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Nonuniformity is best addressed during construction of the foundation layers starting from the
bottom up. The effects of nonuniformity are illustrated in Figure 4.
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Figure 4. Nonuniform support conditions leading to underdesign/overdesign and increased
pavement stresses (top) and target field support conditions achieved through more uniform
support values, including improvement in reworked areas (bottom)

The upper chart in the figure shows nonuniform support conditions with design assumptions that
can result in either underdesigned or overdesigned sections of a roadway and that can create
abrupt changes in stiffness. This can be avoided by fixing the isolated low-stiffness areas during
construction so that the entire stretch of roadway achieves a minimum justifiable target value,
maintaining the support values within a certain range, and avoiding abrupt changes, as shown in
the lower chart in the figure. This concept is relatively simple, but current practice does not use
the quality inspection workflow processes or the testing technologies needed to implement this
approach.
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Establishing a New Framework for Pavement Foundation Assessment

The assessment of pavement foundation systems should include the verification of critical design
values and require at least some minimum control of the foundation construction process to do
the following:

Ensure that appropriate pavement foundation materials are selected to meet the requirements
for the projected traffic loading conditions and environmental factors affecting the
engineering behaviors of these materials (e.g., volumetric stability)

Provide good pavement foundation drainage, which is essential for good long-term
performance because erosion of the subbase/subgrade introduces a defect for which virtually
no cost-effective mitigation solution is available

Construct and sustain (during the pavement’s service life) uniform pavement support, which
is critical for achieving good long-term pavement performance and requires detailed
characterization and observation during construction

Limit differential plastic deformation/settlement of the pavement foundation layers (subbase
and subgrade) because plastic deformation is not explicitly considered in pavement thickness
design

Based on the findings from this study, the authors’ experience, and a review of the current state
of the practice for design, a new framework and workflow for field process control and testing is
provided in this report (Chapter 4) for different levels of quality standards. Key elements of the
proposed framework include measuring the values of the pavement foundation’s important
mechanistic design parameters, establishing statistically valid sampling/inspection plans, and
selecting appropriate improvement options (e.g., stabilization or better compaction) that will help
the foundation meet the performance requirements for the project.

Organization of the Report

The remaining chapters of this report are organized as follows:

Chapter 2 provides an overview of the extensive field and laboratory testing program
performed as a part of this project. Key findings are synthesized based on engineering
parameters measured from all sites.

Chapter 3 presents a brief history of the evolution of rigid pavement design; a discussion of
the important geotechnical input parameters, including how those parameters were measured
by different agencies when the design equations were developed; and an overview of the
different in situ evaluation methods (direct and indirect). A quantitative approach to
assessing the reliability of an empirical prediction method is also discussed in Chapter 3.
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o Chapter 4 presents a review of the current state of the practice for the five participating states
in terms of design and QC/QA, a discussion of the links between QC/QA and design, a
review of some recently developed performance-based earthwork specifications, and a new
framework for the mechanistic characterization of pavement foundations with a workflow to
link design target values with QC/QA.

e Chapter 5 provides a summary of findings and recommendations from the extensive test
program undertaken under this project.

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

Extensive field and laboratory testing was conducted at 11 pavement foundation project sites
including new, reconstruction, and rehabilitation projects in California, lowa, Michigan,
Pennsylvania, and Wisconsin. Of these, eight projects focused on the field evaluation of
pavement foundation layer properties during reconstruction and three projects focused on linking
the performance of the existing pavement and the observed distresses to the mechanistic
properties of the foundation layers. Of the latter three projects, two focused on evaluating the
pavement foundation following rehabilitation. In addition to these projects, five test sections
across lowa with varying ages and distress conditions were tested multiple times over a two-year
period to evaluate seasonal variations in the support conditions of the pavement foundation layer.

The results from the field project sites were compiled in a large database of foundation layer
properties and were used to draw comparisons between design input parameters and assessments
of the effects of these properties on pavement performance. Detailed results and findings from
each project site are documented in separately published project reports. The purpose of this
chapter is to review the pavement designs that the different states used at the project sites in
terms of the required foundation layer parameters and to summarize the key findings and
observations from the test results.

Field Verification of the Mechanistic Design Parameters of the Foundation Layers
Design Parameters Used by Different State Agencies

The design input parameters used for foundation layers vary among agencies depending on the
choice of the pavement design method. A summary of these parameters for the five state
agencies involved in this study is provided in Table 2.
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Table 2. Summary of foundation design input parameters currently in use by the
participating state agencies

Pavement
State Design Foundation Design Moduli Drainage Design Input
Agency Method Parameter(s) Parameter(s)
Igizlg;r;; California R-value .and resilient . . '
. . . modulus (M;) — Typical values for Specific drainage input
California Design . . . .
Manual different material types provided in parameters not defined
(Chapter 620) the manual
Composite modulus of subgrade
reaction (kcomp-pca) — Calculated Specific drai out
Iowa PCA (1984) based on modulus of subgrade PECIHC drathage Tpu
. parameters not defined
reaction (k) and aggregate layer
thickness above subgrade
Composite modulus of subgrade Coefficient of drainage
reaction (Kcomp-AASHTO (1993)) — (C4) — Determined based
Michigan, AASHTO Calculated using subgrade M,, elastic on the time apd degree of
Pennsylvania (1993) modulus of base/ subbase. layer (Esg) dral.ngge desired gnd the
above subgrade, and thickness of anticipated duration the
base/subbase layer using a layer is expected to be in
nomograph chart near-saturated condition
Modulus of subgrade reaction (k) and
composite modulus of subgrade
reaction (Kcomp-AASHTO (1972)) —
Wisconsin AASHTO Calculated using subgrade M, elastic Specific drainage input
(1972) modulus of base/subbase layer (Esg) parameters not defined
above subgrade, and thickness of
base/subbase layer using a
nomograph chart

The foundation support condition for rigid pavement design is characterized by the modulus of
subgrade reaction (k) value in the AASHTO (1972), AASHTO (1993), and Portland Cement
Association (PCA) (1984) design methods. When an aggregate base layer is present over the
subgrade, the & value is increased and is defined as the kcomp value, although the procedure to
determine the kcomp value varies by design procedure. PCA (1984) provides a set of kcomp values
as a function of the subgrade layer & value, the thickness of the base layer, and the type of the
base layer (untreated versus cement-treated base). The AASHTO design procedures (AASHTO
1972, 1993) present nomographs to determine kcomp based on the subgrade layer resilient
modulus (M;), the thickness of the base layer (H), and the elastic modulus of the subbase/base
layer (Esg) above the subgrade. The nomographs were developed based on elastic layer
simulations of a flexible loading plate on different base and subgrade combinations.

