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EXECUTIVE SUMMARY

This report describes two field sites where cementitious fly ashes (Class C and
off-specification) were used to stabilize recycled pavement materials (RPM) and road-
surface gravel (RSG) to form a base during reconstruction of a city street in Waseca, MN,
and construction of a flexible pavement in a segment of gravel country road, CR 53 in
Chisago County, MN, respectively. The construction method is well established and
requires minimal specialty equipment.  Construction proceeded smoothly for both
projects with experienced specialty contractors. The process is reported to be cost-
effective by the project owners.

The projects consisted of mixing fly ash (10% by dry weight) and adding water
into the RPM pulverized to a depth of 300 mm and into RSG to a depth of 254 mm,
compacting the mixture to form a firm base, and placing a hot mix asphalt surface.
California bearing ratio (CBR) and resilient modulus (M) tests were conducted on the
RPM and RSG alone and fly-ash stabilized RPM (S-RPM) and RSG (S-RSG) mixed in
the field and laboratory to evaluate how addition of fly ash improved the strength and
stiffness. In situ testing was also conducted on the subgrade and the S-RPM and S-RSG
with a soil stiffness gauge (SSG) and dynamic cone penetrometer (DCP). Falling weight
deflectometer (FWD) tests were conducted after paving on two different occasions. A
pan lysimeter was installed beneath the pavement in each project to monitor the rate of
drainage and trace element concentrations in the leachate. Column leaching tests were
also conducted on samples of S-RPM and S-RSG collected during construction. Column
leach tests were conducted in the laboratory for comparison.

The most important mechanical property of a layer in the pavement structure is its
modulus. It is concluded that addition of Class C (self-cementitious) fly ash (typically
about 10% by dry weight) improves the stiffness and strength of the base materials,
whether RPM, RSG or subgrade soil, significantly. The stabilized material has typically
a mean modulus at the end of construction (roughly within 7 days of curing) that is about
1.7-3 times higher than that of the untreated material for a variety of base materials, that
is the material stabilized with fly ash. It is recommended that modulus obtained from
laboratory mixed specimens during mix design stage to be reduced by 1/4 to 1/3 to
estimate the target resilient modulus obtainable during construction. SSG and DCP can
be used as a means of monitoring construction quality. A resilient modulus of minimum
50 MPa appears safe to assume irrespective of the base material at the end of construction
due to fly ash stabilization. However, moduli of 100 MPa or more can also be achieved
with certain materials.

Modulus developed during construction, however, is likely to change with time
due to continuing hydration reactions on one hand and due to environmental exposure
such as frost action. The degree of resilient modulus reduction appear to be no more than
50% in the laboratory due to 12 cycles of freeze-thaw for a range of fly ash-stabilized
materials although it was less than that for the RPM and RSG. There is no evidence of
frost-induced degradation in the field based on FWD surveys over a single season of
winter. However, longer term monitoring using FWD surveys is important.

Chemical analysis of the draining leachate from the fly ash-stabilized layers
showed that the concentrations of many trace elements were reasonably steady toward the
end of the monitoring period. Longer-term monitoring is needed to fully understand the



potential for leaching of trace elements during the service life of a pavement. However,
during the monitoring period, all of the concentrations (with the exception of Mn) were
below USEPA maximum contaminant levels (MCLs) and Minnesota health risk levels
(HRLSs) established by the Minnesota Department of Public Health. Additional study is
also needed to define laboratory leach testing protocols that can more accurately simulate
leaching of trace elements from fly ash-stabilized materials.

These field cases show that fly ash stabilization provides an effective and
economical means of providing a base for asphalt paving using existing roadway
materials.



1. INTRODUCTION

Utilization of byproducts is becoming a common method to improve the ride
quality and structural capacity of roads. Use of self-cementitious fly ash in stabilizing the
existing roads (gravel roads or recycled paved roads) to form a stable base for hot mixed
asphalt layer is of great interest as this reconstruction approach costs significantly less
compared to traditional reconstruction where road surface materials are replaced with
new aggregate base (estimated to be 1/3 of the traditional total reconstruction), more
rapid and convenient. This approach was implemented in two projects in Minnesota.
The first project took place in the City of Waseca, MN and involved reconstruction of a
city street (7th Street and 7" Avenue) by fly ash stabilization of recycled pavement
materials. The second project involved the conversion of a gravel road (CR 53) to a
paved road in Chisago County, MN. The detailed findings related to each of these
projects were submitted as individual reports and are attached to this report. This report
reviews the data collected at these two sites as well as other fly ash stabilization projects
that the investigators monitored in Wisconsin to arrive at some general observations and
conclusions. The material descriptions, the tests methods used both in the laboratory and
the field, the field data collection and monitoring are described in the attached individual
reports and are not repeated here.

2. MODULUS

The most important mechanical property of a layer in the pavement structure is its
modulus. As pavement design moves to mechanistic-empirical pavement design
methods, as proposed in NCHRP Project 1-37A (The Mechanistic-Empirical Design
Guide for New and Rehabilitated Pavement Structures), input parameters for fly ash
stabilized base materials must be developed for use in this design practice.

2.1. Modulus measured in the Laboratory

There are no standards available for resilient testing of fly ash-stabilized or
chemically stabilized materials. Resilient modulus tests on the fly ash-stabilized
materials have been conducted by the investigators following the methods described in
AASHTO T292. Irrespective of the nature of the base material stabilized by fly ash, the
final product becomes essentially “cohesive” due to chemical stabilization. Therefore,
the loading sequence for cohesive soils is used. Laboratory resilient modulus tests
performed on Class C fly ash-stabilized materials generally showed small dependency on
bulk or deviator stresses and can be considered stress-independent for the typical range of
stresses expected in the base layer of the type of asphalt paved roads considered here.
Therefore, the resilient modulus at the initial stress state of 21 kPa is reported as
“modulus”.

Preparation of laboratory specimens of fly ash-stabilized materials, during the mix
design phase typically involve mixing of air-dry base material with the desired
percentage of fly ash on dry weight basis, addition of the appropriate amount of water,
allowing 1-2 hours for reactions (simulating the typical delay in the field), and
compaction in special split PVC mold to the desired density or by the standard
compaction effort. The specimen, thus prepared, is cured for a minimum of 7 d but also



for longer periods in a 100% relative humidity room in the mold. A 14-d curing period,
intended to reflect the condition when most of the hydration is complete, is probably a
better indicator of expected modulus but only 7 d of curing is also employed to compare
laboratory modulus with the field measurements done after a similar period. After
curing, the specimen is removed from the mold and subjected to resilient testing.

While this approach produces reasonably uniform and reproducible specimens
(Tastan 2005), there are questions regarding how well it represents the field conditions,
especially relative to mixing, curing, and inherent variability of base materials and
construction operations. Tube sampling of fly ash-stabilized materials is difficult and
often results in sample damage. Therefore, as an alternative, field mixed specimens are
used. In this approach the material is sampled immediately after it is mixed during
construction. After 1 hour (simulating field operations), the sample is compacted in the
resilient modulus specimen mold (and/or CBR mold as appropriate) to the same density
measured in that area of the field-compacted stabilized layer. Following the same curing
and testing procedures as the laboratory mix specimen, its modulus is determined. Field-
mix samples reflect the mixing, moisture, and density conditions that are occurring in the
field as closely as possible. Field curing conditions, however, are not replicated. Field
experience shows curing takes place rapidly in the field and continues with time.

The laboratory measured moduli on field-mix specimens of three types of Class C fly
ash-stabilized materials are shown in Fig. 1. In this type of box plot, each box encloses
50% of the data with the median value of the variable displayed as a line. The mean value
is written in the box. The top and bottom of the box mark the limits of £ 25% of the
variable population. The lines extending from the top and bottom of each box mark the
minimum and maximum values within the data set that fall within an acceptable range.
Any value outside of this range, called an outlier, is displayed as an individual point.

The data in Fig. 1 were obtained from specimens that were made along the project
route and incorporate the variability of the base material and construction process. The
material in Waseca is a recycled pavement material consisting of a mixture of asphalt,
base course, and subgrade materials encountered in the top 300 mm of an existing street.
It consists of mostly sand and gravel-size particles, which reflects the presence of the
pulverized asphalt and the original base course. The fines (the fraction passing #200
sieve) were mostly less than 10%. The material in Chisago is road-surface gravel
consisting of well-graded gravelly sand with fines in the range of 11 to 14%, the sand
content consistently around 60%, and the gravel content about 25%. The data from US
12 from Wisconsin are also presented in Fig. 1 to show the response of natural subgrade
soils to fly ash treatment (Edil et al. 2006a). US 12 material consists of natural subgrade
soils (classified as CL, SC, and SM according to the USCS or A-7-6, A-6, and A-2-6
according to AASHTO. In each case a Class C fly ash was used (10% by dry weight of
Riverside fly ash in Waseca and Chisago and 12% by dry weight of Columbia fly ash in
US 12). Water content of the base material also plays a role on mechanical properties.
Too dry materials may not have moisture to complete the hydration process and on the
other hand excess amount of water (typical of very soft subgrade soils) may result in
reduction of mechanical properties. The water contents after mixing fly ash during
construction of Waseca, Chisago, and US 12 materials were 7-8%, 6-7%, and 7-15%,
respectively. These were the moisture contents measured during construction. All
specimens were compacted to the densities achieved in the field during construction. The



resilient modulus of the specimens was measured after 7-d curing (14-d for US 12) in a
100% relative humidity room.

The data in Fig. 1 indicate that fly ash stabilized recycled pavement materials and
subgrade soils have a resilient modulus in the range of 50-100 MPa whereas road-surface
gravels markedly higher (130-180 MPa). It should be remembered water content of US
12 subgrade soil, having more fines and wet conditions during construction was markedly
higher than that of Waseca and Chicago materials although they were cured for 14 days.
On the other hand, recycled pavement materials may tend to have lower strength gain as a
result of fly ash stabilization due to the presence of asphalt in some particles. In a study
of recycled pavement materials stabilized by off-specification fly ashes, it was reported
that laboratory mixed materials had resilient moduli ranging from 60 to 90 MPa (Wen et
al. 2007). In a laboratory study on a wide range of fine-grained subgrade soils in
Wisconsin (from high plasticity clays to low plasticity silts and clays), it was reported
that resilient modulus depended on soil characteristics such as expressed by group index
and water content (Edil et al. 2006b). Such materials can have a wide range of water
contents in situ. For the soils (i.e., without fly ash) compacted at optimum water content,
M, varied between 13 to 80 MPa. Resilient moduli of the soil-fly ash mixtures prepared
with 10% fly ash at 7% wet of optimum water content typically fall below the moduli of
the soils compacted at optimum water content. At 18% fly ash content, however, M, of
the soil-fly ash mixtures at 7% wet of optimum water content were in the range of 50-90
MPa and up to 2.5 times higher than the modulus of the soils compacted at optimum
water content. That is, addition of 18% fly ash to a soft and wet subgrade soil results in
comparable or higher M, than the same subgrade soil dried and compacted at optimum
water content.

According to a Wisconsin Highway Research Program study (Eggen 2004), the
resilient modulus of a wide-variety of crushed aggregate base course materials at a bulk
stress of 83-100 kPa (approximate value at the base course level as recommended by
NCHRP 1-28A, 2003) varied between about 48 and 110 Mpa. The resilient modulus
based on field-mix fly ash-stabilized materials cured and tested in the laboratory, fall in
this range for recycled pavement material and is significantly higher for road-surface
gravel when stabilized with fly ash. The mean modulus for field-mix and laboratory-mix
materials from a variety of projects is tabulated in Table 1. It is noted that the moisture
contents of field-mix and laboratory-mix specimens are intended to be comparable and at
about optimum moisture; however, they may differ from each other. Laboratory-mix
specimens represent expected fly ash content, moisture, and density conditions and field-
mix specimens what actually is achieved during construction. In some cases, only
California bearing ratio (CBR) is available. Except for road-surface gravel in Chisago, in
all case the field-mix results in lower (60-75%) modulus than the laboratory-mix. The
modulus measured on tube samples was available at only one site (US 12) and given in
Table 1 (designated undisturbed). The modulus of the field-mix samples (mean=71 MPa)
is reasonably close to that of the undisturbed tube samples (mean =82 MPa) within the
context of the variation observed in each group. Thus, the field-mix approach can be
considered to be an effective method of assessing the in situ soil stiffness during
construction.



The average laboratory resilient modulus of the unstabilized base material is also
given for some projects in Table 1. Adding fly ash increased the modulus of both the
recycled pavement material and the road-surface gravel by 1.7 to 3 times.

2.2. Modulus Measured in the Field

Stiffness (or modulus) of the fly ash-stabilized base was measured in the field with a
soil stiffness gauge (SSG), a dynamic cone penetrometer (DCP), and a falling weight
deflectometer (FWD). There are standards for SSG and DCP and were followed in the
field. SSG and DCP can be performed only when the surface of the stabilized base is still
uncovered. FWD is an indirect method, however, can be performed any time after the
surface is paved and thus allows an assessment of time-dependent changes in the integrity
of the materials. It allows monitoring of combined impacts of continuing curing, climatic
conditions (moisture and temperature changes), frost action, and continuing traffic
loading. Testing with the SSG and DCP was conducted directly on the stabilized surface
after approximately 7 d of curing. FWD testing was conducted several times after the
HMA was placed and will be continued in coming years.

The results of the SSG and DCP surveys are given in Fig. 2 for both sites. The effect
of stabilization and curing is evident in Fig. 2 (SSG stiffness increases and DPI decreases
with stabilization). It is possible to calculate an elastic modulus based on the measured
SSG stiffness (essentially requires and assumption of Poisson’s ratio). The elastic moduli
back-calculated from the FWD surveys are given in Fig. 3 for the fly-ash stabilized
recycled pavement material in Waseca and road-surface gravel in Chisago at two
different times. The field moduli measured in November of the same year of
construction (i.e., 2004 for Waseca and 2005 for Chisago) shown in Fig. 3 follow the
laboratory moduli measured on field-mix specimens given in Fig. 1, i.e., Chisago moduli
are markedly higher than Waseca moduli. The FWD surveys conducted in the year
following construction, i.e., August 2005 and May 2006; respectively for Waseca and
Chisago are markedly lower than the first survey performed in November. This is
consistent with the field temperature and moisture conditions and frost penetration
monitored at each site. It is early to make major conclusions. However, the lowest mean
field FWD moduli are higher than the mean moduli measured in the field-mix specimens
in the laboratory only after 7-d curing. It appears additional time for field curing
compensates for the impacts of environmental conditions at least during the first year.

To place the moduli measured by different methods (and also different times), the
data are presented in Fig. 4. Moduli obtained from field-mix specimens tested in the
laboratory and SSG moduli from the field after 7-d curing and the FWD moduli
corresponding to additional curing and exposure are given. Moduli obtained from the
resilient modulus test on field-mix samples are lower than those obtained in the field by
the SSG or the FWD. It appears that operating moduli of at least 100 MPa can be used
for both materials.

2.3. Frost Effect on Modulus

A significant concern in northern climates is frost action on pavement materials.
Fly ash-stabilized materials have not been used widely in such frost areas to draw
conclusions regarding their long-term performance. On one hand it is argued that



materials stronger to begin with will have a greater resistance to the damaging action of
frost penetration. Fly ash, being a silt-size material, implies greater propensity for frost
action. However, the particles of Class C fly ash, a self-cementitious material like
cement, hydrate in the presence of water and bind base material grains together. So it is
not likely that the individual size characteristics of unhydrated fly ash will remain and act
like silt-soil particles. Addition of fly ash is expected to lower the drainage capability of
the base materials. In other words, the fly ash-stabilized base is not likely to have the
same drainage capability and ability to shed water as natural base course aggregate.

There is no standard laboratory test to evaluate the effect of freeze-thaw cycles on
the mechanical properties such as resilient modulus of soils or fly ash-stabilized soils.
There are procedures for soil-cement or concrete products where weight loss and volume
change are monitored. Such procedures are aimed at evaluating the potential of such
rigid materials to spall and disintegrate. A new procedure, similar to ASTM D 6035
Standard Test Method for Determining the Effect of Freeze-Thaw on Hydraulic
Conductivity of Compacted or Undisturbed Soil Specimens Using a Flexible Wall
Permeameter, is adopted here, in which identical resilient modulus specimens are
prepared and subjected to cycles of freeze-thaw and tested for resilient modulus. Weight,
volume, and moisture change of these specimens at the end of each freeze-thaw cycle are
also monitored. The steps in the procedure are shown in Fig. 5. The freezing
temperature was chosen after determining the freezing point depression for each material
in accordance with ASTM D 5918 Standard Test Methods for Frost Heave and Thaw
Weakening Susceptibility of Soils. The freezing point depression was -12 °C for Chisago
road-surface gravel stabilized with 10% Riverside 8 fly ash and -8.7 to -9.4 °C for
Waseca recycled pavement materials stabilized with 10% Riverside 7 fly ash. A standard
-15 °C was then applied in each freeze-thaw cycle and resilient modulus tests (and
subsequent unconfined compression tests on the same specimens) were performed
without freeze-thaw and at the end of 1%, 3", and 5" cycles of freeze-thaw on identically
prepared specimens. Typically, the changes in modulus take place over 5 cycles based on
observations made on fly ash-stabilized soils (Rosa 2006). The base material being
granular with relatively low water content (about 7%), the compacted specimens were
soaked before the freeze-thaw cycles to generate a conservative moisture condition. This
resulted in about 4-5% water content gain. The volume of all specimens increased by
about 2.5% at the end of 5 cycles of freeze-thaw.

In Fig. 6, resilient moduli of the base materials (without fly ash addition and
without freeze-thaw but soaked) are given along with moduli obtained after fly ash
stabilization (without freeze-thaw) and after the last freeze-thaw cycle (5™ cycle) of the
fly ash stabilized base materials (one road-surface gravel sample from Chisago and two
recycled pavement materials from Waseca) are presented. A general trend of higher
resilient modulus when the base materials are stabilized with fly ash even after freeze-
thaw cycles compared to unstabilized soils without freeze-thaw cycles is clearly
observed. Both base materials showed decrease in resilient modulus after soaking and
subjecting them to freeze-thaw cycles.

Resilient modulus of the specimens that were subjected to freeze-thaw cycles
were normalized by the resilient modulus of the specimen that was not subjected to any
freeze-thaw cycles to determine the loss of property due to freeze-thaw. The results,
shown in Fig. 6, indicate that resilient modulus drop by 17% after 5 cycles of freeze-thaw



for fly ash-stabilized road-surface gravel and 25-42% for recycled pavement material.
Rosa (2006) performed freeze-thaw tests on a variety of materials including fine-grained
soils alone and stabilized with fly ash. The degree of resilient modulus reduction varied
with the type of material but remained to be no more than 50%. From these results can
be concluded that for highway design, the safest way to represent the effect of freeze-
thaw cycling on the resilient modulus of the fly ash stabilized materials is dividing the
modulus of the material not subjected to freeze-thaw by 2. However, one also needs to
take into account the time-dependent modulus gain due to continuing hydration reactions.

Previous research published indicated that a reduction, no variation or an increase
of stiffness are observed after freeze-thaw cycles. Reduction in stiffness is attributed to
the retardation of cementitious/ pozzolanic reactions by dominating freezing
temperatures. When no variation or minimal variation in stiffness is observed after
freeze-thaw cycles, it is attributed to a balancing of freezing and thawing temperatures in
compensating each other and producing a balance in the cementitious/pozzolanic
reactions. Increase in stiffness after freeze-thaw cycles has also been observed and
attributed to dominating thawing temperatures that accelerate the cementitious/pozzolanic
reactions.

2.4. Correlation of Modulus with Other Properties and Tests

Laboratory assessment of the resilient modulus of the fly ash stabilized materials
was supplemented additional laboratory and field tests. The relationship of the resilient
modulus of field-mix specimens to the CBR of similarly field-mixed specimens is shown
in Fig. 8 for Chisago and Waseca but also two other sites in Wisconsin where natural
soils were stabilized with Class C fly ash (US 12). There is a general tendency of
increasing modulus with increasing CBR but correlation for different materials is
different. Empirical correlations between modulus and CBR have been proposed for
natural soils by a number of researchers. For example, Powell et al. (1984) developed an
equation relating the elastic modulus obtained by wave propagation techniques and CBR.
After accounting for stress and strain level characteristic of pavements, Powell et al.
(1984) obtained:

E =17.6 CBR* (1)

where E (essentially equivalent of resilient modulus) is in MPa and CBR is in percent.
Another well-known relationship that is widely used in North America was proposed by
Heukelom and Foster (1960):

M, =10 CBR (2)

where M; is the resilient modulus in MPa. Eg. 2 is included in the AASHTO (1993)
guide for design of pavements.

Egs. 1 and 2 are shown with the data reported for soil-fly ash mixtures in Fig. 8. Both
equations, developed using natural soils, over-predicted M; for soil-fly ash mixtures, with
the over-prediction being much greater for Eq. 2. Sawangsuriya and Edil (2004) also
report that Eq. 2 tends to over-predict M, appreciably for natural soils. A better
prediction was obtained by Edil et al. (2006b) with:

M, =3 CBR 3)

which was obtained by linear least-squares regression of the data based of a range of
laboratory-mix fly ash-stabilized fine-grained soils by Edil et al. (2006b).  Again M; is



the resilient modulus in Mpa. Eg. 3 also represents Waseca and Chisago data reasonably
well when considered collectively.

