DCP than described in ASTM D6951, with a 63.5 kg hammer dropped over a height of 760 mm and 51 mm diameter tip.
e The relationships developed using PR of the weakest 75 mm of subgrade are summarized in this report.
E = elastic modulus, M = resilient modulus, SE = standard error, PR = penetration resistance, CBR = California bearing ratio, R? = coefficient of determination.

255



Field Data Analysis

FWD data was used to calculate the composite moduli values using Eq.1, and are reported as
Erwb-composite. FOrward- and back-calculation of FWD deflection basin data was performed to
determine the subgrade, asphalt surface, and intermediate base layer moduli values, using the
procedures described earlier in this report. Subgrade modulus calculated using the AASHTO
method are reported as Erwp-aasHto-sG values (Eq.2). Subgrade modulus calculated using the
Hogg method (Case I1) are reported as Erwb-Hogg-sc Values (Eq.3). The asphalt surface layer
modulus calculated using the AREA method are reported as Erwp-area-asphait Values (Eq.7). The
intermediate base layer modulus calculated using Erwp-aasHTo-s¢ and Erwp-Hogg-sc as Esc values
in Eq.10 and are reported as Erwp-aasHTo-Base aNd EFwp-Hogg-Base, respectively. The back-
calculated layer moduli values obtained using ERIDA software are reported as Erwp-gri-asphait for

asphalt layer modulus, Erwp-eri-Base for base layer modulus, and Erwp-eri-sc for subgrade layer
modulus.

For all pavement sections, the multiple base/subbase layers were combined into one base layer to
simplify the analysis into a three-layer system. This decision was made after reviewing the DCP-
PR profiles from the Boone test sections, which showed that the base/subbase layers yielded
similar PR values compared to the underlying subgrade layer. Representative PR profiles from
selected test sections at the Boone expo site are shown in Figure 255. Some test points on 7th
street and 11th street north reached refusal (i.e., < 2 mm after 5 blows, per ASTM D6951-03)

within the chemically stabilized subbase/subgrade layers. PR from those test points were not
determined for this study.

0 TTTT ‘ TTTT ‘ TTTT ‘ TTTT TTTT TTTT O T T T T T T T T T
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[ Asphalt ] B 7
150 150 ;
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- Subgrade : i F [ N 11th St hy,, -
L (5th St., 10th St.) i L | N i
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Figure 255. Representative PR profiles from DCP test at Boone Expo test sections:
(left) showing different foundation support conditions, (right) showing base layer
determination
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On the 11th street north section with PC or FA stabilized subgrade between the MSB and
subgrade layers, the calculations showed unreasonably high moduli values using the ERIDA
back-calculation method when the MSB and stabilized subgrade layers were analyzed as separate
layers (four-layer system). As the MSB and the PC stabilized subgrade layers showed similar PR
values (see Figure 255 for 11th St. N section results), the two layers were combined and
analyzed as a single base layer (three-layer system) in both forward- and back-calculations.

Layer thicknesses from the Boone expo sections were obtained from DCP testing as illustrated in
Figure 255. The base layer thickness was determined as the depth from the bottom of the asphalt
layer to the intersection of the tangents of the upper and lower portions of the cumulative blows
with depth curve.

In both forward- and back-calculations, a Poisson’s ratio of 0.45 was assumed for subgrade and
0.4 for base and 0.35 for asphalt layers. In back-calculation analysis, RMSE < 3.0 was used as
the criteria in determining the layer moduli values, in accordance with AASHTO (2008). This
criteria could not be achieved for a few data points, so those data points were excluded.

In determining the PR of each layer, the thickness of each layer divided by the cumulative blows
needed for the cone tip to reach that depth was used. This procedure was straight-forward for
base layer, where the thickness was easily distinguishable. For the subgrade, the PR values
varied with depth (Figure 255). Therefore, PR representing the average of the top 300 mm of the
subgrade and PR representing the weakest 75 mm thickness within the DCP penetration depth
were calculated for comparison with the modulus values. The weakest layer approach was found
to work well in correlating with FWD back-calculated modulus of subgrade reaction values in a
recent study conducted by White and Vennapusa (2014).

Results and Discussion

Average composite FWD moduli values from all test sections are shown in Figure 256 which
ranged between 300 to 950 MPa. Tests from multiple testing times on Hamilton County test
sections indicated that the composite moduli values decreased during the spring thaw time, as
expected.

Figure 257 shows the average base and subgrade layer moduli values, calculated using the
forward- and back-calculation methods from each test section and the testing time. Statistical
regression analysis between the forward and back-calculated subgrade moduli values from all
test points are shown in Figure 258. Similarly, regression analysis results for base layer and
surface layer moduli values are shown in Figure 259 and Figure 260, respectively.

On average, the AASHTO method produced the highest and the Hogg method produced the
lowest subgrade moduli values. The back-calculation method produced average subgrade moduli
values that are in between the two forward-calculation methods. Stubstad et al. (2006) indicated
that Hogg method typically produces conservative (lower) subgrade moduli values, which is also
the case for the results presented herein. The R? values of the regression relationships between
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the subgrade moduli values estimated from the three methods ranged from 0.85 to 0.95. On
average, the AASHTO and ERIDA methods produced subgrade moduli values that are about 1.3
and 1.5 times higher than the Hogg method.

Base layer modulus calculations showed significant variations between the forward- and back-
calculation methods. On average, the base layer moduli values calculated based on the subgrade
moduli values form the Hogg method produced the lowest moduli values. Regression
relationships between the forward- and back-calculated moduli values yielded low R? values

(< 0.3) and high SE values (> 120 MPa). The R? value for the two forward-calculation methods
was high (> 0.90) and about the same as in the case of subgrade modulus calculations. This was
expected because the same Dorman and Metcalf method was followed in calculating the base
layer moduli for both cases.

600

Boone Expo Test Sections

April 2014
500 pril 20

400

300

200

EFWD—Composite (M Pa)

100

0

1st 2nd 3rd 4th 5th 8th 10th 11th S11th N
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Figure 256. Composite FWD modulus measurements on different test sites at different
testing times in (a) Hamilton County, and (b) Boone Expo
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In asphalt layer modulus calculations, the regression analysis between the back-calculated and
forward-calculated methods yielded a best fit line close to the 1:1 line with R? = 0.65 and SE of
about 3,000 MPa. Regression equation presented in Stubstad et al. (2007) comparing back- and
forward-calculation methods based on 1,300 test points obtained from long term pavement
performance test sections is also shown in Figure 260, for reference. It must be noted that the
back-calculated values presented in Stubstad et al. (2007) used MODCOMP back-calculation
program.

Figure 10 shows the relationships between PR and base and subgrade layer moduli values, based
on testing conducted at the Boone Expo test site. Figure 261 (a), (b), (c) shows the PR values of
the subgrade using the 75 mm thick weakest portion of subgrade, and Figure 261 (d), (e), (f)
shows PR values of the subgrade using the top 300 mm subgrade. The data included PR values
ranging between 2 and 78 mm/blow.
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300 mm subgrade PR; (e) EFwp-aasHto and top 300 mm subgrade PR; (f) EFwb-Hogg @and top
300 mm subgrade PR.
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The relationships between PR and moduli values yielded non-linear exponential relationships,
similar to presented by others as summarized in Table 26. The forward-calculation methods
yielded slightly higher R? values and lower SE values, compared to the back-calculation method.
The PR values determined from the weakest 75 mm of the subgrade produced slightly higher R?
values (R? = 0.57 to 0.59) than with PR values determined from the top 300 mm of the subgrade
(R? = 0.46 to 0.54). When only data from the subgrade with PR > 23 mm/blow are considered,
the SE of the estimates reduced to < 20 MPa, although the R? values are also low (< 0.1).

Summary

Many highway agencies currently use FWD testing as part of routine testing of pavements in
situ. Different agencies use different back- or forward-calculation procedures to determine layer
moduli values. Many agencies also rely on empirical relationships in determining the design
moduli values. This study attempts to point out the statistical uncertainties associated with the
values determined from the different procedures and empirical relationships. Key findings from
the result and analysis presented in this study are as follows:

The AASHTO and Hogg forward-calculation methods and ERIDA back-calculation program
produced subgrade moduli values that are strongly correlated with R2 between 0.85 and 0.95 and
SE < 13 MPa. However, the AASHTO and ERIDA methods produced subgrade moduli values
that are about 1.3 and 1.5 times higher than the Hogg method.

Base layer modulus calculations showed significant variations between the forward- and the
back-calculation methods Regression relationships between the two methods yielded low R2
values (< 0.3) and high SE values (> 120 MPa).

Regression analysis between the back- and forward-calculated asphalt layer moduli values
yielded a linear relationship that is close to the 1:1 line with R2 = 0.65. However, there was
significant scatter in the data with a SE of about 3,000 MPa.

Numerous regression relationships have been documented in the literature between DCP test
measurements and moduli values and are summarized herein. Upper and lower bounds are
presented based on the available relationships. The bounds suggest that the predicted moduli
values can have an error of £ 50 to 335 MPa if PR value is between 2 and 10 mm/blow, and £ 10
to 50 MPa if PR value is > 10 mm/blow.

New relationships between PR and moduli values calculated from three forward and back
calculation methods for a PR range of 2 and 78 mm/blow are presented herein. PR values
determined from the weakest 75 mm of the subgrade showed slightly higher R2 values when
compared to PR values for the top 300 mm of the subgrade.

The relationships presented in this study indicated that for if PR data between 2 to 78 mm are
considered, the SE of the estimate ranged from 24 to 60 MPa, depending on the modulus
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calculation method. The SE of the estimate decreased to < 20 MPa, when PR data from only
subgrade are considered.

