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EXECUTIVE SUMMARY

The objective of this research was to study the behavior of concrete grinding residue (CGR)
when used as a soil amendment, with the overall goal of evaluating a potential market for CGR
as a soil stabilizing amendment.

A thorough literature review was conducted on concrete grinding industry standards; past and
present collection and disposal practices sanctioned by federal, state, and local authorities having
jurisdiction (AHJs) for the proper handling and disposal of CGRs; and laboratory testing
performed to date on CGRs and CGR as an amendment to soils, concrete, and other materials.
The literature review revealed a significant gap in work performed with CGR-amended soils,
with soil erosivity and full-scale field implementation as stabilization agents not found in any
previous research.

The laboratory portion of this research involved the evaluation of different CGR collection
methods; the creation of uniform methods for the preparation, mixing, and compaction of
different homogeneous CGR-amended soil mixtures; and the testing of various soil mixtures in
an indoor rainfall simulator and an indoor wind erosion testing apparatus. Additionally, soil
characteristic testing was conducted that involved environmental and soil strength/stiffness
testing of CGR-amended soils.

Materials tested in this portion of the research included five CGR-soil amendments, one silt, and
five gravel aggregates. The five CGR samples were collected from five active concrete diamond
grinding projects located throughout the state of lowa. The silt was excavated from a quarry in
the Loess Hills of western lowa. The five gravel aggregates were sampled from five rural county
roads from two counties in eastern lowa.

The results of the laboratory research suggest that amending soils with CGR and other soil
amendments does have merit, but it is currently an under-researched topic. Erosion tests on soils
with sustainable soil amendments like CGR appears to be discounted or overlooked although
determined from this study to be an important element in the stabilization of problematic soils.

In addition to the laboratory portion of this research, methods of applying CGR dosages in the
field and the usefulness of using CGR-amended soil were studied by applying different
stabilization techniques at demonstration sites in Washington County and Clinton County, lowa.
The findings from the field study revealed that blending CGR with soil improved the strength of
the soil significantly at the Clinton County field demonstration site. Although one of the field
demonstration sites demonstrated the benefit of using CGR-amended soil, it should be confirmed
by additional field demonstration.

The data and lessons learned through this research should serve as a baseline for future research
performed on additional soil types with other sustainable soil amendments. Testing of other
roadway construction waste byproducts (including CGR) in different dosages is expected to yield
promising results.

Xiii






CHAPTER 1 INTRODUCTION
1.1 Background

The first concrete road in the United States was installed in Bellefontaine, Ohio, in 1891 (Snell
and Snell 2002, Pasko 1998, ASCE 2021). The first concrete highway, however, would not be
installed for another 22 years, when a 24-mile, 9 ft wide, 5 in. thick stretch of roadway called
“Dollarway Road” (its name based on the dollar per mile cost at the time) was installed in Pine
Bluff, Arkansas, in 1913 (PCA 2021, McLaren 1999). Today there are 4.13 million miles of
roads in the United States, with 2.91 million miles classified as paved (BTS 2019, FHWA 2020).

Like any manmade structure, eventual maintenance is required to extend the life of this extensive
network of paved roadways. One of these maintenance methods is concrete diamond grinding to
roadway surfaces. Different from concrete tining, where either transverse or longitudinal grooves
are dragged through the wet concrete mix, concrete diamond grinding is performed on hardened
concrete pavements. While the main purpose for tining is to provide drainage channels to
improve skid resistance, longitudinal tining and concrete diamond grinding are both useful
methods for reducing noise emissions from traffic over concrete pavements (Gee 2005,
Rasmussen et al. 2010, Rasmussen et al. 2012, Snyder 2019). In addition to reducing noise,
concrete diamond grinding has the added benefit of improving macrotexture and correcting
irregularities due to faults, cracks, warping, and overall roughness of the concrete driving surface
(Hibbs and Larson 1996, Rao et al. 1999, Mamo et al. 2015).

Concrete grinding on roadway surfaces was first experimented with in the late 1940s (IGGA
2019). By 1972, the International Grooving and Grinding Association (IGGA) was formed to
support the concrete and concrete grinding industries. Since then, the need for grinding and
grooving concrete of roadway surfaces has grown, and the practice of grinding and grooving
roadway surfaces has developed into an industry standard worldwide (Kenter 2012, AC Business
Media, LLC 2013, BCPA 2020, Willis 2014). Today IGGA and the American Concrete
Pavement Association (ACPA) both promote best management practices (BMPs) for concrete
pavements and concrete grinding and grooving for new portland cement concrete (PCC)
roadways, concrete pavement preservation (CPP) projects, and concrete pavement restoration
(CPR) projects (IGGA 2013).

The greatest fear authorities have in terms of concrete grinding is environmental concerns with
the disposal of concrete grinding residue (CGR), which is primarily discharged directly onto
adjacent roadway shoulders and the surrounding landscape and to a lesser degree disposed of in
landfills (Ceylan et al. 2019, Luo 2019, Yang et al. 2019a). Chief among the concerns for
disposal along roadsides is the chemistry and mineral composition of the CGR and the caustic
nature of this highly alkaline waste product (Mamo et al. 2015, Ceylan et al. 2019, Kluge et al.
2017, Luo et al. 2019).

The crux of the argument from an environmental and health perspective is the effect of CGR
discharge (or slurry) spread onto sensitive areas, including roadside vegetation, soil, or nearby
streams and bodies of water (Dispenza 2020). The United States Environmental Protection



Agency (U.S. EPA) classifies hazardous waste as a substance that is ignitable, corrosive,
reactive, or toxic (EPA 2022a). Although CGR is not ignitable or reactive, the question of the
corrosiveness and the toxicity of CGR has been a source of consternation because of the known
high pH and high alkalinity of the wastewater and solids in a typical CGR slurry. As a result,
many states have developed regulations and standards limiting or prohibiting discharge of CGR
onto roadway shoulders, medians, or embankments (Yang et al. 2019a). Two additional
environmental concerns revolve around the question of trace metals and potential leachate
concerns with CGR when in contact with water and soil (Mamo et al. 2015, Kluge et al. 2017).
Kluge et al. (2017) and Yang et al. (2019a) also found that state regulations varied greatly by
region, with 41 out of 50 states having regulations regarding CGR (Kluge et al. 2017) and 19
states requiring “continuous removal” of CGR (Yang et al. 2019a) from roadway surfaces during
concrete grinding operations.

In 1990, a failed roadway overlay on a large-scale (and very public) PCC pavement project
resulted in an environmental firestorm that led to significant changes in the way the Federal
Highway Administration (FHWA) and state departments of transportation (DOTS) still view and
handle the treatment and disposal of CGR on roadway projects today. On this Utah project, an
experimental thin bonded portland cement (PC) overlay on a 12-mile stretch of Utah’s 1-15 failed
after one month, with 15% delamination reported after only four months (Goodwin and Roshek
1992). This initiated a large-scale concrete diamond grinding project, with direct disposal of
CGR discharge onto the roadway shoulders and median swales, which was consistent with
Utah’s current CGR disposal regulations at the time. Grab samples taken from the initial CGR
discharge from this remediation project revealed a highly caustic CGR discharge with a pH of
12.0 (above regulation limits), which promptly caused the project to be halted to address this
environmental problem and modify the disposal procedures for this project. The unique aspect of
this project was that the PC overlay was thick, with an average depth of % in. being removed. It
was later determined that this project generated 891,000 gal of alkaline wastewater and 3,200 yd®
of alkali solids, which at the time was an environmental nightmare for the Utah Division of
Environmental Health and the Utah DOT due to the unknown long-term effects of CGR on soil
and vegetation (Goodwin and Roshek 1992).

PCC overlays are not new, and both unbonded overlays (PC over PC) and bonded overlays (PC
over asphalt concrete) have been installed successfully over aging roads for decades (McGhee
1994). Additionally, concrete diamond grinding has also been around this long, dating back to at
least 1965 when the purported first large-scale concrete diamond grinding project was performed
on the San Bernardino Freeway (1-10) in southern California to eliminate excessive faulting
between PCC roadway slabs (Rao et al. 1999, Neal and Woodstrom 1976). Through the years,
removal and disposal challenges similar to those experienced during the Utah project have
undoubtedly been faced by state DOTSs as their roads have required similar concrete pavement
preservation or restoration.

The pH of CGR has been studied vigorously since the initial 1965 San Bernardino project, with
high pH values above 11.0 reported in many studies (Holmes and Narver 1997, Yonge and
Shanmugam 2005, DeSutter et al. 20114, Yang et al. 2019b). In addition to high pH values,
Holmes and Narver (1997) also found high cation and anion concentrations of aluminum, iron,
and sulfate above California drinking water standards, and DeSutter et al. (2011a, 2011b) also



found concerning but not toxic levels of various minerals, including arsenic, chromium, and lead,
in CGR samples tested. The high pH in CGR is the result of hydroxide ions formed from the
metal oxides present in the CGR discharge, with lime (CaO) and magnesium oxide (MgO)
contributing to both the high pH and high alkalinity of the CGR discharge (Mamo et a. 2015).
The high metals content in CGR (including chromium and iron) is attributed to the use of
portland cement replacement pozzolans like fly ash and steel slag in cement production and
concrete mix preparation (Yang et al. 2019b).

In addition to studies on the pH of CGR, numerous studies have classified CGR as a
nonhazardous material by U.S. EPA standards (Mamo et a. 2015, Yang et al. 2019a, Holmes and
Narver 1997, Correa and Wong 2020). The study by Holmes and Narver (1997) also concluded
that the effects of CGR on fish were minimal, with a reported 100% survival rate for fish tested
with both solid and slurry filtrate samples of CGR, and that CGR was compliant with California
Title 22 wastewater treatment standards.