To assess the structural properties of the pavement materials, the DCP penetration
index (DPI) values are usually correlated with the CBR of the pavement materials.
Extensive research has been conducted to develop an empirical relationship between
CBR and DPI for a wide range of pavement and subgrade materials. These include
research by Livneh (1987), Kleyn (1975), Harisson (1987), Webster et al. (1992), and
others. Based on their researches, many of the relationships between CBR and DPI can
be quantitatively presented in the form of:

log(CBR) = a + plog(DPI) 4)
where o and B are coefficients ranging from 2.44 to 2.56 and -1.07 to -1.16, respectively,
which are valid for a wide range of pavement and subgrade materials. Note also that
CBR is in percent and DPI is in millimetres per blow (mm/blow). For a wide range of
granular and cohesive materials, the US Army Corps of Engineers use the coefficients o
and B of 2.46 and -1.12, which have been also adopted by several agencies and
researchers and is in general agreement between the various sources of information.
Livneh et al. (1995) also show that there exists a universal correlation between CBR and
DPI for a wide range of pavement and subgrade materials, testing conditions, and
technologies. In addition, the relationship between CBR and DPI is independent of water
content and dry unit weight since both water content and dry unit weight equally
influence CBR and DPI.

The CBR-DPI data collected at Waseca and Chisago projects are plotted in Fig. 9
along with similar data from three projects in Wisconsin where subgrade soils were
stabilized by Class C fly ash (US 12, Scenic Edge, and STH 60). Also plotted is the
relationship given in Eq. 4 with o and B coefficients 2.46 and -1.12, respectively.
Although there is some scatter, this relationship appears to represent also the CBR-DPI
relationship for a wide variety of fly ash-stabilized base materials.

The relationship of resilient modulus measured on field-mix specimens compared
to SSG stiffness measured in the field at the vicinity of the location (i.e., station) where
the resilient modulus specimen was made is shown in Fig. 10 for Waseca and Chicago
projects as well as US 12 where subgrade soils were stabilized with fly ash. There is a
general correlation but also significant scatter. The data indicate that resilient modulus is
mostly larger than 50 MPa and SSG stiffness is greater than 12 for fly stabilized
materials.

3. ENVIRONMENTAL SUITABILITY

As an industrial by-product, fly ash is subject to environmental regulation when
being used in construction applications. The Minnesota Pollution Control Agency
(MPCA) allows the use of fly ash for soil stabilization on a site-specific basis. Soil
reference values (SRVs) have been used by MPCA to aid decision-making regarding the
reuse of fly ash in stabilization applications.

Using fly ash for stabilization during roadway construction is expected to have
minimal impacts on the environment. For example, Bloom and Gollany (2001) evaluated
runoff from fly ash stabilized soils and found that concentrations of trace elements of
concern are not high. Similarly, impacts to groundwater have been evaluated by Li et al.



(2006) using the WiscLEACH program, which predicts the maximum concentration of
contaminants in groundwater adjacent to roadways where fly ash has been used for
stabilization. Analyses with WiscLEACH showed that, in most cases where fly ash is
placed above the groundwater table, impacts to groundwater are negligible. However,
the level of impact depends on the type and amount of trace elements in the fly ash, the
nature of the base material being stabilized (i.e., sorption capacity), the type of soils in
the vadose zone, and the depth and velocity of groundwater.

To provide actual field data of the leachate from the fly-ash stabilized layer in this
project, an environmental monitoring program that consists of monitoring the volume of
water draining from the pavement, concentrations of trace elements in the leachate,
temperatures and water contents within the pavement profile, and meteorological
conditions (air temperature, humidity, and precipitation) was initiated. Monitoring of the
pavement began in October 2004 in Waseca and October 2005 in Chisago and is still
being conducted.

Leachate draining from the pavement was monitored using a pan lysimeter
installed under the fly ash-stabilized layer in both projects. The lysimeter is 4 m wide, 4
m long and 200 mm deep and is lined with 1.5-mm-thick linear low density polyethylene
geomembrane. The base of the lysimeter was overlain by a geocomposite drainage layer
(geonet sandwiched between two non-woven geotextiles). Water collected in the
drainage layer is directed to a sump plumbed to a 120-L polyethylene collection tank
buried adjacent to the roadway. The collection tank is insulated with extruded
polystyrene to prevent freezing. Leachate that accumulates in the collection tank is
removed periodically with a pump. The volume of leachate removed is recorded with a
flow meter, a sample for chemical analysis is collected, and the pH and Eh of the leachate
are recorded. The sample is filtered, preserved, and analyzed.

3.1 Trace Elements in Lysimeter Drainage

Approximately 1.8 and 16 pore volumes of flow (PVF) have passed through the
fly ash-stabilized layers during the monitoring period, in Waseca and Chisago (Waseca
was monitored for two years whereas Chisago one year and is much drier than Chisago),
respectively. During this period, pH of the drainage has been near neutral and oxidizing
conditions have prevailed.

Concentrations of trace elements in drainage from the lysimeter in Waseca are
shown in Fig. 11 as a function of PVF. Elements with peak concentrations between 3 and
102 g/L are shown in Fig. 11a, whereas those with peak concentrations less than 2.5

g/L are shown in Fig. 11b. Elements not shown in Fig. 11 include those below the
detection limit (Be, Ag, Hg, Se, and TI) and elements not typically associated with health
risks (Ca and Mn). All of the concentrations are below USEPA maximum contaminant
levels (MCLs) and Minnesota health risk levels (HRLs). The exception is Mn (not
shown in Fig. 11), which typically had concentrations between 1 and 2 mg/L. The
Minnesota HRL for Mn currently is 100 g/L, but plans exist to increase the HRL to 1.0-
1.3 mg/L (www.pca.state.mn.us). USEPA does not have a MCL for Mn.

Most of the concentrations appear to be increasing, with a more rapid increase
towards the end of the monitoring. Thus, higher concentrations are likely to be observed
for many of the elements as the lysimeter is monitored in the future. However,
concentrations of some elements appear to be decreasing (Mo and Sr) or remaining



steady (Sb and Sn). The lack of a steady-state condition or clearly diminished
concentrations for most of the trace elements highlights the need for longer term
monitoring of the lysimeter.

Concentrations of trace elements in drainage from the lysimeter in Chisago are
shown in Fig. 12 as a function of PVF. Fig. 12 Fig. 12is divided into three parts: high
concentration, moderate and persistent, and low and diminishing concentration.
Elements not shown in Fig. 12 include those below the detection limit (Be, Ag, Hg, and
TI) and elements not typically associated with health risks (e.g., Ca). All of the
concentrations are below USEPA maximum contaminant levels (MCLs) and Minnesota
health risk levels (HRLs). The exception is Mn, which had a maximum concentration of
3,682 ug/L and exceeded the Minnesoata HRL of 100 ug/L. However, the Minnesota
Department of Health no longer recommends the HRL value and plans exist to increase
the HRL to 1,000 to 1,300 ug/L (www.pca.state.mn.us). USEPA does not have a primary
criterion for Mn although there is a secondary criterion. Most of the concentrations
appear to be stabilizing and persistent. Concentrations of some elements appear to be
low and decreasing (Pb, Sb and Sn).

3.2 Trace Elements in Column Leaching Tests Effluent

A column leaching test (CLT) test was performed using material from field mix in
Waseca. The elution behavior observed in the CLT effluent follows two patterns: (i)
delayed response (Co, Cr, Pb, Se, Cu, and Zn), where the concentration initially increases
and then falls, and (ii) persistent leaching (B, Ba, Sr, Mo, As, and V), where the
concentration initially increases and then remains relatively constant. The data indicate
that the trace element concentrations in the CLT effluent typically are higher than
concentrations in the drainage collected in the field (Fig. 11). The poor agreement
suggests that the CLT test method that was used may not be appropriate for evaluating
leaching of trace elements from S-RPM, unless a conservative estimate of the trace
element concentrations is acceptable. Despite the higher concentrations obtained from
the CLT, most of the elements have concentrations below USEPA MCLs and Minnesota
HRLs. The exceptions are for B, Pb, Se, and Sr. The peak Mn concentration was also
above the current Minnesota HRL for Mn, but is less than the proposed HRL.

Two column leaching tests were performed using material from field mix in
Chisago. The elution behavior observed in the CLT effluent follows two patterns: (i)
first-flush response, where the concentration falls from an initially high value and then
remains nearly constant and (ii) persistent leaching, where the concentration initially
increases and then remains relatively constant. The trace element concentrations in the
CLT effluent typically are higher than concentrations in the drainage collected in the field
in the lysimeters (Fig. 12). The poor agreement suggests that the CLT test method that
was used may not be appropriate for evaluating leaching of trace elements from S-RSG,
unless a conservative estimate of the trace element concentrations is acceptable. Despite
the higher concentrations obtained from the CLT, most of the elements have
concentrations below USEPA MCLs and Minnesota HRLs. The exceptions are for B,
Be, Cr, Ba,As, and Se. Additional study is also needed to define laboratory leach testing
protocols that can more accurately simulate leaching of trace elements from S-RSG.



4. SUMMARY

Two field case histories have been described where Class C and off-specification
cementitious fly ashes (10% by weight) were used to stabilize recycled pavement
material (RPM) and road-surface gravel (RSG) during construction of a flexible
pavement. The construction method is well established and requires minimal specialty
equipment.  Construction proceeded smoothly for both projects with experienced
specialty contractors. The process is reported to be cost-effective by the project owners.

California bearing ratio (CBR) and resilient modulus (M) tests were conducted
on the RPM and RSG alone and on the fly-ash stabilized RPM (S-RPM) and RSG (S-
RSG) mixed in the field and laboratory to evaluate how addition of fly ash improved the
strength and stiffness. In situ testing was also conducted on the subgrade and S-RSG
with a soil stiffness gauge (SSG) and dynamic cone penetrometer (DCP). Falling weight
deflectometer (FWD) test were conducted after paving on two different occasions. A pan
lysimeter was installed beneath the pavement in each project to monitor the rate of
drainage and trace element concentrations in the leachate. Column leaching tests were
also conducted on samples of S-RPM and S-RSG collected during construction.

The most important mechanical property of a layer in the pavement structure is its
modulus. As pavement design moves to mechanistic-empirical pavement design
methods, as proposed in NCHRP Project 1-37A (The Mechanistic-Empirical Design
Guide for New and Rehabilitated Pavement Structures,), input parameters for fly ash
stabilized base materials must be developed for use in this design practice. Therefore,
resilient modulus data as measured or inferred by a variety of methods are analyzed from
both projects as well as a number of other fly ash stabilization projects available to the
investigators. The stabilized material has typically a mean modulus at the end of
construction (roughly within 7 days of curing) that is about 1.7-3 times higher than that of
the untreated material for a variety of base materials. Fly ash stabilization reduces
variability in measured modulus compared to the variability encountered in natural soils.
Resilient modulus of fly ash stabilized materials does not exhibit the non-linear stress
dependency typical of soils for the typical range of bulk and deviator stresses expected in
the pavement structure and in future a single modulus can be used simplifying the design.

Measurement of the modulus of fly ash stabilized materials, however, is not easy
because of the difficulty of obtaining undamaged tube samples. Field mixed specimens
typically give a modulus that is only 60 to 75% of that of laboratory mixed specimens.
SSG modulus obtained in situ during construction within 7 days of curing is 50% or
higher than resilient modulus measured in the laboratory on field mix specimens made
during construction. This reflects to a certain degree the lower strain amplitude
employed in SSG compared to resilient modulus test. There is a general correlation of
resilient modulus to SSG modulus. There is a general inverse correlation of DPI and
SSG stiffness. Resilient modulus of fly ash stabilized materials is also correlated with
their CBR and therefore with DPI in a manner similar to those correlations observed in
natural soils. Therefore, such tests can be used for fly ash stabilized materials and the
data provided in this report provide a basis of specifying acceptable levels in terms of
these tests. A resilient modulus of minimum 50 MPa appears safe to assume irrespective
of the base material at the end of construction due to fly ash stabilization. However,
moduli of 100 MPa or more can also be achieved with certain materials.
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Modulus developed during construction, however, is likely to change with time
due to continuing hydration reactions on one hand and due to environmental exposure
such as frost action. At a Wisconsin site (STH 60) where low plasticity silty and clayey
subgrade soils were stabilized by fly ash, FWD moduli continued to increase over six
years of monitoring. The degree of resilient modulus reduction appear to be no more
than 50% in the laboratory due to many freeze-thaw cycles for a range of fly ash-
stabilized materials although it was less than that for the RPM and RSG. There is no
evidence of frost-induced degradation in the field based on FWD surveys over a single
season of winter. However, longer term monitoring using FWD surveys is important to
understand the behavior of these new materials with which there is limited field record.
Currently, another 2 years of monitoring is assured through new projects of the
investigators.

Chemical analysis of the draining leachate from the fly ash-stabilized layers
showed that the concentrations of many trace elements were reasonably steady toward the
end of the monitoring period. Longer-term monitoring is needed to fully understand the
potential for leaching of trace elements during the service life of a pavement. However,
during the monitoring period, all of the concentrations (with the exception of Mn) were
below USEPA maximum contaminant levels (MCLs) and Minnesota health risk levels
(HRLs) established by the Minnesota Dept. of Public Health. The trace element
concentrations in the column leaching test (CLT) effluents typically are higher than
concentrations in the drainage collected in the field in the lysimeters. The poor
agreement suggests that the CLT test method that was used may not be appropriate for
evaluating leaching of trace elements from fly ash-stabilized materials, unless a
conservative estimate of the trace element concentrations is acceptable. Despite the
higher concentrations obtained from the CLT, most of the elements have concentrations
below USEPA MCLs and Minnesota HRLs. Additional study is also needed to define
laboratory leach testing protocols that can more accurately simulate leaching of trace
elements from fly ash-stabilized materials.

5. CONCLUSIONS AND RECOMMENDATIONS
The following conclusions and recommendations are made:

1. Addition of self-cementitious fly ash (typically about 10% by dry weight)
improves the stiffness and strength of the base materials, whether recycled
pavement material, road surface gravel or subgrade soil, significantly.

2. Resilient modulus of fly ash stabilized materials does not exhibit the non-
linear stress dependency typical of soils for the typical range of bulk and
deviator stresses expected in the pavement structure and in future a single
modulus can be used simplifying the design.

3. Modulus obtained from laboratory mixed specimens during mix design
stage to be reduced by 1/4 to 1/3 to estimate the target resilient modulus
obtainable during construction.

4. Soil stiffness gage and dynamic cone penetrometer can be used for
monitoring quality control during construction.
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5. A resilient modulus of minimum 50 MPa appears safe to assume
irrespective of the base material at the end of construction due to fly ash
stabilization. However, moduli of 100 MPa or more can also be achieved
with certain materials.

6. The degree of resilient modulus reduction appear to be no more than 50%
in the laboratory due to many freeze-thaw cycles for a range of fly ash-
stabilized materials although it was less than that for the recycled
pavement material and road surface gravel. There is no evidence of frost-
induced degradation in the field based on FWD surveys over a single
season of winter.

7. Chemical analysis of the draining leachate from the fly ash-stabilized
layers showed that the concentrations of many trace elements were (with
the exception of Mn) were below USEPA maximum contaminant levels
(MCLs) and Minnesota health risk levels (HRLs) established by the
Minnesota Dept. of Public Health. Specifically, mercury was not detected
in the leachate.

8. Long-term monitoring of modulus and leachate quality is recommended to
delineate strength gain/frost action and leaching behavior with time.

It is noted that these conclusions are made on the basis of specific fly
ashes and base materials (i.e., recycled pavement material and road surface gravel) at the
given project sites. Extrapolations to other sites and materials have to be made with care
and caution.
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Table 1 Resilient modulus gain by fly ash stabilization and comparison of field and laboratory-mix specimens from various

projects
Project Base Fly Ash | Lab-Mix | Field-Mix | Undis- Field- Base M, Gain due to
Material | Content M, M, turbed | Mix/Lab- | Material Fly Ash
(%) (MPa) (MPa) M, Mix M, Stabilization
(MPa) | M, Ratio (MPa)
Waseca | RPM 10 104 78 0.75 47 1.7
Chisago RSG 10 112 153 0.73 51 3
US 12 SS* 12 - 73 82 38 1.9
STH 32 SS 10 13.4 21 0.63 12.4 1.7
STH60 SS 10 99 Very High
(CBR 32) | (CBR 23) 0.72 soft
Scenic SS 12 115 Very High
Edge (CBR 37) | (CBR 28) 0.76 soft

* subgrade soil
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EXECUTIVE SUMMARY

This report describes a field site where Class C fly ash was used to stabilize recycled
pavement material (RPM) during construction of a flexible pavement in Waseca, MN. The
project consisted of pulverizing the existing hot-mix asphalt (HMA), base, and subgrade to a
depth of 300 mm to form RPM, blending the RPM with fly ash (10% by dry weight) and water,
compacting the RPM, and placement of a new HMA surface. California bearing ratio (CBR),
resilient modulus (M), and unconfined compression (q,) tests were conducted on the RPM alone
and the fly-ash stabilized RPM (SRPM) prepared in the field and laboratory to evaluate how
addition of fly ash improved the strength and stiffness. In situ testing was also conducted on the
RPM and SRPM with a soil stiffness gauge (SSG), dynamic cone penetrometer (DCP), and
falling weight deflectometer (FWD). A pan lysimeter was installed beneath the roadway to
monitor the quantity of water percolating from the pavement and the concentration of trace
elements in the leachate. A column leaching test was conducted in the laboratory for
comparison.

Addition of fly ash improved the stiffness and strength of the RPM significantly. After 7
d of curing, the SRPM prepared in the laboratory using materials sampled during construction
had CBR ranging between 70 and 94, M, between 78 and 119 MPa, and unconfined compressive
strengths between 284 and 454 kPa, whereas the RPM alone had CBR between 3 and 17 and M,
between 46 and 50 MPa. Lower CBR, M, and g, were obtained for SRPM mixed in the field
relative to the SRPM mixed in the laboratory (64% lower for CBR, 25% lower for M, and 50%
lower for q,). Moduli back-calculated from the FWD data were in good agreement with those
obtained with the SSG, but were higher than moduli obtained from the M, tests due to
differences in the magnitude of the bulk stress and strain existing in situ and applied in the
laboratory. Testing conducted approximately one year after construction showed no degradation
in the modulus of the SRPM, even though the SRPM underwent a freeze-thaw cycle.

Percolation from the pavement was seasonally dependent, with peak flows occurring in
summer and no flow occurring in winter. Approximately 2 pore volumes of flow (PVF) drained
from the lysimeter during the monitoring period. Analysis of leachate collected in the lysimeter
showed that concentrations of many trace elements were increasing toward the end of the study,
indicating that longer-term monitoring of the lysimeter is needed to characterize the field
leaching behavior of the SRPM. In contrast, for the laboratory column test, leachate
concentrations peaked within approximately one PVF and then leveled-off or diminished. For
leachate collected in the lysimeter, concentrations of all but one element (Mn) were below
USEPA maximum contaminant levels (MCLs) and health-risk levels (HRLS) established by the
Minnesota Dept. of Public Health (Mn exceeded the HRL). For the column test, these thresholds
were exceeded for B (HRL exceeded), Pb (MCL and HRL exceeded), Se (MCL and HRL
exceeded), Sr (HRL exceeded), and Mn (HRL exceeded).
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1. INTRODUCTION

In-place recycling of pavement materials is an attractive method to rehabilitate
deteriorated flexible pavements due to lower costs relative to new construction and the long-term
societal benefits associated with sustainable construction methods. One approach is to pulverize
and blend the existing hot-mix asphalt, base, and some of the subgrade to form a broadly graded
granular material referred to as recycled pavement material (RPM) that can be used in place as
base course for a new pavement. Blending is typically conducted to a depth of approximately
300 mm and, in cases where the surface elevation is fixed, some of the blended material is
removed and used for other applications. The RPM is compacted to form the new base course
and is overlain with new hot-mix asphalt (HMA).

The residual asphalt and fines from the underlying subgrade may result in RPM having
lower strength and stiffness compared to compacted virgin base material. Thus, methods to
enhance the strength and stiffness of RPM are being considered, including the addition of
stabilizing agents such as asphaltic oils, cements, and self-cementing coal fly ash (a residue from
coal combustion that is normally landfilled). Stabilization is believed to increase the service life
of the rehabilitated pavement or permit a thinner HMA layer (Turner, 1997; Crovetti, 2000;
Mallick et al., 2002; Wen et al., 2003; Robinson et al., 2004). The use of fly ash for stabilization
is particularly attractive because fly ashes traditionally have been disposed in landfills.
Consequently, using fly ash for stabilization promotes sustainable construction and improves the
pavement structure (Edil et al., 2002; Bin-Shafique et al., 2004; Trzebiatowski et al., 2004).
However, the effectiveness of stabilizing RPM with coal fly ash is largely undocumented.

Providing documentation was a primary objective of this study.



This report describes a project where self-cementing Class C fly ash from a coal-fired
electric power plant was used to stabilize a RPM during rehabilitation of a 0.5-km section of
flexible pavement along 7" Avenue and 7" Street in Waseca, MN (~ 125 km south of
Minneapolis). RPM was prepared by pulverizing the existing asphalt pavement and underlying
materials to a depth of 300 mm below ground surface (bgs) using a CMI RS-650-2 road
reclaimer. The uppermost 75 mm of the RPM was removed and then Class C fly ash (10% by
dry weight) was spread uniformly on the surface using truck-mounted lay-down equipment
similar to that described in Edil et al. (2002). The fly ash was mixed with the RPM to a depth of
150 mm using the road reclaimer, with water being added during mixing using a water truck (see
photographs in Appendix A). This mixture, which contained 10% fly ash by dry weight, was
compacted within 1-2 h by a tamping foot compactor followed by a vibratory steel drum

compactor. The SRPM was cured for 7 d and then overlain with 75 mm of HMA.