265



CHAPTER 10: PAVEMENT AND STABILIZED FOUNDATION LAYER ASSESSMENT
WITH GPR

Increasingly, non-destructive testing methods are being applied to assess pavement system
conditions. According to the mechanistic empirical pavement design guide (AASHTO 2008),
ground penetrating radar (GPR) surveys of existing pavements is a key assessment method for
pavement rehabilitation design. Although primarily used for thickness determination, GPR scans
are also used to identify defects (e.g., voids, stripping within the asphalt layer, weak bonds
between pavement layers) within the pavement layers and beneath the pavement layer; determine
depth and alignment of reinforcement in pavements; and determine air void content and density
of asphalt layers (Al-Qadi et al. 2003, Al-Qadi and Lahouar 2005, Al-Qadi et al. 2010, Lahouar
and Al-Qadi 2008, Evans et al. 2008, Plati et al. 2012, Goel and Das 2008, Poikajarvi et al. 2012,
Moropoulou et al. 2002, Loizos and Plati 2007). Conducting GPR scans has the advantage of
being rapid and less expensive compared to conducting test pits or borings to evaluate existing
pavement conditions and it can provide continuous measurements along a pavement alignment.
Validation of the GPR results, however, limits broader application of this technology, especially
for pavement foundation layer assessment.

Dielectric properties of the pavement and foundation layer materials are key input parameters in
determining layer thickness using GPR. The dielectric properties of layers are either assumed
based on published typical values, determined from field calibrations (Al-Qadi and Lahouar
2005), or measured directly using independent test devices (Loizos and Plati 2007). Field
calibration and direct measurement methods have proved successful for asphalt materials,
although some studies have shown that variations in asphalt moisture content can affect the
results (Al-Qadi et al. 2010, Lahouar and Al-Qadi 2008, Loizos and Plati 2007, Al-Qadi et al.
2003). For the underlying pavement foundation layer materials, however, the dielectric
properties can vary significantly because of moisture and material property variations (e.g., clay
content, moisture content, chemical stabilizer content, partially frozen/thawed, etc.). Previous
research (Al-Qadi et al. 2003, Grote et al. 2005) has demonstrated that GPR data can be used to
detect moisture variations within the foundation layers, but very limited data exists for stabilized
foundation layers.

This study was undertaken with two objectives. The first objective was to evaluate the use of
ground-coupled GPR to determine the asphalt and pavement foundation layer thicknesses, where
an independent dielectric property measurement was used as an input. The second objective is to
assess if ground-coupled GPR can be used to detect moisture variations and effects of
freezing/thawing in the unstabilized and stabilized subbase, and subgrade layers beneath the
pavement.

In this study, the pavement thicknesses were measured from pavement cores and using a
magnetic imaging tomography (MIT) gauge, and foundation layer thicknesses were measured
using dynamic cone penetrometer (DCP). A laboratory experimental plan was designed to
evaluate dielectric properties of chemically stabilized and unstabilized foundation materials in
frozen and unfrozen conditions. To the authors’ knowledge, this is the first study to document
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dielectric properties of chemically stabilized materials and dielectric properties of pavement
foundation layer materials in frozen and unfrozen conditions.

Thickness Determination using GPR

To determine thickness using GPR, the dielectric constant of the material is needed. The material
dielectric constants can be estimated based on GPR signals or directly measured using hand-held
test devices. There are two common ways to estimate dielectric constants of materials from GPR
signals. One is to use the peak amplitude signals from each layer from a GPR scan in reference
to the amplitude signal from a reflective metal surface, and the other is to use the two-way travel
time in conjunction with known thickness values. The first method is applicable for air-coupled
antennas (Cao et al. 2008, Al-Qadi et al. 2003), which were not used in this study and is
therefore not described here. The two-way travel time method, which is applicable for ground-
coupled antennas, was used in this study. According to Loken (2007), the two-way travel time
method is not influenced by the errors associated with signal attenuations as with air-coupled
methods.

The interval of time that it takes for the wave to travel from the transmitter to the receiver is
called the two-way travel time. Using the two-way travel times between the different amplitude
peaks observed in a wiggle scan, and known layer thickness values, the dielectric constant values
can be determined using Eq.1 (Davis and Annan, 1989):

£ = (i)2 )

where, ¢ = speed of light in air (0.30m/ns), & = dielectric constant or relative electrical
permittivity, hi = individual layer thickness, and ti = time travel in each individual layer.

Irrespective of the two test methods described above, a field calibration is first required wherein
dielectric constant of the material is determined using direct thickness measurements. Using air-
coupled GPR antennas, some previous studies (Al-Qadi et al. 2003, Irwin et al. 1989, Lalague et
al. 2014) have documented average errors of about 6 to 10% when no core calibration was
performed versus 1 to 5% when core calibration was performed. Some researchers [20, 23] have
indicated that calibrating GPR data with at least 3 cores when compared to 1 core can
substantially reduce the error.

As an alternative to field calibration, dielectric properties of the materials can be determined
independent of GPR using hand-held test devices. However, there is no widely accepted method
in terms of what test device should be used. Loizos and Plati (2007) used a hand-held Percometer
device in determining dielectric properties of asphalt materials. They found that the location
where the dielectric properties were measured (i.e., at the surface or in the middle or at multiple
locations on a core), influenced the results. A dielectric probe manufactured by Adek, Ltd. was
used by Saarenketo and Scullion (1995). In this study, a GS3 sensor manufactured by Decagon
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Devices, Inc. was used to measure dielectric properties of asphalt and foundation layer materials.
Details of GS3 are provided later in this chapter.

Moisture Content Determination in Foundation Layers

Moisture content influences the dielectric properties of the materials because the water dielectric
constant is much higher (81) than that of air (1) or soil materials (4 to 20). Therefore, high
dielectric constants of materials can be attributed to high moisture values (Loken, 2007).

Halabe et al. (1989) used the complex refractive model (CRM) to evaluate relationships between
dielectric properties of a material mixture, its volumetric ratios, and dielectric properties of its
components. Using the CRM, the gravimetric moisture contents of granular base materials can
be obtained using Eq. 2 (Halabe et al. 1989):

w= (e~ 1= =)/ (fer — 1~ 25 @

where, w = moisture content determined as fractional weight of water to total weight; es = dry
aggregate dielectric constant; e, = base layer dielectric constant determined using the two-way
travel time method (Eq.1); and n = porosity = fractional volume of voids (air + water) to total

volume.

To determine moisture contents from Eq. 2, the porosity of the material has to be either measured
or assumed. Maser and Scullion (1992) used Eg. 2 by measuring the dry unit weight of granular
base material at one location for calibration and then used the same constant value to estimate
moisture content at other locations. Comparison between the measured and the predicted
moisture contents in their study resulted in root mean squared error of < 2%.

Scullion et al. (1995) reported a procedure that involved developing a laboratory relationship
between gravimetric moisture content and dielectric constant, to estimate moisture contents in
situ from GPR scans. Results from their study indicated that the relationship between dielectric
content of the mixtures increased with increasing moisture content (as expected), and the
relationships were unique for each material type.

Grote et al. (2005) used field GPR scans to estimate the dielectric properties of the foundation
layers from the two-way travel time method and then estimated material volumetric moisture
contents based on laboratory relationships. Site and material specific relationships between
volumetric moisture content and dielectric properties were used in their study for some materials.
For materials where those relationships were not available, a third-order polynomial equation
developed by Topp et al. (1980) based on tests conducted over a wide range of material types
(sandy loam to clay loam to organic soil to glass beads) as shown in Eg. 3 was used:

0, =43 X% 107%3 —55x%x 107%¢? + 2.92 X 102 — 0.053 (3)
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where, 6,, = volumetric moisture content; and € = material dielectric constant.
Field and Laboratory Testing Methods
Field and Laboratory GPR Surveys

A GPR manufactured by Geophysical Survey Systems, Inc. (GSSI) was used in this study. GPR
surveys were conducted on field test sections in March (winter/frozen ground) and September
(fall) of 2014. A ground-coupled 900 MHz antenna setup with SIR-20 data acquisition system
was used Figure 262. Based on the manufacturer recommendations, the following scan settings
were used: (a) range = 15 ns; (b) frequency of scans = 64 Hz; and (c) number of samples per
scan = 512.

For in situ GPR scanning, a survey encoder was used to connect the GPR device with a
calibrated survey wheel to measure distance. For GPR scanning conducted in the laboratory box
study, scans were performed in point-mode setting (i.e., data is collected only over a single
point).

Pavement Coring

lowa Department of Transportation (lowa DOT) performed pavement coring at 58 locations in
April 2014. The core thicknesses were measured in accordance with ASTM D3549. The core
thicknesses are reported in this chapter as hcore.

MIT Gauge Scanning

The working principle of the MIT gauge is described in detail in Grove et al. (2012) and is
manufactured by the MIT Measurement and Testing Technology (MIT Mess- und Priiftechnik)
in Dresden, Germany. In brief, the MIT gauge generates a variant magnetic field that creates an
eddy current in a metal reflector that is placed beneath the pavement. This eddy current will
generate an induced magnetic field inside the metal reflector that can be detected by a sensor in
the MIT gauge. Based on a calibration between the intensity of the induced magnetic field for a
given type of reflector and the distance between the sensor and the metal reflector, the pavement
thickness is calculated. The calibration is unique to the type of metal reflector used. Grove et al.
(2012) showed that the differences between the MIT gauge thickness measurements and core
thickness measurements was 2 mm or less, based on 106 data points collected over 12 project
sites.