Additional research on CGR has also focused on environmental effects from CGR on soils and
plants. With respect to the effects of CGR on soils and existing vegetation, several recent studies
have affirmed that CGR has a positive impact on plant growth (Mamo et al. 2015, Ceylan et al.
2019, Luo 2019, Luo et al. 2019, DeSutter et al. 2011a, Yang et al., 2019b). Mamo et al. (2015),
in particular, studied the effects of CGR on established vegetation on roadway foreslopes, with
research focused on how existing vegetation, soil chemistry, and water quality from stormwater
runoff might be affected by CGR. This important study concluded that CGR did not have an
adverse effect on existing vegetation, soil chemistry, or water runoff volume or soil chemistry.
The arduous debate on any long-term environmental effects from CGR discharge onto soils and
vegetation were largely put to rest by two environmental studies by Mamo et al. (2015) and
Ceylan et al. (2019), which both concluded that CGR did not cause any long-term negative
effects to existing vegetation or soil chemistry. Additionally, Ceylan et al. (2019), Yang et al.
(2019), and Luo et al. (2019) studied vegetated test plots with various dosages of CGR and found
only short-term increases in pH and no long-term detrimental effect to the soil and vegetation,
including changes in infiltration and plant biomass with the addition of CGR to the soil.

Studies have also been performed on CGR as an additive in various applications. In a 2017
study, CGR was used as a mortar amendment, with results demonstrating that the use of CGR as
a replacement for portland cement generally decreased the compressive strength of the mortar
with an increase in the amount of CGR (Kluge et al. 2017). However, one CGR sample with
finer gradation (and an average particle size of 27 um) at 5% portland cement replacement
outperformed the control mortar with no CGR (Kluge et al. 2017). With respect to CGR used as
a soil amendment, DeSultter et al. (2011a) amended a silty clay and a fine sandy loam with CGR
and found no appreciable change in the infiltration for these two soils. Yonge and Shanmugam
(2005) studied the pH neutralization and soil metal concentration changes when CGR was mixed
with organic composts. Results from this study demonstrated that compost did help reduce the
pH levels of the CGR but that changes in metal concentrations were negligible. Yang et al.
(2019Db) further tested the chemical changes (including pH, electroconductivity [EC], alkalinity,
metal concentrations, and cation exchange) resulting from the addition of CGR in different
dosages to a sandy loam (clayey sand). Results demonstrated that CGR showed no long-term
detrimental effects to the soils amended with CGR (Yang et al. 2019b).



Research into CGR as a soil amendment for the purpose of soil stabilization is currently minimal.
Yang et al. (2019b) added CGR to two different soils, a clayey sand and a sandy silt. Two
strength tests, including unconfined compressive strength (UCS) and California bearing ratio
(CBR), were performed with dosages of CGR ranging from 0% to 40% (amended to these two
soils). Results showed increases in UCS and CBR with the addition of CGR, with the highest
improvement exhibited by the soils with 20% CGR dosages. No other research was found where
strength tests were performed with CGR used as a soil amendment. Additionally, no soil erosion
studies were found involving CGR used as a soil amendment, and no research was found on
CGR as a soil stabilizing amendment with other types of soils.

Since testing soil amendments with a wide range of soils and testing soil amendments for both
strength and erosivity are important measures for soil stabilizing amendments, the purpose of the
present study was to evaluate the effects of CGR on several different soils. Soil erosivity in
particular was the primary focus of the research in this study. By evaluating erosion by both
wind and rain, this study aimed to explore aspects of CGR-amended soils not previously studied
and add to the mechanical characteristics already known about CGR from the Yang et al.
(2019Db) study.

The research performed in this study involved both a rainfall erosion study and a wind erosion
study. In the rainfall erosion study, western lowa loess was tested with two different CGRs with
20% CGR dosages. Total suspended solids (TSS), water quality (turbidity), and pH tests were
performed in this first study. In the wind erosion study, tests were performed on the same CGR-
amended soil mixtures used in the rainfall erosion study along with additional tests on five lowa
shoulder aggregates combined with two different CGRs at two different CGR dosages (20% and
40%). The wind erosion test consisted of three phases, with soil loss measurements taken for
each phase of the wind erosion cycle.

An important aspect of checking the effectiveness of using CGR in pavement shoulder material
stabilization is to assess the performance of CGR-amended soils at field test sites. Since no
previous study was available regarding the field implementation of CGR for shoulder
stabilization, the field demonstration sites were constructed based on the optimum dosage of
CGR identified from the unconfined compressive strength tests in the erosion studies. The
performance of CGR-stabilized shoulder material was investigated at the field demonstration
sites through lightweight deflectometer (LWD) and dynamic cone penetrometer (DCP) tests.

1.1.1 Concrete Diamond Grinding

Thousands of roadway construction projects are completed each year. On PCC roadway projects
where surface repairs are required, concrete diamond grinding is commonly included in the
scope of work. While CGR generated from these projects is often discharged onto adjacent
roadway embankments, current environmental concerns have pushed 29 states to restrict
roadside disposal in favor of offsite CGR disposal (Yang et al. 2019a). This is because many
environmental authorities, including the U.S. EPA, state departments of natural resources, and
state departments of public health, view CGR solely as a pernicious waste byproduct (Ceylan et
al. 2019, Yang et al. 2019a, Townsend et al. 2016). A key goal of this research, therefore, was to



further evaluate the potential of recycling uses for CGR, namely in the stabilization of roadway
embankments, underlying soils, and/or subgrades, as suggested in previous studies by Yang et al.
(2019b) and Kluge et al (2017).

Pavements rely on subgrades and confining slopes. Permeability and drainage are important/key
factors for subgrades (Ceylan et al. 2013, Coban 2017), while strength and stiffness are primary
critical design criteria for embankments (Sawangsuriya and Edil 2016, Schaefer et al. 2008).
Side-slope erosion and long-term infiltration are also important design factors with embankments
(Christopher et al. 2006, Kinnell 2000), and exposed embankments with little or no vegetation
are particularly vulnerable to erosion from wind and rain (Benik et al. 2003, Ricks et al. 2019).
Such erosion, whether the result of new construction or due to exposure caused by natural
elements like wind and rain, can lead to slope failures or structural confinement issues (Schaefer
et al. 2008), while slopes comprised of collapsible soils (e.g., silts and loess deposits) are
susceptible to failure due to sudden changes in volume when exposed to moisture (Christopher et
al. 2006).

While amending soils with lime or portland cement are two of the more common methods for
combatting some of the more worrisome material characteristics of poor soils (White and
Vennapusa 2013, Bruce et al. 2013), exploring the use of waste byproducts for stabilizing soils
would provide a more sustainable solution (Kestler 2009, Christopher et al. 2006). Venn
diagrams are commonly used to show the holistic approach for sustainable design. The 3 R’s
(reduce, reuse, and recycle) when incorporated into an engineering design determine the extent
that an engineering design or construction process is “green” or sustainable (Brusseau 2019).
Often referred to as the “triple bottom line” approach, recycling responsibly looks at
environmental and societal impacts, not just the monetary cost of the project (Brusseau 2019).
Products like reclaimed asphalt pavement (RAP), reclaimed portland cement concrete (RPCC),
high-carbon fly ash (HCFA), and CGR are examples of waste products produced in abundance
that, if integrated into roadway projects, could not only reduce the bottom-line costs of a project
but also significantly reduce the burden on landfills (Brusseau 2019, Robinson et al. 2004, Cetin
et al. 2010, Jones and Cetin 2017, Li et al. 2018, Cline et al. 2020, Chesner et al. 1998).

CPR projects that include diamond grinding vary significantly in size and scope, and although
the selection of grinding equipment for a project is often based on the size of the grinding job,
disposal procedures are often prescriptively dictated by county, state, and/or federal guidelines
(Yang et al. 2019a). With only general regulations for project execution left at the discretion of
the contractor, offsite disposal of CGR discharge remains somewhat arbitrary (Correa and Wong
2001). For example, on a project where the collection of CGR discharge is required, a ready-mix
truck or tanker truck might be used for transport and offsite disposal to a third party’s
sedimentation pit.

CPR projects with diamond grinding to make roadway surface corrections (primarily to remove
roadway bumps) are generally referred to as “bump grinding” jobs. Smaller bump grinding jobs
vary from simply correcting high spots in a single roadway intersection to leveling miles of
multilane highway pavement sections. Diamond Products Limited out of St. Elyria, Ohio, is one
of the largest grinding equipment manufacturers in the concrete grinding industry. Included in



the Diamond Products (DP) commercial product line are the 1500 Series, 4500 Series, and 6000
Series (drivable) grooving and grinding equipment rigs. The 1500 Series grinding rig has a 38 in.
(=3 ft) grinding drum/head with a series of parallel grinding blades, while the larger 4500 and
6000 Series rigs each have 50 in. (~4 ft) grinding heads. Unless a project has space restrictions,
Section 2532 of the ITowa DOT’s Standard Specifications for Highway and Bridge Construction
specifies that a 3 ft minimum grinding head is required on roadway projects (lowa DOT 2020).
Companies including Cedar Falls Construction, Manatt’s Inc., and West Fork Grinding, for
example, each specialize in smaller bump grinding projects. On the bump grinding jobs visited
during this research in Palo, lowa (Cedar Falls Construction), in Des Moines, lowa (Manatt’s
Inc.), and in Ruthven, lowa (Cedar Falls Construction), smaller 1500 Series DP grinders were
utilized.

Concrete diamond grinding projects on larger county, state, or Interstate roadway projects are
commonly referred to as mainline surface repair projects (or simply “mainline” jobs). Mainline
jobs typically utilize one or more larger concrete grinding rigs, each with 4 ft (grinding) heads, to
perform the required roadway profile improvements. Mainline grinding jobs can be as short as a
few miles on smaller two-lane rural roads to as long as 10 to 20 miles on larger four-lane (or
wider) undivided and divided highways. National firms including Penhall, Interstate
Improvement, and Diamond Surfacing, Inc., for example, each have multiple DP 6000 Series (or
similar) mainline grinding rigs. These larger firms often deploy three larger grinding rigs (with 4
ft grinding heads) in series to grind the full surface across 12 ft driving lanes. This is
accomplished by operating three machines in tandem with a small overlap of the edge of each
successive grinding strip, which allows grinding of a full driving lane in a single pass with three
trucks. It is not uncommon for several lane miles of grinding to be completed per workday in this
manner. Larger mainline rigs can also be used on smaller bump grinding jobs when time is a
factor to meet compressed project schedules. Smaller grinding rigs with 3 ft heads are typically
used on smaller projects, while larger mainline rigs (with 4 ft grinding heads) are used on larger
highway projects. On a mainline grinding project in Muscatine, lowa, for example, West Fork
Grinding (as detailed in the following chapter) deployed a larger DP 6000 Series grinder to
handle grinding along a multi-mile section of a two-lane undivided highway, completing surface
corrections to several lane miles in a single workday.