The Caltrans Highway Design Manual (HDM) (2018) presents a design catalog that includes a
set of thickness design tables developed based on past empirical design methods used by the
agency and an early version of AASHTOWare Pavement ME Design (version 1). The design
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catalog considers the traffic level, climate region, subgrade soil type, and lateral support as
influencing factors, and pavement cross-section recommendations (for pavement and base layer
thicknesses) are provided for different combinations of these factors. The Caltrans design guide
refers to the use of the R-value and M; for the subgrade and aggregate base layers to characterize
the foundation layers.

The modern design method used in AASHTOWare Pavement ME Design uses the stress-
dependent M, value for foundation layer support, which is then converted into a dynamic 4 value
internally in the design software. The procedure for this calculation is described in the second
edition of the Mechanistic-Empirical Pavement Design Guide (MEPDG) (AASHTO 2015).

Another important foundation layer property that affects pavement performance is subsurface
drainage, which, if not sufficient, can contribute to cracking and faulting distresses due to
pumping, erosion, and concrete durability problems. Drainage is addressed in the AASHTO
(1993) design procedure via an index parameter called the coefficient of drainage (Cq). The Cq is
selected based on the quality of drainage (i.e., the time required for the water to drain) and the
percent of time the pavement structure is exposed to moisture levels approaching saturation. The
time required for the water to drain is calculated based on the pavement geometry, type of
drainage features (daylighted or subdrain), thickness of the base, and the saturated hydraulic
conductivity of the material (Ksa). The other design guides referenced in Table 2 do not
reference a specific design input parameter for drainage but rather address drainage with the
inclusion of appropriate drainage features within the system.

Field Testing and Interpretation Methods

The k, kcomp, M, and Esp values were measured in this study using a variety of commercially
available equipment for in situ research and testing (Figure 5) and empirical estimations.
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Falling weight deflectometer testing on Light weight deflectometer testing on
open graded drainage course layer on | 94 granular subbase layer on | 35 project in
project in Michigan (May 30, 2009) lowa (August 30, 2010)

304.8 mm diameter static plate load test Air permeability testing on cement treated

setup on compacted subgrade on US 10 base layer on SR-22 project in
project in Wisconsin (May 25, 2010) Pennsylvania (September 17, 2009)

Dynamic cone penetrometer testing on Intelligent compaction roller mapping on

open graded drainage course layer on | 94 subgrade layer on SR-22 project in
project in Michigan (May 30, 2009) Pennsylvania (September 20, 2009)

Figure 5. Mechanistic-based in situ test methods used in this study
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The in situ test methods used in this study included (a) static plate load tests (PLTs) using a
304.8 mm (12 in.) diameter loading plate, (b) dynamic falling weight deflectometer (FWD) tests
using a machine manufactured by Kuab with a 300 mm (11.8 in.) diameter loading plate, (c)
dynamic LWD tests using a machine manufactured by Zorn with a 300 mm (11.8 in.) diameter
loading plate, and (d) DCP tests. Details on the testing procedures, data interpretation methods,
and calculations for each of the test methods are described in the separately published project
reports. A summary of these procedures is provided below.

PLTs were conducted directly on the subgrade or aggregate base/subbase layers. The & values
determined from the static PLT are referred to as kpLt values. The & values referenced in the
design procedures were determined using a static PLT with a 762 mm (30 in.) diameter loading
plate. Therefore, the kpLt values determined using a 304.8 mm (12 in.) diameter loading plate in
this study were corrected for plate size using theoretical relationships suggested by Terzaghi and
Peck (1967). The corrected kpLt values are referred to herein as kppt+.

FWD tests were conducted over the pavement surface layer to determine backcalculated &
values. The backcalculated k values were determined using the AREA factor method described
in AASHTO (1993) and were then corrected for finite slab size per Crovetti (1994) and static
loading conditions per AASHTO (1993). These corrected k values are reported herein as
kFWD-Static-Corr-

LWD tests were conducted to determine elastic modulus values based on peak deformation
response and are referred to herein as ELwp values. DCP tests were conducted to determine the
penetration resistance profile and empirically calculate the California bearing ratio (CBR), M,
and the k values of the foundation layers. Additionally, measurements based on IC index values,
including compaction meter value (CMV), were obtained at select project sites to assess on-site
correlations with in situ point test measurements, such as those obtained using LWD and DCP
tests, and to characterize the spatial nonuniformity of the support conditions.

The k values determined from these different testing and interpretation procedures are compared
in the following sections, and the notations for the different procedures are as follows:

e kprLr+ — determined from the static PLT (and corrected for plate size). No moisture correction
for post-construction moisture changes was applied to the PLT results.

®  krwbD-static-Corr — determined from the FWD test and corrected for slab size and static
conditions.

o kaasHTo(1993) — determined using subgrade M; values from DCP-CBR testing and thawed
CBR values from laboratory testing using the charts provided in AASHTO (1993) and
dividing the M, value by 19.4 per AASHTO (1993) to calculate £ in units of psi for M; in
units of psi. M; values determined from laboratory testing on an undisturbed sample extracted
from the field were also used for calculations.
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o kpca(9s4)— determined from CBR values using charts provided in PCA (1984).

®  keomp-AAsHTO(1972) — determined per AASHTO (1972) using subgrade M; and subbase layer
modulus (Esp) values from DCP-CBR testing and the thickness of the base/subbase layers
(Hsg) as interpreted from DCP profiles.