2. MATERIALS
2.1 Subgrade and RPM

Disturbed samples of subgrade soil and recycled pavement material (RPM) (~ 20 kg
each) were collected at 10 stations during construction (Fig. 1). Tests were conducted on each
sample to determine index properties, soil classification, water content, dry unit weight,
compaction characteristics (RPM only), and CBR.

A summary of the properties of the subgrade is shown in Table 1. Particle size
distribution curves for the subgrade are shown in Fig. 2. The subgrade consists of highly plastic
organic clay (CH) or silt (MH), clayey sand (SC), or silty sand (SM) according to the Unified
Soil Classification System. However, coarse silty gravel is present in one region (Station 3).
According to the AASHTO Soil Classification System, most of subgrade soils at this site are A-7
with a group index (Gl) larger than 20. Two of the coarse-grained subgrade soils classify as A-
2-7 (Stations 3 and 8) and have Gl < 2. CBR of the subgrade soils ranges from 2 to 11 (mean =
5), indicating that the subgrade is soft.

A summary of the properties of the RPM is shown in Table 2 and particle size
distribution curves for the RPM are shown in Fig. 2. The blending during production of RPM
results in a material that is spatially uniform in particle size distribution, compaction
characteristics, and water content. The particle size distribution curves fall in a relatively narrow
band (Station 1 excluded) and have the convex shape typically associated with crushed materials
that are not post-processed. Most of the RPM consists of sand and gravel-size particles (> 75
um), which reflects the presence of the pulverized asphalt and the original base course. The in
situ water content of the RPM was approximately 4% dry of optimum water content based on

standard compaction effort (ASTM D 698).



2.2 Fly Ash

Fly ash from Unit 7 of the Riverside Power Station in St Paul, MN was used for
stabilization. Chemical composition and physical properties of the fly ash are summarized in
Table 3 along with the composition of typical Class C and F fly ashes. The calcium oxide (CaO)
content is 24%, the silicon dioxide (SiO,) content is 32%, the CaO/SiO; ratio (indicative of
cementing potential, Edil et al., 2006) is 0.75, and the loss on ignition is 0.9%. According to

ASTM C 618, Unit 7 fly ash is a Class C fly ash.

2.3 SRPM

Water content and unit weight of the compacted SRPM were measured at each station
using a nuclear density gage (ASTM D 2922) immediately after compaction was completed.
Grab samples (>~ 20 kg) of SRPM were also collected at these locations and were immediately
compacted into a CBR mold (114 mm inside diameter x 152 mm height) and a resilient modulus
mold (102 mm inside diameter x 203 mm height) to the unit weight measured with the nuclear
density gage. Three lifts were used for the CBR specimens and six lifts were used for the M,
specimens. After compaction, the specimens were sealed in plastic and stored at 100% humidity
for curing (7 d for CBR specimens, 14 d for M, and g, specimens). These test specimens are
referred to henceforth as “field-mix’ specimens. Because of the cementing effects of the fly ash,
index testing was not conducted on the SRPM.

Undisturbed samples of SRPM were also collected after compaction using thin-wall
sampling tubes. These samples were cured at 25 °C and 100% relative humidity for 14 d.

However, disturbance incurred during sampling or extrusion rendered the undistributed samples



useless. Similar problems with samples collected with thin-wall tubes have been reported for
fly-ash stabilized soils (Edil et al. 2002) and cement-stabilized wastes (Benson et al. 2002).
Specimens of SRPM were also prepared in the laboratory using samples of the RPM and
fly ash collected during construction. These specimens, referred to henceforth as ‘laboratory-
mix’ specimens, were prepared with 10% fly ash (dry weight) at the mean field water content
(7.9%) and mean dry unit weight (19.1 kN/m®). The laboratory-mix specimens were compacted
and cured using the procedures employed for the field-mix specimens. A similar set of
specimens was prepared with RPM only (no fly ash) using the same procedure, except for the

curing phase.



3. LABORATORY TEST METHODS
3.1CBR
The CBR tests were conducted in accordance with ASTM D 1883 after 7 d of curing
(field-mix or laboratory-mix SRPM) or immediately after compaction (RPM). The specimens
were not soaked and were tested at a strain rate of 1.3 mm/min. The 7-d curing period and the
absence of soaking are intended to represent the competency of the RPM when the HMA is
placed (Bin-Shafique et al., 2004). Data from the unsoaked CBR tests were not intend as a

measure of stiffness of the SRPM and are not for use in pavement design with SRPM.

3.2 Resilient Modulus and Unconfined Compression Tests

Resilient modulus tests on the SRPM and RPM were conducted following the methods
described in AASHTO T292 after 14 d of curing (SRPM) immediately after compaction (RPM).
The 14-d curing period is based on recommendations in Turner (1997), and is intended to reflect
the condition when most of the hydration is complete (Edil et al., 2006). The loading sequence
for cohesive soils was used for the SRPM as recommended by Bin-Shafique et al. (2004) and
Trzebiatowski et al. (2004) for soil-fly ash mixtures. RPM was tested using the loading
sequence for cohesionless soils. Five specimens of field-mix SRPM split horizontally after
curing. These specimens were trimmed to an aspect ratio of 1 prior to testing.  All other
specimens had an aspect ratio of 2.

Unconfined compressive strength was measured on specimens of SRPM after the
resilient modulus tests were conducted. Only those specimens having an aspect ratio of 2 were

tested. The strains imposed during the resilient modulus test may have reduced the peak



undrained strength of the SRPM. However, strains in a resilient modulus test are small. Thus,
the effect on peak strength is believed to be negligible.

A strain rate of 0.21%/min was used for the unconfined compression tests following the
recommendations in ASTM D 5102 for compacted soil-lime mixtures. No standard method
currently exists for unconfined compression testing of materials stabilized with fly ash, including

stabilized RPM.

3.3 Column Leaching Test

A column leaching test (CLT) was conducted on a specimen of field-mix SRPM
collected from Station 9. The specimen was prepared in the field in a standard Proctor
compaction mold (height = 116 mm, diameter = 102 mm) using the same procedure employed
for the specimens of field-mix SRPM prepared for CBR testing. The specimen was cured for 7-d
prior to testing.

The CLT was conducted following the procedure described in ASTM D 4874, except a
flexible-wall permeameter was used instead of a rigid-wall permeameter. Flow was oriented
upward and was driven by a peristaltic pump set to provide a Darcy velocity of 2 mm/d. The
effective confining pressure was set at 15 kPa. A 0.1 M LiBr solution was used as the permeant
liquid to simulate percolate in regions where salt is used to manage ice and snow (Bin-Shafique
et al. 2006). Effluent from the column was collected in sealed Teflon bags to prevent interaction
with the atmosphere. Leachate was removed from the bags periodically (~ 30 ~ 60 mL of flow
accumulation). Volume of the leachate removed was measured, the pH was recorded, and a
sample was prepared for chemical analysis by filtering with a 0.45 um filter and preservation

with nitric acid to pH < 2.



All effluent samples were analyzed by inductively coupled plasma-mass spectrometry
(ICP-MS) following the procedure described in USEPA Method 200.8. Analysis was conducted
for the following elements (detection limits in pg/L in parentheses): Ag (0.02), As (0.1), B (0.2),
Ba (0.02), Be (0.02), Ca (5), Cd (0.08), Co (0.01), Cr (0.04), Cu (0.07), Hg (0.2), Mo (0.08), Mn
(0.03), Ni (0.05), Pb (0.01), Sb (0.02), Se (2.0), Sn (0.04), Sr (0.01), TI (0.006), V (0.06), and Zn

(0.2).



4. FIELD METHODS
4.1 Environmental Monitoring

The environmental monitoring program consists of monitoring the volume of water
draining from the pavement, concentrations of trace elements in the leachate, temperatures and
water contents within the pavement profile, and meteorological conditions (air temperature,
humidity, and precipitation). Monitoring of the pavement began in October 2004 and is still
being conducted.

Leachate draining from the pavement was monitored using a pan lysimeter installed near
the intersection of 7" Street and 7" Avenue (adjacent to Station 9, Fig. 1). The test specimen for
the CLT (Section 3.3) was collected near the lysimeter so that a direct comparison could be made
between leaching measured in the field and laboratory. The lysimeter is 4 m wide, 4 m long, and
200 mm deep and is lined with 1.5-mm-thick linear low density polyethylene geomembrane.
The base of the lysimeter was overlain by a geocomposite drainage layer (geonet sandwiched
between two non-woven geotextiles). SRPM was placed in the lysimeter and compacted using
the same method employed when compacting SRPM in other portions of the project.
Photographs showing the lysimeter are in Appendix B.

Water collected in the drainage layer is directed to a sump plumbed to a 120-L
polyethylene collection tank buried adjacent to the roadway. The collection tank is insulated
with extruded polystyrene to prevent freezing. Leachate that accumulates in the collection tank
is removed periodically with a pump. The volume of leachate removed is recorded with a flow
meter, a sample for chemical analysis is collected, and the pH and Eh of the leachate are

recorded. The sample is filtered, preserved, and analyzed using the same procedures employed



for the CLT (Section 3.3). Personnel from the City of Waseca collected the samples from the
lysimeter.

Air temperature and relative humidity (RH) are measured with a HMP35C
temperature/RH probe manufactured by Campbell Scientific Inc. (CSI). A tipping bucket rain
gage (CSI TE 525) with snowfall adaptor (CSI CS 705) is used to measure precipitation.
Subsurface temperatures and water contents are monitored at three depths: 150 mm below
ground surface (bgs) (mid-depth of the SRPM) and 425 and 675 mm bgs (subgrade). Type-T
thermocouples are used to monitor temperature and CSI CS616 water content reflectometers
(WCRs) are used to monitor volumetric water content. The WCRs were calibrated for the
materials on site following the method in Kim and Benson (2002). Data from the meteorological
and subsurface sensors are collected with a CSI CR10 datalogger powered by a 12-V deep-cycle
battery and a solar panel. Data are downloaded from the datalogger via telephone modem.

Photographs of the instrumentation are included in Appendix B.

4.2 Mechanical Evaluation of Pavement Materials

Strength and stiffness of the SRPM were measured with a soil stiffness gauge (SSG), a
dynamic cone penetrometer (DCP), a rolling weight deflectometer (RWD), and a falling weight
deflectometer (FWD). Photographs of the testing are included in Appendix A. Testing with the
SSG, DCP, and RWD was conducted directly on the SRPM after 7 d of curing. FWD testing
was conducted two times after the HMA was placed (November 2004 and August 2005). The
RWD testing was unsuccessful due to problems with the instrumentation and will not be

discussed further.
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The SSG tests were conducted in accordance with ASTM D 6758 using a Humboldt
GeoGauge. Two measurements were made at each station within a 0.1-m radius. These
measurements deviated by less than 10%. Thus, the mean of the two stiffness measurements is
reported herein. DCP testing was conducted at each station in accordance with ASTM D 6951
using a DCP manufactured by Kessler Soils Engineering Products Inc. The dynamic penetration
index (DPI) obtained from the DCP was computed as the mean penetration (mm per blow) over a
depth of 150 mm.

FWD tests were conducted at each station by Braun Intertec Inc. in November 2004 (3
months after construction) and in August 2005 (one year after construction) using a Dynatest™
8000E FWD following the method described in ASTM D 4694. Moduli were obtained from the
FWD deflection data by inversion using MODULUS 5.0 from the Texas Transportation Institute.

Analysis of the FWD data was conducted at the University of Wisconsin-Madison.
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5. ENVIRONMENTAL DATA
5.1 Meteorological and Subsurface Conditions

Air and soil temperatures between October 2004 and April 2006 are shown in Fig. 3.
Data are not shown between April 2005 and May 2005 due to an instrument malfunction. The
air temperature ranged from -28 and 32 °C during the monitoring period, with sub-freezing
temperatures occurring between October and April each year. Temperature of the SRPM and the
subgrade ranged between -12 °C and 32 °C and varied seasonally with the air temperature. The
magnitude and frequency of variation diminishes with depth, which reflects the thermal damping
provided by the pavement materials.

Frost penetrated to approximately 0.5 m bgs each year, as illustrated by the drop in
temperature below 0 °C at depths T1 and T2 and the drops in volumetric water content at T2
when the soil temperature falls below 0 °C (volumetric water contents are not reported in Fig. 3
for periods when freezing was established). These apparent drops in water content reflect
freezing of the pore water. The water content measured by WCRs is determined by measuring
the velocity of an electromagnetic wave propagated along the probe. The velocity of the wave
varies with the apparent dielectric constant of the soil, which is dominated by the dielectric
constant of the water phase. When the pore water freezes, the dielectric constant of the water
phase drops significantly, which appears as a drop in water content in WCR data (Benson and
Bosscher 1999).

Higher water contents were recorded in the fine-textured subgrade than the coarse-
grained SRPM, which reflects the greater propensity of fine-textured soils to retain water. No
spikes are present in the water content records, which reflects the ability of the HMA to impede

infiltration during precipitation and snow melt events and to limit evaporation during drier
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periods. The annual variation in water content is also small, with the water content of the SRPM
varying between 21 and 26% and the water content of the subgrade varying between 35 and
45%. Higher water contents are recorded in the summer months, when greater precipitation
occurs.

The seasonal variation in water content is also reflected in the seasonal variation in
drainage collected in the lysimeter, as shown in Fig. 4. The drainage rate varies between 0-1
mm/d throughout the year, with drainage beginning in mid- to late spring (May to June) and the
peak drainage rate occurring in mid-summer (July to August). The drainage rate then diminishes
to zero by early fall, and remains nil until early spring. On an annual basis, the drainage rate is

0.15 mm/d or 56 mm/yr. A complete summary of the lysimeter data is in Appendix C.

5.2 Trace Elements in Lysimeter Drainage

Approximately 1.8 pore volumes of flow (PVF) have passed through the SRPM during
the monitoring period. During this period, pH of the drainage has been near neutral (6.9 — 7.5)
and oxidizing conditions have prevailed (Eh = 48-196 mV). A summary of the pH and Eh data
along with the trace element concentrations is in Appendix C.

Concentrations of trace elements in drainage from the lysimeters are shown in Fig. 5 as a
function of PVF. Elements with peak concentrations between 3 and 102 pg/L are shown in Fig.
5a, whereas those with peak concentrations less than 2.5 pg/L are shown in Fig. 5b. Elements
not shown in Fig. 5 include those below the detection limit (Be, Ag, Hg, Se, and TI) and
elements not typically associated with health risks (Ca and Mn). All of the concentrations are
below USEPA maximum contaminant levels (MCLs) and Minnesota health risk levels (HRLS).

The exception is Mn (not shown in Fig. 5), which typically had concentrations between 1 and 2
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mg/L. The Minnesota HRL for Mn currently is 100 ug/L, but plans exist to increase the HRL to
1.0-1.3 mg/L (www.pca.state.mn.us). USEPA does not have a MCL for Mn.

Most of the concentrations appear to be increasing, with a more rapid increase towards
the end of the monitoring. Thus, higher concentrations are likely to be observed for many of the
elements as the lysimeter is monitored in the future. However, concentrations of some elements
appear to be decreasing (Mo and Sr) or remaining steady (Sb and Sn). The lack of a steady-state
condition or clearly diminished concentrations for most of the trace elements highlights the need

for longer term monitoring of the lysimeter.

5.3 Trace Elements in CLT Effluent

Effluent from the CLT had pH between 7.3 and 7.8, which is slightly higher than the pH
observed in the leachate from the lysimeter. Concentrations of trace elements in the effluent
from the CLT on the SRPM are shown in Fig. 6. Elements having peak concentrations less than
1 ug/L and elements not typically associated with health risks (Ca and Mn) are not shown in Fig.
6. Elements having peak concentrations exceeding 100 pg/L are shown in Fig. 6a, whereas those
with peak concentrations less than 100 pg/L are shown in Fig. 6b. A compilation of the data is
in Appendix D.

Comparison of Figs. 5 and 6 indicates that the trace element concentrations in the CLT
effluent (Fig. 6) typically are higher than concentrations in the drainage collected in the field
(Fig. 5). The poor agreement suggests that the CLT test method that was used may not be
appropriate for evaluating leaching of trace elements from SRPM, unless a conservative estimate
of the trace element concentrations is acceptable. Despite the higher concentrations obtained

from the CLT, most of the elements have concentrations below USEPA MCLs and Minnesota
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HRLs. The exceptions are for B (peak = 2196 ug/L, no MCL, HRL = 600 ug/L,), Pb (peak = 19
ng/L, MCL = 15 pg/L, HRL = 15 pg/L), Se (peak = 60 pg/L, MCL = 50 pg/L, HRL = 30 pg/L),
and Sr (peak = 4023 pug/L, no MCL, HRL =4000 ug/L). The peak Mn concentration (468 pg/L,
not shown in Fig. 6) was also above the current Minnesota HRL for Mn, but is less than the
proposed HRL.

The elution behavior observed in the CLT effluent follows two patterns: (i) delayed
response, where the concentration initially increases and then falls, and (ii) persistent leaching,
where the concentration initially increases and then remains relatively constant. Most of the
elements with peak concentrations exceeding 100 ug/L (Fig. 6a) exhibit the persistent leaching
pattern (B, Ba, Sr, and Mo), whereas those exhibiting delayed response typically have peak
concentrations less than 100 ug/L (Fig. 6b) (Co, Cr, Pb, and Se). The exceptions are Cu and Zn,
which have peak concentrations exceeding 100 ug/L and exhibited a delayed response, and As
and V, which have peak concentrations less than 100 pg/L and exhibit the persistent leaching

pattern.
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6. PROPERTIES OF SRPM AND RPM
6.1 Laboratory Test Data

CBR, M,, and q, of the SRPM and RPM are summarized in Table 4. Tests were
conducted on RPM and laboratory-mix SRPM using samples of RPM from Stations 1, 4 and 7.
Samples from these stations were selected to bracket the range of gradation of the RPM (Stations
1 and 7) and to represent typical RPM (Station 4) (see Fig. 2). Tests were conducted on both
RPM and SRPM to determine the benefits of adding fly ash to the mixture in terms of strength
and stiffness.

CBR of the RPM and SRPM along the alignment of the project is shown in Fig. 7.
Stations 1-8 correspond to locations along 7" Avenue and Stations 9 and 10 are along 7" Street
(Fig. 1). There is no systematic variation in CBR of the RPM or SRPM along the alignment,
suggesting that the variability in the CBR is more likely due to heterogeneity in the material
rather than systematic variation in site conditions or construction methods. CBR of the RPM
ranges from 3 to 17 (mean = 9), the laboratory-mix SRPM has CBR between 70 and 94 (mean =
84), and the field-mix SRPM has CBR between 13 and 53 (mean = 29). Thus, adding fly ash to
the RPM increased the CBR appreciably, although the CBR in the field was 66% lower, on
average, than the CBR of the laboratory-mix SRPM. The CBR of the field-mix SRPM also was
more variable than the CBR of the laboratory-mix SRPM.

A similar difference between CBRs of mixtures prepared with fly ash in the laboratory
and field is reported in Bin-Shafique et al. (2004) for fine-grained subgrade soils. They report
that field mixtures of silty clay and Class C fly ash typically have a CBR that is one-third of the

CBR of comparable mixtures prepared in the laboratory. Bin-Shafique et al. (2004) attribute
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these differences in CBR to more thorough blending of soil and fly ash in the laboratory
compared to the field, resulting in more uniform distribution of cements within the mixture.

Resilient moduli of RPM, field-mixed SRPM, and lab-mixed SRPM are shown in Fig. 8
and are summarized in Table 4. These M, correspond to a deviator stress of 21 kPa, which
represents typical conditions within the base course of a pavement structure (Tanyu et al. 2003,
Trzebiatowski et al. 2004). Complete M, curves are included in Appendix E. As observed for
CBR, there is no systematic variation in M, along the alignment. Comparison of the M, for RPM
and SRPM in Fig. 8 and Table 4 indicates that adding fly ash increased the M,. For the RPM, the
M, ranges between 45 and 50 MPa (mean = 47 MPa), whereas the field-mix SRPM had M,
between 50 and 111 MPa (mean = 78 MPa) and the laboratory-mix SRPM had M; ranging
between 78 and 119 (mean = 104 MPa). As with CBR, M; of the field-mix SRPM is lower
(25%, on average) and more variable than the M, of the laboratory-mix SRPM.

Unconfined compressive strengths are shown in Fig. 9 and Table 4 for the field-mix and
laboratory-mix SRPM. Strengths are not reported for RPM because the RPM is essentially non-
cohesive and therefore is not amenable to g, testing. Data are missing at some of the stations for
the field-mix SRPM because the specimens had an aspect ratio less than 2 and could not be
tested to determine q,. As with CBR and M,, there is no systematic variation in g, along the
alignment. In addition, q, of the field-mix SRPM is less than one-half of the g, of the laboratory-
mix SRPM, on average. Bin-Shafique et al. (2004) also found that g, of their field-mix

specimens ranged between one-half and two-thirds of the q, of laboratory-mix specimens.
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6.2 Field Test Data

In situ stiffness measured with the SSG and dynamic penetration index (DPI) measured
with the DCP are shown in Fig. 10 for the RPM and the SRPM after 7 d of curing. Addition of
the fly ash and compaction increased the strength and stiffness appreciably, with the DPI
decreasing from 17 to 12 mm/blow, on average, and the stiffness increasing from 6 to 17 MN/m,
on average. The DPI and stiffness of the SRPM are also less variable than those of the RPM.