1.1.2 Erosion

Rain erosion is simply defined as the detachment of soil particles due to the impact of raindrops
on the soil, followed by the transport and deposition of these particles away from the source
(USDA 2011). This erosion can be categorized into four types: splash erosion, sheet erosion, rill
erosion, and gully erosion (National Geographic n.d.). As raindrops impact the ground, inter-rill
erosion starts as the drops strike the ground (OSU n.d.), which leads to sheet erosion (or overland
flow) and concentrated flows in rivulets/small channels that lead to the creation of grooves or rill
erosion (OSU n.d., Zhang et al. 2019). Conservative estimates of soil loss due to sheet and rill
erosion in the United States are appraised at 3.4 billion tons/year (Olson et al. 1994). This is
three times the annual erosion rates due to wind erosion in the United States, which accounts for
an additional 1.2 billion tons/year in transported soil from farmlands alone (Olson et al. 1994).
Erosion of sediment from local heavy rainstorms is dependent on a number of factors, including
rainfall characteristics, topography, soil type, and soil conservation practices (Cruse et al. 2006).



In lowa, average rainfall varies for a given 24-hour rainfall event but falls generally into a range
of 0.5 to 3 in., with estimated average runoffs during this period around 2 in. (Cruse et al. 2006).
However, climate modeling in the United States has shown increases in heavy precipitation from
1958 to 2007 in all regions of the country, including a 15% increase in the Midwest (including
lowa) to as much as a 67% increase in the Northeast (Berendzen et al. 2011). In more recent
data, the 2015 lowa Statewide Urban Design and Specifications (SUDAS) manual divided the
state into nine climatic sections. Using data from the National Oceanic and Atmospheric
Administration (NOAA) for these nine lowa regions, the average rainfall for a 24-hour storm
event was estimated to be 3.07 in. with a standard deviation of 0.09 in. across the state (lowa
SUDAS 2015). This confirmed the 2010 climate change estimates reported by the lowa Climate
Change Impacts Committee (ICCIC) in its report to the Governor and the lowa General
Assembly at that time (Berendzen et al. 2011), which postulated that this increased rainfall
would lead to continued erosion and soil loss in exposed and vulnerable lands despite current soil
conservation practices. Cruse et al. (2006) estimated current sheet and rill erosion at 5.1 tons/acre
annually for the state of lowa. This erosion rate is supported by the 2017 data from the National
Resources Inventory (NRI), which estimated a loss of 5.6 tons/acre/year for the state of lowa
(USDA 2020) or approximately 3,600 tons/mi?/year. With an area of just over 56,000 mi? in
lowa, this translates to an alarming 201 million tons of rain-eroded soil per year for the state.

Wind erosion is a complex physical phenomenon that, until the Dust Bowl of the 1930s, was
viewed primarily as a regional problem during periods of drought (Argabright 1991). Some of
the earliest research and quantifiable methods for predicting wind erosion were developed by
Chepil (1958) at the United States Department of Agriculture (USDA). Chepil (1958) developed
a byzantine wind erosion equation, later coined WEQ (Woodruff and Siddoway 1965), in an
effort to develop a method to predict wind erosion. Chepil’s (1958) soils research determined
that the “most erodible discrete soil particles” had diameters of approximately 0.1 mm and that
“relatively few particles greater than 0.5 mm” (in diameter) were displaced by everyday wind
events. Saltation (movement and airborne spreading) of these small 0.1 to 0.5 mm airborne soil
particles accounts for between 50% to 80% of erosion by wind (USDA 2011). Since wind
erosion involves soil particle detachment, transport, and deposition (Smith and English 1982),
this range of particle size is an important soil characteristic, especially for loess and other silty
soils, which have a median particle size of 0.01 mm (Knappett and Craig 2012) or 1/100th of the
0.1 mm soil particle size most susceptible to wind erosion identified by Chepil (1958).

The median particle size for the western lowa loess used in the initial rainfall testing portion of
the present study was 0.03 mm, with 99.9% of the particles in this soil measuring less than 0.5
mm (Coban 2017). The first batch of loess was from Monona County, lowa, while the second
batch of loess was collected from Crescent Quarry in nearby Pottawattamie County, lowa. A
sieve analysis was not performed on this second batch of soil from Crescent Quarry, but it is
believed to share the same soil properties and particle size distribution as other loess samples.
Further analysis for the Monona County loess (with similar results assumed for the Crescent
Quarry loess) classified the western lowa loess as an inorganic silt, with Unified Soil
Classification System (USCS) soil classification ML and American Association of State
Highway and Transportation Officials (AASHTO) soil classification A-4 (Coban 2017). This soil
was further characterized to contain 0% gravel, 1% sand, 87% silt, and 12% clay-sized particles
(Coban 2017). Based on particle size alone, western lowa loess is a highly erodible soil.



The median particle size for the Clinton and Washington County, lowa, Class A-1 shoulder
aggregates used in this study was much larger, at 4.5 mm and 3.7 mm, respectively, with only
16.3% and 18.9% of the particles in these soils measuring less than 0.5 mm, respectively. This
shows that the Class A-1 shoulder aggregates have a much lower propensity to erode compared
to the western lowa loess specimens. However, these percentages still translate to significant
amounts of erodible soil particles under 0.5 mm for these Class A-1 shoulder aggregates.

Unpaved, compacted, gravel shoulders also suffer from erosion from both wind and rain.
Guidelines for the proper installation and maintenance of gravel roadways exist for every state as
well as the FHWA. One of the more comprehensive unpaved gravel road manuals used today is
the FHWA’s Gravel Roads Construction and Maintenance Guide (FHWA 2015). This
comprehensive and prescriptive guide details some of the more common problems found in
unpaved gravel roads and shoulders caused by both wind and rain erosion. The wind-scouring of
roadway soils due to the passage of larger trucks traveling at high speeds along unpaved roads or
paved roads with unpaved gravel shoulders (i.e., wind whip) is a significant contributor to
erosion. The laboratory-based wind erosion testing performed at Michigan State University
(MSU) described in this report reproduced and analyzed wind whip on a smaller scale, which in
turn allowed for the measurement of wind erosion of different soils in a laboratory-controlled
environment.

1.2 Problem Statement

Diamond grinding is a widely used rehabilitation technique commonly referred to as the
resurfacing of PCC pavement. As a maintenance operation, diamond grinding can provide a
smooth PCC surface with enhanced texture and skid resistance and reduced road noise.
Typically, this operation uses a truck equipped with grinding heads at ground level to saw a thin
layer of concrete, grinding it into fine particles, while mixing with water to cool the grinding
blades and reduce dust. This process generates a slurry byproduct known as CGR.

The majority of current maintenance practice involves the spreading of fresh CGR along
roadsides, resulting in potential environmental concerns regarding vegetation growth. This
becomes a more critical issue when the disposal of CGR slurries is adjacent to sensitive areas
such as farmlands, water bodies, or areas with high groundwater tables. CGR disposal may lead
to reduced density of vegetation, which may result in increased erosive risks.

The composition of CGR can vary widely due to the use of different portland cement products
and admixture materials in concrete. Generally, CGR is characterized as having a high pH and is
rich in metal content (e.g., chromium [Cr] and iron [Fe]) due to the addition of fly ash and/or
steel slag during cement production or concrete mix preparation. Thus, the inappropriate disposal
of CGR may cause critical environmental issues at or near sensitive areas. On the other hand,
CGR has a significant potential for reuse as construction material, liming product, or soil
stabilizer due to its high pH and rich calcium oxide (CaO) content.

A comprehensive literature review conducted during this study showed that CGR may pose some
environmental concerns, even though in some cases it seems to be environmentally friendly. A



state-of-the-practice survey of regulations governing CGR management practices in all 50 US
states was conducted to understand issues and concerns regarding CGR use in the concrete
industry and state highway agencies (SHAS). In considering the properties of CGR, recycling of
slurry waste in soil, concrete, and other applications could be an attractive alternative for
ultimately improving roadway sustainability and field performance and reducing the life-cycle
cost of pavement designs.

The present study evaluated the possibilities for reuse of CGR in several applications. In
particular, this study explored CGR recycling opportunities for soil stabilization and erosion
mitigation by conducting both laboratory and full-scale field studies. The laboratory tests
included UCS, surface runoff tests, Atterberg limits, alkalinity, EC, pH, and leaching tests. The
field demonstration sites were constructed with the aim of studying the benefits of using CGR in
unbound material stabilization, assessing the performance of CGR-amended soils in the field,
and selecting the best CGR application rates and construction practices.

1.3 Objectives

The main goal of this research was to develop a new cost-effective market for soil liming agents
for transportation projects and to reduce stockpiles of diamond grinding wastes. To achieve this
goal, laboratory experiments and full-scale field studies were conducted to investigate the
performance of soils treated with CGR and to provide guidance about the use of CGR as a
stabilizing agent. The specific research objectives are listed below:

Determine the erosion resistance of soils mixed with CGRs

Determine the stiffness/strength of soils mixed with CGRs

Determine the environmental impact of these soil-CGR mixtures

Determine the optimum amount of CGR in these soil-CGR mixtures based on mechanical
and environmental evaluations

Measure the performance of CGR-stabilized soil at field demonstration sites

Assess different methods of applying CGR in the field
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1.4 Research Plan
The research consisted of seven tasks, as described below:

Task 1: Kick-Off Meeting to Review the Project Scope and Work Plan

Task 2: Collection of Materials

Task 3: Laboratory Testing for Index and Engineering Properties of Materials and Mixtures
Task 4: Erosion Testing

Task 5: Environmental Analyses

Task 6: Field Demonstration

Task 7: Final Report



1.5 Research Benefits

The results of this study will contribute to knowledge about CGR-related practices and the
environmental impacts of CGR. Currently, there are no guidance documents on the utilization of
CGR in soil improvement applications. Current design recommendations use standard recipes
without regard for the pH adjustments or buffer requirements necessitated by the use of CGR.
The results of this project are expected to lead to changes in standard specifications for chemical
soil stabilization and field implementation.