A picture of the MIT gauge used in this study is shown in Figure 262. In this study, 0.6 mm thick
galvanized sheet metal circular discs supplied by the manufacturer were used. The metal discs
were placed beneath the pavement at 109 selected locations that were marked with global
positioning system (GPS).
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Field DCP Testing

DCP tests were conducted in the foundation layers shortly after the pavement cores were
removed and at various test locations prior to paving (Figure 262). Tests were done at a total of
100 locations in accordance with ASTM D6951. Penetration resistance (PR) and cumulative
blows versus depth plots were generated at each test point to determine the base layer thickness
as illustrated in Figure 262. The base layer thickness was determined as the depth from the
bottom of the asphalt layer to the inflection point of the tangent of the lower portion of the
cumulative blows with depth curve.

Figure 262. (a) Test setup using GS3 sensor and GPR antenna in laboratory box study; (b)
MIT gauge; (c) GPR setup with a scanning survey wheel setup in situ; and (d) DCP testing
of the foundation layer through a pavement core

Dielectric Constant Determination

Dielectric constant of asphalt and foundation layer materials were directly measured using a GS3
sensor manufactured by Decagon Devices, Inc. (Figure 262) and was also estimated using the
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two-way travel time method per Eqg.1. The dielectric constant measured with the GS3 is reported
as ecs3 While the dielectric constant estimated from Eq.1 is reported as ecpr.

The GS3 device uses capacitance/frequency domain technology to measure soil dielectric
constant. The device uses an epoxy body and consists of three stainless steel needles, and has a
thermistor to measure temperature. It uses an electromagnetic field to measure the dielectric
permittivity of the surrounding medium (Decagon 2015). The sensor supplies a 70 MHz
oscillating wave to the sensor prongs that charges according to the dielectric properties of the
material. According to the manufacturer, the sensor has a measurement influence depth of about
10 cm (Decagon 2015).

The GS3 sensor was used for measurement of laboratory compacted specimens and in field on
the asphalt layers. The laboratory compacted specimens for foundation materials were prepared
by compacting materials in accordance with ASTM D698 at various target moisture contents, to
assess relationships between gravimetric moisture content (w) and egs3. Laboratory testing was
conducted on the following materials: loess, subgrade glacial till, CLS, reclaimed subbase
(RSB), and Portland cement (PC) and fly ash (FA) treated glacial till subgrade. A nominal 10%
PC and 20% FA (by dry weight of soil) was used for treatment, to match with field conditions.
All compacted specimens, except the FA and PC treated subgrade samples, were tested
immediately after compaction and after freezing for about 48 hours at about -16°C. The PC and
FA treated subgrade samples were tested at various times after compaction up to about 7 days to
assess the influence of curing (i.e., time dependent formation of cementitious reaction products
that hold water) on esss measurements.

Laboratory Box Testing

Laboratory box testing was conducted in this study to evaluate the GS3 device by comparing
ecpr and ecsa results for various materials compacted at different target moisture contents. A
repeatability study on the two-way travel time method to estimate the ecpr Was also conducted as
part of the box study. The materials included lowa loess, concrete sand, CLS, and cold mix
asphalt (CMA).

The materials were compacted in a 762 mm x 304.8 mm x 381 mm wooden box. A metal plate
was placed at the bottom of the box as a reflection surface for GPR scans. Tests were conducted
on uniform single layer of material with lowa loess and concrete sand and two- and three-layered
structures with loess, CLS, and CMA. The layers were compacted in thin layers (< 30 mm thick)
using a hand tamper.

GPR scan and GS3 sensor measurements were simultaneously obtained on the different
materials. The two- and three-layered structures were tested at room temperature and after
freezing in a temperature chamber for 48 hours (at about -18°C) to assess the influence of frozen
versus unfrozen conditions.
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Asphalt Layer Thickness Determination In Situ

Asphalt layer thicknesses were determined from core measurements and using the MIT gauge.
GPR scanning data was used to estimate the asphalt layer thicknesses at the core and MIT test
locations for comparison with the measured thicknesses, using three procedures.

The first procedure involved the following steps: (1) measure ess3 from one location in each
asphalt mixture type and assume the same at all core locations in the test sections with the same
mixture type; (2) convert ecss to eepr USINg a relationship developed from the laboratory box
study; (3) determine the two-way travel time from the GPR scan at each core location for the
asphalt layer; and (4) use the two-way travel time and ecpr in EQ.1 to estimate the asphalt layer
thickness (hcpr1).

The second procedure involved the following steps: (1) determine two way travel times at each
core location in sections with same asphalt mixture type; (2) use Eq.1 and hcore at each location to
calculate ecpr; (3) average those values for each asphalt mixture; (3) using the two-way travel
time at each location and the average ecpr, estimate the asphalt layer thickness (hepr2). This
procedure was used herein to assess the advantage of using average data (from multiple samples)
over single point data as described below in the third procedure.

The third procedure involved the following steps: (1) determine two-way travel time from the
GPR scan at one random core location for each asphalt mixture type; (2) use Eq.1 and the
measured heore at the location to determine egpr and assume it’s the same at all core locations in
the test sections with the same mixture type; and (3) determine two-way travel time at the
remaining core locations use in Eq.1 to estimate the asphalt layer thickness (heprs).

Results and Discussion
Laboratory Box Study Results

GPR scanning test results on two- and three-layered systems at room temperature and after
freezing are presented in Figure 263. Moisture contents of the CLS and loess layers are noted in
Figure 263. Comparison of results at room temperature and after freezing indicated different
two-way travel times. For example, the two-way travel time to the metal sheet was about 8 ns at
room temperature, while it was about 6 ns after freezing. In the frozen condition, the CLS/loess
layer interface is not as well defined as when not frozen.

Results from the box study comparing ecpr and egs3 are shown in Figure 264, which yielded a
linear regression relationship with coefficient of determination (R%) = 0.95 and standard error
(SE) = 1.3. As shown the ecs3 values are lower than egpr values. The reasons for this difference
is attributed to the differences in the measurement influence depths and the measurement errors
associated with the two methods. ecpr represents an average value for the full depth of each
layer, while egs3 only represents the surrounding medium in the depth of penetration.
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The repeatability of the two-way travel time method to determine ecpr Was evaluated by
obtaining repeated measurements on two-layer and three-layer structures. The results are
summarized in Table 3, which indicated that the measurement error of ecpr Was < 0.1 for all
materials and the percentage error relative to the average value was < 1.5%. The CLS and loess
layers showed different dielectric constant values in two-layer and three-layer systems. The

reason for this is attributed to differences in the material moisture contents.
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Figure 263. Results of laboratory box study with (a) two layered profile at room
temperature, (b) three layered profile at room temperature, and (c) three layered profile
frozen at -17.8°C for 48 hours.
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Laboratory Dielectric Constant Measurements on Compacted Specimens

Results showing ecs3 versus gravimetric moisture content (determined on batched materials)
immediately after compaction and after freezing are shown in Figure 265. The results indicated
that ecss values increased with increasing gravimetric moisture content for all materials, as
expected, and the relationship between ecs3 and moisture content is unique for each material
type. When frozen, the egs3 values ranged between 4 and 6 for all materials. This is expected
because the dielectric constant in the ice phase of frozen water is about 3.2 (Hallikainen 1977).
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Figure 265. gcs3 versus gravimetric moisture content on: (a) glacial till subgrade, (b) lowa
loess, (c) CLS and RSB, and (d) glacial till treated with PC and FA.
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Figure 266 shows &cs3 versus curing time for chemically stabilized specimens compacted at
different moisture contents. egss increased with increasing moisture content and decreased with
curing time up to about 12 hours and then stayed relatively constant. The changes in egs3 with
curing time is attributed to the hydration process where the amount of free water decreases with

curing. This was also observed by others that investigated the concrete hydration and curing
process (Makul 2013).

The PC and FA stabilized subgrade produced lower dielectric constant values compared to
unstabilized subgrade. For example, at about 16% gravimetric moisture content, the egs3 of the
unstabilized subgrade was 16 while egs3 of the PC and FA stabilized subgrade was about 10.
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Figure 266. ecs3 on chemically stabilized till subgrade at different moisture contents after
different curing times: (a) stabilized with 20% FA and (b) stabilized with 10% PC.
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Field Test Results

Results of GPR scans for a portion of a test section from the two testing times are shown in
Figure 267. Ground temperatures are presented in Figure 268, which indicates the foundations
layers were frozen in March up to a depth of about 1.3 m below the pavement surface. GPR
scans obtained during March did not show a transition between subbase and subgrade layers.
This confirmed the laboratory box study results.

The measured (hcore) and estimated (herr1, herrz, heprs) asphalt layer thicknesses are compared
in Figure 269. Comparison between the average measured and estimated thickness values for
each asphalt mixture type and the average percentage error of the estimates relative to the
average measured values are summarized in Table 27. The percentage error is calculated as the
ratio of the root mean square error relative to heore and the average heore.

The hepr1 values estimated using the ecs3 values produced an average error of about 11%. The
estimated hepr2 and heprs values produced values closer to the 1:1 line when compared with the
measured values. The error values ranged between 2.7 and 8.6% for hgprs, depending on the core
sample selected in the analysis. The average error reduced to about 3.7% for heers, when average
ecpr Was used for each material type. This suggests that if calibration is performed with more
number of samples, the error in the predicted values can potentially be minimized. The
percentage error values reported herein are similar to reported by others with air-coupled
antennas (Al-Qadi et al. 2003).

Comparison between asphalt layer thickness measured using the MIT gauge and GPR (hepr2) is
presented in Figure 270. hgpr2 Was chosen here for comparison as the data was close to the 1:1
line when compared with hcore (Figure 269). Results indicated that MIT gauge thickness
measurements were on average about 9% higher (i.e., about 15 mm) than estimated with GPR.
The 15 mm error measured from testing on asphalt cores in this study is higher than reported in
Grove et al. (2012) study which was 2 mm from testing on concrete cores. A thorough future
evaluation with a direct comparison between core thickness and MIT gauge is warranted.