Maximum deflections from the FWD tests for the 40-kN drop are shown in Fig. 11.
Maximum deflection, which is measured at the center of the loading plate, is a gross indictor of
pavement response to dynamic load. FWD tests were conducted in November 2004 and August
2005 to define the as-built condition and the condition after one year of winter weather. Similar
deflections were measured during both surveys, suggesting that the SRPM had maintained its
integrity even after exposure to freezing and thawing. The deflection at Stations 4-10 is slightly
higher in 2005 than 2004. However, this difference is not caused by a decrease in modulus of
the SRPM, as shown subsequently. A more likely cause is the higher temperature of the HMA in
August relative to November.

Elastic moduli of the SRPM that were obtained by inversion of the FWD data are shown
in Fig. 12a. For the inversion, a three-layer profile was assumed that consisted of asphalt (75-
mm thick), SRPM (150-mm thick), and an infinitely thick subgrade. Modulus of the asphalt was
allowed to vary between 345 and 11,750 MPa and the Poisson’s ratio was set as 0.4. The SRPM
was assumed to have a Poisson’s ratio of 0.35 and the modulus was allowed to vary between 70-
9400 MPa. The subgrade was assumed to have a Poisson’s ratio of 0.35.

The modulus of the SRPM varies between 57 and 1248 MPa (mean = 262 MPa) in

November 2004 and between 79 and 1379 MPa (mean = 252 kPa) in August 2005. Most of the
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moduli are less than 200 MPa. The most significant exception is the very high modulus at
Station 3. This modulus is believed to be an anomaly caused by the coarse gravel subgrade near
Station 3 (Fig. 2), which was not included in the inversion.

Comparison of the moduli in November 2004 and August 2005 in Fig. 12a suggests that
the SRPM was not affected by exposure to freezing and thawing. The close agreement between
the mean moduli in November 2004 and August 2005 (262 vs. 252 MPa) also suggests that
freeze-thaw cycling did not affect the SRPM. To test this assertion, the data from 2004 and 2005
were compared with a t-test at a significance level of 0.05. The t-test yielded a t-statistic of
0.060 and p of 0.952, confirming that the moduli measured in November 2004 and August 2005
are not statistically different (i.e., p = 0.952 >> 0.05).

Moduli obtained from the FWD inversion are compared with those obtained from the
resilient modulus tests on field-mix specimens and the moduli computed from the stiffness
measured with the SSG in Fig. 12b. Elastic modulus (E) was computed from the SSG stiffness

(Kssc) using (Sawangsuriya et al., 2003):

2
E = KSSG (1_0 ) (1)
1.77R

where R is the outside radius of the SSG foot (0.057 m) and v is Poisson’s ratio (assumed to be
0.35). Moduli obtained from the SSG and the FWD are comparable, whereas those from the
resilient modulus tests are approximately one-half of those from the SSG and the FWD. Tanyu
et al. (2003) and Trzebiatowski et al. (2004) report similar differences between moduli measured

determined with FWD, SSG, and resilient modulus test, and attribute the differences in the
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moduli to differences in the strain imposed in each test (shear strain ~ 0.07% for SSG and FWD

vs. 0.07% ~ 0.15% for M,, Sawangsuriya et al., 2003).
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7. CONCLUSIONS AND RECOMMENDATIONS

A case history has been described where Class C fly ash (10% by weight) was used to
stabilize recycled pavement material (RPM) during construction of a flexible pavement.
California bearing ratio (CBR), resilient modulus (M), and unconfined compression (qy) tests
were conducted on the RPM alone and fly-ash stabilized RPM (SRPM) mixed in the field and
laboratory to evaluate how addition of fly ash improved the strength and stiffness. In situ testing
was also conducted on the RPM and SRPM with a soil stiffness gauge (SSG), dynamic cone
penetrometer (DCP), and falling weight deflectometer (FWD). A pan lysimeter was installed
beneath the pavement to monitor the rate of drainage and trace element concentrations in the
leachate. A column leaching test was also conducted on a sample of SRPM collected during
construction.

SRPM mixed in the laboratory using materials sampled during construction had
significantly higher CBR, M, and unconfined compressive strength than RPM that was not
stabilized with fly ash. This finding suggests that fly ash stabilization of RPM should be
beneficial in terms of increasing pavement capacity and service life. However, the CBR, M, and
unconfined compressive strength for SRPM mixed in the field were lower than those for SRPM
mixed in the laboratory (64% lower for CBR, 25% lower for M;, and 50% lower for q,). Similar
biases between mixtures prepared in the laboratory and field has been observed by others. Given
that mixtures prepared in the laboratory are likely to be used for materials characterization for
design, additional study is needed to determine how this bias should be considered in design
calculations and how the bias may affect pavement performance in the long term.

Moduli back-calculated from the FWD data were in good agreement with those obtained

with the SSG, but were higher than moduli obtained from the M; tests due to differences in the
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magnitude of the bulk stress and strain existing in situ and applied in the laboratory. More
importantly, analysis of FWD data collected after a freeze-thaw cycle showed no degradation in
the modulus. Nevertheless, longer-term monitoring is needed to confirm that the modulus of
SRPM will persist after multiple winter seasons.

Percolation from the pavement occurred only in late spring, summer, and early fall with
an average drainage rate of 56 mm/yr. Chemical analysis of the draining leachate showed that
equilibrium was not established, with the concentrations of many trace elements increasing
toward the end of the study. Thus, longer-term monitoring is needed to fully understand the
potential for SRPM to leach trace elements during the service life of a pavement. However,
during the monitoring period, none of the trace elements normally associated with health risks
exceeded USEPA maximum contaminant levels (MCLs) or health-risk levels (HRLs) established
by the Minnesota Dept. of Public Health. Additional study is also needed to define laboratory

leach testing protocols that can more accurately simulate leaching of trace elements from SRPM.
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Table 1. Physical properties and classifications of subgrade soils.

stion | LL | PI | 0 | Gl '(‘(;2)' Classification CBR | o (i)
USCS | AASHTO
1 61 | 41 | 722 | 20 | 21 | CH AT 4 21.6 155
2 55 | 27 | 471 | 9 | 30 | sC AT 11 136 18.2
3 69 | 30 | 85 | 0 | 130 | GM A-2-7 - 14.7 18.9
4 57 | 21 | 467 | 7 | 88 | SM AT 2 25.8 14.6
5 122 | 53 | 702 | 45 | 183 | MH AT . 20.9 138
6 77 | 46 | 664 | 30 | 111 | CH A7 5 26.8 14.9
7 69 | 49 | 738 | 36 | 34 | CH AT 3 24.0 15.8
8 68 | 39 | 211 | 2 | 73 | sC A-2-7 2 25.7 15.4
9 62 | 35 | 679 | 23 | 32 | CH A7 5 17.2 15.9
10 61 | 34 | 673 | 23 | - CH AT - 50.1 12,0

Notes: LL = liquid limit, Pl = Plasticity Index, % Fines = percentage passing No. 200 sieve, Gl = group index, LOI
= loss on ignition, USCS = Unified Soil Classification System, AASHTO = American Association of State Highway
and Transportation Officials, CBR = California bearing ratio, wy = in situ water content, y4 = in situ dry unit weight,
hyphen indicates test was not conducted.
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Table 2. Particle size fractions, in situ water content, and compaction characteristics

of RPM.

Station Gravel sand Fines (%) o kNI
1 145 69.1 16.4 71 11.6 19.6
2 33.6 54.0 12.4 6.6 ; ]
3 411 55.6 33 6.7 ] ]
4 333 58.0 8.7 76 12.0 19.6
5 238 65.1 111 65 ; ]
6 40.7 53.1 6.3 6.8 ; ;
7 46.7 47.9 5.4 73 11.2 20.1
8 30.1 62.6 73 ND ; ]
9 35.4 55.9 8.7 8.6 ] ]
10 30.0 60.4 9.6 103 ] ]

Notes: wy = in situ water content, y4 = in situ dry unit weight, woy, = optimum water content, ygmax = maximum dry
unit weight, hyphen indicates test was not conducted.
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Table 3. Chemical composition and physical properties of Riverside 7 fly
ash and typical Class C and F fly ashes.

Parameter

Percent of Composition

Riverside 7° ;ZES'CSL gl);g;ch

SiO, (silicon dioxide), % 32 40 55
Al,O3 (aluminum oxide), % 19 17 26
Fe,0; (iron oxide), % 6 6 7
SiO; + Al,O3 + Fe,03, % 57 63 88
CaO (calcium oxide), % 24 24 9
MgO (magnesium oxide), % 6 2 2
SO; (sulfur trioxide), % 2 3 1
Ca0/Sio, 0.75 - -
CaO/(SiO,+Al,03) 0.47 - -
Loss on Ignition, % 0.9 6 6
Moisture Content, % 0.17 - -
Specific Gravity 2.71 - -
Finene_ss, amount retained on 124 i i
#325 sieve, %

*provided by Lafarge North America, *from FHWA (2003).
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Table 4. CBR, M,, and g, of RPM and SRPM.

CBR M, (MPa) qu (kPa)
Station Field-1 ) op-Mix Field- 1) op-mix | 7819 1 ap-mix
RPM Mix SRPM RPM Mix SRPM Mix SRPM
SRPM SRPM SRPM
1 17 28 70 50 57 NA - 284
2 - 13 - - 84 - 185 -
3 - 38 - - 63 - - -
4 3 24 88 45 100 78 198 430
5 - 42 - - 75 - 134 -
6 - 37 - - 91 - 158 -
7 7 25 94 46 83 116 144 454
8 - 53 - - 67 - - -
9 - 10 - - 111 - - -
10 - 20 - - 50 119 - -

Notes: CBR = California bearing ratio, M, = resilient modulus, q,

hyphen indicates test not conducted, NA = not available because specimen damaged.
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Fig. 1. Layout of stations along 7" Avenue and 7" Street in Waseca, MN.
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Fig. 7. California bearing ratio of RPM and SRPM (laboratory-mix and field-mix) after 7 d of
curing.
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Fig. 8. Resilient modulus of RPM and SRPM (laboratory-mix and field-mix) after 14 d of
curing.
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Fig. 9. Unconfined compressive strength (q,) of SRPM (laboratory-mix and field-mix) after 7
d of curing.
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Fig. 10. Dynamic penetration index (DPI) and stiffness of uncompacted RPM and SRPM after
compaction and 7 d of curing. DPI was measured with a DCP and stiffness was
measured with a SSG.
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APPENDIX A

CONSTRUCTION PHOTOGRAPHS



Fig. AL. RPM before placement of fly ash.



Fig. A2 Lay-down truck placing fly ash on SRPM.



Fig. A3. Water truck and road-reclaimer blending fly ash, water, and RPM.



Fig. A4. Surface of SRPM after compaction.



Fig. A5. Mid-section of road-reclaimer showing tines used to blend fly ash, water, and
RPM.



Fig. A6. Collecting a sample of fly ash for use in laboratory testing.



Fig. A7. Collecting a sample in a thin-wall tube using a drive-tube hammer.



Fig. A8. Measuring water content and unit weight of SRPM after compaction.



Fig. A9. One of principal investigators (T. Edil) hard at work in the field.



Fig. A10. RWD test apparatus.



APPENDIX B

PHOTOGRAPHS OF
LYSIMETER CONSTRUCTION
AND
INSTALLATION OF INSTRUMENTS



£ To collection tank

Fig. B1. Installing geomembrane for lysimeter.



Fig. B2. Installing collection tank for lysimeter.



Fig. B3. Installing water content reflectometer in subgrade.
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Fig. B4. Layout of field instrumentation.



APPENDIX C

LYSIMETER MONITORING DATA



LYSIMETER DATA
Site: Waseca, MN
Lysimeter Size:

Date Sample ID
9/11/2004 -
12/17/2004 -
4/5/2005 -
6/7/2005 W-06-07-05-
7/7/2005 W-07-07-05-
8/2/2005 W-08-02-05-

8/23/2005 W-08-23-05-
9/21/2005 W-09-21-05-
10/6/2005 No analysis
11/6/2005 No analysis
12/29/2005 No analysis
2/6/2006 No analysis
3/23/2006 No analysis
5/1/2006 W-05-01-06

16

7.3
7.5
6.9
7.1
7.3

m

Table C1. Summary of lysimeter data (except concentrations).

Dry Density = 17.90 kN/m?
Water Content = 8.00 %
2 Depth = 0.15 m
pHfield pHlab Eh (mv) EC (us/cm) Comments Weather Air Temp
- start
- no water Sunny  1/9/1900
- no water - -
6.7 196 first water - -
6.16 144.2 cloudy 65
6.2 110.7 clear
clear 55
6.9 47.8 477 clear 70
cold 40
water clear -

0.31
7475

Porosity =
PV =

Pump Volume Meter (g)

Start (gall) End (gall)
0 0
39.1 39.1
0 0
400 477.5
477.5 593.5
594.5 712
712 749.5
749.5 760.1
760.1 761.4
761.4 761.4
761.4 788.8

Vol (L)

0

0

0
290.6
435.0
4406
140.6

Cum Vol (L)
0
0.0
0.0
290.6
725.6
1166.3
1306.9
1346.6
1351.5
1351.5
1351.5
1351.5
1351.5
1454.3

PVF
0.00
0.00
0.00
0.39
0.97
1.56
175
1.80
181
181
181
181
181
1.95

Drain (mm/d) Comments

0.00
0.00
0.29
0.91
1.06
0.42
0.09
0.02
0.00
0.00
0.00
0.00
0.16

Tank empty
Tank empty
Ice in Tank
Tank empty



Table C2. Summary of concentrations in drainage from lysimeter.

Sample Be B Ca Tl V Cr
ID PVF ppb ppb ppb ppb ppb ppb
W-07-07-05 0.97 <0.1 4357 | 47927 | <0.02 1.45 2.46
W-08-02-05 1.56 <0.06 20.06 | 35737 | <0.02 0.47 3.02
W-08-23-05 1.75 <0.06 30.32 | 53000 | <0.02 0.74 0.75
W-09-21-05 1.80 <0.06 39.4 61253 0.03 2.11 2.26
Sample Mn Co Ni Cu Zn As Se
ID ppb ppb ppb ppb ppb ppb ppb
W-07-07-05 | 1414 3.84 11.83 5.70 31.23 1.36 <2
W-08-02-05 | 1645 4.53 13.21 4.00 25.16 0.88 <2
W-08-23-05 | 2200 2.94 11.76 4.04 19.77 1.32 <2
W-09-21-05 | 1365 1.89 20.8 7.96 15.7 1.74 <2
Sample Se Sr Mo Ag Cd Sn Sb
ID ppb ppb ppb ppb ppb ppb ppb
W-07-07-05 <2 60.90 4.28 <0.1 1.58 0.13 0.41
W-08-02-05 <2 53.13 0.47 <0.02 0.34 0.15 0.17
W-08-23-05 <2 74.97 0.55 <0.02 0.45 0.068 0.31
W-09-21-05 <2 102 0.50 <0.02 0.81 0.08 0.18
Sample Ba Hg Pb
ID ppb ppb ppb
W-07-07-05 | 37.44 <1 0.29
W-08-02-05 | 49.64 <0.2 0.54
W-08-23-05 | 66.45 <0.2 0.92
W-09-21-05 65.6 <0.2 1.01
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Table D1. Summary of concentrations in effluent from CLT on SRPM.

Concentrations from CLT on Waseca SRPM

PVF
0.5254
0.7908
1.1285
1.5203
1.9905
3.1969
5.5932
6.5471

pH
7.6
7.3
7.5
7.5
7.3
7.5
7.3
7.8

Detection Limits:

PVF
0.5254
0.7908
1.1285
1.5203
1.9905
3.1969
5.5932
6.5471

Detection Limits:

Be
0.10
0.31
0.28
0.24
0.30
0.20
0.17
0.19

0.100

As
1.34
7.21
7.08
5.20
4,59
3.13

6.1
3.91

0.100

B
169
2196
2082
1694
1783
1259
1239
1355

0.200

Se
3.1
53.5
59.8
37.5
27.1
15.7
19.0
13.4

2.000

. All'in units of pg/L

Ca
66922
160461
291257
300247
296740
188079
231
224460

5.000

Sr
269
2159
3856
3963
4023
2807
3211
3186

0.010

T
0.03
0.04
0.06
0.10
0.10
0.07
0.09
0.05

0.006

Mo
225
89.8
88.5
80.8
85.3
545

106.0
139.3

0.080

\%
10.30
42.66
29.46
23.58
23.19
29.47
12.70
13.40

0.060

Ag
0.10
0.17
0.54
0.22
0.27
0.21
0.18
0.19

0.020

Cr
7.70
51.22
4.40
0.94
0.90
2.45
0.33
0.25

0.040

Cd
0.80
3.41
2.03
2.79
2.99
3.39
4.48
4.31

0.080

Mn
19.8
17.3

317.2
477.7
426.6
32.7
4.8
184.6

0.030

Sn
0.10
0.11
0.28
0.12
0.11
0.12
0.31
0.08

0.040

Co
1.84
5.18
5.76
5.03
4.65
251
2.66
2.03

0.010

Sb
0.32
3.06
5.97
8.30
9.14

10.64
14.00
11.20

0.020

Ni
29.0
39.5
41.5
54.7
48.8
31.2

9.1
23.0

0.050

Ba
48.4
136.7
166.2
159.2
227.8
344.2
381.0
382.9

0.020

Cu
121.0
73.4
46.1
26.9
19.5
11.6
9.7
8.9

0.070

Hg
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

0.200

Zn
802.8
134.7

20.8
5.2
14.2
2.8
40.7
4.5

0.200

Pb
5.69
7.94
0.66
0.67
0.85
0.57

19.00
4.97

0.010
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EXECUTIVE SUMMARY

This report describes a field site where cementitious fly ashes (Class C and off-
specification) were used to stabilize road-surface gravel (RSG) to form a base during
construction of a flexible pavement in Chisago County, MN. The project involved conversion of
a gravel road to a paved road. It consisted of mixing fly ash (10% by dry weight) and water into
the gravel surface to a depth of 254 mm and compacting the mixture to form a firm base, and
placement of an HMA surface. California bearing ratio (CBR), resilient modulus (M,), and
unconfined compression (q,) tests were conducted on a composite sample of the RSG alone
and the fly-ash stabilized RSG (S-RSG) samples prepared in the field and laboratory to evaluate
how addition of fly ash improved the strength and stiffness. In situ testing was also conducted
on the subgrade and S-RSG with a soil stiffness gauge (SSG), dynamic cone penetrometer
(DCP), and falling weight deflectometer (FWD). A pan lysimeter was installed beneath the
roadway to monitor the quantity of water percolating from the pavement and the concentration
of trace elements in the leachate. Column leach tests were conducted in the laboratory for
comparison.

Addition of fly ash improved the stiffness and strength of the RSG significantly. After 7 d
of curing, the S-RSG prepared in the laboratory using materials sampled during construction
had CBR mostly ranging between 48 and 90, M, between 96 and 195 MPa, and unconfined
compressive strengths between 197 and 812 kPa, whereas the RSG alone had CBR of 24 and
M, of 51 MPa. Moduli obtained from the FWD inversion were compared with those obtained
from the resilient modulus tests on field-mix specimens and the moduli computed from the
stiffness measured with the SSG. Moduli obtained from the resilient modulus test on field-mix
samples are markedly lower than those obtained from November 2005 FWD but comparable to
those from May 2006 FWD. SSG gives 50% higher moduli compared to the modulus obtained

from the resilient modulus test. November 2005 FWD data appear anomalously high compared



to other data here and elsewhere. Longer-term monitoring is needed to confirm that the
modulus of S-RSG will persist after multiple winter seasons. The CBRs of S-RSG mixed in the
field were mostly lower than that for S-RSG mixed in the laboratory; however, the opposite was
observed for M,, and for q,. This is in contrast with previous experience and being explored
further. Laboratory freeze-thaw tests indicate 17% drop in resilient modulus of the S-RSG after
5 cycles of freeze-thaw.

Approximately 29.6 m® of leachate corresponding to 3,183 mm of total drainage occurred
in the lysimeter during the monitoring period from November 2005 to June 2006. This
corresponds to 48 pore volumes of flow by June 15, 2006. The low lying topography of the area
and the heavy precipitation that occurred in Spring 2006 may have led to flooding of the
lysimeter as these are very high numbers. All of the trace element concentrations (with the
exception of Mn) are below USEPA maximum contaminant levels (MCLs) and Minnesota health
risk levels (HRLs). Most of the concentrations appear to be stabilizing and persistent.
Concentrations of some elements appear to be low and decreasing (e.g.,Pb, Sb and Sn). The
trace element concentrations in the column leach test (CLT) effluent typically are higher than
concentrations in the drainage collected in the field in the lysimeters. The poor agreement
suggests that the CLT test method that was used may not be appropriate for evaluating
leaching of trace elements from S-RSG, unless a conservative estimate of the trace element
concentrations is acceptable. Despite the higher concentrations obtained from the CLT, most of
the elements have concentrations below USEPA MCLs and Minnesota HRLs. The exceptions
are B, Be, Cr, Ba, As, and Se. Additional study is also needed to define laboratory leach testing

protocols that can more accurately simulate leaching of trace elements from S-RSG.
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1. INTRODUCTION

Utilization of byproducts is becoming a common method to improve the ride
guality and structural capacity of roads. Use of self-cementitious fly ash in stabilizing the
existing road-surface gravel to form a stable base for hot mixed asphalt layer was
implemented in the conversion of a gravel road (CR 53) to a paved road in Chisago
County, MN.