The outcome of this study is expected to lead to a stronger understanding of the potential use and
management of CGR waste materials in a sustainable way. It is expected that successful
implementation of CGR in soil stabilization applications would eliminate environmental
concerns and improve the performance of pavement foundation materials. The results of the field
implementation study can help guide construction techniques and confirm the benefit of CGR as
a stabilization agent in the field.
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CHAPTER 2 RAIN EROSION STUDY
2.1 Materials

The soil used in the rainfall erosion portion of this study was loess from the Loess Hills of
western lowa. In addition to the loess, five CGRs were collected from active concrete diamond
grinding projects located in eastern, western, northern, central, and south central lowa.

2.1.1 Western lowa Loess

Western lowa loess soil (hereafter referred to as loess) was selected as the base soil (control) to
amend with CGR for this study. Loess was chosen for evaluation with CGR due to its
abundance, its poor compaction characteristics, and its high degree of erodibility. Two batches of
loess were needed for this project. The first batch of loess was transported by ISU’s Department
of Civil, Construction, and Environmental Engineering from a farm in the Loess Hills (in
Monona County, lowa) located in western lowa. No other details were available about the
collection of this first truckload of loess.

The second batch of loess was also sourced from the Loess Hills but was collected from Crescent
Quarry located in the city of Crescent, lowa (in Pottawattamie County), owned and operated by
Schildberg Construction Company (Figure 1).

During the mining process for aglime and crushed aggregates, stockpiles of loess soils are
generated. In Crescent Quarry, these stockpile deposits have grown over time into a mountain of
unused loess surrounding the quarry. This soil is seeded to help mitigate erosion of this highly
friable soil. The loess sampled from Crescent Quarry was excavated using a Caterpillar CAT
980B front-end loader with a 5 yd® bucket. The loader operator excavated the soil from a section
of stockpiled loess, first scarifying the top 2 to 3 ft of soil from the stockpile to minimize any
small roots and vegetation from getting into the desired soil. A total of 62 5 gal buckets (or
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approximately 1.8 tons of soil) was loaded and transported back to ISU. While unloading the
loess at the civil engineering laboratory, any remaining visible small roots and vegetation were
removed. No stones or rocks were found in the soil collected. The general appearance of the
loess from both Monona County and Crescent Quarry had the same royal brown color with a
soft, velvety composition and appeared free from contamination from other soils or foreign
matter, namely gravel, peat, and vegetation.

2.1.2 Concrete Diamond Grinding

Five CGRs (designated CGR-1 through CGR-5) were collected for research and testing in this
study. On each of the grinding projects where CGR was generated and collected, Diamond
Products grinding rigs were used exclusively. The DP 1500 Series, DP 4500 Series, and DP 6000
Series grinding rigs used on the projects visited were each operated by a single driver. These rigs
have the versatility of grinding (or texturing) PCC roadway surfaces using closely spaced blades
or grooving the roadway surface (to improve traction) with blades spaced slightly farther apart.
Grinding (not grooving) was performed on the five grinding jobs visited for this project. Each of
the grinding jobs visited had water trucks following the grinding rigs with pumps supplying up to
5 Ib/in? of pressurized water, at a rate of approximately 8 gal per minute, to cool the blades on
the grinding heads. As a result, a wet discharge mixture of sediment-laden water with concrete
grindings (hereafter referred to as CGR discharge) was generated. CGR discharge collection was
done by hand into 5 gal buckets for each of the five CGRs collected. Results are shown in Table
1.

Table 1. Concrete grinding project details

CGR Discharge Method Grinding Rig Grinding Heads Project Details

CGR-1 Ready-mix truck DP 1500 Series 3 ft wide 50 ft section, at traffic intersection
CGR-2 Ready-mix truck DP 1500 Series 3 ft wide 250 ft section, 4-lane undivided highway
CGR-3 Direct discharge DP 1500 Series 3 ft wide 2-3 miles on 2-lane undivided rural road
CGR-4 Tanker truck DP 6000 Series 4 ft wide 2-3 miles on 2-lane undivided highway
CGR-5 Direct discharge DP 4500 Series 4 ft wide 4-5 miles on 4-lane undivided highway

2.1.3 CGR Discharge Collection Process

Five lowa concrete grinding projects were visited, starting with the collection of CGR-1 in May
2019 and ending with the collection of CGR-5 in October 2019. CGR discharge was collected
into Lowe’s standard 5 gal PVC buckets with snap-on lids, which were then transported back to
ISU for processing and testing. The project sites sampled were selected initially based on two
primary criteria: geography and the size of the grinding job. The goal in the selection process
was to obtain CGRs from projects ranging in size from small concrete pavement bump grinding
jobs to larger mainline highway projects. A list of grinding contractors was created by starting
from a roster of contractors who attended the lowa Concrete Paving Association (ICPA) concrete
paving workshop held in February 2019 in Des Moines, lowa. In addition to this list, several
lowa DOT engineers recommended a few additional leads. From this list, a total of 27 concrete
grinding contractors were qualified and then contacted bi-monthly in search of future concrete
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grinding projects scheduled for the spring and summer of 2019. A large net was initially cast,
centering on Ames, lowa, and including a 350-mile radius from the center of ISU’s main
campus. This range was based on realistic travel to and from grinding jobs with a roundtrip
distance that could be traveled in one to two days. However, after collecting material from the
first three grinding projects within the state of lowa, the project range was reduced to a 150-mile
radius (or a search within the state of lowa) for the last two grinding jobs. The last two grinding
projects came from both the eastern and western borders of the state. Results are shown in Table
2.

Table 2. Concrete diamond grinding sites

CGR Date Location Contractor(s) Job Type, Size
CGR-1 29 May 2019 Palo, IA Croell/Cedar Falls Construction Bump grinding, small
CGR-2 30 May 2019 Des Moines, IA Manatt's, Inc. Bump grinding, small
CGR-3 6 Jun 2019 Ruthven, IA Croell/Cedar Falls Construction Bump grinding, moderate
CGR-4 14 Jun 2019 Muscatine, 1A West Fork Grinding Mainline, small
CGR-5 210ct2019  Sioux City, IA Cedar Falls Construction Mainline, moderate

On each project, 30 5 gal buckets were collected by hand, with the exception of CGR-3, where
50 5 gal buckets were collected. Each bucket was filled with CGR discharge to approximately a
10 in. fill line (marked inside each of the 14 in. tall 5 gal buckets). This equated to filling each
bucket to approximately 3.6 gal, with the material weighing (on average) 40 to 44 Ib per bucket.
A minimum of 30 5 gal buckets was chosen for this project based on CGR quantities obtained
for a Minnesota DOT (MnDOT) CGR research project performed at ISU and comparisons made
between the testing requirements of the MnDOT project and the testing requirements of the
compaction, rainfall, and wind erosion tests for the present study (Ceylan et al. 2019). Fifty
buckets were collected for CGR-3, as mentioned above, because more water was expected in this
CGR discharge due to the direct discharge collection method used on this job.

2.1.4 CGRs Collected

CGR-1 from Palo, lowa, was generated and collected from a small bump grinding job at a
roadway intersection on a two-lane undivided PCC highway. Due to county restrictions, the
CGR produced on this job was collected into a cement mixing (ready-mix) truck, where it was
hauled offsite to a sedimentation basin owned by a third party. Collection of the CGR-1 samples
involved manually holding 5 gal buckets up to the end of the mixing truck discharge chute while
the truck operator slowly rotated the mixing truck drum/barrel. The resulting CGR collected
from this discharge method was deposited into a mix of buckets that contained both heavy and
light CGR solids in the CGR discharge. Thirty 5 gal buckets (weighing 1,244 Ib) of CGR-1
discharge were collected from this job site. Results are shown in Table 3.
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Table 3. Collection method and CGR discharge comparison

CGR Collection Method Discharge, Ib (gal) Supernatant, Ib (gal) Cakes, Ib (gal)
CGR-1 Ready-mix truck 1,244 (111.5) 508 (60.9) 736 (40.9)
CGR-2 Ready-mix truck 1,131 (93.6) 301 (36.1) 830 (46.5)
CGR-3* Direct discharge 1,964 (193.7) 1,094 (143.2) 937 (53.0)
CGR-4 Tanker truck 1,160 (95.8) 272 (32.6) 889 (52.7)
CGR-5 Direct discharge 1,445 (112.8) 332 (39.8) 1,083 (67.0)

Cakes = Moist (saturated) CGR solids after decanting supernatant
*CGR-3 weights and volumes backcalculated from final slurry weight and volume

CGR-2 from Des Moines, lowa, likewise came from a small bump grinding job on a 250 ft long
section of a four-lane undivided PCC city highway recently replaced by Des Moines Water
Works. Due to city disposal restrictions, the CGR produced on this job was also collected into
ready-mix trucks and hauled offsite for disposal. The CGR was disposed of in a formal
sedimentation basin owned by Manatt’s Inc. Collection of CGR-2 samples similarly involved
holding each empty bucket up to the end of the mixing truck discharge chute while the truck
operator slowly rotated the mixing truck drum. Building on the experience from collecting CGR-
1 in this manner, the CGR-2 collected from this discharge method had a slightly higher ratio of
CGR solids to water. This discharge and collection method, however, produced a lot of splashes,
and the ratio of CGR solids to water was random with each bucket. Thirty 5 gal buckets
(weighing 1,131 Ib) of CGR-2 discharge were collected from this job site.