GPR scans from September 2014 identified the bottom of the granular base layer (CLS or
CLS+RSB layer). On 9th St. test sections where CLS and RSB constitute the subbase layers, a
clear transition between the two layers could not be identified in the GPR scans, and is therefore
analysed as a single layer. This is attributed to the similar dielectric properties of the two
materials as identified in the laboratory testing. The analysis herein is focused only on the CLS
and RSB layers, as no transitions were identified in the layers beneath the RSB layers.

Thickness determination of foundation layers from GPR scans was not possible as the laboratory
testing showed strong influence of moisture content on dielectric properties of the subbase layer
material. The thickness of the base layers (hnase) determined from DCP tests and the two-way
travel times were used to determine ecpr Of the subbase material. VVolumetric moisture contents
were determined using eepr and Eq. 3 for comparison between the test sections. The purpose of
this analysis was to assess variations in the subbase layer moistures between the various test
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sections. The average ecpr and volumetric moisture content values determined from DCP test
locations are shown in Figure 271.

Results indicated that on average, the volumetric moisture contents in the subbase layer varied
from about 6% to 25%. The 8th St. test section showed the lowest values. Field permeability test
results documented earlier in Chapter 7 on 8th St. South section indicated that the CLS layer on
this street yielded high saturated hydraulic conductivity and less non-uniformity (Average = 22.7
cm/s and coefficient of variation = 107%), compared to testing performed on 11th St. South
section (Average = 1.8 cm/s and coefficient of variation = 172%) and 5th St. South section
(Average = 13.2 cm/s and coefficient of variation = 207%). The 8th St. section consisted of more
open-graded materials with less segregation and particle degradation compared to 11th St. and
5th St. sections.
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Figure 267. In situ GPR scans on 10th St. South section (a) on 03/12/14, (b) on 09/16/14.
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Table 27. Comparison between average asphalt thicknesses measured from core and different predicted from GPR scans and
percentage errors in predictions.

hepr1 hepr2 (Mm) heprs (MmM)
No. of Averag Averag Averag
Measureme € hcore e Error® e Error® Average Error®
Street Asphalt layer description nts (mm) (mm) (%) (mm) (%) (mm) (%)
50 mm HMAZ? surface with 156.3-
1st/ 2nd LAA®and 102 mm HMA? 16 163.3 178.8 10.3 163.2 3.6 ' 3.9-85
. c 175.6
base with LAA'
args./ 20mm WMAP surface with 160.9-
4th. LAAC and 102 mm WMAP 10 165.5 183.5 11.3 165.5 2.7 175‘ 5 2.7-5.1
base with LAA® '
50 mm HMAZ? surface with 155.7-
7th / 8th HAA® and 102 mm HMA? 16 165.4 182.2 111 165.1 5.3 184 0 5.3-8.6
base with LAA® '
oths / 20mm WMAP surface with 151.0-
10tH HAAY and 102 mm HMA? 11 160.1 173.9 9.5 159.8 3.8 169.9 4.8-7.2

base with LAA°
50 mm WMA?P surface with 157 2.
11th HAAY and 102 mm WMA?P 5 163.8 181.6 11.4 163.7 3.1 172’ 7 3.4-6.3
base with LAA® '

2 Hot mix asphalt.

b Warm mix asphalt.

¢ Low absorbed aggregate.

4 High absorbed aggregate.

¢Error (%) = 100 x (root mean squared error in reference to heore)/ Average heore.
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Summary

Following are key findings and conclusions from this study:

e The dielectric properties obtained from the independent dielectric measurement gauge
used in this study correlated strongly with the values back-calculated from GPR and
yielded R2 = 0.945 with a standard error of 1.3.

280



A new database of dielectric properties of subgrade and base layer materials and
chemically stabilized subgrade materials at different moisture contents is provided in this
report. Results indicated that the dielectric properties are sensitive to moisture content, as
expected, and are sensitive to curing times for chemically stabilized soil due to the
hydration process. PC and FA stabilized subgrade materials produced lower dielectric
values than unstabilized subgrade materials.

GPR surveys conducted during frozen condition did not properly differentiate variations
in the foundation layers because of similar dielectric properties of those materials in a
frozen condition. This was verified by conducting a simple laboratory box study with
compacted pavement and foundation layers in frozen and unfrozen conditions.

The estimated asphalt thicknesses (hGPR1) using the [ {5S3 values produced an average
error of about 11% (Table 4). The estimated values (hGPR2 and hGPR3) were close to
the 1:1 line when compared with the measured values, when [_[GPR was used. The error
values ranged between 2.7 and 8.6% hGPR3, depending on the core sample selected in
the analysis (Table 4). The average error reduced to 3.7% for hGPR3, when average

[ IGPR (based on multiple cores for each material type) was used in the analysis. These
errors are similar to reported by others in the literature with air-coupled GPR antennas.
Comparison between asphalt thickness measured using the MIT gauge and GPR (hGPR2)
indicated that the MIT gauge measurements were on average about 9% higher than
estimated with GPR.

GPR data was used to estimate volumetric moisture content of the granular subbase
material. Results indicated that on average, the volumetric moisture contents in the
subbase layer varied from about 6 to 25%. The variations are attributed to material
segregation and degradation, and variations in aggregate gradations and permeability
between the test sections.
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CHAPTER 11: TEMPERATURE MONITORING RESULTS AND ANALYSIS

In seasonal frost areas, freeze-thaw and frost penetration depth have been reported as
contributors to accelerated pavement problems (Cassagrande et al. 1931; Chamberlain 1986;
DeGaetano et al. 2001). Estimating freezing depth has gained great importance for pavement
design and maintenance. Several researchers have investigated various empirical and numerical
methods to predict frost penetration in pavement systems (Aldrich and Paynter 1953; DeGaetano
et al. 2001; Jumikis 1955; McCracken 1988).

Stefan (1890) presented an equation based on Fourier’s law to calculate the rate of ice formation.
There are critical assumptions and limitations associated with the Stefan equation. However,
civil engineers used the equation for predicting frost penetration into bare ground, and later, they
improved the Stefan equation (Aldrich and Paynter 1953; Andersland and Ladanyi 2004).
Several simplified models have been developed, but model results indicate significant
uncertainties (Baladi and Rajaei 2015; Yoder and Witczak 1975). The modified Berggren
equation is widely used in civil engineering (Bianchini and Gonzalez 2012). For this model, a
modified factor that was determined empirically was included in the Stefan equation to
overcome the limitation of neglecting soil volumetric heat. (Aldrich and Paynter 1953; Freitag
and McFadden 1997). Several computer programs and methodologies were developed for
calculating heat transfer in multi-layer conditions, including pavements (Aitken and Berg 1968;
Bianchini and Gonzalez 2012). However, limited research has been performed to evaluate the
modified Berggren based methods by comparing the predicted results to actual in situ
measurements.

In this study, pavement temperature sensors were installed at three locations in the state of lowa.
The principal objectives of this research are to determine the actual frost penetrations from in
situ pavement temperature measurements, to estimate the frost penetrations with the traditional
modified Berggren and other simplified empirical models, and to compare the predicted results
to the actual measurements.

Seasonal Frost Penetration Estimations

Climatic influences have been taken into consideration in recent pavement design guides
(AASHTO 1993; AASHTO 2008). In seasonal frost areas, the design of mechanistic parameters
of roadbeds (e.g., resilient modulus and modulus of subgrade reaction) was modified using
values determined under different seasonal conditions (AASHTO 1993; AASHTO 2008).
However, frost penetration depth is still a key factor and needs to be verified if pavements have
the potential to undergo freezing and thawing. From historical weather station data, frost depth
maps are available for the United States (DeGaetano et al. 2001). The frost depths were
determined from one to two hundred year return periods for bare soil, bare soil with snow cover,
and turf. The average maximum frost penetration depths in lowa ranged from 100 to 120 cm
using pavement temperature data. Andersland and Ladanyi (2004) reported the 0°C isotherm
value as an approach for analyzing temperature variations in pavement structures for lengths of
freezing and thawing periods in different layers. Frozen zones versus time can be estimated from
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the 0°C isothermal depth. Determination of the 0°C isotherm depth also represent the maximum
frost penetration depth.

Hoover et al. (1962) investigated pavement freeze-thaw conditions over three winters (1957
through 1960) on US Highway 117 in Jasper County, lowa using the modified Berggren
equation. Seven thawing periods during the 1957-1958 winter and nine during the 1959-1960
winter were documented (Hoover et al. 1962). During the 1958-1959 winter, a large continuous
frozen zone and several smaller, thawed zones were observed at shallow depths for short times
within the frozen period. Hoover et al. (1962) also estimated that there were 11 freeze-thaw
cycles based on air temperature data, but only one freeze-thaw cycle at the 0.4 m depth. The
maximum frost penetration reached around 1.05 m during the three winters. New empirical and
numerical models were developed to estimate frost penetrations based on air temperature data
(see Table 27). However, each model had particular limitations and assumptions, which led to
variations in the estimated results. The simultaneous heat and water (SHAW) model is a one-
dimensional model that is able to simulate heat and water movement in freezing and thawing
soils (Flerchinger et al. 1998).