A study was conducted to evaluate both short and long term geo-mechanical and
geo-environmental performance of the road constructed using fly ash stabilization by
UW-Madison Geo Engineering Program. In the framework of the study resilient
modulus, California Bearing Ratio (CBR), unconfined compressive strength, soil stiffness
gauge (SSG), dynamic cone penetrometer (DCP), falling weight deflectometer (FWD)
tests have been performed to evaluate the geo-mechanical characteristics. DCP and
SSG were performed on both subgrade and stabilized base. Resilient modulus, CBR
and unconfined compressive strength tests were conducted on fly ash mixed in the field
prepared right after construction and cured for 7 d. A lysimeter was constructed for
assessing ground water impacts associated with leaching of metals from fly-ash
stabilized subgrade. Column leaching tests were performed to asses the leaching
characteristics of fly ash stabilized road-surface gravel. An automated field monitoring
system was installed to observe the climatic conditions and provide a basis to interpret
the geo-mechanical and geo-environmental performance of the roadway. The field
instrumentation measures and records air temperature, relative humidity and
precipitation. Volumetric water content and temperature in base, subbase, and subgrade
at six locations.

This report describes a project where self-cementing fly ashes from a coal-fired

electric power plant were used to stabilize an existing gravel road to form a base for



HMA pavement during reconstruction as a paved road of a 3.5-km section of gravel
County Road 53 in Chisago County, MN (= 88 km north of Saint Paul, MN). The area
where fly ash stabilized material placed was cut and shaped in conformance with the
lines and grades given on the plans. Then cementitious fly ash (10% by dry weight) was
spread uniformly on the surface using truck-mounted lay-down equipment similar to that
described in Edil et al. (2002). The fly ash was mixed with a CMI RS-650-2 road
reclaimer into the gravel road to a depth of 254 mm, with water being added during
mixing using a water truck (see photographs in Appendix A). This mixture, which
contained 10% fly ash by dry weight, was compacted within 1-2 hr by a tamping foot
compactor followed by a vibratory steel drum compactor. The S-RSG was overlain with
51 mm non-wearing course and 38 mm wearing course (total 89 mm) of HMA within 3 to

7 d after compaction of the fly ash stabilized base.



2. DESCRIPTION OF THE SITE AND CONSTRUCTION

2.1. Site Description
Chisago County Road 53 (CR 53) is located 88 km north of the Saint Paul, MN

and runs north-south parallel to I1-35. . The field study was conducted between stations
0+00 to 104+00 of CR 53 (Fig. 1). Road surface had not been covered by pavement
and consisted of gravelly clayey sand before the construction. The purpose of the new
construction work was to increase the strength of the road-surface gravel to form a base
for the new asphalt pavement.

CR 53 lies on a flat topography in this area formed in Pine City ground moraine
(primarily classified as lean clay). Twenty one borings (Appendix B) were performed
along the length of the construction site that indicated presence of approximately 0.6-m
thick sandy gravel fill forming the pavement structure. The gravel fill was underlain
mostly by lean clay and occasionally poorly graded sand. The thickness of the gravel fill
was less than 0.3-m when sand subgrade was encountered. Groundwater level is about

1 m below the existing gravel road.

2.2. Construction
Fly ash was spread uniformly in strips directly over the gravel road until the width

of the whole road cross section was covered. The fly ash was spread by special truck-
mounted lay-down equipment (Fig. 2a). Top 254 mm of working platform was mixed
with fly ash using a CMI RS-650-2 road reclaimer. During the mixing process, water was
added from a water tanker truck attached to the reclaimer to provide optimum water
content. Immediately after the mixing process, a pad foot compactor and a vibratory

compactor with steel drum were used to compact the mixture in sequence to complete

3



the stabilization process (Fig. 2b). Compaction was completed within 1 to 2h after
mixing. The mixed material was compacted to a target relative compaction of 95% based
on standard Proctor energy (ASTM D 698). The standard Proctor maximum dry unit
weight was 21.9 kN/m*® and the optimum water content of 6%. Working platform
stabilized with fly ash was stiff and ready to be covered by asphalt concrete pavement.
Construction started on August 23, 2005 and ended on August 26, 2005. The
bituminous non wear course was paved on September 8, 2005 and the bituminous wear

course was paved on September 9, 2005.



3. MATERIALS

3.1 Subgrade

In order to characterize the engineering properties of soil profile, ten sampling
points were selected at construction stations of 10+00, 20+00, 27+30, 40+00, 50+00,
60+00, 70+00, 80+30, 90+00 and 104+00 in the middle of east bound lane. Disturbed
samples of subgrade soil and road-surface gravel (RSG) (~ 20 kg each) were collected
at these 10 stations during construction (see the construction route from Station 0+00 to
115+00 in Fig. 1). A backhoe was used to obtain samples of RSG and expose the
subgrade. On the exposed subgrade surface, in situ water content and dry unit weight
were measured using a nuclear gauge, a stiffness measurement was made using the
Soil Stiffness Gauge (SSG), and a dynamic penetration index (DPI) was determined
using a Dynamic Cone Penetrometer (DCP) . The data obtained are given in Table 1
along with estimated California Bearing Ratio (CBR) and elastic modulus corresponding
to weighted DPI over a depth of about 150 mm. CBR was estimated from the

relationship given by the US Army Corps of Engineers as follows

CBR =292 * DP| 2 (1)

where CBR in percent, DPI in mm per blow. Elastic modulus was estimated from CBR
using a well known UK Transportation Research Laboratory equation (Powell et al.
1984) as follows
E=17.6*CBR%* (2)
where E is in MPa and CBR is in percent.
CBR of the subgrade soils ranges from 5 to 33 (mean = 14). Stations 20+00, 40+00

and 50+00 had CBR of 5-7 classifying as fair subgrade, all other stations had a CBR of 8



or more classifying as a medium to good subgrade. The elastic modulus of the
subgrade ranges from 48 to 165 MPa (mean = 90 MPa). These values are reflective of

the low water content of the subgrade at the time these measurements were made.

Subgrade samples were visually classified and grouped into five groups.
Samples in each group were mixed together to create five composite samples and
Atterberg limits and grain size distribution tests were performed on the composites. The
Atterberg limits and percent fines are given in Table 2 along with group index and
AASTHO and USCS classifications.  The grain size distribution of each composite
group is given in Fig. 3. The subgrade consists of silty sands (SM and SP-SM) or sandy
low plasticity clays (CL and CL-ML) according to the Unified Soil Classification System.
According to the AASHTO Soil Classification System, most subgrade soils at this site
are A-2-4 with a group index (Gl) of 0. Other subgrade soils classify as A-3, A-4, and A-

5.

3.2 Road-surface gravel (RSG)
A summary of the textural characteristics of the RSG is shown in Table 3 and

grain size distribution curves for the RSG are shown in Fig. 4. The grain size distribution
curves fall in a relatively narrow band. The RSG samples consist of well-graded gravelly
sand with fines in the range of 11 to 14% except Station 90+00 where fines content is
22%. The sand content is consistently around 60% and the gravel content is about 25%.
Because of the very similar nature of the RSG along the construction route, a composite
sample was prepared for conducting laboratory tests. It is classified as gravelly clayey
sand according to Unified Soil Classification system (ASTM D2487).

Compaction tests were performed on a sample from Station 27+30 (near the pan

lysimeter location) and on the composite sample as shown in Fig. 5. The optimum water



content is approximately 9% and the maximum dry unit weight is 20 kN/m?* for both
samples based on standard compaction effort. The effect of grains larger than #4 sieve
on compaction is observable in Fig. 5b. (the optimum moisture content is lowered by 1%
and the unit weight is increased by 1.4 kN/m®). The compaction test performed by GME
Consultants, Inc for Chisago County prior to construction indicated an optimum water
content of approximately 6% and a maximum dry unit weight of 21.9 kN/m?® based on

standard compaction effort (ASTM D 698).

3.2 Fly Ash
Fly ashes from Riverside Unit 7 and Riverside Unit 8 power station at Saint Paul,

MN were used for stabilization. Table 4 shows the types of fly ashes used in each station
location. Chemical composition and physical properties of the fly ashes are given in
Table 5 along with the composition of typical Class C and F fly ashes as well as the
ASTM and AASHTO specifications for class C fly ash. Calcium oxide (CaO) contents of
Riverside 7 and Riverside 8 fly ashes are 24% and 22% and silicon oxide (SiO)
contents are 32% and 19% respectively. CaO/SiO, ratios, which are indicative of
cementing potential are 0.75 and 1.18. Loss of ignition (LOI), which is the indication of
the amount of unburned coal in the fly ash are 0.9% and 16.4%, respectively. According
to ASTM C 618, Unit 7 fly ash is a Class C fly ash whereas Unit 8 fly ash is an off-
specification (i.e., does not meet Class C or F specifications) self-cementing fly ash. In

this project, 10% fly ash by weight was mixed with RSG.

3.3 Stabilized Road-surface gravel (S-RSG)
Water content and unit weight of the compacted S-RSG were measured at each

station using a nuclear density gage (ASTM D 2922) immediately after compaction was



completed. Grab samples (= 20 kg) of S-RSG were also collected at these locations and
were compacted in the field into a CBR mold (114 mm inside diameter x 152 mm height)
and a resilient modulus mold (102 mm inside diameter x 203 mm height) to the unit
weight measured with the nuclear density gage. Three lifts were used for the CBR
specimens and six lifts were used for the M, specimens. After compaction, the
specimens were sealed in plastic and stored at 100% humidity for curing for
approximately 7 d. These test specimens are referred to henceforth as ‘field-mix’
specimens. Because of the cementing effects of the fly ash, index testing was not

conducted on the S-RSG.

Specimens of S-RSG were also prepared in the laboratory using the composite
sample prepared by mixing samples of RSG collected during construction with River
Side Unit 8 fly ash. These specimens, referred to henceforth as ‘laboratory-mix’
composite specimens, were prepared with 10% fly ash (dry weight) at the mean field
water content (6.4%) and mean dry unit weight (19.3 kN/m®. The laboratory-mix
specimens were compacted and cured using the procedures employed for the field-mix
specimens. Similarly a specimen was prepared with the composite RSG only (no fly

ash) at a dry unit weight of 19.3 kN/m? in an air-dry condition.



4. LABORATORY TEST METHODS

4.1 CBR
The CBR tests were conducted in accordance with ASTM D 1883 after 7 d of

curing (field-mix or laboratory-mix S-RSG) or immediately after compaction (RSG). The
specimens were not soaked and were tested at a strain rate of 1.3 mm/min. The 7-d
curing period and the absence of soaking are intended to represent the competency of
the RSG when the HMA is placed (Bin-Shafique et al., 2004). Data from the unsoaked
CBR tests were not intend as a measure of stiffness of the S-RSG and are not for use in

pavement design with S-RSG.

4.2 Resilient Modulus and Unconfined Compression Tests

Resilient modulus tests on the S-RSG and RSG were conducted following the
methods described in AASHTO T292 after approximately 7 d of curing (S-RSG)
immediately after compaction (RSG). Turner (1997) recommended a 14-d curing period,
intended to reflect the condition when most of the hydration is complete (Edil et al.,
2006). However, here only 7 d of curing was employed to compare with the field
measurements done after a similar period. The loading sequence for cohesive soils was
used for the S-RSG as recommended by Bin-Shafique et al. (2004) and Trzebiatowski et
al. (2004) for soil-fly ash mixtures. RSG was tested using the loading sequence for
cohesionless soils. Unconfined compressive strength was measured on specimens of
S-RSG after the resilient modulus tests were conducted. A strain rate of 0.21 % per min.
was used for the unconfined compression tests following the recommendations in ASTM
D 5102 for compacted soil-lime mixtures. No standard method currently exists for
unconfined compression testing of materials stabilized with fly ash, including stabilized

RSG.



Freeze-thaw effects were also investigated in the laboratory through resilient
modulus and post-resilient modulus unconfined compression tests performed on
composite RSG specimens stabilized with 10% Riverside 8 fly ash identically prepared
and cured as described earlier. Four specimens were prepared in replicate. One set
was tested immediately following the curing process. The remaining three sets were
subjected to 1, 3, and 5 cycles of freeze and thaw and then tested. The procedure of
freeze-thaw cycling is described by Rosa (2006). Her tests on a variety of fly ash
stabilized and unstabilized materials showed that the freeze-thaw effects stabilize after 5
cycles, thus 5 cycles were applied. A freezing-point depression test following ASTM
5918 was performed on the RSG and S-RSG to determine the temperature at which to
freeze the specimens. The freezing-point depression was 11 and 12 °C for RSG and S-
RSG, respectively; so the specimens were frozen to 15 °C three-dimensionally during
the freeze-thaw cycles. ASTM D 6035 was used as a guide for this procedure. This
standard describes a method to determine the freeze-thaw effects on hydraulic
conductivity.  Specimens prepared for freeze-thaw cycles had a thermocouple
embedded in the third layer. After curing, specimens were extruded from the molds.
After extrusion from PVC molds, the specimens were soaked for five hours. The
specimens were then wrapped in plastic to prevent changes in moisture content during
freeze-thaw cycling and placed in a freezer to begin cycling. The embedded

thermocouples were used to confirm freezing. Thawing took place at room temperature.

4.3 Column Leaching Test

Column leach tests (CLT) were conducted on samples of field-mix S-RSG
collected from Stations 2 and 5 (20+00 and 40+00). The specimens were prepared in

the field in a standard Proctor compaction mold (height = 116 mm, diameter = 102 mm)
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using the same procedure employed for the specimens of field-mix S-RSG prepared for

CBR testing. The specimens were cured for 7-d prior to testing.

The CLT was conducted following the procedure described in ASTM D 4874,
except a flexible-wall permeameter was used instead of a rigid-wall permeameter as
shown in Fig. 6. Flow was oriented upward and was driven by a peristaltic pump set to
provide a Darcy velocity of 2 mm/d. The effective confining pressure was set at 15 kPa.
A 0.1 M LiBr solution was used as the permeant liquid to simulate percolate in regions
where salt is used to manage ice and snow (Bin-Shafique et al. 2006). Effluent from the
column was collected in sealed Teflon bags to prevent interaction with the atmosphere.
Leachate was removed from the bags periodically (~ 30 ~ 60 mL of flow accumulation).
Volume of the leachate removed was measured, the pH was recorded, and a sample
was prepared for chemical analysis by filtering with a 0.45 um filter and preservation with
nitric acid to pH < 2.

All effluent samples were analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS) following the procedure described in USEPA Method 200.8.
Analysis was conducted for the following elements (detection limits in ug/L in
parentheses): Ag (0.02), As (0.1), B (0.2), Ba (0.02), Be (0.02), Ca (5), Cd (0.08), Co
(0.01), Cr (0.04), Cu (0.07), Hg (0.2), Mo (0.08), Mn (0.03), Ni (0.05), Pb (0.01), Sb

(0.02), Se (2.0), Sn (0.04), Sr (0.01), TI (0.006), V (0.06), and Zn (0.2).
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5. FIELD METHODS

5.1 Environmental Monitoring

The environmental monitoring program consists of monitoring the volume of
water draining from the pavement, concentrations of trace elements in the leachate,
temperatures and water contents within the pavement profile, and meteorological
conditions (air temperature, humidity, and precipitation). Monitoring of the pavement
began in November 2004 and is still being conducted.

Leachate draining from the pavement was monitored using a pan lysimeter
installed at Station 27+30 (Fig. 1). The test specimens for the CLT (Section 4.3) were
collected at Stations 2 and 5 (20+00 and 40+00) on either side of the pan lysimeter
location, so that a comparison could be made between leaching measured in the field
and laboratory. The lysimeter is 4 m wide, 4 m long, and 200 mm deep and is lined with
1.5-mm-thick linear low density polyethylene geomembrane. The base of the lysimeter
was overlain by a geocomposite drainage layer (geonet sandwiched between two non-
woven geotextiles). S-RSG was placed in the lysimeter and compacted using the same
method employed when compacting S-RSG in other portions of the project.
Photographs showing the lysimeter construction are in Fig. 7.

Water collected in the drainage layer is directed to a sump plumbed to a 120-L
polyethylene collection tank buried adjacent to the roadway. The collection tank is
insulated with extruded polystyrene to prevent freezing. Leachate that accumulates in
the collection tank is removed periodically with a pump. The volume of leachate
removed is recorded with a flow meter, a sample for chemical analysis is collected, and
the pH and Eh of the leachate are recorded. The sample is filtered, preserved, and
analyzed using the same procedures employed for the CLT (Section 4.3). Personnel

from the Chisago County collected the samples from the lysimeter.
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Conditions in the fly ash stabilized subbase and subgrade are being monitored
continuously at station 27+30. The data being collected include air temperature and
relative humidity; subsurface temperature and volumetric water content; quantity and
quality of water percolating from the fly ash stabilized subbase layer into the pan
lysimeter. Air temperature and relative humidity (RH) are measured with a thermistor
and a capacitive relative humidity sensor (Fig. 8). The Campbell Scientific Inc. (CSI)
HMP35C temperature/RH probe is housed in a radiation shield to eliminate the effects of
solar radiation (Figure 8b). A Rain gage (CSI TE 525) is used to measure precipitation.

Subsurface volumetric water contents in the S-RSG and the subgrade soils are
measured using CSI CS616 water content reflectometers (WCRs). Two of WCRs
installed in the S-RSG layer at 216 and 241 mm depths from the pavement surface. The
other two WCRs were placed in the subgrade soil at depths 445 and 700 mm from the
pavement surface. Locations of the WCRs are shown in Fig. 8a. WCRs employ a time-
domain reflectometry (TDR) methodology that relates the round-trip travel time of an
electromagnetic pulse along a wave to the volumetric water content of the medium in
which it is placed. The travel time is function of the dielectric content of the soil or S-
RSG, which is strongly influenced by water content (Benson and Bosscher, 1999).
Material-specific calibration curves are required to obtain accurate volumetric water
contents.

Subsurface temperature is measured at 6 locations in the S-RSG and the
subgrade using Type-T copper-constantan thermocouples. Thermo couples were wired
to datalogger trough an AM25T type multiplexer. Locations of the duplex insulated
thermocouples are shown in Fig. 8a.

Data from the meteorological and subsurface sensors are collected with a CSI

CR 23X datalogger powered by a 12-V deep-cycle battery and a solar panel. Data are
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downloaded from the datalogger via telephone modem. Photograph of the

instrumentation are included in Fig. 8b.

5.2 Mechanical Evaluation of Pavement Materials

Strength and stiffness of the S-RSG were measured with a soil stiffness gauge
(SSG), a dynamic cone penetrometer (DCP), and a falling weight deflectometer (FWD).
Photographs of the testing are included in Appendix A. Testing with the SSG and DCP,
was conducted directly on the S-RSG after approximately 7 d of curing. FWD testing
was conducted two times after the HMA was placed (November 8, 2005 and May 9,

2006).

The SSG tests were conducted in accordance with ASTM D 6758 using a Humboldt
GeoGauge. Two or three measurements were made at each station within a 0.1-m
radius. These measurements deviated by less than 10%. Thus, the mean of these
stiffness measurements is reported herein. DCP testing was conducted at each station
in accordance with ASTM D 6951 using a DCP manufactured by Kessler Soils
Engineering Products Inc. The dynamic penetration index (DPI) obtained from the DCP
was computed as the weighted penetration (mm per blow) over a depth of 150 mm

below the surface (subgrade or S-RSG) so it could be compared to SSG.

FWD tests were conducted at each station by Braun Intertec Inc. in November
2005 (2 months after construction) and in May 2006 (one year after construction) using a
Dynatest™ 8002E FWD following the method described in ASTM D 4694. Moduli were
obtained from the FWD deflection data by inversion using MODULUS 6.0 from the
Texas Transportation Institute. Analysis of the FWD data was conducted at the

University of Wisconsin-Madison.
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6. ENVIRONMENTAL DATA

6.1. Meteorological and Subsurface Conditions

Air temperature and relative humidity between November 2005 and May 2006
are shown in Fig. 9. The air temperature ranged from -27 and 34 °C during the
monitoring period, with sub-freezing temperatures occurring between November and
April.

Precipitation record at the site was obtained from the nearest weather station at
Cambridge, MN. The cumulative precipitation is shown in Fig. 10 for the period from
November 2005 to May 2006.

The air temperature and the subsurface temperatures and the volumetric water
contents as measured by sensors 1, 2, 3, and 4 (see Fig. 8a) are plotted in Figs. 11 - 14.
Additional subsurface temperatures were measured by sensors 5 and 6 at depths of 420
and 685 mm, respectively. They are plotted along with the air temperature in Fig. 15 for
the period October 2005 to April 2006. Temperature of the S-RSG (Sensors 3 and 4)
ranged between -10°C and 35°C (Figs. 11 and 12). This layer was frozen for about 3-4
months. The temperature of the unstabilized RSG ranged between -1 or -4°C and 31°C
(Figs. 13 and 15). This layer also experienced subfreezing temperatures for about 3-4
months but the temperature was slightly below the freezing point. Furthermore,
subfreezing temperatures penetrated for very short periods after major cold air
temperature spells in December and February. The temperature of the subgrade ranged
between -1 or -3°C and 27°C (Figs. 14 and 15). The subsurface temperatures varied
seasonally with the air temperature. The magnitude and frequency of variation
diminishes with depth, which reflects the thermal damping provided by the pavement

materials. Overall, the main layer that experienced freezing was the S-RSG although
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some penetration occurred below this layer. Main frost effects on the pavement would
be expected to emanate from this layer.