®  kcomp-AAsHTO(1993) — determined per AASTHO (1993) using subgrade M; and Esg values from
DCP-CBR testing and the thickness of the base/subbase layers (Hsg) as interpreted from
DCP profiles. M; values determined from laboratory testing on an undisturbed sample
extracted from the field were also used for calculations.

®  kcomp-acPa(2012) — determined using subgrade M; and Esg values from DCP-CBR testing per
AASHTO (1993) and Hsg values from DCP profiles. These values were used as inputs in the
ACPA (2012) online estimator.

The geotechnical parameter for assessing the drainage capacity of a base/subbase layer is the Ksa
value. During field testing, the rapid air permeability test (APT) device was used to directly
measure the in situ Kgat values. Due to the ability of the APT device to perform the test in a few
seconds, the tests were performed at multiple test locations over a relatively small area to assess
the influence of the segregation of aggregate particles and fines near the surface. A photograph
of the APT is provided in Figure 5. The Ksa: calculation procedures are provided in detail in
White et al. (2013) as well as in the separately published project reports. AASHTO (1993)
details a procedure that uses Ksa values and pavement geometry to calculate the time for a
desired degree of drainage, which is then related to the Cq value. The time for drainage was
calculated using the Excel-based software tool Pavement Drainage Estimator (PDE) developed at
Iowa State University (Vennapusa 2004).

Field Testing Results and Comparisons with Design Input Values

In this section, the foundation layer modulus values determined from field testing conducted at
two field projects are presented and compared with the modulus values assumed during design
for the respective projects.

The first project was completed in Wisconsin and involved the new construction of US Highway
10 in Portage County. The design included a 254 mm (10 in.) thick jointed PCC pavement to be
supported over a 152 mm (6 in.) thick dense aggregate base over 610 mm (24 in.) of Grade 1
select borrow granular fill and compacted subgrade. The rigid pavement design was performed
using the AASHTO (1972) procedure. A modulus of subgrade reaction of k = 41 kPa/mm

(150 pci) was used in the design. Selection of this £ value was based on a database of the
relationships between subgrade soil type and & value. A kcomp value accounting for the
base/subbase layers was not used for this project.

Static PLTs were conducted on the compacted subgrade at 27 locations along a 65 m (213 ft)
stretch of the roadway. The kpL1+ values are presented in Figure 6.
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Note k;, ;. value is corrected for plate size. Field tests were conducted using a 300 mm diameter
80 1 plate, while the design value is based on a 762 mm diameter plate.

60 1 Design k = 41 kPa/mm (150 pci)

40 |

Kp 1+ (kPa/mm)

20

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Distance (m)

Figure 6. In situ PLT results near Sta. 495+00 — Wisconsin US 10 construction project

The results showed that only 2 out of the 27 test locations met the minimum design & value of 41
kPa/mm (150 pci). The average kpL1+ was about 30.5 kPa/mm (112 pci), which is about 26%
lower than the design k value.

FWD tests were also conducted for this project on a section of the finished pavement layer near
the subgrade test section. The krwp-static-corr Values are presented in Figure 7.
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Figure 7. In situ &k values from FWD testing — Wisconsin US 10 construction project

The results showed that the krwp-static-corr values were higher than the kpp1+ values, which is
expected because the foundation beneath the pavement consists of about 762 mm (30 in.) of
base/subbase above the compacted subgrade layer. The krwp-static-corr Values for 6 out of 36
measurements did not meet the minimum design & value of 41 kPa/mm (150 pci).

The average k and kcomp values estimated using the different procedures (FWD, PLT, and DCP-
CBR) are plotted in Figure 8.
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Figure 8. Which is the correct k value? Date compares the design target £ value with
measured and estimated & values from various field and laboratory measurements —
Wisconsin US 10 construction project

The comparison shows that the kcomp values estimated from the empirical relationships and
nomographs produced values that are about three to five times higher than the design & value and
higher than the & values measured using PLT and FWD testing. This finding indicates that the &
value determined from testing significantly depends on the test method and procedure followed.
The & values determined from FWD testing and PLT are somewhat direct measurements,
although some empirical corrections are needed. On the other hand, other methods (e.g.,
laboratory tests and in situ DCP tests) are indirect and rely solely on empirical relationships to
determine the k and kcomp values. This difference in & values from somewhat direct versus
indirect measurements is significant and calls into question the various methods listed in
AASHTOWare Pavement ME Design that are solely based on empirical relationships between
laboratory tests (e.g., soil classification and CBR) and in situ DCP tests.

The second project was completed in Michigan and involved reconstruction of I-96 in Clinton
and Eaton Counties. The design included a 292 mm (11.5 in.) thick jointed PCC pavement to be
supported over a 127 mm (5 in.) thick cement-treated base (CTB) layer with RPCC material and
279 mm (11 in.) of sand subbase over the existing subgrade. A geotextile separator was installed
at the CTB/sand subbase interface. The rigid pavement design was performed using the
AASHTO (1993) procedure. The pavement foundation input parameters included a kcomp value of
135 kPa/mm (500 pci) and a Cq4 value of 1.05, representing “good” drainage. The Michigan DOT
estimated the target kcomp value using an empirical procedure described in AASHTO (1993)
based on a target Esg value of 413.7 MPa (60 ksi) for the CTB/sand subbase layer, a combined
base/subbase layer thickness of 406 mm (16 in.), and a subgrade resilient modulus (M) of 20.7
MPa (3 ksi).
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FWD measurements on the CTB surface were used to backcalculate Esg values representing the
modulus of the top 406.4 mm (16 in.) of the base/subbase layer and the underlying subgrade M;
values. The results are presented in Figure 9 and Figure 10, respectively.
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Figure 9. Backcalculated Esp values for the CTB/sand subbase layer from FWD tests over a
5.5 m wide x 92 m long area: (a) spatial contour map and (b) measurements longitudinally
along the roadway — Michigan 1-96 reconstruction project
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Figure 10. Backcalculated subgrade modulus (Esc) values beneath the base/subbase layer
from FWD tests over a 5.5 m wide x 92 m long area: (a) kriged spatial contour map and (b)
measurements longitudinally along the roadway — Michigan I-96 reconstruction project

The average Esg was about 362 MPa (52 ksi), which was on average about 13% lower than the
design Esg with a coefficient of variation of about 50%. Of the 119 measurements from this
section, 81 measurements were lower than the design Esg. The in situ subgrade modulus values
were backcalculated from FWD measurements and were multiplied by a correction factor of 0.33
per AASHTO (1993). The average corrected Esg was about 18.9 MPa (2.7 ksi), which was
slightly lower than the design M,. Comparison of the color-coded spatial modulus value plots in
Figure 9 and Figure 10 indicates that lower Esg values between the 0 to 10 m mark are a
reflection of lower Esg values in the underlying layer.