Table 28. Models for predicting frost penetrations using air temperature data

Key Equation | Measurements Initial Assumptions Limitations | Reference
Air T equals Overestimate Stefan
yand o - surface T; The soil is X due to (1889)
48k(FI) | assumed or isothermal semi-infinite, nealectin Freitag
X= |- measured in boundary Tis  uniform and vo?umetri%: and
lab; T— 0°C; surface T is isotropic; heat effect McFadden
measured in constant. Surface ' (1997)
field (air or Homogeneous  temperature Aldrich
surface)d; Q - ; soil; ground is  changes to and
assumed based | pare soil with ~ below 0°C Does not Paynter
X=2 [—48"”(F D) | onliterature | single layer suddenly and | consider the | (1953)
L values or - (weighted soil ~ keeps movement of | Aitken and
measured in properties if constant. water in Berg
situ. (or o [multi-layer) freezing soil; | (1968)
gleasurle 30! ground is one- | Bianchini
d.L. ermal Surface temperature changes to dimensional and
_ it o i
FI = > properties below 0°C suddenly and keeps
24nk; directly in situ) | constant: Gonzalez
’ (2012)
T - measured Bare single layer soil; E(;Tr]fellrz;'([:i?alns Rajaei and
X = a(FD? in field (air or | temperature is the only based on local Baladi
surface) significant influence on X. (2015)

data.

Note: Equations are in US units. X: frost penetration depth; k: thermal conductivity; FI: Freezing Index; n: factor
transfers air FI to surface FI; L: latent heat; A: correction coefficient; d: layer depth; R: thermal resistance; y: dry unit
weight; : moisture content; T: temperature; a, b: constant; C: volumetric heat capacity; vo: absolute value of the
difference between the mean annual temperature below the ground surface and 0°C; vs: absolute value of the

difference between the mean annual ground surface temperature and 0°C.
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The Stefan equation was originally created for calculating the growth rate of ice sheets
(Bianchini and Gonzalez 2012; Freitag and McFadden 1997; Stefan 1889). This model assumes
that the amount of heat flux flow through an existing ice sheet was equal to the amount of latent
heat generated from the formation of new ice. The Stefan equation was then applied to solve the
soil-ice problem. An equation was developed based on the Fourier’s law, which is used to
calculate the thickness of an ice sheet or a frozen soil layer. The equation was a function of
freezing index (FI), thermal conductivity (k), and latent heat (L) (Freitag and McFadden 1997).
However, the three principal assumptions lead to significant influences on the calculations: the
air temperature was the same as the ground surface temperature; the temperature at the
isothermal boundary was 0°C; and the soil profile was homogeneous and isotropic (Jumikis
1955).

Weaknesses on applying the Stefan equation have been reported (Aldrich and Paynter, 1953;
Bianchini and Gonzalez, 2012; Nixon and McRobert 1973). First, there is a possible misuse of
the FI term. In accordance with the process of deducing this equation, the FI term was obtained
by integrating the temperature difference between the frozen soil and the freezing temperature
(0°C) (Bianchini and Gonzalez 2012). Even when the temperature is measured near the interface
of the frozen soil and air, it still shows a significant difference between this temperature and the
air temperature. This led to inclusion of an n-factor used to transfer the air FI term to the ground
surface FI term (Hanson et al. 2010). Andersland and Ladanyi (2004) summarized the freezing
and thawing n-factors of different types of ground (e.g., the freezing n is 0.25-0.95 for concrete
pavement). Limited research has focused on determining this factor, although investigators have
reported different assumed n values for different areas (Brown 1963). However, it can be
inferred that local environmental conditions such as wind speed, radiation, and moisture content
influence n-factor values (Andersland and Ladanyi 2004; Khoshkhoo et al. 2015).

Due to the original assumption (Jumikis 1955), the sensible heat released from ice formation was
not taken into consideration. As the ice mass increases, the volumetric heat of the frozen soil
layer increases. The sensible heat generated near the frozen surface increases as ice forms, while
the equation only accounts for latent heat. This weakness leads to an overestimation of the frozen
soil thickness (Aitken and Berg 1968; Freitag and McFadden 1997). For the purpose of reducing
influences from these weaknesses, the modified Berggren equation was developed (Jumikis
1955; MIT 1957).

Aldrich and Paynter (1953) modified the Stefan equation to become the modified Berggren
equation by introducing a correction coefficient, A. This coefficient can be calculated through a
semi-empirical correlation accounting for both the latent heat and the sensible heat (Braley and
Connor 1989). Computer programs were developed to determine A through transcendental
equations, especially to iterate the A values of multilayered ground and to estimate frost
penetration depth (Bianchini and Gonzalez 2012; USDA and USDAF 1988). However, manual
computation of A is only accessible through an empirical correlation in terms of fusion parameter
u and thermal ratio o, where p is the parameter accounting for sensible heat (Aldrich and Paynter
1953). Hoover et al. (1962) applied the modified Berggren equation to estimate historical frost
penetration depths, and Orakoglu et al. (2016) used it to estimate maximum frost penetration
depths. Averaged soil properties corresponding to assumed frost penetration depths were used to
determine A and soil thermal properties for the study reported by Orakoglu et al. (2016).

284



Following Braley and Connor (1989), Bianchini and Gonzalez (2012) reported an improved
method for predicting multi-layered frost penetration using air FI values based on the modified
Berggren equation. A computer program named “Pavement-Transportation Computer Assisted
Structural Engineering” (PCASE) was developed based on this calculation process. The basic
theory of this method is to calculate the portion of FI that is required to penetrate a specific
thickness of ground layer. After the sum of the FI of each calculated layer becomes equal to the
surface FI, it indicates that the final depth in the lowest layer represents the calculated frost
penetration depth (Bianchini and Gonzalez 2012). A minor weakness of this method and also the
previous average method is that the dry unit weights and moisture contents of each layer need to
be assumed if measurements are not available in order to determine the latent heat and thermal
conductivity. These assumptions increase the uncertainty of the results (Orakoglu et al. 2016).
The default values of moisture content and dry unit weight in PCASE for the US moist-cold zone
are summarized in Table 28.

Table 29. Default moisture contents and dry unit weights for the moist-cold zone in PCASE
Moisture Content (%) Dry Unit Weight (kg/m?)

Asphalt Cement Concrete 0.5 2243
Portland Cement Concrete 0.5 2323
Base Coarse 5 2243
Subbase Coarse 8 2082
Subgrade (clay/silt) 16 -21 1522 — 1682

In Situ Measurements
In Situ Pavement Temperature Monitoring

Thermocouples were installed at three locations in the state of lowa, central lowa Expo

(Expo — 1) site 1, central lowa Expo (Expo — 2) site 2, and the US Highway 30 (US 30) site
during construction. The pavement structures differ at the three locations. At the Expo sites,
thermocouples were installed in each pavement layer and solar powered data acquisition systems
were set-up at the testing locations (Figure 272). Temperature data were monitored every minute,
and the data were collected before winter freezing initiated until spring thaw occurred.
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Figure 272. Installing thermocouples in pavements at (a) the Expo — 1 site and (b) Expo — 2
site, (c) collecting data at site, and (d) data acquisition system

At the expo sites, a total of 32 thermocouples were installed in October 2013 at Expo — 1 which
had a HMA surface and at Expo — 2 which had a PCC surface (16 thermocouples each street),
and two thermocouples were also placed near the ground surface to monitor the air temperature.
Thermocouple 1 is placed 2.54 cm below the surface, and thermocouple 2 is 5.08 cm below the
first thermocouple. Temperature data from thermocouple 1 were used to approximate boundary
condition. Thermocouples 2 to 5 are 7.62 cm vertically apart from each other, and thermocouples
below thermocouple 5 are spread by 10.16 cm. There is a modified subbase layer (MSB) under
the 15 cm thick pavement layer at both streets, and a layer of geosynthetic was placed at Expo —
2 between the PCC and MSB layer. A layer of triaxial geogrid was used at Expo — 1 at the
bottom of MSB. Another 15 cm thick subbase layer was stabilized with portland cement and
fibers at Expo — 2 above the natural subgrade. The detailed thermocouple layout and pavement
profiles at the Expo site are shown in (Figure 273).
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Figure 273. Pavement profiles with thermocouples at Expo — 1 (left) and Expo — 2 (right)

Thermocouple temperature sensors were installed at about mile 143.68 on US30 eastbound lane
in July 2011. A nominal 25 cm thick jointed plain concrete pavement (JPCP) was placed on a
40 cm thick modified subbase (MSB) that was over the natural existing subgrade. Sensors were
installed vertically from about 0.4 m to about 1.6 m below pavement surface. No sensor was
installed within the 25 cm thick PCC layer and the upper 15 cm thick MSB layer. All vertical
sensors were located at the center line. A pavement and foundation layer cross-section along
with the temperature sensor locations was shown in Johnson (2012).

Frost Penetration Depth

The number of freeze-thaw cycles with depth calculated for each year from 2013 to 2016 from
the temperature monitoring data at both Expo sites are presented in Figure 274. The cycles were
determined using £0.5°C as boundary values, which means temperature dropped below -0.5°C
and later increased higher than 0.5 °C was defined as one freeze-thaw cycle. This approach
effectively neglected some cycles that the temperature slightly varied around 0 °C (such as from -
0.1°C to 0.1°C), which may not significantly influence pavement conditions. Freeze-thaw cycles
decreased with depth as expected. The number of freeze-thaw cycles in air were between 41 and
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65 and decreased to about 3 to 11 cycles near the bottom of the pavement. Although there were
differences in the number of freeze-thaw cycles between PCC and HMA layers, the numbers of
freeze-thaw cycles became more similar as depth increased. From the bottom of the MSB layer
at a depth of about 40 cm, less than 3 cycles were found at both locations. The deepest freeze-
thaw cycle during the monitored years was observed between 120 to 140 cm. This finding
indicated that the maximum frost penetration was within this range at the Expo sites.