The volumetric water contents are given in Figs. 11 and 12 for the S-RSG layer, in
Fig. 13 for the RSG layer, and Fig. 14 for the subgrade. The volumetric water contents
drop when the soil temperature begins to fall below 0°C (volumetric water contents are
not reported in these figures for periods when freezing was established). These
apparent drops in water content reflect freezing of the pore water. The water content
measured by WCRs is determined by measuring the velocity of an electromagnetic wave
propagated along the probe. The velocity of the wave varies with the apparent dielectric
constant of the soil, which is dominated by the dielectric constant of the water phase.
When the pore water freezes, the dielectric constant of the water phase drops
significantly and this appears as a drop in water content in WCR data (Benson and

Bosscher 1999).

Higher volumetric water contents were recorded in the fine-textured subgrade
(maximum of about 33.5%) than the coarse-grained RSG (maximum of 28%), which
reflects the greater propensity of fine-textured soils to retain water. The volumetric water
content of SRGS, however, was quite high (up to 44 to 54%). This may be partly due to
calibration as we have not yet obtained the calibration curves for S-RSG but used the
curves for SRPM from Waseca project. This will be revised. No spikes are present in
the water content records, which reflects the ability of the HMA to impede infiltration
during precipitation and snow melt events and to limit evaporation during drier periods.
The annual variation in water content is relatively small in the subgrade and the RSG
layer, with a larger variation in the S-RSG layer. Higher water contents are recorded in

the spring, when greater precipitation occurs.
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The seasonal variation in water content is also reflected in the drainage collected in
the lysimeter, as shown in Fig. 10 when a significant rise is recorded in April 2006.
There is not complete annual record of drainage drainage yet to make definitive

conclusions. A complete summary of the lysimeter data is in Appendix C.

6.2 Trace Elements in Lysimeter Drainage

Approximately 29.6 m? of leachate corresponding to 3,183 mm of total drainage
occurred during the monitoring period from November 2005 to June 2006 as shown in
Fig. 16. This corresponds to 16 pore volumes of flow, PVF through the S-RSG by the
end of March 2006. This amount has increased to 48 PVF by June 15, 2006. The low
lying topography of the area and the heavy precipitation that occurred in Spring 2006
may have led to flooding of the lysimeter as these are very high numbers. For instance,
in the City of Waseca only 1.8 PVF occurred over 20 months in a similar arrangement
through a fly ash stabilized recycled pavement material. During this period, pH of the
drainage has been near neutral (6.8 — 7.6) and Eh = 41-342 mV. A summary of the pH
and Eh data along with the trace element concentrations is in Appendix C.

Concentrations of trace elements in drainage from the lysimeters are shown in
Fig. 17 as a function of PVF. The figure is divided into three parts: high concentration,
moderate and persistent, and low and diminishing concentration. Elements not shown in
Fig. 17 include those below the detection limit (Be, Ag, Hg, and Tl) and elements not
typically associated with health risks (e.g., Ca). All of the concentrations are below
USEPA maximum contaminant levels (MCLs) and Minnesota health risk levels (HRLS).
The exception is Mn, which had a maximum concentration of 3,682 ug/L and exceeded
the Minnesoata HRL of 100 ug/L. However, the Minnesota Department of Health no

longer recommends the HRL value and plans exist to increase the HRL to 1,000 to
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1,300 ug/L (www.pca.state.mn.us). USEPA does not have a primary criterion for Mn
although there is a secondary criterion. Most of the concentrations appear to be
stabilizing and persistent. Concentrations of some elements appear to be low and

decreasing (Pb, Sb and Sn).

6.3 Trace Elements in CLT Effluent

Two column tests were performed using material from Station 2 and 5 (20+00
and 40+00). Concentrations of trace elements in the effluent from the CLT on the S-
RSG are shown in Figs. 18 and 19, respectively for Stations 2 and 5.  Elements are
plotted separately in 3 groups depending on their peak concentrations in Figs. 18 and
19: those having peak concentrations exceeding 1 mg/L, those having peak
concentrations between 10 and 1,000 ug/L, and those having peak concentrations less
than 10 pg/L. A compilation of the data is in Appendix D.

Comparison of Fig. 18 with Fig. 19 indicates that the trace element
concentrations are comparable for the two samples obtained at two different stations as
the same elements are grouped into the same concentration range in both plots. The
only exception is Sr which has a peak concentration slightly over 10 pg/L in Station 5
and slightly lower than 10 pg/L in Station 2 sample. Comparison of Figs. 18 and 19
indicates that the trace element concentrations in the CLT effluent typically are higher
than concentrations in the drainage collected in the field (Fig. 17). The poor agreement
suggests that the CLT test method that was used may not be appropriate for evaluating
leaching of trace elements from S-RSG, unless a conservative estimate of the trace
element concentrations is acceptable. Despite the higher concentrations obtained from
the CLT, most of the elements have concentrations below USEPA MCLs and Minnesota

HRLs. The exceptions are for B (peak = 2,820 ug/L in St. 5, no MCL, HRL = 600 pg/L,),
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Be (peak =1 and 0.2 pg/L in St. 5 and St. 2, MCL = 4 ug/L, HRL = 0.08 pg/L), Cr (peak
= 801 and 543 ug/L in St. 5 and St. 2, MCL = 100 ug/L, HRL = 100 ug/L), Ba (peak =
4,460 and 4,490 ug/L in St. 5 and St. 2, MCL, HRL = 2,000 pg/L), As (peak = 50 and 37
pg/L in St. 5 and St. 2, MCL = 10 pg/L, no HRL), and Se (peak = 45 and 48 ug/L in St. 5
and St. 2, MCL = 50 pg/L, HRL = 30 ug/L). Although the leachates do not appear to
exceed the new HRL limit of 2 ug/L for Sb, there are some concentrations that approach
the limit in one of the CLT (Sta. 5, Table D3 in Appendix D).

The elution behavior observed in the CLT effluent follows two patterns: (i) first-
flush response, where the concentration falls from an initially high value and then
remains nearly constant, and (ii) persistent leaching, where the concentration initially

increases and then remains relatively constant.
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7. PROPERTIES OF S-RSG AND RSG

7.1 Laboratory Test Data

CBR, M,, and g, of the S-RSG and RSG are summarized in Table 6. Tests were
conducted on the RSG and laboratory-mix S-RSG using the composite sample created
by mixing the RSG samples from all of stations. Tests were conducted on both RSG
and S-RSG to determine the benefits of adding fly ash to the mixture in terms of strength
and stiffness gain but ultimately to assess these values for S-RSG and compare with

traditional base course material.

CBR of the field mix S-RSG is given along the alignment of the project in Fig. 20
supplemented with CBR of the S-RSG estimated from DCP along with the laboratory
CBR tests on RSG and S-RSG performed using the composite sample.  There is no
systematic variation in CBR of the RSG or S-RSG along the alignment, suggesting that
the variability in the CBR is more likely due to heterogeneity in the material rather than
systematic variation in site conditions or construction methods. A review of the type of
fly ash used, Riverside Unit 7 or 8 (i.e., Class C versus off-specification fly ash) (see
Table 4) in each station does not reveal any influence of fly ash. For instance, at
Stations 27+30, 60, and 70 only Unit 8 (off-specification fly ash) was used whereas at
Station 40 only Unit 7 (Class C fly ash) was used. There is no significant difference in
CBR between these stations. After 7 d of curing, the S-RSG prepared in the laboratory
using materials sampled during construction had CBR mostly ranging between 48 and
90, M, between 96 and 195 MPa, and unconfined compressive strengths between 197
and 812 kPa, whereas the RSG alone had CBR of 24 and M, of 51 MPa. At four
stations, CBR of the field mix S-RSG varies between 50 and 80 and compares well with
good quality gravel base course but lower than crushed rock base course (Hunt 1986).

At three stations CBR of field mix S-RSG is around 80. At one station (Station 50), CBR
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is much lower (i.e., 16) but this is not supported by the DCP data at that station.
Therefore, it is likely due to some sampling error but not a systematic problem. The
CBRs as estimated from the field DCP are mostly comparable to field mix CBR but
occasionally higher and in no case lower. The curing period was 7 days both for field
mix specimens tested in the laboratory and the DCP in the field. The CBR of the
laboratory mix S-RSG was 154 and much higher than any of the S-RSG field specimens
or tests. The CBR of the composite RSG sample was 24 and RSG is unqualified as a
base course based on this CBR. However, adding fly ash to the RSG increased the
CBR appreciably, although the CBR in the field was as much as 66% lower than the
CBR of the laboratory-mix S-RSG. This is consistent with the observations made at for
stabilized recycled pavement material in the City of Waseca (Li et al. 2006) and fine-
grained subgrade stabilization (Bin-Shafique et al. 2004). Bin-Shafique et al. (2004)
attribute these differences in CBR to more thorough blending of soil and fly ash in the
laboratory compared to the field, resulting in more uniform distribution of cements within

the mixture.

The CBR of the subgrade soils were estimated from DCP and given in Table 1 and
plotted in Fig. 20. Subgrade CBR vary between 5 and 33 (mean = 14). Stations 20+00,
40+00 and 50+00 had CBR of 5-7 classifying as fair subgrade, all other stations had a

CBR of 8 or more classifying as a medium to good subgrade.

Resilient moduli data of field mix S-RSG are shown in Fig. 21. Fig. 21a shows
resilient modulus as a function of deviator stress. Resilient modulus does not show
much dependence on deviator stress within the test range unlike typical cohesive soils.
The resilient moduli along the alignment of the project are shown in Fig. 21b. These M,
correspond to a deviator stress of 21 kPa, which represents typical conditions within the

base course of a pavement structure (Tanyu et al. 2003, Trzebiatowski et al. 2004). As
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observed for CBR, there is no systematic variation in M, along the alignment. The field-
mix S-RSG had M, between 96 and 195 MPa (mean = 153 MPa). The mean resilient
modulus of field-mix S-RSG is markedly higher than the mean resilient modulus of field-
mix recycled pavement materials (153 Mpa versus 78 MPa). It is also higher than the
typical resilient modulus of crushed rock aggregate (48 to 103 MPa). Mr of the
composite RSG and the laboratory mix S-RSG were measured to be about 51 and 112
MPa (the range for the laboratory mix S-RSG is 94 and 131) at typical pavement
stresses (Table 6). Adding fly ash increased the M, by two folds in the laboratory. M, of
the field-mix S-RSG was on average higher than the M, of the laboratory-mix S-RSG

(153 versus 112 MPa). This is not consistent with all other fly ash sites investigated.

Unconfined compressive strength measured on the resilient modulus specimens
after the resilient modulus tests of the S-RSG along the alignment of the project are
shown in Fig. 22. Strengths are not reported for RSG because the RSG is essentially
non-cohesive and therefore is not amenable to q, testing. As with CBR and M,, there is
no systematic variation in ¢, along the alignment. The field-mix S-RSG had q, between
197 and 812 kPa (mean = 408 kPa). The laboratory mix S-RSG had q, between 207 and
448 kPa (mean = 322 kPa). q, of the field-mix S-RSG follows the same trend as M; in

comparison to the laboratory-mix S-RSG i.e., higher.

Resilient modulus and unconfined compressive strength of the specimens that were
subjected to freeze-thaw cycles were normalized by the resilient modulus and
unconfined compressive strength of the specimen that was not subjected to any freeze-
thaw cycles to determine the loss of property due to freze-thaw. The results are
summarized in Table 7. Resilient modulus dropped by 17% after 5 cycles of freeze-
thaw. Rosa (2006) performed freeze-thaw tests on a variety of materials including fine-

grained soils alone and stabilized with fly ash. The degree of resilient modulus reduction
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varied with the type of material but remained to be no more than 50%. S-RSG appears

to show resistance to frost damage in the laboratory.

7.2 Field Test Data

A set of SSG measurements were made immediately after S-RSG was compacted in
the field. Another set of SSG as well as a set of DCP measurements were made
approximately after 7 to 10 d of curing. In situ stiffness measured with the SSG and
dynamic penetration index (DPI) measured with the DCP are shown in Fig. 23 for the
subgrade and the S-RSG. Subgrade has DPI vary between 7 and 39 mm/blow (mean =
20.4 mm/blow) whereas S-RSG DPI varies between 2 and 5 mm/blow (mean = 3.4

mm/blow) as shown in Fig. 23a.

As shown in Fig. 23b, subgrade SSG stiffness varies between 8 and 17 MN/mm
(mean = 11 MN/mm). SSG stiffness of S-RSG varies between 11 and 22 MN/mm
(mean = 16 MN/mm) after compaction. SSG stiffness increased with curing and varies
between 17 and 34 MN/mm (mean = 27 MN/mm) after 7 d. The DPI and stiffness of the

S-RSG are also less variable than those of the subgrade.

The SSG and DPI statistics for the subgrade and the S-RSG are shown in Fig. 24.
In this type of box plot, each box encloses 50% of the data with the median value of the
variable displayed as a line. The top and bottom of the box mark the limits of + 25% of
the variable population. The lines extending from the top and bottom of each box mark
the minimum and maximum values within the data set that fall within an acceptable
range. Any value outside of this range, called an outlier, is displayed as an individual

point. The effect of stabilization and curing is evident in Fig. 24.
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Maximum deflections from the FWD tests for the 40-kN drop are shown in Fig. 25a
for November 2005 several months after construction and when the air and ground
temperatures were dipping although there was no frost penetration and for May 2006
when ground temperatures but also the volumetric water contents both in RSG and S-
RSG layers were significantly higher compared to November 2005 (see Figs. 11, 12, and
13). The volumetric water content of the subgrade layer was comparable between the
two FWD testing dates (see Fig. 14). Maximum deflection, which is measured at the
center of the loading plate, is a gross indicator of pavement response to dynamic load.
Also given on Fig. 23b are the subgrade and S-RSG SSG surveys. There is a marked
increase in deflections in May 2006. The deflections in May 2006 are particularly larger
at Stations 60+00 to 80+00. The S-RSG stiffness as measured by SSG shows some
variation but does not indicate any weakness around Station 60+00. The subgrade
stiffness, however, tends to mimic the variation observed in the FWD maximum

deflections. Additional data are needed to make reasonable conclusions.

Elastic moduli of the S-RSG that were obtained by inversion of the FWD data are
shown in Fig. 26a. For the inversion, a three-layer profile was assumed that consisted of
asphalt (89-mm thick), S-RSG (254-mm thick), and an infinitely thick subgrade. Modulus
of the asphalt was allowed to vary between 345 and 11,750 MPa and the Poisson’s ratio
was set as 0.4. The S-RSG was assumed to have a Poisson’s ratio of 0.35 and the
modulus was allowed to vary between 70-9400 MPa. The subgrade was assumed to

have a Poisson’s ratio of 0.35.

The modulus of the S-RSG varies between 513 and 1098 MPa (mean = 741 MPa) in
November 2005 and between 74 and 199 MPa (mean = 156 MPa) in May 2006. Most of
the S-RSG moduli are 600-700 Mpa in November 2005. In May 2006, S-RSG moduli are

100 to 200 MPa at most stations but it is markedly low at Station 70+00. The subgrade
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moduli also are lower in May 2006 in comparison to November 2005 but they appear to

be fairly uniform along the roadway.

The statistics of elastic moduli as determined from the FWD test for the S-RSG
and the subgrade are shown in Fig. 27 over the length of the construction route
indicating the drop for both the S-RSG and the subgrade from November 2005 to May
2006. Additional monitoring is needed to understand the trends and the causes. While
there is a dramatic drop in the S-RSG modulus, the median value of 162 MPa in May
2006 is comparable to or slightly higher than that of fly ash stabilized recycled pavement

material in the City of Waseca as measured in August 2005 (Lin et al. 2006).

Moduli obtained from the FWD inversion are compared with those obtained from
the resilient modulus tests on field-mix specimens and the moduli computed from the
stiffness measured with the SSG in Fig. 28. Elastic modulus (E) was computed from the

SSG stiffness (Kssg) using (Sawangsuriya et al., 2003):

_ Ksse (1-07)
1.77R

where R is the outside radius of the SSG foot (0.057 m) and v is Poisson’s ratio
(assumed to be 0.35). Moduli obtained from the resilient modulus test on field-mix
samples are markedly lower than those obtained from November 2005 FWD but
comparable to those from May 2006 FWD. SSG gives 50% higher moduli than the

moduli obtained from the resilient modulus test. November 2005 FWD data appear

anomalously high compared to other data here and elsewhere.
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8. CONCLUSIONS AND RECOMMENDATIONS

A case history has been described where Class C and off-specification
cementitious fly ashes (10% by weight) were used to stabilize road-surface gravel (RSG)
during construction of a flexible pavement. California bearing ratio (CBR) and resilient
modulus (M,) tests were conducted on the RSG alone and fly-ash stabilized RSG (S-
RSG) mixed in the field and laboratory to evaluate how addition of fly ash improved the
strength and stiffness. In situ testing was also conducted on the subgrade and S-RSG
with a soil stiffness gauge (SSG) and dynamic cone penetrometer (DCP). Falling weight
deflectometer (FWD) test were conducted after paving on two different occasions. A
pan lysimeter was installed beneath the pavement to monitor the rate of drainage and
trace element concentrations in the leachate. Two column leaching tests were also
conducted on samples of S-RSG collected during construction.

After 7 d of curing, the S-RSG prepared in the laboratory using materials
sampled during construction had CBR mostly ranging between 48 and 90, M, between
96 and 195 MPa, and unconfined compressive strengths between 197 and 812 kPa,
whereas the RSG alone had CBR of 24 and M, of 51 MPa. Field-mix S-RSG had
significantly higher CBR and M, than RSG that was not stabilized with fly ash. This
finding suggests that fly ash stabilization of RSG should be beneficial in terms of
increasing pavement capacity and service life. The CBRs of S-RSG mixed in the field
were mostly 50 to 80 and lower than that for S-RSG mixed in the laboratory (154);
however, the opposite was observed for M,, and for q,. This is in contrast with previous
experience and being explored further.

Moduli obtained from the FWD inversion are compared with those obtained from
the resilient modulus tests on field-mix specimens and the moduli computed from the

stiffness measured with the SSG. Moduli obtained from the resilient modulus test on
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field-mix samples are markedly lower than those obtained from November 2005 FWD
but comparable to those from May 2006 FWD. SSG gives 50% higher moduli
compared to the modulus obtained from the resilient test . November 2005 FWD data
appear anomalously high compared to other data here and elsewhere. Longer-term
monitoring is needed to confirm that the modulus of S-RSG will persist after multiple
winter seasons.

Chemical analysis of the draining leachate showed that the concentrations of
many trace elements were reasonably steady toward the end of the monitoring period.
Longer-term monitoring is needed to fully understand the potential for S-RSG to leach
trace elements during the service life of a pavement. However, during the monitoring
period, all of the concentrations (with the exception of Mn) were below USEPA maximum
contaminant levels (MCLs) and Minnesota health risk levels (HRLs) established by the
Minnesota Dept. of Public Health. The trace element concentrations in the CLT effluent
typically are higher than concentrations in the drainage collected in the field in the
lysimeters. The poor agreement suggests that the CLT test method that was used may
not be appropriate for evaluating leaching of trace elements from S-RSG, unless a
conservative estimate of the trace element concentrations is acceptable. Despite the
higher concentrations obtained from the CLT, most of the elements have concentrations
below USEPA MCLs and Minnesota HRLs. The exceptions are for B, Be, Cr, Ba,As,
and Se. Additional study is also needed to define laboratory leach testing protocols that

can more accurately simulate leaching of trace elements from S-RSG.
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Table 1. Physical properties of subgrade soils.

DCP
SSG Index Elastic
Ya Stiffness (DPI) Modulus
Station | (kN/m® | Wa (%) | (MN/m) | (mm/blow) | CBR (%) | (MPa)*
10+00 19 12 12 14 15 100
20+00 17 3 8 31 6 57
27+30 18 15 14 19 11 81
40+00 18 6 8 30 7 61
50+00 21 8 13 39 5 48
60+00 19 12 17 19 11 81
70400 22 7 12 7 33 165
80+00 20 8 9 9 25 138
90+00 19 5 8 16 13 91
104+00 19 5 9 20 10 78

Notes: SSG = Soil Stiffness Gauge, DCP = Dynamic Cone Penetrometer
(DPI is the weighted average DPI over a depth of 150 mm), CBR = California
Bearing Ratio (estimated from weighted DPI), w, = in situ water content and

vq = in situ dry unit weight (measured by nuclear gauge).

* Estimated from CBR
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Table 2. Index properties and classification of subgrade soils.

USCS
Group | Stations | LL | PI % Gl Group G N AASHTO
Fines Symbol roup Name
20+00 ) Poorly graded )
A aoro0 | NP NP 69 | O 1 SPSM 1 Gand with silt A3
27+30 Sandy lean
B 60+00 44 | 28 | 61.8 14 CL clay A-5
50+00
70+00 _
C 80+00 18 | NP | 211 0 SM Silty sand A-2-4
104+00
D 10400 | 21 | 4 | 538 | 0 | cLML Sanc‘i';/lys"ty A4
E 90+00 NP | NP | 165 0 SM Silty sand A-2-4

Note: LL = liquid limit. P1 = plasticity index. GI = AASHTO group index. USCS = Unified Soil

Classification System. AASHTO = American Association of State Highway and
Transportation Officials.
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Table 3. Grain size fractions, in situ water content, and compaction characteristics of

RSG.
Staton | oo | sand | Fines (3??1) Cy Ce
10+00 278 586 | 13.6 0.03 38 16
20+00 18.4 695 | 12.0 0.05 17 1.6
27430 28.1 608 | 11.2 0.06 30 0.8
40+00 224 649 | 128 0.06 19 11
50+00 25.9 621 | 120 0.06 21 11
60+00 20.8 644 | 148 0.04 21 18
70+00 195 684 | 121 0.05 16 17
80+30 32.8 554 | 11.8 0.10 5 11
90+00 20.1 575 | 224 0.03 13 17
104+00 16.8 697 | 135 0.03 25 16
Composite | 24.5 643 | 11.2 0.06 20 0.9

Notes: Dy = effective grain diameter, C, = uniformity coefficient, C. = coefficient of curvature.
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Table 4. Types of fly ashes used in each station.