CGR-3 from Ruthven, lowa, was generated on a bump grinding job with a moderate amount of
grinding on a new 2- to 3-mile pavement section of a two-lane undivided PCC rural road (Figure
2).
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Figure 2. Direct discharge CGR collection (site CGR-3)

On this grinding job, discharge onto the roadway embankment was allowed, and there did not
appear to be any CGR discharge restrictions. Since this project was a new road in the final stages
of construction, the roadway embankments on this job site consisted of compacted soil with no
established vegetation. As a result, the CGR discharged directly from the concrete grinding rig
ran directly down the sloped embankment and soaked into the bare soil. CGR-3 discharge
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collection involved holding each bucket up to the grinding rig discharge pipe while the rig
operator slowly advanced in a normal grinding operation. The resulting CGR discharge collected
from this discharge method contained a lot more water than CGR material (by volume). With
more water anticipated in the discharge, 50 5 gal buckets of CGR-3 were collected from this job
site. No offsite impoundment was required by the contractor for the balance of CGR discharge
produced. Approximately 2,000 Ib (50 buckets x estimated 40 Ib/bucket) of CGR-3 was collected
from this job.

CGR-4 from Muscatine, lowa, like CGR-3, was generated from grinding on a 2- to 3-mile
section of a two-lane undivided PCC highway. However, with the CGR-4 job, substantially more
PCC grinding was required. As a result, the contractor referred to this job as a mainline job and
used a larger DP 6000 Series concrete grinding rig for this grinding work. Due to project
restrictions, the CGR produced on this job was collected into a large three-stage tanker/hopper
truck and hauled offsite to a sedimentation basin owned by a third party. CGR-4 samples were
collected from a discharge pipe from the undercarriage of the tanker truck. Collection of these
samples involved holding each empty bucket up to the discharge pipe spigot while the truck
operator slowly opened the discharge pipe spigot/valve. This discharge method was more
controlled in comparison to the first three CGRs collected. In addition, because the CGR had
settled slightly to the bottom of the tanker truck, the resulting CGR discharge from this collection
method had a slightly higher ratio of CGR solids to water. The tanker truck disposed of the
balance of the CGR discharge offsite into a large sedimentation basin owned by a third party.
Thirty 5 gal buckets (weighing 1,160 Ib) of CGR-4 discharge were collected from this job site.

CGR-5 from Sioux City, lowa, was generated on a longer new 4- to 5-mile pavement section of
a four-lane undivided PCC highway project. This roadway was closed to through traffic and only
appeared to require moderate bump grinding throughout the job. Although this project primarily
required bump grinding, it was classified as a mainline job, due in part to the harder rose
quartzite aggregate used in the PCC pavement. The contractor selected a moderate size DP 4500
Series grinding rig for this work. On this project, like CGR-3, discharge onto the roadway
embankment was allowed, and there did not appear to be any CGR discharge restrictions. Since
this project was in the final stages of construction too, the embankments on this job site consisted
of compacted soil with minimal established vegetation. As a result, the CGR discharged directly
from the concrete grinding rig ran directly down the sloped embankment and soaked into the
bare soil. CGR-5 collection involved holding each empty bucket up to the grinding rig discharge
pipe while the grinding rig operator slowly advanced in a normal grinding operation. One
notable difference between CGR-5 and the previous CGRs collected was that rose quartzite
aggregate was used in the mix design. With this known prior to visiting the site, only 30 5 gal
buckets were needed for collecting samples compared to the 50 buckets needed for the collection
of CGR-3, where the same direct discharge method was used on the project. This was because
the contractor shared that less water was typically used for concrete grinding work on PCC
pavements with harder aggregates in the mix design to keep the blades hotter. The CGR
discharge collected on this job contained less water (by volume) compared to the previous CGRs
collected. No offsite impoundment was required by the contractor for the balance of CGR
discharge produced. Thirty 5 gal buckets (weighing 1,445 Ib) of CGR-5 discharge were collected
from this job site.
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Recall that for both CGR-1 and CGR-2, the CGR discharge was collected into ready-mix trucks
and transported offsite for disposal. For these two jobs, CGR discharge was collected directly off
of the discharge chute attached to the back of the ready-mix truck. The discharge collection rate
for these two jobs was controlled by the truck operator, which generally allowed for the
collection of a higher ratio of solids to water (by volume) in each bucket compared to direct
(roadside) CGR discharge collection on a smaller bump grinding job. On grinding jobs using
ready-mix trucks, the inside of the truck mixing barrel/drum is outfitted with T-shaped blades (or
fins). As the drum is rotated, the ends of the fins become visible as the barrel turns, which allows
clumps of CGR solid to be anticipated slightly for collection. Although less water was collected
in the CGR discharge for CGR-1 and CGR-2 compared to the other CGR samples, each bucket
collected still contained random amounts of CGR solids and discharge water. In comparison,
CGR-3, CGR-4, and CGR-5 had roadside CGR discharge collection. For CGR-3 and CGR-5,
CGR discharge was captured directly off the grinding rig. While technically CGR-4 was
collected along the roadside, because CGR-4 was pumped into a tanker/hopper truck before
collection, CGR-4 more closely resembled CGR-1 and CGR-2. For CGR-4, samples were
collected from a spigot under the tanker truck. This provided the most control and the cleanest
and most efficient means of CGR discharge collection. CGR-4 resulted in the least amount of
supernatant collected (272 1b) compared to the other four CGRs collected, whose supernatant
contents ranged from 301 to 1,071 Ib.

Ultimately, the amount of CGR solids collected was the product of three primary factors. The
type of grinding job (bump grinding verses mainline or full lane width grinding), the size of the
grinding rig head (3 ft verses 4 ft widths), and the experience of the person(s) collecting the CGR
discharge contributed the most to the amount of CGR solids collected. For CGR-5 (collected
from a large mainline job), 852 Ib of oven-dry CGR solids was collected compared to a range of
565 to 653 Ib from the other CGRs collected.

2.2. Methods/Testing

The methods and testing for the rainfall erosion portion of this research involved the collection
and preparation of the soils and CGRs as well as initial pH, EC, and compaction tests on both the
untreated and treated (CGR-amended) soil specimens.

2.2.1 CGR Specimen Preparation

Early in this research, the idea of creating pourable (homogeneous) CGR slurries to blend with
different soils was conceived. The main idea was to pour or spray CGR onto different soils
similar to a hydromulch application and then test how well the CGR stabilized the soil. With this
plan in mind, homogeneous CGR slurries were made with high amounts of water (and
consequently high moisture contents). Little was known about CGRs and whether CGR
discharge collected was a consistent material. It was known that each field-collected CGR
discharge sample contained a significant amount of water. Originally it was believed that the
CGR discharge collected directly from the concrete diamond grinder discharge pipe was
homogeneous. This theory proved incorrect while decanting and mixing the first CGR selected
(CGR-3) into a CGR slurry. Breaking up the stiff CGR cakes in a surplus of supernatant water
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was difficult, and the use of garden hoes, flat-nosed shovels, and metal scoopers was required.
Since too much water was kept in the mix in the first 10 buckets containing CGR-3, the next 20
buckets were partially decanted, leaving 1 to 2 in. of supernatant in each bucket with the solids
before adding them to the large Rubbermaid trough used as the mixing bin. The CGR-3 solids
from these buckets were not chopped up prior to adding them to the mixing bin. This was a
mistake, and later all CGR cakes were broken up after decanting prior to adding any mixing
water back into the solids. The final 20 buckets of CGR-3 were fully decanted, but the excessive
amount of water from the first 30 buckets had already determined that the CGR-3 slurry would
be too watery. The mixing of CGR-3 into a homogeneous CGR slurry took approximately 10
hours.

An early assumption was that a significant amount of supernatant would need to be retained (to
add back in with the decanted solids) in order to produce a homogeneous CGR slurry. However,
this assumption also proved wrong after processing the CGR-3 slurry. After producing the
homogeneous CGR-3 slurry, a new mixing procedure was created. This procedure was created
after struggling to break up the stiff and cohesive CGR-3 cakes. By more closely observing the
settling of the particles for the next CGR sample collected, it was found that 12 to 24 hours
provided sufficient time for the CGR solids to settle in each bucket (but did not make the solids
too consolidated to break up by hand). Conversely with CGR-3, the solids had settled for seven
days prior to mixing. After seven days, the CGR-3 solids had consolidated and coagulated into a
semi-solid state in the bottom of each 5 gal bucket. The congealed CGR solids showed
significant cohesive properties and proved quite difficult to remove from the buckets and break
up using garden tools and a handheld mixer.

All homogeneous CGR mixes were blended in a new, clean 150 gal heavy-duty plastic
Rubbermaid bin. CGR-3 was selected first for processing because this CGR discharge contained
the most water of the five CGR samples collected. CGR-3 was also expected to be more
workable compared to the other CGRs for the same reason. Mixing began by dumping the
contents of the first 10 (of 50) buckets of settled CGR-3 solids as well as all of the supernatant
from these buckets into a large Rubbermaid bin. Each CGR cake consisted (visually) of both
sand-sized particles (that had settled first to the bottom of the buckets) and a few inches of a
putty-like cohesive surface comprised of consolidated silt-size particles that had settled last.
Figure 3 shows particles taken from a typical settled, decanted, and broken-up CGR cake.
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Figure 3. Consistency of typical settled CGR solids (after decanting)

The amount of CGR solids in each 5 gal bucket varied from as little as 2 to 3 in. to as much as 8
to 9 in. deep. This was how it was determined that the CGR discharge buckets were
nonhomogeneous in comparison to each other, which became a deciding factor in choosing to
mix the buckets for each CGR in a large mixing bin.

After discovering the cohesive characteristics of the settled CGR-3 cakes and how well the CGR
solids consolidated at the bottom of each bucket, the mixing methods were reexamined.
Although a pourable CGR slurry was desired for each mix, the final CGR-3 slurry had too much
water in it. As a result, a new mixing strategy and methodology was employed for the remaining
mixes. Figure 4 shows the CGR solids before and after breaking up the CGR cakes (left) and the
process of power mixing a homogeneous CGR slurry (right).

es (left) and CGR slurry mixing process (right)
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Figure 4. Typical CGR cak

For each of the remaining four CGRs processed, the following five steps were developed and
followed for producing homogeneous CGR slurries. In Step 1, a visual observation was made to
determine whether sufficient time had been allowed for the CGR solids to settle. Buckets judged
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acceptable for decanting had clear supernatant on top of the CGR solids that had settled to the
bottom of each bucket. The surplus supernatant that separated from the CGR solids was virtually
clear, containing only a thin white film on the surface of the water. The supernatant water had a
soapy feel to it, which was expected and attributed to the high alkalinity of the water. In Step 2,
each bucket was weighed before and after decanting, with surplus supernatant kept and
temporarily stored in clean 5 gal buckets for reuse. In Step 3, the decanted CGR cakes were
transferred to metal mixing trays and broken down using garden hoes, flat-nosed shovels,
trowels, and metal scoopers to break up the cakes into particles smaller than 1 to 2 in. This
process was repeated for all 30 buckets with each separate CGR mix. In Step 4, a small amount
of decanted supernatant water was added to the mix starting with 2 gal. In Step 5, additional
water was added to the mix. Added water was recorded during the mixing process, and water
was added only as needed to produce a moderately wet (pourable) homogeneous slurry similar in
consistency to a sandy masonry grout.