Number of freeze-thaw cycles
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Figure 274. Freeze-thaw cycles at depth of (a) Expo — 1 and (b) Expo — 2

In accordance with the isothermal figure in Andersland and Ladanyi (2004), the dates of 0°C at
each depth were determined during both the freezing and thawing periods. Connecting these 0°C
points provided the estimated isotherm lines (Figure 275). The upper areas of the isothermal
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lines were so called “frost zones”, which indicated the length of freezing periods at different
depths. The lowest point of the isothermal line was the maximum frost penetration of the year.
Results in Figure 275 show a relatively large frost zone during the 2013-14 winter, two
separated medium frost zones during the 2014-15 winter, and a smaller zone for the 2015-16
winter for each street. In general, differences of 2 to 13 cm were found between the maximum
frost penetrations at Expo sites for each year. The 2013-14 winter at Expo — 1 presented the
largest value of 145 cm for frost penetration. The warmer winter of 2015-16 at Expo sites
indicated around 70 cm maximum frost penetration, which was a value within the literature
reported range for the 201415 winter (DeGaetano et al. 2001).
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Figure 275. Frost zones from 2013 to 2016 at (a) Expo — 1 and (b) Expo — 2

The maximum frost penetrations from 2011 to 2016 at the US 30 site were also determined based
on the in situ measurements. Although the US 30 site was only about 11 km away from the Expo
site, significant differences were noticed between the maximum frost penetrations for these
locations in the same year (Table 30).
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Table 30. Summary of maximum frost penetration depths at a nearby US 30 site and the
Expo sites

US30 Expo-1 Expo-2

(cm)  (cm) (cm)
2011-12 54 - -
2012-13 72 - -
2013-14 102 145 132
2014-15 73 101 111
2015-16 57 69 71

Note: — indicates that data were not available.
Simplified Empirical Correlations

Numerous empirical models have been developed to predict frost penetration with only the
freezing index. Most of these models average the soil thermal properties, which indicates that the
ground was treated as bare soil with a single layer. Local weather station data provided the air
temperature recording (RWIS 2016). In this study, the models by Chisholm and Phang (1983)
and Rajaei and Baladi (2015) were selected to evaluate the accuracy of applying these models to
this project data. The Chisholm and Phang (1983) model (Equation 1 in metric units) is based on
Ontario weather history, and the Rajaei and Baladi (2015) model (Equation 2 for clayey soils and
Equation 3 for sandy soils) is based on Michigan weather history. Air FI is the only input for
frost penetration prediction.

X = 4.31V1.8FI + 32 — 32.79 (1)
X = 4.0388 x (1.8FI + 32)048% )
X = 3.3787 X (1.8FI + 32)05423 3)

The Frost penetrations of the three locations in this study were estimated with Equations 1, 2,
and 3 (Figure 276). In comparison with the 11 actual measurements, predicted results showed
wide variations. In general, the Rajaei and Baladi (2015) model overestimated actual values, and
the Chisholm and Phang (1983) model underestimated actual values. The differences between
the penetration results from these two models were around 35 to 50 cm, and it was difficult to
summarize a particular relationship between FI and the actual frost penetrations. This finding
indicates that estimating frost penetrations through these simplified models provided various
results. As these models were developed empirically based on local data, many other factors such
as soil type, thermal properties, climatic conditions, layer conditions may influence predictions.

Results from this study showed that the frost penetrations were different between two adjacent
roads with different pavement surfaces and layer conditions. Also, significant differences were
found between frost penetrations between sites with different water conditions. Therefore, it is
recommended that improving the frost penetration prediction models still needs numerical
analysis based on ground heat transfer. Even though at times the modified Berggren equation
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applied in PCASE showed estimations approximating the actual measurements, the model
ignored the influence of water movement to heat transfer during freezing and thawing, which
may essentially affect predicted penetrations (Jury and Horton 2004).

180
A ® Chisholm and Pahng (1983) A
160 - O Rajaei and Baladi (2015) for clayey soils
E A Rajaei and Baladi (2015) for sandy soils "™
140 - %  Actual measurement ¥
—~ 4 ] O
IS
O 120 A ] °
5 1 Soe *
g 100 - 2 ® @
) 1 N O
£ g0- o . °
o i é I].l._" & °
2 601 A B 3 i
i i L]
40 °
1 [
20
0 LB L L L L B L L ML L L L LB BLNL LN LN RLEL R LN NN LR

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750

Air freezing index (°C-days)

Figure 276. Comparisons between results correlated from empirical models and actual
measurements

Frost Penetration Estimations Using Modified Berggren Equation

A principal objective of this study is to estimate the maximum frost penetration using the
modified Berggren model. PCASE is the computer program used to implement the modified
Berggren model. Because the modified Berggren model is an energy balance based model, some
parameters used in the model can be determined from in situ measurements, but some soil
properties used to estimate soil thermal properties must be assumed. The following sections
discuss the specific procedures for estimating the frost penetrations in terms of air temperature
data and soil properties.

Determination of n-factor and Freezing Index

Annual air freezing index (FI) was calculated for each test location. At the Expo sites, annual
surface FI was calculated from the first subsurface thermocouple data, which were assumed to
represent the surface temperature condition. The n-factor is used to relate air FI to surface FI was
determined from the measured results. The reason for determining the n-factor was to compare
the actual field measurements to the default values that were used in the computer program.
Results from the Expo sites showed that the n-factor had a range between 0.41 and 0.72 for the
HMA surface, while the value was around 0.6 for the PCC surface (Table 31). Because the US

291



30 site did not have a shallow sensor, the average n value from the Expo PCC surface was used
to relate the air FI to the surface FI at the US 30 site.

Table 31. Measured n-factor for HMA and PCC pavement surfaces

2013-14 2014-15 2015-16 Average
Expo-1(HMA)  0.72 0.49 0.41 0.54
Expo—2 (PCC)  0.59 0.65 0.61 0.62

The air FI and surface FI are summarized in Table 32. During the same season, air Fl at the
different locations had slight differences, however differences between the surface FI values
were relatively large. This indicated that the ground surface energy balance was influenced by
multiple factors, such as the wind speed, snow cover, and radiation. It was difficult to determine
a constant n-factor value for a particular ground surface type. However, as seen from the Stefan
equation (see Equation 4 in metric units), the n-factor has a significant influence on the
calculated results.

Table 32. Summary of air and surface freezing index

Freezing 2011-12 2012-13 2013-14 2014-15 2015-16
Index

(°C-days) “Ajr Surface Air Surface Air Surface Air Surface Air Surface

US 30 146 90 423 259 892 547 565 346 333 205
Expo-1 - - - - 948 688 589 286 339 139
Expo -2 - - - - 948 556 589 386 339 204

Note: — indicates data were not available.

X = /172800% (4)

where, X is the frost penetration depth, k is soil thermal conductivity, FI is the annual air
freezing index, and L is the soil latent heat.

Predicting Multi-Layer Frost Penetration in PCASE

The modified Berggren equation (Equation 5) added a factor, A, into the Stefan equation to
account for the volumetric heat. For manual calculations, the new factor A can be estimated
empirically from the thermal ratio (o) and the fusion parameter (i). The a is a function of mean
annual temperature (vo) and average freezing temperature (vs), and [ is a function of volumetric
heat capacity (C), latent heat (L), and vs.
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X =2 /172800@ (5)

However, for computer calculations such as in PCASE, another method to determine A is used
(Bianchini and Gonzalez, 2012). A transcendental equation in terms of exponential relationships
between soil thermal properties (C, k, and L) was used to calculate a constant y. This constant
was originally used to describe the relationship between permafrost soil thawing depth and time
(t) (Equation 6). As FI is also a time dependent factor (FI is equal to vs times t), the modified
Berggren equation can be converted to Equation 8 based on a mathematical relationship between
A and y (Equation 7).

X =yt (6)
2L

A=y /c_vs (7)

X =y_[345600 s (8)

After applying the modified factor A, the modified Berggren equation is considered to overcome
the weakness of neglecting sensible heat during ice formation. However, another need is to learn
how to apply the modified Berggren equation to solve multi-layer soil conditions, such as the
pavement structures in this study. Bianchini and Gonzalez (2012) reported a solution and stated
that the fundamental mechanism of the solution was to “compute the required FI for the freezing
front to penetrate each layer” in accordance with the work by Zarling et al. (1989). Bianchini and
Gonzalez (2012) treated FI as heat energy and calculated the amount of energy (FI) needed to
freeze a layer with particular thickness. When the sum of FI for all layers equals the surface Fl,
the total thickness of all accounted layers represents the freezing front depth, which is the frost
penetration. Therefore, Bianchini and Gonzalez (2012) converted Equation 2 into a FI expression
(Equation 9), and modified the equation based on the thermal physics (Equation 10).

D2L
"~ 172800A2nk ©)
—___ DL (yi-1 ﬁ)
T 172800A2n (ZN:l Ry + 2 (10)

where, D is the layer thickness, L is the layer latent heat, k is thermal conductivity, n is the FI
transfer factor, N is the number of layers, and R is the thermal resistance (equal to D divided by
K).

In PCASE, the US continent is classified into four typical areas: moist-cold, moist-hot, dry-cold,
and dry-moist (Bianchini and Gonzalez, 2012). The PCASE contains a database with air FI
collected from weather stations all over the USA. A default value of n-factor for particular
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ground surface type was set in the system (0.75 for PCC and 0.7 for ACC), and these values
cannot be changed by users. Default and changeable dry unit weights and moisture contents for
typical soils were also provided in PCASE for estimating soil thermal properties. The pavement
layer conditions of the Expo sites were input, and default soil properties were applied. Weather
stations with similar air FI to locations in this study were selected to calculate the frost
penetrations with the PCASE n-factor first. However, because the in situ measured n-factors
differ from the default values, weather stations with similar surface FI were then selected for
comparison as well. In other words, another approach to estimate the frost penetration based on
surface FI in PCASE was performed by avoiding using the default n-factors. The calculated
results of frost penetration are summarized in Table 33. Results indicate differences between air
FI based and surface FI based frost penetration values, primarily due to the different n values. In
general, the frost penetration depths based on surface FI were smaller than those based on air FI.
The HMA pavement of 2014-15 showed the largest difference of about 23 cm between the two
estimations. This finding indicates that the n-factor has significant influence on the modified
Berggren equation estimated frost penetrations.