Station Fly Ash Type
10+00 Riverside 7, Riverside 8
20+00 Riverside 7, Riverside 8
27+30 Riverside 8
40+00 Riverside 7
50+00 Riverside 7, Riverside 8
60+00 Riverside 8
70+00 Riverside 8
80+30 Riverside 7, Riverside 8
90+00 -

104+00 -
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Table 5. Chemical composition and physical properties of Riverside 7 and 8 fly ashes,
typical Class C and F fly ashes, and specifications for Class C fly ash

Percent of Composition

Specifications

Parameter Riverside | Riverside | Typical* | Typical* ASTMC | AASHTOM
7 8" ClassC | ClassF 618 295

Class C Class C

SiO, (silicon dioxide), % 32 19 40 55

AlL,O3 (aluminum oxide), % 19 14 17 26

Fe,O; (iron oxide), % 6 6 6 7

SiO; + Al,O3 + Fe,03, % 57 39 63 88 50 Min 50 Min

CaO (calcium oxide), % 24 22 24 9

MgO (magnesium oxide), % 6 5.5 2 2

SO; (sulfur trioxide), % 2 5.4 3 1 5 Max 5 Max

CaO/SiO, 0.75 1.18

CaO/(SiO,+AlL03) 0.47 0.68

Loss on Ignition, % 0.9 16.4 6 6 6 Max 5 Max

Moisture Content, % 0.17 0.32 - - 3 Max 3 Max

Specific Gravity 2.71 2.65 - -

Fineness, amount retained 12.4 15.5 i i 34 Max 34 Max

on #325 sieve, %

"Chemical analysis and physical analysis provided by Lafarge North America

*from Bin-Shafique et al. (2004)
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Table 6. CBR, M,, and g, of RSG and S-RSG.

CBR (%) M, (MPa) a (kPa)
Staton | gsG | P | LabMix | oo | Field-Mix | Lab-Mix | Field-Mix | Lab-Mix
(Lab) | MXS" | s-RsG S-RSG | SRSG | S-RSG | S-RSG
10400 | - | & - - 195 i 288 -
20400 | - | 4g - - 119 i 422 -
27430 | - | =g - - 175 i 215 -
40400 | - | oo - - 173 i 812 -
50400 | - | 16 - - % i 352 -
60400 | - | &g - - 150 i 197 -
70400 | - | g3 - - 180 i 490 -
80+30 | - | &g - - 136 i 484 -
90400 | - - - - i i - -
104+00 | - - - - i i - -
Composite | 24 ) 154 512 - 112° 322

Notes: CBR = California bearing ratio, M, = resilient modulus, g, = unconfined compressive

strength, hyphen indicates test not conducted, NA = not available because specimen

damaged. ® Tested as granular soil at bulk stress 70 kPa. b Reported at deviator stress of 21

kPa.
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Table 7. Mr, and qu changes of S-RSG subjected to freeze-thaw cycles.

Freeze-Thaw Cycle Normalized M, Normalized q,
0 1 1
1 0.94 1.2
3 0.90 2.3
5 0.83 0.97

Notes: M, = resilient modulus reported at deviator stress of 21 kPa (normalized
by M, of specimen not subjected to freeze-thaw). g, = unconfined compressive
strength (normalized by M, of specimen not subjected to freeze-thaw). All tests
in replicate.
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Fig. 1 Location of County Road 53 and study area.
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Fig. 2 (a) Spreading of fly ash on gravel road with lay-down equipment and (b) Mixing
process of fly ash, road-surface gravel, and water by a reclaimer (compaction is
performed right after mixing by tamp-foot compactor seen in the background).
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Fig. 27 Statistical evaluation of Elastic moduli back-calculated from FWD tests by using
MODULUS 6.0 software. (a) S-RSG (b) Subgrade.
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Fig. 28 Elastic modulus from laboratory resilient modulus, SSG and FWD tests (a)
Modulus at each station (b) Statistical evaluation of results.
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APPENDIX A

PHOTOGRAPHS OF
FIELD TESTS, CONSTRUCTION AND INSTRUMENTATION



Fig Al. Road-surface gravel (RSG) before construction



Fig A2. Soil Stiffness measurement by using SSG on subgrade.



Fig A3. Measurement of water content and unit weight of subgarde.



Fig A4. Dynamic cone penetration (DCP) test on subgrade



Fig A5. Collecting a sample in a thin-wall tube



Fig A6. Lay-down truck placing fly ash on RSG



Fig A7. Road-reclaimer blending fly ash and water truck



Fig A8. Road surface after blending process.



Fig A9. Compaction of fly ash and RSG mix by using sheep foot and roller drum
compactors.



Fig A10. Compaction and grading of S-RSG surface.



Fig A1l. Nuclear gauge and SSG tests on S-RSG.



Fig A12. Collection subgrade, RSG, fly ash and S-RSG bucket samples



Fig A13. M, and CBR sample preparation of field mix soils collected with in 1-2
hour of blending process.



Fig Al4. Excavation of lysimeter pit.



Fig A15. Construction of water tank and lysimeter — tank connection pipe.



Fig A16. Placement of geomembrane and geotextile.



Fig Al7. Controlled filling of lysimeter pit with subgrade and RSG.



Fig A18. Installation of volumetric water content and temperature sensors into
subgrade and RSG in lysimeter pit Sensor 1 is in subgrade and Sensor 2 is in RSG.



Fig A19. Installation of temperature sensors into subgrade and RSG in lysimeter
pit. Sensor 6 is in subgrade and Sensor 5 is in RSG.



Fig A20. Installation of volumetric water content and temperature sensors (Sensor
3) into S-RSG on lysimeter.



Fig A21. Compcation of sensor trench with a hand compactor in S-RSG



Fig A22. View of monitoring station.



APPENDIX B
BORE HOLE LOGS



BRAUMN"
INTERTEC

LOG OF BORING

HEALUN BASIC LOG BI0STA GP] BRAUMGDT 62701 12:04

Braun Project BBXX-01-097A BORING: 53-0+00
Geotechnical Evalu alion LOCATION: 25 Right
Varions Gravel Roads
Chisago County, Minnesota
DRILLER: METHOD: Power Auger DATE: 524/ SCALE: "=4
Drepth . .
feet | ASTM Diescription of Materials BPF (W1 Tests or Motes
0.0 | Symbal (ASTM D2488 or D248T)
7.3 FILL FILL: Silty Sand, fine- to medinm-grained, with a trace of
- FILL Gravel, A ate Base, brown, moist,
: ¥ | fine-tor fum-grained, trace o
00 228 with roots, dark oray, moist. i
CcL LEAN C[:IE?, with a trace of Gravel, Tight yellow Brown, "
= mcHst. —
2l__so
7 END OF BORING.
_E i Boring then backfilled. 7]
“al _
5
el .
2
wl- -
5
i —
o
&l -
B _
5
E_ B
= 4
g |
i _
af -
b
2l

BORN-01-08TA

Hraun [menes Corpormion, 3. Faol

30+l page Tof |




BRAUN"
INTERTEC

LOG OF BORING

Braun Project BBXX-01-097A
Geotechnical Evaluation

Various Gravel Roads

Chisago County, Minnesota

BORING: 53-5+00
LOCATION: 24" in the Middle

sheet for explanation of abbreviations)

HRAUN BASIC LOG BI04 GP] BRATRLGOT &390 1211

DRILLER: | METHOD: Power Auger DATE:  5724/01 | SCALE: 1" =4
Depth . .
feet | ASTM Description of Materials BPF |WL Tests or Notes
0.0 Symbol (ASTM D248E or 2487
0.6 [FILL FILL: Silty Sand, fine- to medium-grained, with a trace of
- FILL Gravel, Appre Basze, reddizh brown, moist.
T Silty Sand, fine- to medium-grained, wi
20 Gravel BY, IMOist.
CL L with a trace of Uravel, g yellowis
= brown, maoist, -
ol -
END OF BORING.

Boring then backfilled.

BAERC e -0 A amin Interisc Corpo

nakion, 3, Faul aa-3TU0 page §all



BRAUN"
INTERTEC

LOG OF BORING

raun Project BBXX-01-097A
Geotechnical Evaluation
Yarions Gravel Roads
Chisago County, Minnesota

BORING:

53-10+00

LOCATION: 24° Left

DRILLER: | METHOD: Power Auger

DATE: 524/01

| SCALE: 1"=4

Depth

feet
0.0

ASTM
Symbal

Deseription of Materizls
[ASTM D248E or D248T)

BPF

WL

Tests or Motes

0.8

FILL

FILL: Silty Sand, fine- to medium-grained, with a trace of

reddizsh brown, moist.

2.0

FILL

CGiravel
: Silty Sand, fine- to me
rayish brown, moist,

CL

N

5.0

END OF BORING.
Boring then backfilled,

sheet for explanation of abbreviztions)

BRAUM BASIC LOG B IDSTA G BRAUN.GIT 62701 12:04

DEXER]RTA

Drann Inveriae Lrporaton, sl Faul

33-10+HEE page 1ol




BRAUN"
INTERTEC

LOG

OF BORING

Braun Project BEXX-01-097A
Geotechnical Evaluation

Various Gravel Roads

Chisago County, Minnesota

BORING:

53-15+00

LOCATION: 24" in the Middle

[Sce Descriptive Terminology sheet for explanation of abbreviations)

ORALM BASICLOG BIISTA.GPT BRALN GDT 42701 12:00

DRILLEE: | METHOD: Power Auger DATE: 5714001 | SCALE: 1"=4'
Depth . . . . o
feet | ASTM Drescription of Materials BFF Wl l'ests or Motes
0.0 | Symbol [ASTM D2488 or D2487) |
0.7 [FILL FILL: Silty Sand, fine- to medium- amc:d with s race ol |
18P foo\Gravel, Ags eeate Base E:E]mﬂsh 1 brown, moist. fai
Sl FOOREY GRADED SA , fine- to medium-grain
- 4 yellowish brown, moist,
40 e - S
[ O B LEAN CLAY, with a trace of Gravel, prayish brown,
5.0 maoist, N ]
EMD OF BOKING.
i Boring then backfilled.
B T
L i 2
|
L | -
|
|
— i
|
- i -
E
i | :
| :
L { =
- ! —
i J
5 i
= ; .
- . .
{ | !
] | 1
B P -
L
i
L | _

BESH-D1-0RTA

Lraun bdertes Lerporaion, Sl I

]

F3-La+l) page Lol'k




BRAUN"
INTERTEC

LOG OF BORING

Braun Project BEXX-01-097A
Geotechnical Evaluation

Yarious Gravel Roads

Chisago County, Minnesota

BORING: 53-25+00
LOCATION: 24' Eli@t

(See Descriplive Terminology sheet for explanation of abbreviations)

DRILLER: | METHOLD: Power Auger DATE: 524/ ! SCALE: 1"=4
Depth | | o ) _ ]
feet | ASTM | Description of Materials BFF |WL Tests or Notes

0.4 | Symbol {ASTM D248 or D2487)
0.5 [FILLESE l-‘lLL‘.I.‘Silt}' sand, 1]'_1511:- to rrll[tdll_llg-ﬁ amed, with a trace o

= L Gravel, Azzregate Base, yellowish brown, moist. fi

\-‘ILL: Silty Sand, Tine- 1o medmm-gyamezd, with a trace of |
2.0 Gravel, dark gray, moist. .
| ML SIT.T, with wood, black, moist.

5.0 ‘

END OF BORING.
Boring then backfilled.

BRALIM BASIKC LOG BIH974 .0P] BRALN GOT 27071 1204

BEXR-0T-09TA

Hrown Deres Corporation, 50 Faul

33-25+0 poge Lol



BRAUN" LOG OF BORING

INTERTEC
Braun Project BBXX-01-097A BORING: 53-30+00
Geotechnical Evaluation LOCATION: 26" in the Middle

Various Gravel Roads
Chisago County, Minnesota

DRILLER: | METHOL:, Power Auger DATE:  5724/01 SCALE,  1"=4'
Depth .
feEtt ASTM Deseniption of Materals BPF (WL Tests or Notes
0.0 | Symbaol (ASTH D24RR or D24ET)

08 FILL FILL: Silty Sand, fine- to medium-grained, with a trace of
— [FILL Gravel, A ate Base, vellowish brown, moist. =
mﬁfﬂﬂhm-galmd, with a trace of
2.0 Gravel, da moist.
cL TEANTLAY With & trace 6T Gravel, gt yellowish

- brovrn, moist, -

5.0

END OF BORING.
Boring then backfilled.

jon of abbreviationg)

GRALN BASIC LOG BI0STA GPI BRAUNGIT A270112:10

I Bran Interies LCorporaiion, 3. Faul SEA0 page el ]



ﬁﬁﬂﬂﬁ“ LOG OF BORING

INTERTEC
Braun Project BBXX-01-097A BORING: 53-35-+00
Geotechnical Evaluation LOCATION: 26' Left

Various Gravel Roads
Chisage County, Minnesota

DRILLER: | METHOD: Pawer Auger DATE:  524/01 J SCALE: 1"=4
Depth . .
faal | ASTM Degeription of Materials BFF |WL| Tests or MNotes
0.0 | Symbol (ASTM DZ488 or DI487)
0.4 JFILL] FILL.: Silty Sand, fine- to medinm-grained, with a trace of
- FILL ‘;Grsve] Appregate Base, vellowish brown, moist. }f

FILL: Silty Sand, fine- fo medium-grained, with  trace of

2.0 Y Gravel, dark brown, maist.

k ;. 1ine= [0 I T =; E1
yallowish brown, moist. .

END GF BORING.
Boring then backfilled.

sheet for sxplanation of ebbreviations)

HRAUN BASIC 100G BECGTA GP] BRALN.GOT &FU01 12:00

BN UL T A Braun Inieres Ceeparauon, 51 Poub 33.33+00 page Lof |



IBEAHN" LOG OF BORING

INTERTEC
Braun Project BBXX-01-097A BORING: 53-40+00

Geotechnical Evaluation LOCATION: 24 in the Middle
Various Gravel Roads :

Chisago County, Minnesota

DRILLER: | METHOD: Power Auges DATE: 524/ | SCALE: 1" =4
L

D.ﬂi;gl: ASTM Deseription of Materials BFF WL Tests or Motes
0.0 Symbol {ASTM D2488 or D24RT)
0.4 (FILL FILL: Silty Sand fine- to medium-gramed, with a trace of

S FILL ,-!\ te: Base, yellowish browr, moist,

B SMEEE G

1 SILTY S,
aray, moist. -
POORLY GRADED SAND, fine- to medium-grained, .
orangish brown, moist.
TEND OF BORING.

Boring then backfilled.

lanation of abhreviations

sheed for ex

(See Descriptive Terminolo

HRAUN BASIC LOG BIo47A GP] BEAUN.GDT &3701 12:10

BHEX-D1-RTA Brawn [ntenee Corpacation, St Faul a-40tuU pape lof ]



BRAUN"

INTERTEC

LOG OF BORING

Braun Project BBXX-01-09TA
Geotechnical Evaluation

VYarious Gravel Roads

Chisago County, Minnesota

BORING: 53-45+20

LOCATION: 25 Left, #323

DRILLER: | METHOD: Power Auger DATE: 524001 SCALE: 1"=4
Depth ) ) l ! i
feet | ASTM Description of Materials i BPF [WL Tests or Motes
0.0 Symbol {ASTM D2Z458 or D2487)
03 FILL FILL: Silty Sand, fine- to medium-gramed, with a trace of
- [FICL li"ra!.el Aggzrepate Base, brawn, moist, "r
150 ! : ;J"\. Sand, fine- to medinm- grained, with a trace Df' f
- CL 7 \Gravel, dﬂrL browes, moist. H
3 AMT L with a trace of Gravel, [ight yellowlsh
- brown, m..w:,l -
| R _ .
% END OF BORING.
g_ Boring then backfilled. _
,.3 - —
k=B
£
-
k=] |
oy S —_—
& 1
2t |
.
=
[y - —_
=
LA
.%L ; -
= | .
i !
al | _
|| :
=
o f— p—
=
= e
tﬁd N
2 i
=
]
3 - -
o
Q — ]
|
2l 1
Z |
= BRRE-DI-08TA Braun Lokeres Corperatian, 0. Paul Jd-A320 pape | of |



BRAUN LOG OF BORING

INTERTEC
Braun Project BBXX-01-097A BORING: 5350400
Geotechnical Evaluation LOCATION: 25 in the Middle

Yarious Gravel Roads -
Chisago County, Minnesota

DRILLER: | METHOD: Power Auger DATE:  &24/m1 SCALE: 1"=4
feet | ASTM Diescription of Materials BPF [W1, Tests or Motes
0.0 | Symbol (ASTM D2488 or D248T)

FILL FILL: Silty Sand, fine- to medium-grained, with a trace of

= 0.8 T Gravel, A & Base, brown, moist.
] PEKTEET ﬁﬁﬁﬁﬁﬁ Sﬁﬂﬁ, fine- to medium-gramed,

yellowish browe, moist. .

4.5 ;
5.0 OL ped LEAN CLAY, with a trace of Gravel, green to brown,
waterbearing,. 7
FING -
Boring then backfilled. -

[See Deseriptive Terminology shect far explanation of abbreviations)

BRAUN BASIC LOG B1097AGR) BRAUN GOT 62701 12:11

HE X -0-ETA DBeawn Intemes Corporatian, 5, Faul 3350400 poge Dol



BRAUN LOG OF BORING

INTERTEC
Braun Project BEXX-01-097A BORING: 53-554+00
Geatechnical Evalnation LOCATION: 25 Left

Varions Gravel Roads
Chisago County, Minnesota

DRILLER: | METHOD: Power Auger DATE: 52401 | SCALE: 1'=4'
Depth o .
faet | ASTM Description of Materials BPF (WL Tests or Motes
0.0} Symbal (ASTM D2488 or D2487)

.7 |FILL FILL: Silty Sand, fine- to medium-grained, wiht a traze of
- S0 A L aravel, Aporegale Base, brown, maist. Fa
i SILTY SANIY, fine- to medium-grained, with a trace of

2.0 i Gravel, dark mist.
CL CEAN uTA"i wu;rﬁ & trace of Gravel, gt yellowish

brown, maoiat. -

DI

5.0

END OF BORING.
Boring then backfilled.

[Sea Dezeriptive Terminoloey sheet for explanation of abbreviations)
T
1

HRALIN BASIC LOG BEIDA.CP] SRAUMGDT 627401 12:12

BERH--097A B datartod Corpesation, S Dol S3-35+K page laf |



BRAUN
INTERTEC

LOG OF BORING

Braun Project BEXX-01-097A
Geotechnical Evaluation

Various Gravel Roads

Chisago County, Minnesota

BORING: 53-60+00
LOCATION; 26'in the Middle

R4 LT BASIC LOG B0 TAGR] E.RAL!N.GDT AT 17002

DRILLER: | METHOD: Power Auger DATE: 52401 | SCALE: 1" =4'
Depth - .
fest | ASTM Diescription of Materials BPF [WL| Tests or Motes
0.0 | Symbol (ASTM D2488 or D2487)
.6 [FILL FILL: Silty Sand, fine- to medium-grained, with a trace of
B FILL Gravel, A te Base, brown, moist.
+ Silty Sand, Tine- to medium-grained, with a trace o
2.0 e Gravel aﬁish brown, meist.
0| M 1E SILTY SAND, fine- to mednim-grained, with a Tace o |
s T o Oravel, dark brownish I0ist.
C ? LEAN CLAY, wilh a frace of Gravel, Tight gray, maist. |
g 5o
2 END OF BORING.
% Boring then backfilled. 7]
E .

BREAUT-TA

Bruwan Inerizs Lorporston, S0 Faul

33anlH00 page ol |



BRAUN"

CINTERTEC

LOG OF BORING

Braun Project BBXX-01-097A
Geotechnical Evaluation

Various Gravel Roads

Chisago County, Minnesota

BORING:  53-65+00

LOCATION: 26' Right

sheet for explimation of abbreviations)

DRILLER: | METHOD: Power Auger DATE: 52401 | SCALE: 1"=4
Depth ' o i
faer | ASTM Description of Materials BFF [WL Tests or Motes
0.0 | Symbol (ASTM D2488 or D2487)
0.7 [FILLEq FILL: 51I.L3-' Sﬂ.ﬂd f'ne— o medium-gramed, wﬂh atrace of
- FILL e Gravel, & ellowish Euw
"0 : Tl wi ar; w:t atrace o rw-'v:, oW, i
. : aist.
Cl. /_‘%E'KN CLAY, with a race of Liravel, gray, moist.
—2 CL % LEAN CLAY, with [ Gravel, light yellowish .
~ . with a trace of Gravel, light yellowis B
5.0 %j brown, moist,

D OF BORING.
Boring then backfilled.