The in situ measured values are compared with the design input parameter values for the
foundation layers in Table 3.
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Table 3. Summary of design, in situ-measured, and laboratory-measured values —
Michigan 1-96 reconstruction project

In Situ Measurement

Design Parameter | Design Value (Average)
Suberade M 20.7 MPa Backecalculated corrected Esg from FWD
& ! (3.0 ksi) measurements: 18.9 MPa (2.7 ksi)
Subbase elastic 413.7 MPa Backcalculated Esg from FWD measurements:
modulus (Esg) (60 ksi) 361.5 MPa (52.4 ksi)

Composite modulus

. 135 kPa/mm Using Esg and Esg from FWD and AASHTO
of subgrade reaction

(keomn) (500 pci) (1993) nomographs: 100.9 kPa/mm (370pci)
comp

Coefficient of 1.05 “Excellent” for the full range of K
drainage (Cq) (Good) measurements in situ on CTB layer

The in situ kcomp values were calculated based on FWD measurements (Esg and corrected Esc)
and the AASHTO (1993) nomograph procedure, which resulted in an average of about 101
kPa/mm (370 pci). This value was about 26% lower than the design kcomp value. In situ air
permeability test results showed relatively high K. values, with the quality of drainage rated as
“excellent” according to AASHTO (1993).

Spatial Nonuniformity of the Mechanistic Properties of the Foundation Layer

According to the ACPA’s state-of-the-practice guidelines for the construction of foundation
layers under PCC pavements, “[a]ny time a nonuniform support condition is created for a
concrete pavement structure, the risk of premature failure is increased. Due to the high level of
strength provided by concrete pavements, uniformity trumps strength for subgrades and
subbases.” Further, “[b]ecause the concrete pavement provides high strength and load
distribution characteristics at the surface, it does not necessarily require a strong foundation, but
it is more important that the foundation provide uniform support conditions” (ACPA 2008).
However, the extent to which nonuniformity in support conditions affects pavement performance
is not well quantified. Measurement of nonuniformity was emphasized during this testing
program.

All rigid pavement design guides, including AASHTOWare Pavement ME Design (AASHTO
2015), require a single modulus value for each of the foundation layers and do not address how
to quantify and account for the nonuniform support conditions that exist in situ from a geospatial
perspective. In this study, significant efforts were made at the field project sites to quantify the
variability of the different foundation layer engineering properties using point tests and IC
measurement values. Finite element models were developed and analyzed to assess the
sensitivity of the design input values and nonuniform support conditions on mechanistically
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Table 14. Summary of the state of the practice for PCC pavement design, pavement
foundation testing, and stabilization

State

Response

What design method is being followed for PCC pavement currently (e.g., AASHTO (2008), PCA, other)?

Caltrans has prepared its own design catalog (set of design tables) for PCC that is based on both past
empirical rigid pavement design and an early version of AASHTOWare Pavement ME Design (version

CA 1). The design catalog considers traffic (in terms of traffic index [TI]), climate region, soil type, and
lateral support. The design catalog is available in Caltrans (2018).

IA Currently PCA (1984), but intent is to use AASHTOWare Pavement ME Design in the future.

MI AASHTO (1993). Much effort has been put into switching to MEPDG for many years through statewide
calibration research, but we’re not there yet.

MN | MnPAVE Rigid 3.0 (compiled output from a calibrated MEPDG 1.1)

ND AASHTOWare Pavement ME Design

PA AASHTO (1993)

WI AASHTO (1972)

Does your state measure or has your state measured the in situ pavement foundation parameters as part of
design calibration/verification? Y/N. If yes, what parameters (e.g., resilient modulus)?

No. Caltrans originally used the subgrade R-value for preparing its design catalog. Later a correlation

CA was made between R-value and Unified Soil Classification System (USCS), which is now available in
design tables.

1A We currently have a research project underway to measure some in situ foundation parameters. Limited
laboratory testing of material was done previously.

MI Yes. There was statewide research to assign an M, threshold based on soil classification. FWD is
collected on most large project for comparison at this point.
No foundation testing after construction. Yes, there is foundation testing for design using laboratory R-

MN | values or backcalculated R-values from FWD data on the HMA shoulders using the TONN 2010
program.

ND No.

PA Yes, resilient modulus.

WI Sometimes FWD (resilient modulus).
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State ‘

Response

What QC/QA testing is required for embankments, subgrades, and aggregate bases (e.g., percent relative
compaction)?

CA

For subgrade and embankment, it is relative compaction. For soil stabilization, it is relative compaction
and stabilization agent application rate. For aggregate subbase, it is gradation, R-value, sand equivalent,
and percent relative compaction.

IA

New embankment or subgrade soil: moisture (typical) or moisture and density (infrequent). Aggregate:
typically no testing.

MI

Nuclear density verification for all three, including moisture content no higher than optimum. Gradation
and physical properties testing for aggregate base. Soils engineers verify subgrade stability and frost
susceptibility for needed correction.

MN

No QC on subgrade or aggregate base.

QA (nongranular subgrade): LWD or specified density and quality compaction and test rolling.
QA (granular subgrade): LWD, DCP, or specified density and quality compaction and test rolling.
QA (aggregate base): LWD, DCP, or specified density and quality compaction and test rolling.

ND

Embankment and subgrade: require mostly 90% of AASHTO T 180. In some parts of the state require
95% of AASHTO T 99.