Table 33. Summary of PCASE frost penetration results at the Expo site

Frost penetration based on air FI (cm)

2013-14 2014-15 2015-16
Expo-1 107 85 53
Expo -2 117 94 62
Frost penetration based on surface FI (cm)
2013-14 2014-15 2015-16
Expo-1 109 62 38
Expo -2 102 82 56

In order to evaluate the estimated frost penetrations from PCASE, a figure was drawn to compare
estimates with the actual measurements (Figure 277). Significant underestimations occurred for
PCASE results. For both HMA and PCC pavements, the PCASE results were about 20% lower
than the actual measurements. A possible reason for these underestimations might be the
foundation layer stabilizations and drainage used at these two pavement sites. For the modified
Berggren equation, decreasing the water content results in deeper frost penetration estimates.
Stabilizations and drainage systems tend to reduce moisture contents of foundation layers.
However, the default soil properties used in PCASE did not change even though the actual
stabilization and drainage information was input into the system, which probably resulted in an
overestimation of model moisture contents and/or an underestimation of the unit weights.

At the US 30 site, no particular treatment or stabilization was applied on the JPCP. Default soil
properties were used for this location. Due to the lack of sensor near the pavement surface to
estimate surface Fl, the average measured n-factor value for the PCC surface of Expo — 2 was
used for this location. Differences of 5 to 23 cm are estimated for the air FI and surface FI based
results (Table 34). However, the estimated frost penetrations were less than 5% different from
the in situ measurements at this site (Figure 278). The frost penetration depths calculated based
on surface FI were similar to actual frost penetration depths. This result indicates that estimations
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using the measured n-factor value results in higher accuracy than using default n-factor values in

PCASE.

In order to determine if modifications on soil properties can improve PCASE estimation
accuracy, the moisture contents and dry unit weights of each soil layer were changed based on
laboratory Proctor test results (optimum moisture content and maximum dry unit weight). Some
adjusted values were larger and some were smaller than the default values in PCASE. PCASE
estimates with adjusted values showed significant improvement on the differences between
estimated and measured frost penetrations (Figure 279). For the US 30 site, changes in soil
properties did not have much influence on the estimations. The estimated results of four of the
five seasons maintained high accuracy. For the Expo sites, using either or both air FI and surface
FI with modified soil properties provided frost penetration estimates similar to in situ
measurements. Besides the n-factor and soil properties, several other factors may also influence
the output, such as the unchangeable mean annual temperature and length of the frost season.
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Figure 277. Comparison between estimated and measured frost penetrations at the Expo

site

Table 34. Summary of PCASE frost penetration results at US 30 site

2011-12 2012-13 2013-14 2014-15 2015-16

Based on air FI (cm)
Based on surface FI (cm)

33.0 73.7 116.8 96.5 68.6
55.8 68.6 102.9 78.7 61.0
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Summary

In this study, pavement and foundation temperatures were recorded at three locations in central
lowa. Air and surface temperatures were used to estimate the seasonal frost penetrations in
accordance with three simplified empirical models and the modified Berggren equations applied
in PCASE. The estimated results were compared to in situ measurements to evaluate the
accuracy of these models. Based on the study findings, the following conclusions have been
drawn:

e From field measurements, the maximum frost penetration at central lowa reached 145
cm. However, during the same winter, locations showed differences between maximum
frost penetrations despite the close distance between tested sites. Different pavement
types and foundation conditions influenced the measured frost penetration depths;

e Frost penetration depth estimates with the three simplified empirical equations did not
match well the measured frost penetration depths;

e The modified Berggren equation used in PCASE is able to predict frost penetration in
multi-layer pavements based on freezing index and soil properties. Using default values
for soil properties in PCASE resulted in about 20% underestimation of the frost
penetration depths;

e When using tested values for moisture contents and dry unit weights, calculations with
the modified Berggren equation in PCASE provided more accurate results of predicted
frost penetrations than using default soil properties values. However, the n-factor was
found to have a significant influence on the accuracy of estimations, although it is
difficult to determine the precise value of n at every specific location. Empirical values of
n-factor may not be broadly applicable to each particular site;

e Stabilization and drainage systems utilized in foundation layers may have affected the
frost penetration estimations. The possible causes may be that stabilization and drainages
lead to changes in soil densities, pore conditions, and water contents.
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CHAPTER 12: KEY FINDINGS AND RECOMMENDATIONS
Significant findings from the Phase I testing were as follows:

e Cost, average stiffness values, and COV were reported for all of the pavement foundation
sections. Analysis of this data is useful to optimize pavement foundation design.

e Comparison between LWD and FWD measurements indicated that both provided
statistically related moduli measurement values, but LWD measurements does not always
reflect stiff underlying layers as measured with the FWD. The measurement influence
depth is greater for the FWD compared to the LWD, because of the higher stresses that
can applied with the FWD.

e The RICM values (CMV and MDP* measured with Caterpillar IC roller and CCV
measured with Sakai roller) provided near-continuous electronic records of ground
stiffness and showed variations between the test sections and locations of lower stiffness
materials within sections. The CMV and CCV values correlated better with FWD values
than MDP* values. CMV values correlated better to FWD values than LWD values.

e The QC/QA nuclear density testing showed that this approach to quality assessment can
lead to shortcomings (including lack of reproducibility and infrequent testing) and does
not capture the wide range in stiffness values measured from the other devices.

e Shortly after construction and after spring thaw, test sections with mechanical
stabilization (TS-MS) with in situ mixing of recycled aggregate with existing subgrade
versus over excavation (TS-OE) and replacement produced comparatively higher elastic
moduli values than control (TS-C) sections. There was no statistical evidence to suggest
that TS-OE pavement foundation performed better than the TS-MS pavement foundation,
or vice versa, shortly after construction. However, after spring-thaw, results showed that
the TS-OE pavement foundation performed better than the TS-MS foundation.

e Laboratory freeze-thaw testing showed that the mechanically stabilized subgrade used in
this study exhibits strength and stiffness behavior similar to the on-site recycled material
at optimum environmental conditions. During thaw-weakening conditions, the
mechanically stabilized subgrade exhibits strength and stiffness behavior similar to the
subgrade.

e Average FWD composite elastic moduli values from each test section during October
2012 (i.e., never-frozen) ranged from 37 MPa to 507 MPa. Test sections with Portland
cement (PC) stabilized subgrade, fly ash stabilized subgrade, or PC stabilized reclaimed
gravel subbase produced the highest moduli values. Test sections with mechanically
stabilized subgrade, compacted subgrade, or untreated reclaimed gravel subbase
produced comparatively higher moduli values than control test sections with no subgrade
compaction or other treatment.

e Average FWD composite elastic moduli during April 2013 (i.e., thaw-weakened) ranged
from 11 MPa to 159 MPa. All test sections experienced reductions in moduli values as
conditions transitioned from never-frozen to thaw-weakened (by about 2 to 9 times on
average). Test sections with PC stabilized subgrade or PC stabilized reclaimed gravel
subbase produced the highest moduli values. Test sections with fly ash stabilized
subgrade or untreated reclaimed gravel subbase produced relatively high moduli values
as well.
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e Correlations between thaw-weakened and never-frozen elastic moduli values suggest that
PC stabilized pavement foundations are less susceptible to thaw-weakening than
untreated pavement foundations or fly ash stabilized pavement foundations.

e Elastic moduli values determined FWD in never-frozen condition showed statistically
significant relationships with both subbase and subgrade layer penetration index (PI)
values from DCP tests at that time. But, FWD elastic moduli values after thawing showed
strong correlation with the subgrade PI, but not with the subbase layer PI at that time.
This emphasizes the importance of subgrade support on the composite response on top of
the subbase layer.

e Laboratory freeze-thaw durability tests showed that subgrade stabilized with fly ash
exhibits improvements with increasing fly ash content up to 15% with decreasing level of
frost-heave and thaw-weakening susceptibility. Greater improvement was related to
shorter fly ash set time. Subgrade and subbase stabilized with cement showed low to
negligible frost susceptibility. For subbase, the addition of fibers increased the pre-test
and post-test (saturated) CBR values slightly. Comparatively, the addition of cement
reduced the heave rates and increased the CBR values significantly. Results also
indicated that curing time and compaction delay influence the freeze-thaw performance
of chemically stabilized soils.

e To achieve very low thaw-weakening susceptibility, the heave rate has to be controlled to
less than 4 mm/day per ASTM D5918. The current ASTM classification does not
distinguish classifications with CBR values greater than 20. A proposed classification for
chemically stabilized soils identifies thaw-susceptibility as negligible for post-test CBR
values > 100. The advantage of this rating is it provides additional criteria for rating
freeze-thaw susceptibility for stabilized soils with post-test CBR values greater than 20. It
is difficult to predict the post-tests CBR values from the pre-test measurements for
chemically stabilized soils due to time-dependent strength gain and supports the need to
perform the freeze-thaw tests and monitoring the influence of curing time for stabilized
soils.

e GPT tests were conducted to rapidly determine field saturated hydraulic conductivity of
granular base layer and its relationship with different foundation support conditions and
gradation of the subbase. Testing was focused on three test sections, where the subbase
layer for was compacted with a vibrator smooth drum roller, which contributed to the
aggregate degradation. Degradation varied, however, between sections and appears to be
linked to the foundation support condition. The section with the highest support values
(i.e, high CBR and elastic moduli values) consisted of cement stabilized subgrade, but it
showed the highest degradation of the aggregate subbase and the lowest hydraulic
conductivity. The control section (with only granular subbase over uncompacted
subgrade) yielded the lowest support values, but the highest hydraulic conductivity. The
geogrid reinforced aggregate section provided comparatively better support conditions
than the control section and intermediate hydraulic conductivity values.