BRXX-OI-0YA

Braun Interes Corparation, 1 Pal

Ja-baHH poge laf b



BRAUN"

LOG OF BORING
INTERTEC
Braun Project BBXX-01-09TA BORING: 53-70400

Geotechnical Evaluation
Various Gravel Roads

LOCATION: 26" in the Middle

0.0 (ASTM D2488 or D2487)

Chisago County, Minnesota
DRILLER: 1 METHOD: Power Auger DATE:  524/01 SCALE: 1"=4'
Depth e .

feet | ASTM Description of Materials BPF (WL Tests or Motes

0.5

2.0

e i
e Giravel, light gray.
7

FILL: Stty sand, fine- to medium-prained, with a trace of

e, (jravel, Apprepate Base, vellowish brown.
sod FILL: Silt Sunlﬂ, fine- to medium-grained, with & ace of
,_

browr. :

LEANCLAY, with a frace of Uravel, [[ght yellowish

"% END OF BORING,
Boring then backfilled.

sheet for explanation of sbhbreviations)

FEALT BASIC LOG BICSTAGE] BRAUN GDT S22 12:17

ETEER BTN

Hrauine Ioeeies Corporation, 56 Paul

33700 page 10Tl



BRAUN" LOG OF BORING

INTERTEC
Braun Project BBXX-01-097A BORING: 53-75+00

Geotechnical Evaluation LOCATION: 26' Right
Various Gravel Roads
Chisago County, Minnesota

DRILLER: , | METHOD: Power Auger DATE:  5/24/01 SCALE: 1"=4'
Depth | o ) [ ‘
feet | ASTM Description of Materials BFF [WL Tests or Notes
0.0 | Symbaol | (ASTM D2488 or D2487) .
0, FFIL MEILL: Siliy Sand, fine- to medium-grained, with a trace of |
» FTILL \Gravel, Apprepate Base, vellowish brown, moist.
- Silty Band, fine- to medium-grained, with a trace of
2.0 et Gravel dark pray, moist,
SV SILTY SAND, Bae- 10 TiEdiii- gramed, with & race ot
L 11 Gravel, ligth yellowish brown, moist. -
. sol kb
g [ END OF BORING.
= | -
g ! Boring then backfilled.
=]
,.g - -
L
o =1
=] i
g {
B ;
= 1
L {
[ —
E i
:— -
2 !
E —
Al |
£ .
b= [
2 1
a !
i 5
& .

BRALM BASIC LOG BICSTAGE] RRAUN.GOT 270 12:13

GBI R0 =0T A Hrawn futeres Corporaiica, St Ml FiaTA+0 poge Toll



BRAUN"

INTERTEC

LOG OFBORING

Geotechnical

Braun Project BEXX-01-097A

Evaluation

Yarious Gravel Roads
Chisago Connty, Minnesota

HORING: 53-80+00

LOCATION: 23 in the Middle

[See Degeriptive Terminology sheet for explanation of abbreviations)

BRALTY BASICLOG BI0STA.CPT BRATTH.GOT £27401 12:13

DRILLER: 1 METHOD: Power Auger DATE:  524/01 SCALE: 1"=4
Depth { {
: FCE,; ASTM Description of Materials BPFF /WL Tests or Moles
0.0 Symbal (ASTN D2488 or D24ET)
; FILL: Hilty Sand, tjl_.lnbc— o medium-grained, with a trace of
_ T vGravel, Light erayish brown, moist . r
hE S ] 'S,%N[f, fine- to medivm-grained, with a trace of -
R ok GGravel, light grayish brown, moist, .
“mrrfvm%ﬁ%ﬁ%and [1bers, black, Mot
|
| |
3.0 AARNES
END OF BORIMNG.
| Boring then backfilled. ]
i .
B
J

BENNDTTA

Browe Intesiac Corgorabion, S0 15wl

A3-3i+HK poge L of )




BRAUN"

INTERTE

C

LOG OF BORING

Braun Project BBXX-01-097A
Geotechnical Evaluation
Various Gravel Roads
Chisago County, Minnesota

BORING: 53-85+00

LOCATION: 28" Right

DRILLER:

[ METHOD: Power Auger

DATE: 5241

SCALE: 1"=4

Diepth |

oot | ASTM
0.0 Symbol

Description of Materials
(ASTM D2488 ar D2487T)

BFF {WL

Tests or Mates

0.5 |FILL

_ FILL}
2,0

FILL: Silty Sand, fine- to mediume-grained, with a trace of
_'\.Graw_\l_, eflowish brown, maoist,

FILL: Lean Clay, with a frace of Gravel, gray, moist.

ol

S

N

brown, moist.

LEAM CLAY, with a trace of Gravel, light yellowizh

{Sex Descriptive Temminology sheet for explanation of abbreviations)

HEALUN BASIC LOG HIDSTA GPI BRAUN.GDT &7 12:13

END OF BORIMNG.

Boring then backfillad.

DENK-ED0TA

Broum lnierice Corporation, 5L Pael

33-83HKN page [ of |




BRAUN" LOG OF BORING

INTERTEC
Braun Project BBXX-01-097A BORING: 53-90+00

Geotechnical Evaluation LOCATION: 26 in the Miad]
Various Gravel Roads ) e shin B Aiodle
Chisago County, Minnesota

DRILLER: l METHOL:; Power Auger DATE:  5/24/01 SCALE: 1"=4'
Depth o ] . P
fest | ASTM Description of Materials BPF (WL Tests or Naotes
0.0 Symbal (ASTM D2488 or DI4RT)

0.7 [FILLESSS FILL: Silty Sand, fine- to medium-grained, with a trace of

- S5 Gravel, Avprepate Base, vellowish brown, moist. fa
) \PDUWT?LC?K%ED_SAND, fine- to medium-grained,
brown, moist, =

LEANTLAY, bluish gray, moist.
“END-GF BORING.
Boring then backfilled,

(Sce Descriptive Terminology sheet for explanation of abbreviations)

BO -0 08T Brawn Intaries Coggoration, St Paul S3-LiHHM puge § al |

BRAUN BASIC LOG BLOSTA GP] BRAUNGELT 627401 12:14
T




BRAUN"
INTERTEC

LOG OF BORING

Braun Project BEXX-01-097A
Geotechnical Evaluation

Various Gravel Roads

Chisago County, Minnesota

BORING: 53-95+00

LOCATION: 246" Left

HRALIM BASIC LOG BIGSTA GE] BRAUN.GDT &2V 1214

_{5::: Dgscripfive Terminology sheet for explanstion of abbreviations)

DRILLER: | METHOD: Power Auger DATE: 52401 | SCALE: 1"=4'
Depth X n
feat | ASTM Deacription of Materials BFF WL Tests or Motes
0.0] Symbol (ASTM D2488 or D248T)
0.3 JFILLESS0 FILL: Silty sand, fine- to medium-grained, with & trace of
- FILI "\(F}vau:l Agprepate Base, yellowish brown, mojst, i
A TL: Silty Sand, fine- to medium-grained, with a trace of
S-S iyl Ciravel ﬁrk Fr WL, MOESL .
“EII:T;\N AY, ?ﬂ'[ii_a rrace of Gravel, light yellowish gray,
- moist. —
|50 .
END OF BORING.
i Boring then backfilled, T
- E
B nils
B all
; i
A i i |
i ] ‘

AR -0 00 T Hraon Tnieries Corporation, 51 Pacl

F3us il page ol




BRAUN" LOG OF BORING

INTERTEC
Braun Project BBXX-01-097A BORING: 53-105+00
Geotechnical Evaluation LOCATION: 26 Right

Various Gravel Roads
Chisago County, Minnesota

DRILLER: | METHOD: Power Auger DATE: 524001 | SCALE: 1"=4'
Depth . .
foet | ASTM Description of Materials BPF WL Tests or Motes
0.0 Symbol [ASTM D488 or D2487T)

FILL: Sifty Sand, tine- to medium-grained, with a trace of
te Base, brown, moist.

Gz
i ne- L m

ool
2.0 avel dai v, MaisL.
CL &INLC'LH‘F,' with & trace of Gravel, [ight yellowish
browm, moist,

5.0

EMD OF BORING.
Baoring then backfilled,

anation of s?bq-wiatlons}
|

{See Deseriptive Terminology shest for &

BRAUN BASIC DG B100TA G BRATN.GIFT 82701 12408
I

CIA R O-uuT A Braun Intarted Corporalion, S0 Paul Sa- U300 poge Foll



BRAUN"

LOG OF BORING
INTERTEC
Braun Project BBXX-01-097A BORING: 53-110+00
Geotechnical Evaluation LOCATION: 25" in the Middl
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APPENDIX C

LYSIMETER MONITORING DATA



Table C1. Summary of lysimeter data (except concentrations).

LYSIMETER DATA FORM
Site: Chisago Cty, MN

Lysimeter Size: 9.3 m? Thickness = 0.63 m Porosity =  0.258
Construction Date:  9/1/2005 Dry Density = 19.3 kN/m3 PV= 1.512
Water content = 75 %
Cum
Sample Air EC Eh pH Flow Drain PVF
Temp
ID (F) mS/cm mV O] L) (mm/d) )

11/03/05 - 471 237.1 6.77 183 0.31 0.121062

12/19/05 -10 579 1354 7.43 5283 12.35 3.494921

01/17/06 24 789 341.5 7.04 5683 21.07 3.759538
2/17/2006 -1 1130 280 7.56 7683  26.65 5.08262
3/24/2006 37 669 68.5 7.31 24183 74.29 15.99805
4/17/2006 68 1150 74.9 7.39

5/1/2006 2810 128.2 7.02

7/5/2006 80 898 40.8 7.09

7/31/2006 100 813 78.8 7.38



Table C2. Summary of concentrations in drainage from lysimeter.

Lab
Sample Rpt
ID
C-11-03-05 5102
C-12-19-05 5102
C-01-17-06 5101
C-02-17-06 5357
C-03-24-06 5487
Lab
Sample Rpt
ID
C-11-03-05 5102
C-12-19-05 5102
C-01-17-06 5101
C-02-17-06 5357
C-03-24-06 5487
Lab
Sample Rpt
ID
C-11-03-05 5102
C-12-19-05 5102
C-01-17-06 5101
C-02-17-06 5357
C-03-24-06 5487
Lab
Sample Rpt
ID
C-11-03-05 5102
C-12-19-05 5102
C-01-17-06 5101
C-02-17-06 5357
C-03-24-06 5487
Sample
ID
C-11-03-05
C-12-19-05
C-01-17-06
C-02-17-06

C-03-24-06

PVF

0.12
0.35
0.38
0.51
1.60

PVF

0.12
0.35
0.38
0.51
1.60

PVF

0.12
0.35
0.38
0.51
1.60

PVF

0.12
0.35
0.38
0.51
1.60

Lab
Rpt

5102
5102
5101
5357
5487

Ca Zn B Mn Sr Be V
ppb ppb ppb ppb ppb ppb ppb
64406 59.4 85.9 2.3 109.4 <0.06 3.95
100194 141.8 36.7 1884.8 148.1 <0.06 2.26
127058 30.6 34.1 3682 166.6 <0.06 2.38
153039 36.0 <20 1272 227.1 <0.06 13.28
61337 4.7 57.3 212 97.7 <0.06 26.08
Cr Co Ni Cu As Se Cu
ppb ppb ppb ppb bpb ppb bpb
0.67 1.06 10.0 5.81 2.39 <2 5.81
0.61 3.02 16.1 4.84 1.55 <2 4.84
0.88 4.99 17.3 2.48 11.3 <2 2.48
0.84 3.28 20 3.6 3.2 3 3.6
1.89 1.21 7.99 8.78 3.34 6.60 8.78
As Se Mo Ag Cd Sn Sb
ppb ppb ppb ppb bpb ppb bpb
2.39 <2 10.6 <0.02 0.07 0.21 0.63
1.55 <2 2.8 <0.02 <0.06 0.04 0.36
11.3 <2 1.08 <0.02 <0.06 0.12 0.41
3.2 3 0.8 <0.02 <0.06 0.08 0.17
3.34 6.60 6.26 <0.02 <0.06 <0.03 0.13
Ba TI Pb Hg F Cl NO2
ppb bpb ppb  ppb bpb bpb bpb
39.8 <0.02 0.14 <0.1 <10 32220 <10
59.6 <0.02 0.03 <0.1 <10 25160 <10
98.0 <0.02 0.17 <0.1 <10 30608 <10
121.7 <0.02 0.06 <10 221900 <10
51.56 0.03 0.11 110 138730 <10
PVF Br NO3 PO4 SO4 Eh pH
ppb ppb ppb ppb mVv )
0.12 2463 <12 4621 21347 237.1 6.77
0.35 14800 <13 4669 34370 135.4 7.43
0.38 <11 <12 4623 20704 341.5 7.04
0.51 <10 4884 <20 26442 280 7.56
1.60 <10 8940 <20 11590 68.5 7.31



APPENDIX D

COLUMN LEACH TEST DATA



Table D1. Summary of concentrations in effluent from CLT on S-RSG from Station 2.

PVE
0.13
0.45
0.70
1.05
1.50
2.01
3.03
4.07
6.12
8.37
10.08
12.43
15.20

PVE
0.13
0.45
0.70
1.05
1.50
2.01
3.03
4.07
6.12
8.37
10.08
12.43
15.20

Ca Ba B Sr Sh As Be Cd Cr Co
ppm ppm ppm ppm ppb ppb ppb ppb ppb ppb
157 3.92 0.44 9.09 0.92 36 0.16 4.68 543 11.45
153 4.49 0.37 9.35 0.65 33 0.16 3.00 427 7.58
159 4.48 0.31 9.15 0.60 30 0.17 2.22 384 6.08
155 4.33 0.29 9.22 0.54 32 0.16 1.71 330 5.12
155 4.23 0.28 9.06 0.53 36 0.14 1.61 295 4.56
152 4.08 0.27 8.56 0.50 35 0.17 1.21 243 3.57
154 3.94 0.29 8.33 0.43 33 0.15 1.00 227 3.07
143 3.94 0.29 8.02 0.54 37 0.20 0.95 199 2.79
164 3.96 0.27 7.45 0.47 34 0.13 0.70 166 2.67
143 3.80 0.28 6.87 0.49 36 0.15 0.58 161 2.27
89 3.33 0.34 5.92 0.55 34 0.16 0.45 142 1.67
150 3.56 0.29 5.81 0.57 34 0.19 0.49 115 1.78
131 3.24 0.29 5.03 0.51 33 0.18 0.34 93 1.64
Cu Pb Mn Mo Ni Se Ag Tl Sn \% Zn
ppb  ppb  ppb ppb ppb ppb ppb ppb  ppb ppb  ppb
141 2.06 093 1314 36 32 0.03 0.04 0.18 264 65
90 0.40 0.31 889 24 33 <0.02 0.04 0.08 230 23
77 0.38 0.46 732 22 32 0.02 0.05 0.06 223 27
62 0.23 0.34 576 20 36 <0.02 0.06 0.08 214 16
54 0.22 0.33 499 18 41 0.02 0.06 0.09 217 30
44 0.18 0.37 379 15 41 0.04 0.06 0.09 213 19
42 0.19 0.44 333 15 41 0.03 0.06 0.05 212 13
36 0.16 0.49 280 13 46 0.08 0.07 0.06 214 36
31 0.11 0.49 216 14 43 0.05 0.06 0.05 195 11
31 0.12 0.51 180 13 48 0.02 0.06 0.07 210 6
28 0.06 1.19 153 10 46 0.03 0.06 <0.03 220 6
26 0.09 0.49 126 11 48 0.03 0.04 0.07 214 3
19 0.07 0.48 95 11 45 0.03 0.04 0.05 225 3



Table D2. Summary of concentrations in effluent from CLT on S-RSG from Station 2 (lon

Chromotography)

Sample F Cl
1D PVE (opm)  (ppm)
CH2-1 0.13 3.12 3386.88
CH2-4 0.45 1.59  4275.39
CH2-6 0.70 1.40 452517
CH2-9 1.05 1.32  4741.20
CH2-12  1.50 1.30  4955.69
CH2-15 201 1.22  5083.70
CH2-19 3.03 1.22 5256.11
CH2-21  4.07 1.24  5398.48
CH2-25  6.12 1.24  5375.08
CH2-28  8.37 1.15 5479.48
CH2-30  10.08 1.05 5479.14
CH2-34  12.43 0.95 5262.73
CH2-39  15.20 0.87 5450.66

Chloridometer*

(bpm)

2245.40
2733.50
2893.20
2822.30
3310.40
3115.10
2973.10
3345.90
3310.40
3505.60
3390.30
3354.80
3115.10

NO2
(ppm)

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

Br
(ppm)

6.20
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

NO3
(ppm)

142.28
73.59
60.32
43.90
34.14
22.40
15.59
11.29

6.90
5.33
3.78
3.56
3.38

PO4
(ppm)

6.67
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02
<0.02

SO4
(ppm)

97.76
82.32
77.83
72.43
68.36
60.48
55.74
48.09
41.91
41.11
38.54
35.76
35.69

* Chloridometer was used to run samples for Cl since the Cl concentration is too high for IC and dilution

will render the other anions undetectable.



Table D3. Summary of concentrations in effluent from CLT on S-RSG from Station 5.

PVE
0.10
0.29
0.49
0.68
0.88
1.56
2.82
4.42
6.84
9.53
12.21
14.39
18.05

PVE
0.10
0.29
0.49
0.68
0.88
1.56
2.82
4.42
6.84
9.53

12.21
14.39
18.05

Ca Ba B Sr Sb As Be Cd Cr Co
ppm ppm ppm ppm ppb ppb ppb ppb ppb ppb
331 0.84 2.82 8.27 2.18 50 1.02 3.52 801 24.64
251 1.32 1.63 9.45 1.64 34 0.70 1.84 467 12.50
231 1.68 1.23 9.95 1.35 28 0.41 1.80 420 10.28
219 2.12 0.96 10.30 1.17 27 0.27 1.42 411 8.78
201 2.39 0.70 10.55 0.98 27 0.21 1.30 360 7.36
222 3.28 0.55 11.20 0.83 26 0.27 1.08 337 6.21
211 4.43 0.54 10.94 0.61 25 0.24 0.89 277 4.03
207 4.46 0.46 9.55 0.48 27 0.25 0.88 247 3.43
173 4.10 0.49 8.26 0.55 28 0.25 0.69 219 2.60
157 3.74 0.43 6.90 0.49 26 0.23 0.39 169 2.21
156 3.32 0.40 5.76 0.52 27 0.29 0.41 149 2.23
114 3.00 0.41 4.95 0.56 29 0.25 0.25 127 1.71
136 2.74 0.43 4.14 0.55 27 0.27 0.20 92 1.57

Cu Pb Mn Mo Ni Se Ag Tl Sn V Zn

ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb ppb

244 0.42 0.42 1068 54 45 0.03 0.15 <0.03 294 23

169 0.20 0.47 692 43 40 <0.02 0.14 0.08 228 10

152 0.16 0.46 599 35 35 0.04 0.11 0.11 216 9

137 0.30 0.44 540 33 35 <0.02 0.10 0.05 214 19

115 0.23 0.30 458 31 35 0.03 0.10 0.06 195 9

101 1.52 0.43 405 27 35 0.03 0.09 0.03 186 8

66 0.74 0.36 274 21 35 0.03 0.08 0.10 173 8

58 0.81 0.43 231 19 37 0.03 0.09 0.11 170 8

47 0.55 0.56 189 17 40 0.05 0.09 0.05 175 6

36 3.98 0.46 110 13 38 0.03 0.08 0.05 173 6

32 0.28 0.99 69 12 39 0.05 0.07 0.04 194 27

26 0.11 0.40 51 9 41 0.02 0.07 0.03 200 3

23 0.16 0.54 32 9 39 <0.02 0.06 0.05 211 1



Table D4. Summary of concentrations in effluent from CLT on S-RSG from Station 5 (lon
Chromotography)

Sample F Cl Chloridometer NO2 Br NO3 PO4 SO4
ID PVE (opm)  (ppm) (ppm) (oppm) (ppm) (ppm) (ppm) (ppm)
CH5-1 0.10 42.07 2974.38 1987.90 27.19 12.09 255.68 8.28 553.94
CH5-3 0.29 18.04 3691.83 2484.90 <0.01 <0.01 87.79 <0.02 102.84
CH5-5 0.49 14.71 4041.45 2724.60 <0.01 <0.01 7134 <0.02 78.75
CH5-7 0.68 12.44 4235.54 2786.70 <0.01 <0.01 6118 <0.02 69.32
CH5-11 0.88 9.69 4347.48 2786.70 <0.01 <0.01 46.88 <0.02 60.31
CH5-12 1.56 6.71  4787.20 3026.40 <0.01 <0.01 3091 <0.02 56.63
CH5-15 2.82 248 5411.90 3496.70 <0.01 <0.01 7.47 <0.02 49.45
CH5-18 4.42 1.61 5497.54 3612.10 <0.01 <0.01 3.86 <0.02 62.32
CH5-21 6.84 1.41 5518.06 3656.50 <0.01 <0.01 3.63 <0.02 49.36
CH5-23 9.53 1.22 5459.96 3399.10 <0.01 <0.01 2.74 <0.02 49.20
CH5-26 12.21 1.05 5465.36 3443.80 <0.01 <0.01 0.66 <0.02 33.08
CH5-29 14.39 0.86 5324.30 3354.80 <0.01 <0.01 3.38 5.04 36.72
CH5-32 18.05 0.65 5371.42 3443.50 <0.01 <0.01 3.48 <0.02 39.99

* Chloridometer was used to run samples for CI since the Cl concentration is too high for IC and dilution
will render the other anions undetectable.