Aggregate bases: not tested. Aggregate base compaction spec: “Compact aggregate, utilizing pneumatic-
tired rollers, until no rutting or displacement occurs under the roller operation.”

PA

Subbase: Compact to a condition of nonmovement as specified in Section 206.3(b).
Subgrade: Compact and proof-roll the entire subgrade surface.

WI

Embankments: sometimes (special compaction, NDG); subgrade: same as embankments; aggregate
base: sometimes (NDG), only asphalt surfaces.

What test frequency is required for embankments, subgrades, and aggregate bases?

For lime stabilization, every 500 yd>, the relative compaction and moisture content is checked. For

cA bases, it is 500 yd? or 1 day production.

1A New embankment or subgrade soil: 1 test per 1,500 ft (maximum volume of 1,300 yd?).

MI Subgrade, subbase, and aggregate base course: 1 test per 500 feet per width of 24 feet or less.
Embankment: 1 test per 1,000 yd® of material with a minimum of 1 test per layer.

MN Embankment: 1 test per 10,000 yd® and 100% test rolled.
Aggregate Base: 1 test per 1,500 yd?3 or 1 test per 3,000 tons and 100% test rolled.

ND Yes. Specific locations are selected by the engineer by random number table or a random number
generator. Frequency is 1 test per 1,500 ft of compacted roadway.
Embankment or fill: 1 QC test per lift for each 1,000 yd? placed; minimum 3 tests per lift per day. 1

PA acceptance test per lift for each 4,000 yd? placed; minimum 1 test per lift per day.
Subgrade: 1 QC test per lift for each 800 yd? placed; minimum 4 tests per lift per day. 1 acceptance test
per lift for each 3,000 yd” placed; minimum 1 test per lift per day.

WI Embankments: Sometimes (special compaction, NDG); subgrade: same as embankments; aggregate

base: Sometimes (NDQG), only asphalt surfaces.
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State ‘ Response

Is QC/QA testing selection based on random sampling (i.e., random number generator to determine locations),
systematic sampling (e.g. every 500 ft or at location of poor quality), or some other approach?

CA The QC/QA testing selection is based on systematic sampling.

1A Random for moisture and/or density. Representative for Proctors.

Density testing based on systematic approach with a preference to verify visually questionable areas.
MI Aggregate testing is systematic. Subgrade verification is systematic with a preference to verify
questionable areas.

MN Since 100% is test rolled, spot tests are performed where most likely to fail.

ND 1 test per 1,500 ft of compacted roadway. Specific locations are selected by the engineer.

PA At locations directed by the representative.

Quality management program (QMP): Embankment/Subgrade one NDG test for 3,000 yd? random
WI sampling (minimum 95% of AASHTO T 99); Aggregate base one NDG test for 1,500-foot lane-mile,
random sampling (only asphalt surfaces).

Are there any requirements for “uniformity” of support in the pavement foundation layers? Y/N. If yes, how is
uniformity measured?

CA No, there is no special requirement for uniformity of support.

IA Require natural subgrade to be “uniformly firm.” Proof-roll required.

MI Not through measurement.

MN Yes, no defined measurement of uniformity. But all is test rolled.

ND No.

PA No.

No, meeting the minimum density requirement for special compaction or minimum deflection

I . . .
W requirement with standard compaction.
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State ‘ Response

Are any of the following stabilization methods incorporated into pavement foundation design?
(a) Subgrade stabilization using lime or fly ash? Y/N

(b) Subgrade stabilization using cement? Y/N

(c) Aggregate base stabilization using cement? Y/N

(d) Aggregate base layer stabilization using geogrid? Y/N

(e) Use of geosynthetics for separation or drainage? Y/N

() Other stabilization practices in use?

CA (a) Yes. (b) Yes. (c) Yes. (d) Yes. (e) Yes. (f) NA.

(a) Generally, no, not in design; however, “Yes” as a construction expedient.

(b) Generally, no.

(c) No.

(d) Yes, on Interstate projects. Occasionally on urban projects or when desired by District.

(e) Typically, not in design; however, “Yes” in rare circumstances as a construction expedient.
(f) None.

IA

(a) No. Used on some projects but not incorporated into design method.
(b) No. Used on some projects but not incorporated into design method.
(c) Yes.

(d) No. Used on some projects but not incorporated into design method.
(e) No. Used on most projects but not incorporated into design method.

(f) No.

MI

(a) No. (b) Yes. (c) No. (d) Yes. (e) Yes.

MN (f) Full-depth reclamation (FDR), cold in-place recycling (CIR), cold central-plant recycling.

ND (a) No. (b) No. (¢) Yes. (d) Yes, on rare occasions we use geogrid in the design. (e) No. (f) No.

(a) Yes. (b) Yes. (c) Yes. (d) Yes. (e) Yes.

PA (f) Asphalt-treated permeable base course.
(a) Yes, rare (fly ash).
(b) Allowed, very rare.

Wi (c) No.

(d) Yes, sometimes.
(e) Yes, sometimes.
(f) Large aggregate bases/Select crushed material.

Note: The summary presented in this table is based on responses received from the states by October 2019.

At the time of the survey, one of the seven surveyed states (North Dakota) was using
AASHTOWare Pavement ME Design, one state (Minnesota) was using earlier or modified
versions of that software, one state (California) was using a design catalog-based method that
was reportedly developed using an earlier version of AASHTOWare Pavement ME Design, two
states (Pennsylvania and Michigan) were using the AASHTO (1993) design guide, one state
(Iowa) was using the PCA (1984) design guide, and one state (Wisconsin) was using the
AASHTO (1972) design guide.

The method for establishing foundation layer design inputs was different for each state. QC/QA
testing is typically based on dry unit weight and moisture content. One state uses LWD and DCP
testing. Testing frequency ranges are estimated to be between 0.01% and 0.004% of the work
area using systematic or random sampling. No state has any specific requirements for uniformity,
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and it is not clear if the actual pavement foundation design parameters are measured in situ.
Various stabilization solutions are employed to improve the support conditions.