Significant findings from the Phases Il and 11 testing were as follows:
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In general, HMV values during asphalt pavement construction were higher when placing
asphalt over stiff pavement foundations. All HMV measurements correlated with
statistical significance to HMV measurements obtained on the foundation layer.

For asphalt construction over softer pavement foundations, HMV increased with each
additional pavement layer. For asphalt construction over stiff foundations, in general, the
pavement foundation HMV was greater than base course HMV, and base course HMV
was less than surface course HMV.

Asphalt pavement surface temperature measurements from the roller temperature sensors
were in agreement with thermal camera temperatures at higher temperatures (greater than
87.4 °C), but tended to underestimate pavement surface temperatures at lower
temperatures (< 87.4 °C).

Asphalt pavement relative compaction from neither nuclear density gauge tests nor
pavements cores correlated with HMV measurements. However, falling weight
deflectometer (FWD) measurements strongly correlate with HMV measurements.

Based on multivariable analyses, RICM systems can potentially be used as QC for
asphalt pavement layer modulus, provided that the composite modulus of the pavement
foundation is a known target value.

Comparison of three different forward and back-calculation procedures for FWD data
analysis has indicated significant differences in the estimated moduli values for the
asphalt, base, and subgrade layers. Standard errors of the estimated values were in the
range of 13 MPa for subgrade, over 120 MPa for base layer, and over 3,000 MPa for
asphalt layer.

Numerous regression relationships have been documented in the literature between DCP
test measurements and moduli values and are summarized herein. Upper and lower
bounds are presented based on the available relationships. The bounds suggest that the
predicted moduli values can have an error of = 50 to 335 MPa if DCP penetration
resistance (PR) values are between 2 and 10 mm/blow, and + 10 to 50 MPa if PR value is
> 10 mm/blow.

New relationships between PR and moduli values calculated from three forward and back
calculation methods for a PR range of 2 and 78 mm/blow are presented herein. PR values
determined from the weakest 75 mm of the subgrade showed slightly higher R? values
when compared to PR values for the top 300 mm of the subgrade.

The relationships presented in this study indicated that for if PR data between 2 to 78 mm
are considered, the SE of the estimate ranged from 24 to 60 MPa, depending on the
modulus calculation method. The SE of the estimate decreased to < 20 MPa, when PR
data from only subgrade are considered.

A new database of dielectric properties of subgrade and base layer materials and
chemically stabilized subgrade materials at different moisture contents are provided in
this study. Results indicated that the dielectric properties are sensitive to moisture
content, as expected, and are sensitive to curing times for chemically stabilized soil due
to the hydration process. PC and FA stabilized subgrade materials produced lower
dielectric values than unstabilized subgrade materials.

GPR surveys conducted during frozen condition did not properly differentiate variations
in the foundation layers because of similar dielectric properties of those materials in a
frozen condition. This was verified by conducting a simple laboratory box study with
compacted pavement and foundation layers in frozen and unfrozen conditions.
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The estimated asphalt thicknesses using the actual measured dielectric properties from
the GS3 device values produced an average error of about 11%. The estimated values
asphalt thicknesses were close to the 1:1 line when compared with the measured values,
when dielectric properties backcalculated from GPR were used. The average error
reduced to about 3.7% with that process and the errors are similar to reported by others in
the literature with air-coupled GPR antennas.

Comparison between asphalt thickness measured using the MIT gauge and GPR
indicated that the MIT gauge measurements were on average about 9% higher than
estimated with GPR.

GPR data was used to estimate volumetric moisture content of the granular subbase
material. Results indicated that on average, the volumetric moisture contents in the
subbase layer varied from about 6 to 25%. The variations are attributed to material
segregation and degradation, and variations in aggregate gradations and permeability
between the test sections, as documented in the Phase | portion of this study with GPT
measurements.

Air and surface temperatures were used to estimate the seasonal frost penetrations in
accordance with three simplified empirical models and the modified Berggren equations
in this study. The estimated results were compared to in situ measurements to evaluate
the accuracy of these models. These comparisons showed that the frost penetration depth
estimates from the three empirical models did not match well the measured frost
penetration depths. When using tested values for moisture contents and dry unit weights,
calculations with the modified Berggren equation provided more accurate results of
predicted frost penetrations than using default soil property values. However, the n-factor
used in the estimations was found to have a significant influence on the accuracy of
estimations, although it is difficult to precisely determine the value of n at every specific
location.

This project generated significant and important information regarding the mechanistic
properties for pavement foundation support for a range of foundation improvement/ stabilization
methods. The test sections at the Central lowa Expo facility are unique in terms of the range of
technologies used and for the fact that the performance data particularly isolates the influence of
the seasonal changes without any loading. Some significant lessons learned from this project and
the limitations of the findings are identified below, to identify the path forward for the lowa
DOT with implementation of the findings into the design and construction practice and future
research/testing on these test sections.

Traditional nuclear gauge moisture-density testing has played an important role in
earthwork quality assessment specifications in the U.S. for decades. This form of QC/QA
can be effective, but has shortcomings due to regulations, test reproducibility, limited test
frequency, and only serving as a surrogate to strength and stiffness design requirements.
Results from this study showed that all the QC agent test results met the target moisture
and density criteria, while the QA agent results are much more variable on both accounts.
At this point, one could only speculate about these differences. It is clear though that the
nuclear density testing does not indicate the wide stiffness variations resulting from
treatments and materials.
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The distinct advantage of the strength/stiffness related measurements used at this site
(i.e., DCP, FWD, and LWD) is that they identified the variations in support values
between different stabilization sections. While these measurements were critical in
identifying the relative differences in the strength/stiffness properties between the test
sections, they all produced different measurement values that can potentially be used to
estimate the mechanistic input parameters used in the pavement design process.
However, the following limitations of these test measurements must be realized:

0 Thus far, however, there is no supporting evidence that these measurements can
be reliably used to predict the key mechanistic input parameters used in design
(i.e., resilient modulus (My) and modulus of subgrade reaction (k-value)) with
high statistical confidence.

o Empirical relationships have been published between DCP or CBR measurements
and M, and k-values, but all these relationships produce significantly different
numbers and therefore present significant uncertainty in selecting an appropriate
value in design. Local or regional correlations can be more reliable, but can be
very time consuming to generate.

o0 Insitu My is commonly predicted from non-destructive surrogate tests including
the FWD or LWD, but the elastic moduli values calculated from these test devices
based on elastic deformations are often confused with resilient modulus values
which is based on resilient (i.e., recoverable) deformations. One of the major
limitations of these non-destructive surrogate tests is the lack of a conditioning
stage prior to testing. During pavement construction, pavement foundation
materials are subjected to relatively high loads from construction traffic and
compaction equipment. In response to these loads, aggregate particles rearrange
themselves resulting in higher density and stiffness. For this reason, it is important
to apply conditioning load cycles prior to testing to determine in situ resilient
modulus. Once surface paving is complete, the pavement foundation below is
confined by the overlying pavement layers. The response of a pavement
foundation to subsequent repeated traffic loading is both nonlinear and stress-
dependent and therefore the effect of confinement is an important condition to
consider in a field based M test.

o FWD testing provides an estimate of the modulus of the asphalt layer, but is not
the same as the stress and frequency dependent dynamic modulus value used in
the design for the asphalt layer.

The results documented herein demonstrated the importance of support conditions on the
overall composite response at the surface under loading. Improved support at the
subgrade level with cement stabilization provided the best response to loading at the
surface, followed by cement stabilization at the granular base layer level. The
geosynthetic stabilized test sections, although did not show as high of moduli values as
cement stabilized test sections, past experience has showed that geosynthetic
reinforcement can provide better resistance against permanent deformation/rutting under
traffic loading than sections without reinforcement. This aspect was not evaluated at this
site and must be evaluated in future testing.

Although cement stabilization method provided improved support conditions than in
sections without stabilization, stabilization did not improve uniformity. The coefficient of
variation of moduli values in the cement stabilized sections were higher than in the
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sections without stabilization, and this is related to lack of construction process control
with the stabilization process.

Based on the lessons learned and the limitations identified above, the following are
recommended for considerations by the lowa DOT for future testing and evaluation at this site:

e Evaluate new in situ testing technologies that provide a direct measurement of the M and
k-values of the foundation layers, and stress and frequency dependent dynamic modulus
of the asphalt layers. The objective of such testing and evaluation should be to generate
typical foundation input parameter values that can be used in future design by the lowa
DOT.

e Evaluate the test sections over the long-term (10+ years) and/or with accelerated
pavement testing (trafficking or accelerated loading) to evaluate the influence of the
foundation layers on the permanent deformation behavior at the surface.

e Evaluate the condition of the temperature monitoring sensors and continue the
monitoring to generate frost-depth penetration data over longer period.
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APPENDIX A: CPT LOCATIONS AND RESULTS
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Figure Al. Map of CPT locations
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Figure A2. CPT results from test location 1
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10 - gravelly sand to sand, 11 - very stiff fine grained, 12 - sand to clayey sand

Figure A3. CPT results from test location 2
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Figure A4. CPT results from test location 3
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10 - gravelly sand to sand, 11 - very stiff fine grained, 12 - sand to clayey sand

Figure A5. CPT results from test location 4
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Figure A6. CPT results from test location 5
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Figure A7. CPT results from test location 6
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Figure A8. CPT results from test location 7
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Figure A9. CPT results from test location 8
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