A Brutus 21665Q 120 V two-speed handheld power mixer with a mortar mixing paddle (used for
thinset grout and mortar mixes) was chosen to mix the initially stiff CGR clumps and added
water. The amount of supernatant water added back into the CGR cakes for CGR-1, CGR-2,
CGR-4, and CGR-5 was 3.5, 2, 8, and 8 gal, respectively. Supernatant water was not tracked
with the first CGR mix (CGR-3) but was later estimated at 16 gal. Mixing time (excluding that
needed for CGR-3) ranged from two to three hours to produce a homogenous CGR slurry. After
mixing, the slurries were poured back into clean 5 gal buckets for storage and future testing.
CGR slurry weights were determined by adding the initial weight of the decanted CGR cakes to
the weight of the supernatant water mixed in during the homogeneous mixing process. The
weight of the supernatant water was estimated at 8.34 Ib/gal. Five homogeneous slurries with
amounts ranging from 752.2 Ib (42.9 gal) to 1,179.9 Ib (75 gal) were produced for this study. The
least amount of slurry was produced with CGR-1, and the most amount of slurry was produced
with CGR-5. A summary of weights recorded is shown in Table 4.

Table 4. Homogeneous CGR slurry and CGR cakes comparison

CGR Slurry (Ib) Slurry, gal (Ib/ft%) Cakes (Ib) Cakes, gal (Ib/ft%)
CGR-1 752.2 42.9 (131.3) 735.5 40.9 (134.8)
CGR-2 859.2 50.0 (128.5) 830.0 46.5 (133.5)
CGR-3* 1,053.6 67.0 (117.7) 936.8 53.0 (132.3)
CGR-4 954.9 60.7 (117.7) 888.2 52.7 (126.2)
CGR-5 1,180.0 75.0 (114.7) 1,113.2 67.0 (120.9)

Slurry = Homogeneous CGR slurry and decanting and remixing
Cakes = Moist (saturated) CGR solids after decanting supernatant
*CGR-3 cake weight and volume backcalculated from final slurry weight and volume

In addition to the weights of the CGR cakes and homogeneous slurries produced, since the
volume of the final CGR slurries and the volume of the added mixing water was known, unit
weights for both the slurries and the CGR cakes for each CGR site were calculated. The unit
weights for the CGR cakes ranged from 120.9 Ib/ft® to 134.8 Ib/ft3. This range in unit weights is
attributed to different sand and aggregate PCC constituents as well as the range in the degree of
saturation of the CGR cakes.
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2.2.2 CGR (Solids) Collection Efficiency

The following index was created to measure the weight of water and solids collected from a
concrete grinding project. This index is important, as it could help a contractor estimate the costs
for transporting and disposing of the CGR discharge (CGR-laden water) produced on a given
project. CGR discharge consists of CGR solids and water. The volume of the CGR moist solids
(or cakes) can be measured against the total gallons of CGR produced on a project.

The collection efficiency is an important measure for CGR collection because the CGR solids
collected (not the surplus supernatant) are the materials that are currently landfilled in many
states. CGR discharge collected from a grinding project consists of discarded cooling water and
CGR solids. The total water and solids collected in a given amount of CGR discharge can vary
significantly based on the duration and type of grinding job. Smaller bump grinding jobs with
sporadic bump grinding, like CGR-1 and CGR-3, averaged a 30% collection efficiency, while
larger mainline jobs, like CGR-4 and CGR-5, averaged around 55% collection efficiency.
Results measured for the five CGR slurries produced are tabulated in Table 5. The higher the
discharge water content, the lower the collection efficiency, meaning more water is expended on
these projects during grinding operations.

Table 5. CGR discharge solids collection efficiencies

CGR Discharge (gal) Slurry (gal) Cakes (gal) Collection Efficiency
CGR-1 1115 42.9 40.9 37%
CGR-2 93.6 50.0 46.5 50%
CGR-3* 193.7 67.0 53.0 27%
CGR-4 95.8 60.7 52.7 55%
CGR-5 112.8 75.0 67.0 59%

Cakes = Moist (saturated) CGR solids after decanting supernatant
*CGR-3 discharge and cake volumes backcalculated from final slurry volume

2.2.3 CGR Solids Ratio

An alternate index was also created in this research to measure the weight of the dry CGR solids
produced on a given concrete diamond grinding project. In a recent MnDOT study, CGR was
found to enhance plant growth in certain plants with minerals such as calcium and magnesium,
providing nutritive benefits to the soil (Ceylan et al. 2019, Luo 2019, Luo et al. 2019). Based on
the potential use of CGR as a fertilizer, calculating the dry CGR solids produced on a given CGR
project could be important for a contractor. Knowing the solids ratios for different types of CGR
projects would allow a contractor to determine the available solids on a particular project and
estimate the amount of dry CGR solids that would be produced on a grinding project. The solids
ratio is the ratio of the oven dry CGR solids to the total water in the CGR discharge (cake water
plus decanted supernatant). For the five CGRs in this study, the solids ratio ranged from 0.30 to
0.60. CGR projects with a higher amount of water (a lower amount of solids) in the CGR
discharge, like CGR-3, will produce the lowest solids ratios. In comparison, projects with less
water (a higher amount of solids) in the CGR discharge, like CGR-5, will produce the highest
solids ratios. Results measured for the five CGR slurries produced are summarized in Table 6.
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Table 6. CGR discharge solids ratios

CGR Discharge (Ib) OD Solids (Ib) Water (Ib) Solids Ratio
CGR-1 1,243.6 565 (45%) 679 (55%) 0.45
CGR-2 1,130.5 632 (56%) 499 (44%) 0.56
CGR-3* 2,130.9 638 (30%) 1,493 (70%) 0.30
CGR-4 1,160.2 653 (56%) 508 (44%) 0.56
CGR-5 1,445.1 852 (59%) 563 (41%) 0.60

OD = Oven dry

*CGR-3 discharge constituent weights backcalculated from final slurry weight and post-mixing measurements

Both collection efficiency and solids ratio are important because the total weight and volume of
the CGR discharge on a project directly affect the transport costs of the CGR on the project.
These measures are also important because the weight of the aggregates used in PCC mixes can
result in much heavier CGR cakes, which affects transport costs, but not necessarily larger
volumes because less water is used to grind PCC roadways with harder aggregates in the mix
design (like rose quartzite and granite).

2.2.4 CGR Slurries

The final moisture contents of each CGR slurry produced were recorded, and a method for
creating a pourable CGR for future CGR slurries was created. Figure 5 shows the part of the
mixing process where water was added back into the decanted moist CGR solids (left) and the
consistency of a typical homogeneous CGR slurry produced (right). The weights of the CGR
slurries and their moisture contents were also measured and recorded, as shown in Table 7.
ASTM D2216-19, Standard Test Method for Laboratory Determination of Water (Moisture)
Content of Soil and Rock by Mass, was followed for oven drying of CGR slurry samples to test
for moisture content. All CGRs were dried at 60°C to help avoid changing the chemical
composition of the CGR.

Figure 5. Water being added to CGR solids (left) and consistency of homogeneous CG
slurries (right)

=
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Table 7. Collected CGR discharge solids and water breakdown comparisons

CGR Discharge (Ib) OD Solids (Ib) Net Cake Water (Ib)  Supernatant (Ib)
CGR-1 1,243.6 565 (45%) 171 (14%) 508 (41%)
CGR-2 1,130.5 632 (56%) 198 (17%) 301 (27%)
CGR-3* 2,130.9 638 (30%) 299 (14%) 1,194 (56%)
CGR-4 1,160.2 653 (56%) 236 (20%) 272 (24%)
CGR-5 1,445.1 852 (59%) 231 (17%) 332 (24%)

Net Cake Water = Water decanted from CGR cakes excluding supernatant added back into the mix
OD = Oven dry
*CGR-3 discharge weight backcalculated from oven dry values and additional post-mixing measurements

CGR-3 was the initial CGR slurry created, but the process for making an ideal pourable CGR
slurry was not fully determined when the CGR-3 slurry was being mixed. As a result, this first
extremely watery CGR slurry created had roughly four times the amount of water needed for an
ideal pourable CGR slurry and had the highest moisture content at 65.2%. For the remaining four
CGR slurries produced, a more controlled mixing process was used. This process involved first
decanting the CGR buckets then reintroducing measured amounts of water into the moist CGR
solids (or CGR cakes) during the homogeneous slurry mixing process in the larger 150 gal
mixing trough.

In addition to measuring the moisture contents of the CGR slurries produced, moisture contents
were also measured for the two loess soil batches, again following ASTM D2216-19. The first
batch of loess (stored inside the soil mechanics laboratory at ISU) had moisture contents ranging
from 4.3% to 5.3%, with an average of 4.8%. The second batch of loess (collected from Crescent
Quarry) had much higher in situ moisture contents that ranged from 14.1% to 18.3%. This was
due to the excavation and collection of this soil following a week of strong rain in the region.
Due to the high variability of moisture contents found in both loess batches, the moisture
contents of the loess specimens to be used were always tested before use to ensure that moisture
content was known ahead of any compaction tests.