Framework for Performance-Based Mechanistic Pavement Foundation Testing

This section presents a new framework that focuses on linking the design inputs assumed by the
pavement designer to what is achieved during construction through performance-based
mechanistic verification testing. The framework is outlined as a workflow for new construction
and reconstruction (rehabilitation with full-depth repair) projects. Figure 51 and Figure 52
illustrate the key components of the workflow process and requirements.
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New Construction (Exclude 3a)
Reconstruction/Full Depth
Repair (Include 3a)

DESIGN PHASE 0

Select the pavement Responsible:

design method Pavement Design Engineer

\ (2

Parameters will depend on the design method Select the design

chosen: k-value, composite k-value, stress- inputparameters o _t Responsible:

dependent M, loss of support, drainage coefficient. needed for the Pavement Design Engineer

foundation layers

The program should establish selection of appropriate
testing methods for the parameters of interest (direct or
indirect methods, see Table 15), the number of tests
required with consideration to the length and anticipated Develop a Iaboratory
v ariability in the project (cuts vs. fills, different soil ty pes). and field-testing
Dev eloping corrections to stif fness/modulus values for program to determine
anticipated seasonal v ariations (freeze/thaw or wet/dry
cycles) must be part of the test program. Alternatively, the param eters
historical information shall be used.

Responsible:
Pavement Design Engineer
--| Geotech. Field Exploration Team

Geotech. Lab Testing
Expert Consultants

See Fig. 52

The design process may involv e different design scenarios

and life cy cle cost analy sis to arriv e at a final design. Post- o
design, performance-related or mechanistic target values v V
with a link to design shall be established for field quality . - .
assurance testing, to represent the as-constructed Com ple_te design Respoqsnble. .
conditions. Target lev els for non-unif ormity shall also be calculatonsand | ____ Pavement Design Engineer
established at this stage in terms of allowable COV, establish field target Construction Engineer
minimum percentage of a geospatial area to meet the target values Expert Consultants
value, allowable area limits for contiguous areas with values
lower than target v alues. Establish requirements for each
lay er: Embankment, Subgrade, Base/Subbase (tie to lay ers
assumed in design).
CONSTRUCTION PHASE v e
Implementspecifications that
require 100% geospatial Responsible:
mapping (e.g, proofrolling, F- Construction Engineer

intelligentcompaction, orany Field Inspector

other mapping procedures)

Selection of an appropriate field testing method is a critical v 0

part of this step. See Table 15 fordirect vs. indirect test . . .

method applicable for field v erification testing. Engineer Evaluate mapping Resp(_)nsmlg.

must consider ev aluating the efficacy of the indirect test — results and perform  |______ Construction Engineer

method and establish a revised target v alue that accounts independentQAtesting | Field Inspector

forthe measurement error associated with estimating the to verify design - QA Testing Consultants

values (e.g., Target value + 2 x std. error of the estimate

dev eloped from correlations with the direct measurement). :

— | ©

0 Rework (see options below) and

remap the area:

(a) additional compaction, (b)
adjustmentofmoisture orlift
thickness,

(c) over-excavate and replace
with better quality material,

(d) install geosynthetics to
stabilize weak material,

(e) apply chemical stabilization,
(f) implementotherimprovement
methods.

Did the geo-
spatialmap area
meetthe quality
requirements

o

The map area
is passed.

Figure 51. Workflow for field verification of pavement foundation design input parameters
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EVALUATION OF SUPPORT CONDITIONS UNDER EXISTING PAVEMENTS

The objectiv e of this testing program is to field ev aluate the

support conditions of the existing pavement and determine

the structural support v alues of the lay ers that will be left in- Perform in situ non- Responsible:

situ fort_he new pavement. Results from both non- destructive testing on Pavement Design Engineer
destructiv e tests at the surface and penetration-based tests existing pavement, L _ Geotech. Field Exploration Team

in the foundation lay er must be analy zed in conjunction to _ 1 :
determine the appropriate design input parameters. sampling ofin situ

materials.

Geotech. Lab Testing
Expert Consultants

Figure 52. Step 3a of workflow for field verification of pavement foundation design input
parameters — for evaluation of support conditions under existing pavements prior to
rehabilitation

The workflow involves eight steps, beginning with the selection of a design method and ending
with field verification of whether the tested area met the design requirements, and identifies the
responsible parties for each step. This is the structure of a performance-based specification,
where performance entails delivery and verification of the required pavement foundation support
conditions at the completion of construction.

Steps 1 through 4 are proposed requirements in the initial design phase, while Steps 5 through 8
are requirements in the construction phase. We are linking the pavement system design elements
to the selection of target quality values to field construction process control and to quality
inspection. A brief discussion of each of the steps is provided below.

Step 1: Selection of Pavement Design Method

In this step, the pavement designer selects the pavement design methodology (e.g.,
AASHTOWare Pavement ME Design). This is a critical step because it establishes the type of
foundation input parameters that must be evaluated in the following steps.

Step 2: Selection of Foundation Layer Design Input Parameters

In this step, the pavement designer selects the key foundation layer design input parameters,
which depend on the design methodology chosen. These parameters include the following:

e Modulus of subgrade reaction, k£ value (AASHTO 1972, AASHTO 1986, AASHTO 1993,
PCA 1984)

e Composite modulus of subgrade reaction, composite & value (accounts for a subbase layer
above the subgrade) (AASHTO 1986, AASHTO 1993, PCA 1984)

e Stress-dependent resilient modulus value, M; (AASHTO 1986, AASHTO 1993,
AASHTOWare Pavement ME Design)

e FElastic modulus value of subbase and stabilized layers, E (AASHTO 1986, AASHTO 1993,
AASHTOWare Pavement ME Design)

e Universal model parameters for M; (AASHTOWare Pavement ME Design)
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e Drainage coefficient, C4 (AASHTO 1986, AASHTO 1993)
e Minimum coefficient of permeability, Ksac (PCA 1984, AASHTOWare Pavement ME

Design)

Step 3: Development of a Program/Method for Selection of These Input Parameters

This step involves development of a program to select appropriate in situ testing methods for the
parameters of interest. Table 15 provides a list of the direct and indirect laboratory and field test
methods to be considered for determining M;, E, and £ values.

Table 15. Summary of testing methods to determine mechanistic properties of geomaterials

Mechanical
Property

Lab/
Field

Direct /
Indirect

Test Method/
Reference

Measurement
Device

Comments

Modulus of
subgrade
reaction (k)

Field

Direct

AASHTO T 222
USACE (1995)
ASTM D1196

APLT

Can be determined using 30 in., 18
in., 12 in., and 8 in. diameter
plates.

Field

Indirect

ASTM D4694

FWD

Backcalculation analysis assumes
static loading, but FWD applies
dynamic loading. Empirical
corrections are made. Very limited
data directly comparing dynamic
and static values.

Lab

Indirect

ASTM D1883

CBR test device

Well-established test method, but
source of correlations and the
uncertainties associated with the
relationships to & value are not well
understood. Sample is compacted
in lab. Differences in field versus
lab compaction and boundary
conditions can influence results.

Field

Indirect

ASTM D6951

DCP

Used to empirically estimate CBR
or elastic modulus and covert to &
value. Can determine individual
layer CBR in situ, but variations in
penetration resistance with depth
complicates interpretation.
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Mechanical
Property

Lab/
Field

Direct /
Indirect

Test Method/
Reference

Measurement
Device

Comments

Resilient
Modulus (M)
or Elastic
Modulus (E)

Lab

Indirect

AASHTO T 307
Witczak (2003)

Repetitive
triaxial test
device

Sample is compacted in lab.
Differences in field versus lab
compaction and boundary
conditions can influence results.

Field

Direct

ASTM E1196
AASHTO T 307

APLT

Can directly measure confining
stress-dependent M; values to
determine ki, k», and ks values.
Test measures composite moduli
values, but layered moduli can be
determined based on layered
analysis.

Indirect

ASTM D4694

FWD

Layered analysis can be performed
to estimate individual layer moduli
values.

Indirect

ASTM E2583
ASTM E2835

LWD

Indirect

Nazarian et al.
(1995)

Seismic
pavement
analyzer (SPA)

Results can be empirically
correlated to M, (Nazarian et al.
2014).

Lab

Indirect

ASTM D1883

CBR test device

Well-established test method, but
source of correlations and the
uncertainties associated with the
relationships to M; or E values are
not well understood in practice.
Sample is compacted in lab.
Differences in field versus lab
compaction and boundary
conditions can influence results.

Field

Indirect

ASTM D6951

DCP

Used to empirically estimate CBR
or elastic modulus. Can determine
individual layer CBR in situ, but
variations in penetration resistance
with depth complicates
interpretation.

Field testing plays a critical role in understanding the in situ foundation support conditions, and,
as discussed earlier, the methods that can be selected have various limitations. Direct tests of the
important mechanistic parameter value used in design are best, and technology that provides
spatial uniformity assessment is important. Field testing can involve both nondestructive testing
at the surface and some destructive testing where tests are performed directly on the foundation
layer to ensure that the backcalculated values match the actual measured parameters. DCP
penetration resistance testing can provide valuable information on the variability of
stiffness/shear strength properties with depth. GPR profiles can also provide valuable
information related to pavement and foundation layer thicknesses, trapped water, ice lenses
within the foundation and pavement layers, and the ground water table. Additional guidance on
the different testing methodologies is provided in AASHTO (2015).
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The program should establish the number of tests required in consideration of the length of the
project, the anticipated variability within it (e.g., cuts versus fills, different soil types), and (for
indirect testing methods) the reliability of the testing method used. The testing program should
also address the corrections required to the modulus values due to anticipated seasonal variations
(freeze-thaw or wet-dry cycles). A critical outcome of these corrections is the determination of
values pre- and post-saturation and in freeze-thaw conditions. The pre-saturation values are
critical for establishing the field target values at the time of construction.

Step 4: Complete Design Calculations and Establish Field Target Values

In this step, the pavement designer completes the design calculations to establish the thickness of
the PCC layer, joint spacing, reinforcement details, the mix design of the pavement layer, the
thicknesses of the foundation layers, and any stabilization needed. The design process may
involve analyzing and evaluating different design scenarios and conducting a life-cycle cost
analysis, including material selection and stabilization options for the foundation layers. After
design, the pavement designer establishes the mechanistic (performance) target values, linked to
the design inputs, for field verification testing. The target values established for construction
verification should represent the values for the as-constructed conditions (pre-saturation). To
establish field target values, the following aspects must be evaluated:

e What stress conditions are anticipated on top of the tested foundation layer? This can be
established by performing pavement analysis for the worst loading case and evaluating the
range of stresses expected on the layer at critical loading locations (e.g., corner of the slab).

e What in situ testing method will be used for field evaluation? This is important to clarify. If
the field testing method is an indirect testing method, then the reliability of the indirect
testing method must be taken into account in establishing the target value. The reliability is
evaluated by examining the regression relationship between the true measurement values and
the values produced by the indirect testing method, and the standard error of the estimate. An
example approach is to increase the target value for the indirect test method by adding two
times the standard error of the estimate to account for the measurement error associated with
the testing device/method. There is conclusive evidence from the field testing performed in
the present study that dry unit weight measurements are not a direct indicator of the
stiffness/modulus and do not capture the variability associated with support conditions.
Emphasis should be placed on direct mechanistic measurement.

e What percentage of the project should meet the minimum target value? Based on the authors’
field experience, it is impractical to expect that 100% of the project area will meet the target
value, especially when the results of 100% mapping are used to evaluate a project during
construction. The engineer should set expectations regarding the acceptable minimum
percentage of the area that meet the target value (e.g., for practical purposes, 80% to 90%).

e What level of nonuniformity is acceptable? Using information gathered from 100% mapping
coverage provides an opportunity to evaluate nonuniformity in the field. The results from the
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present study have conclusively shown that nonuniformity affects pavement performance.
However, quantifying the level of nonuniformity that is acceptable for a given project is a
complex problem that needs additional research. If advanced pavement analysis tools are
used, site- and material-specific target values can be established. As a rule of thumb, a COV
0f 20% is generally considered to indicate uniform support conditions, provided the
variability is not geospatially concentrated with localized areas of weak support conditions.
A requirement for a maximum allowable COV and an associated requirement that no
contiguous areas of weak stiffness/modulus values (below the target value) be present that
are greater than or equal to a minimum critical area (e.g., 200 ft?) should be established.