2.2.5 Soil Mixtures and CGR Dosages

In choosing a CGR dosage for amending lowa loess, the UCS of CGR-amended soils was the
primary selection criterion. A secondary measure was how the plasticity index (PI) of a soil was
affected by the addition of CGR. In a 2019 study, Yang et al. (2019b) analyzed the feasibility of
four different CGR dosages (10%, 20%, 30%, and 40% CGR by weight) as a soil stabilizing
amendment for two common lowa soils. These soils included a coarse sand (SC) and a silty clay
(CL-ML). Yang et al. (2019b) found that all four CGR dosages showed improved UCS while the
Pl decreased with increasing CGR dosages, and the authors concluded that a 20% CGR dosage
resulted in the highest UCS gains. As a result, 20% CGR (by weight) was added to loess in the
present study.
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2.2.6 pH (CGR)

The testing of pH for the solids (loess and CGR dry solids) in this study was performed in
accordance with ASTM D4972-19, Standard Test Methods for pH of Soils. Similarly, the testing
of pH for water samples in this study was performed in accordance with ASTM D1293-18,
Standard Test Methods for pH of Water. pH was measured for the soil, soil amendments, and
soil mixtures (untreated loess, CGRs, and CGR-amended soils) as well as for the rainwater
runoff samples collected during the rainfall simulations on the loess amended with CGR-1 and
CGR-2 (hereafter referred to as CGR-1L and CGR-2L, respectively).

With respect to the pH levels of the untreated loess, both batches of loess (control) had an
average pH of 7.10, while the pH of the dry CGR solids ranged between 11.13 and 11.83.
Amending loess with 20% CGR increased the alkalinity of the amended soil, resulting in pH
values ranging from 9.59 to 10.87. Results are shown in Figure 6.
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Figure 6. pH of untreated loess, oven-dried CGRs, and CGR-amended loess mixtures

The pH of the runoff water was also measured for each rainfall simulation at each of the three
rainfall intensities (storms) in each of the simulated rainfall trials. The building water (the water
supplied to the building by the City of Ames) was also tested for pH as well. Both the simulation
water and the runoff water from the loess during the final (6 in./hour) storm of the simulation had
similar, slightly basic pH values of 8.01 and 8.19, respectively. For each of the simulations with
CGR-amended loess (CGR-1L and CGR-2L), the pH levels gradually increased through the
course of the 60-minute simulations. For CGR-1L, the pH increased 5% over the course of the
simulation, while for CGR-2L the pH increased 14%. Results are shown in Figure 7.
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Figure 7. Post-rainfall pH of untreated loess and CGR-amended loess (by storm intensity)

2.2.7 Standard Proctor

Initial standard Proctor tests (ASTM D698-12) were performed on the untreated loess (control)
as well as on the CGR-amended loess (CGR-1L and CGR-2L). The loess (control) had an
optimum moisture content (OMC) of 16.8% and a maximum dry density (MDD) of 105.6 Ib/ft3.
The CGR-amended soils produced mixed results. With CGR-1L, the OMC decreased 1% to
15.8% with a virtually unchanged MDD of 105.5 Ib/ft. The OMC for CGR-2L, on the other
hand, increased 0.5% to 17.3% with a slightly improved MDD of 106.8 Ib/ft. The average OMC
for the loess (control) and both CGR-amended soils was 16.6% with an average MDD of 106.0
Ib/ft3, with a standard deviation of 0.76% and 0.72 Ib/ft3 for the measured OMC and MDD
values, respectively. Results are shown in Figure 8.
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Figure 8. Standard Proctor results for loess and CGR-amended loess
2.3. Compaction

Compaction of the soil specimens in this rainfall erosion study required the design and
construction of soil forms with drainage funnels and supporting racks as well as the design,
construction, testing, and calibration of a uniform compaction (tamping) apparatus. Lastly, a
method of tamping was required for compacting the soil forms tested in this study.

2.3.1 Rainfall Racks and Soil Forms

In order to perform rainfall simulations and erosion testing, the design and fabrication of soil
forms, supporting racks, and compaction methods were each required. Soil forms specifically for
this use have been made in the past using many different configurations and soil depths. For this
study, the soil media being tested included both loess (soil) and CGR-amended loess mixes. Due
to the high alkalinity of the CGR, there was a high potential for corrosion using metal forms. For
this reason, combined with the significant weight and cost of materials, metal forms were
eliminated from consideration. Plastic forms were considered as well, but wood was ultimately
selected due to its durability, low cost, and feasibility for building a custom-sized soil form. Soil
forms with inside dimensions of 24 in. (wide) x 48 in. (long) x 3%z in. (deep) were selected, with
the size modeled after soil forms built by Shoemaker (2009) and later by Wilson (2010) in their
respective master’s theses research studies at Auburn University. The choice of this size allowed
for a comparison of CGR-amended soils to soil treated with other erosion mitigating materials.

In both Wilson’s (2010) and Shoemaker’s (2009) research, rainfall simulations were also
performed on compacted soil forms. However, in these studies, the focus was on testing the
erosivity of different surface-treated products over exposed soils. Wilson’s (2010) research tested
four types of hydromulch against two conventional straw mulch products, while Shoemaker’s
(2009) research tested the effectiveness of different applications of anionic polyacrylamide
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(PAM), a well-known chemical soil stabilizer and flocculating agent. In comparison, this study
looked at the viability of amending soils with CGR to potentially stabilize the soil and reduce
soil erosivity. The design of the soil forms and tamping methods used by both Shoemaker (2009)
and Wilson (2010) were also improved upon in this study. Construction photos of the soil forms
and supporting rack are shown in Figure 9.

Figure 9. Construction of wooden rainfall soil forms (left) and supporting rack (right)

Like Wilson’s (2010) soil forms, new wooden soil forms were built with 2x4s (1% in. x 3%z in.
lumber) for the end rails and 2x6s (1% in. x 5% in. lumber) for the side rails and % in. plywood
for the soil form bases. The increased height of the side rails was to avoid wash-out and soil loss
over the side rails during rainfall simulations.

To protect the untreated plywood and lumber, the interior of each soil form was treated (sealed)
with a durable waterproof coating. Three waterproof sealers were evaluated along with outdoor
acrylic and latex-based paints. The three waterproof sealers reviewed included Swift Response’s
Flex Seal (a rubberized sealer), Henry’s white roofing sealant (an elastomeric roof coating), and
Gardner Coating’s Leak Stopper (an asphalt-based sealer). Although each product had merit,
Flex Seal was chosen for this project. Key features of Flex Seal include its waterproofing
properties, ease of application (no prime coat needed), low amount of volatile organic
compounds (VOCs) and off-gassing during application, durability, and moderately low cost.
Since only water resistance was needed on the outside of the wood forms, two coats of KILZ-2, a
water-based, mildew-resistant primer, was used. In lieu of stacked blocks and sawhorses used in
Shoemaker’s (2009) and Wilson’s (2010) research, a more substantial braced wooden rack was
required for this project. A conceptual wooden rack was envisioned next and then turned into a
conceptual design with the help of ISU structural engineering graduate student Nathan Miner
(Figure 10).
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Nathan Miner, ISU

Figure 10. Conceptual design sketch (left) and completed (built) version of rainfall test
apparatus (right)

This final structural rack design included 2x4 diagonal bracing in both the X and Y axes as well
as removable lateral all-thread rods to provide lateral stability to prevent failure under loading.

In order to design a structural wooden rack capable of supporting heavy forms (filled with wet
compacted soil) the MDD of the compacted loess soil at OMC was required. An MDD of 16.7
KN/m? (107 Ib/ft®) was determined for a similar western lowa loess in previous research
performed at ISU (Coban 2017, Mahedi et al. 2019). Multiplying 107 Ib/ft® times an 8 ft? soil
form with a depth of 3'2 in., adding in the weight of the empty 40 Ib soil form, and applying a
safety factor of 1.2 produced an estimated 350 Ib weight requirement for each compacted soil
form. This design concept was then finalized and built using 2x4 lumber and heavy-duty,
corrosion-resistant exterior deck screws. A fixed 3:1 slope (18.4 degrees) was built into the
wooden racks for this study (Figure 10). This slope was selected based on typical embankment
foreslopes shown in lowa DOT roadway design drawings and based on embankments detailed in
Section 2107 of the lowa DOT’s Standard Specifications for Highway and Bridge Construction
(lowa DOT 2020).

The top edge of each rack was built to a height of 22 in. to allow for a 6 in. clearance from the
metal funnel to the top of a typical 5 gal bucket. The drainage of each soil form was also
engineered and improved upon in this project. The rainwater collection gutter used by
Shoemaker (2009) as well as the metal flume used by Wilson (2010) installed at the base of each
soil form both appeared to successfully collect the rainwater samples; however, each did not
appear to be very easy to clean or reset after a rainfall event. Moreover, the fine-grained loess
and CGR soil particles in this project required an improved method of collection and handling.
Shoemaker (2009) utilized a PVC gutter and downspout and the end of his soil forms, while
Wilson (2010) chose a metal flume. These gutters and flumes were secured directly to the wood
soil forms, which then required extra handling and care with removal, cleaning, and reattachment
after each rainfall simulation. With the prospect of significant test repetitions, a more durable
detachable funnel was designed to address these product limitations. A new funnel design was
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modeled and dimensioned in AutoCAD and then given to Drexel Metals, Inc., which fabricated a
prototype. The main features of this new funnel were that it allowed for easy removal and
cleaning and provided a more seamless way to direct and capture rainwater runoff samples.

The final design included a welded (not pop riveted) aluminum funnel with a U-shaped back
(that snuggly fit over the bottom end rail), a triangular-shaped design with 1% in. high side walls,
a rectangular drainage outlet, and an open top (to provide visibility during testing for addressing
any clogs that might occur) (Figure 11).

—

Figure 11. AutoCAD drawing (left) and actual aluminum soil form funnel (right)

Testing of the funnel prototype involved outfitting a soil form with a plexiglass cover and then
running a maximum 6 in./hour maximum rainfall simulation to check for leakage and/or any
overflow issues. The results of the test found no functional issues with the prototype. After this
rainfall test, an easier attachment method was added to the transparent plexiglass covers fitted
over the funnels. The exposed wood on the racks was also primed with two coats of KILZ-2
primer to better protect it from water penetration.