Step 5: Implement Specifications with 100% Geospatial Mapping

In this step, the construction engineer requires the contractor to produce mechanistic mapping
results that provide 100% coverage of the foundation layers. Mapping can include proof-rolling,
intelligent compaction, or any other suitable mapping procedures. The construction engineer
shall have the responsibility of establishing the correct mapping and reporting procedures and the
level of validation needed for the procedure, based on the project and site conditions.

Steps 6, 7, and 8: Evaluate the Results and Perform Independent QA Testing

In this step, the mapping results are evaluated to perform independent QA testing at selected test
locations. The test method chosen for the verification testing will depend on the guidelines that
the designer outlined in Step 4 for establishing the target values.

Following independent QA testing and evaluation of the mapping results, if the area meets the
quality requirements established, the area is considered acceptable. If the area does not meet the
quality requirements, the specifications should allow options for rework, such as the following:

Additional compaction

Adjustment of moisture content or lift thickness
Overexcavation and replacement with better quality material
Stabilization using geosynthetic products

Stabilization using additives (e.g., cement, fibers)
Potentially other innovative improvement methods

Following rework, the area is re-evaluated to verify that it meets the quality requirements.

The framework outlined in this section connects the selection of mechanistic field target values
during design to construction and quality inspection verification and the selection of
improvement options. The goal is to control the pavement foundation in the field to deliver the
product intended by the design engineer.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

Pavement foundation systems for concrete pavements are critically important for providing
economical and long-life pavement systems. This research program provided opportunities to
collect a wealth of data at several sites in California, lowa, Michigan, Pennsylvania, and
Wisconsin. The volume of data and density of tests points and the emphasis on understanding the
many mechanisms and index measurements relevant to the foundation layers allowed the
research team to explore new approaches to characterizing pavement foundations. The following
key challenges were documented from the field studies and analyses:

e The geomaterials used in pavement foundation construction are variable and complex.

e No field verification of the engineering parameters used in the mechanistic design of
pavement foundations is being used for quality acceptance during construction.

e While parametric studies of pavement design have shown that pavement performance has a
low sensitivity to the support conditions provided by the foundation materials, poor support
conditions are well documented as affecting the long-term field performance of pavements.

e Substantial spatial variability (nonuniformity) exists in newly constructed pavement
foundations for the range of materials tested.

o If'the subgrade layer is nonuniform, the overlying aggregate base layer will be nonuniform.

e Uniformity of support is an important characteristic of pavement foundation systems. New
finite element analyses quantify the effects of this characteristic on pavement performance.

e Loss of support due to irreversible plastic deformation in the foundation layer can
significantly decrease the fatigue life of the pavement.

e Permanent (irreversible) deformation of the pavement foundation layers is not considered in
modern pavement design or measured as part of the construction verification process.

e Limited geotechnical testing (covering less than 1% of a given work area) is used to accept
the engineering support values of pavement foundations, resulting in low reliability.

e Pavement foundation layers are often constructed with locally available geomaterials of poor
quality, which contributes to localized pavement performance issues.

e Limited technology is available to help earthwork and paving contractors improve the field
control of pavement foundation layers during construction.
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e Modern laboratory testing to determine the stress-dependent resilient modulus of foundation
materials does not represent field boundary conditions.

e More frost heave and thaw testing is needed to characterize complex pavement foundation
geomaterials, especially stabilized materials.

e The current practice for selecting design input parameters (e.g., modulus) is still largely
empirical.

e Most methods for quality inspection testing do not qualify as direct mechanistic
measurements.

Although numerous challenges regarding pavement foundations were discovered, it was
determined that an ideal foundation layer for long-life concrete pavements (1) provides uniform
support, (2) is neither too soft nor too stiff, (3) provides adequate drainage, (4) does not suffer
from irreversible plastic deformation, and (5) makes use of sustainable methods and materials.

The full data record for all aspects of this project is documented in 15 previously published
project reports and 11 peer-reviewed publications. The authors would also like to recognize that
this project resulted in at least two PhD dissertations and four MS theses. The References section
includes nearly all of these documents, given they are also cited in this report. Links to the
completed final report PDFs are posted at
https://intrans.iastate.edu/research/completed/improving-the-foundation-layers-for-concrete-
pavements/ and are also included in the References list.

Building on the field test results, new analyses, and a study of the origins of current practices for
selecting pavement foundation parameters, a performance-based workflow for mechanistic
pavement foundation testing was proposed. The next major steps toward improving pavement
foundation longevity will be to improve the uniformity of the foundation layers, ensure the as-
constructed condition meets the minimum mechanistic design requirements, and provide
geospatial documentation of the foundation layers. These improvements will offer a new
understanding of the relationships between the support conditions provided by the foundation
layers and the ride quality and structural performance of the pavement.

The most important next steps are to measure modulus in situ, limit the reliance on empiricism,
and document foundation layer conditions using reliable tests. The following is recommended:

e Encourage stakeholders to build on the proposed workflow within their organizations and to
study how pavement design assumptions can be translated into field target values for use
during construction.

e Establish field test protocols to directly measure the important mechanistic parameters.
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Enable inspectors and contractors to use real-time measurement technologies to implement
improved moisture control, compaction, and stabilization practices for pavement foundation
materials.

Build robust databases of results that can be used to improve the selection of materials and
processes that deliver the needed results in the field.

Develop performance-based requirements and specifications that minimize methods-based
process controls and emphasize the delivery of uniform, stable, and long-lasting pavement
foundation support conditions. Moving the industry in this direction will require vastly
different practices than those that currently exist.

Share the knowledge gained through these processes on each new project to improve
subsequent projects.
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