2.3.2 Uniform Tamping Apparatus

With the soil forms, supporting racks, and collection funnels designed and fabricated, focus
turned to the design of a uniform tamping device/apparatus. Both Shoemaker (2009) and Wilson
(2010) shared the same tamping methods, which involved lifting and dropping a hand tamper in
a series of drops to achieve 95% compaction. The hand tamper used appeared to be an effective
soil compaction tool in both of these studies. Wilson (2010) and Shoemaker (2009) each
achieved the desired compaction in similar Alabama sandy clay loams with 80 drops and 90
drops (per square foot), respectively. Both researchers also determined optimum drop counts for
each of their projects through regression analyses of the drops, which involved graphing the unit
weights achieved through compaction using a smaller 12 in. x 12 in. (1 ft?) test form. Shoemaker
(2009) and Wilson (2010) each manually tamped their smaller test forms in trials consisting of
10, 20, 30, 50, and 60 drops to determine the optimum number of drops.
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The challenge with any manual drop compaction method is ensuring that the energy from each
drop is both uniform and repeatable. Important drop factors, including drop height, drop angle,
and landing position of the tamper/weight, each need to be kept reasonably constant for each
drop to deliver the same amount of compaction energy to the soil. The tamper also needs to be
gravity dropped (not thrust down) so the impact delivered to the soil does not dramatically vary
with each drop sequence. In addition to drop factors, the maneuverability of the tamper and/or
soil form is another important design consideration. With a larger 8 ft? soil form footprint,
compared to 10 in. x 10 in. (0.69 ft?) or 12 in. x 12 in. (1 ft?) tamper footprints, for example,
repositioning of the form and/or the tamper is required during compaction. An automated
compaction apparatus could better account for this repositioning in the design. These important
design considerations were incorporated into the design and construction of the uniform tamping
apparatus (UTA) created for this study (Figure 12).

Figure 12. Wooden uniform tamping apparatus

Like the soil forms, the UTA frame was fabricated primarily from 2x4 nominal wood lumber.
Borrowing from Shoemaker’s (2009) and Wilson’s (2010) process, a 13.05 Ib hand tamper with
a 10 in. x 10 in. square footprint was also incorporated into the UTA. A fixed drop height of 12
in. above the top of the soil surface was built into the UTA frame, and a 24 in. (wide) x 48 in.
(long) rolling platform with eight heavy-duty casters was built to allow the soil forms to be
repositioned easily on the floor. Horizontal casters were added to the UTA frame to restrict
movement of the rolling soil forms in the longitudinal (8 ft) direction.

With respect to the tamping angle, a PVC pipe sleeve was integrated into the UTA frame to
confine the tamper to a fixed, vertical/plumb position. A horizontal slot was added for horizontal
movement of the tamper, with removable check blocks added to hold the tamper (horizontally) in
one of two positions in the slot during tamping. This allowed for free tamping in variable
horizontal positions if needed. Vertically, the PVC pipe containing the tamper also served as a
limiter to fix the maximum drop height to 12 in. from the fully raised (set) position of the tamper
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down to the top surface of the soil. Lastly, a hole was drilled in the metal tamper handle for
safety. A removeable carriage pin was installed in the hole to hold/lock the tamper (safely) in a
raised position. This pin was used when the soil form was repositioned during compaction.

2.3.3 Uniform Compaction

Uniform compaction that could be easily replicated was required for the soil forms used in the
rainfall trials in this research. Creating the UTA discussed above provided the equipment to
achieve uniform compaction, but determining a repeatable uniform tamping method to compact
the soil forms was also required. To test the UTA’s compaction capability to produce uniform
compaction over a series of test trials, a smaller 12 in. x 12 in. (x 3“2 in. deep) wood test form
was built. This small 1 ft? test form was also waterproofed with Flex Seal to simulate a scaled-
down version of the full size 8 ft? rectangular soil form. The purpose of the UTA compaction
trials was to determine the degree of compaction from an increasing amount of compaction
effort. Compaction trials were performed with 50, 75, 100, 125, and 150 (gravity) drops per 1 ft?
form with the 13.05 Ibf tamper built into the UTA. This tamper was raised and then dropped (not
thrust down) for each tamp (or drop) (Figure 13).

Figure 13. Calibration test trials of the UTA

The UTA compaction trials were performed on loess samples prepared with an 11.5% (-5.3%
OMC) constant moisture content. This moisture content (on the dry side of optimum) was chosen
to help ensure that no excess pore water pressure would adversely affect compaction while still
providing enough moisture to achieve good (soil) compaction. Using the data from the UTA
compaction trials and linear regression, a linear relationship with a high degree of confidence (R?
= 93.3%) was found between the drop trials and the dry unit weights measured for all five test
trials (50, 75, 100, 125, and 150 drops). Extrapolating from these data, the theoretical number of
drops to achieve 90% and 95% compaction was found to be 175 and 240 drops per 1 ft? form,
respectively. The theoretical number of drops required to reach a theoretical 100% or maximum
compaction was determined to be 305 drops/ft2. Multiplied by 8 (for an 8 ft soil form), to
achieve 90%, 95%, and (a theoretical) 100% compaction would require 1,400, 1,920, and 2,440
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drops, respectively, for these degrees of compaction at OMC. Since this number of drops per soil
form would be extremely difficult to achieve for dozens of soil forms, the prospect of
compacting the soil forms required a lower, more manageable number of drops.

Included in the test trials were 150 drops/ft? (1,200 drops per soil form) and 125 drops/ft? (1,000
drops per soil form). The drops in these two trials achieved 88% and 86% compaction,
respectively (Figure 14). Although 90% compaction was desired for these trials, 125 drops/ft?
(1,000 drops per soil form) was selected for the compaction standard for the rainfall trials. This
reduced number of drops was believed to still provide adequate compaction of the soil forms for
erosion testing. In hindsight, changing from one lift of soil to two lifts of soil (theoretically) with
125 drops/ft? would have produced sufficient compaction energy to achieve 90% compaction at
this same number of drops.
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0 50 100 150 200 250 300 350

Number of Drops

Figure 14. UTA test trial data (degree of compaction per number of drops)
2.3.4 Tamping Pattern

During the selection of the number of drops per square foot, a pattern involving 125 drops/ft?
over 8 drop locations in the soil form was ultimately chosen. Initially, the soil form was divided
into a grid of 15 overlapping drop locations. However, if the number of drop locations in the soil
form were increased to 15, the total number of drops would increase to 1,875 (15 locations x 125
drops per location). Based on this dramatic increase in the total number of drops required, the
number of drop locations was kept at 8, and a serpentine pattern (shown in pattern C in Figure
15) was adopted to provide an alternating pattern to the tamping and to minimize the amount of
time the soil form needed to be shifted longitudinally under the UTA tamper.
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Figure 15. Rainfall soil form tamping patterns (pattern C chosen)
2.4 Rainfall Erosion Simulation

With respect to the ISU rainfall simulator used in this study, an understanding of the devices and
mechanisms involved in the simulator system as well as calibration and testing of this equipment
were required prior to performing the rainfall erosion testing. The calibration and testing of this
equipment had not previously been performed. As a result, processes were developed to
accomplish this work.

2.4.1 Rainfall Simulator (ISU)

An indoor, ceiling-mounted, three-bay, nine-nozzle, Purdue-type rainfall simulator located in the
Biorenewables Research Laboratory at ISU was used for this study. It employed a total of nine
Veelet Model 80100 flat-spray nozzles (three per bay), each with laminar flow fittings, to
produce a fine rainfall spray with an 80-degree fan spread (Figure 16). The drainage area with
metal grates area under the rainfall simulator was 11 ft wide (left to right) by 15 ft deep (front to
back), with a maximum potential rainfall zone of approximately 9 ft wide by 11 ft deep beneath
the rainfall simulator.
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Figure 46. Select metal concentrations detected in effluents generated from single-batch

The known regulatory limits set by the U.S. EPA or state agencies are provided in Table 15.
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Table 15. Regulatory limits of select metal analyses

Metal Type of Regulatory Limit Limit (mg/L)
As U.S. EPA MCL 0.01
Be U.S. EPA MCL 0.004
Cd U.S. EPA MCL 0.005
Cr U.S. EPA MCL 0.1
Cu U.S. EPA action level 1.3
Li N/A N/A
Mo U.S. EPA National Recommended Water Quality 0.05

Criteria (NRWQC) (human health) limit '
Ni U.S. EPA NRWQC (human health) limit 0.61
Pb U.S. EPA action level 0.015
Se U.S. EPA MCL 0.05
v CA State Water Resources Control Board 0.05

drinking water notification levels
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Figure 50. CGR collection at diamond grinding project site in Washington County: (a)
preparing the super bags with containment, (b) transporting the super bags to the diamond
grinding site, (c) diamond grinding operations, (d) filling the super bags with CGR, (e)
securing the bags, and (f) transporting the bags to the construction site

The collected CGR was stored in the bags for at least 3 hours to settle the particles. Once the
CGR particles were settled, the clear water from the top of the bag was drained to obtain the
settled CGR slurry. Figure 51 shows the dewatering process of the CGR slurry. According to the
preliminary design, five bags of settled CGR slurry were required for each of the test sections to
accumulate 3 tons of settled CGR. In each bag, the target settled CGR thickness was 15 in.
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a) Draining b) Dewatering ¢) Settled CGR slurry

Figure 51. Dewatering process for CGR slurry at the demonstration site in Washington
County: (a) draining water from bags, (b) manual dewatering, and (c) settled CGR slurry

For the CGR Reclaimed section, the required amount of CGR was mixed with the top 3 in. of the
existing shoulder materials. For the CGR Top shoulder section, the settled CGR was poured onto
the shoulder materials and uniformly distributed to a target CGR thickness of 0.5 in. Finally, a
section of the pavement shoulder was treated (top 3 in.) with Base One for comparison purposes.
The construction steps for each of the prepared sections are explained below.

CGR Reclaimed Section

e Construction occurred on June 8, 2020.

e A5 ft area of the shoulder was reclaimed using a RoadHog, and the section was leveled
using a motor grader.

o A forklift was used to apply CGR from the bags. Initially, the bags were filled to a height of
32 in., and the settled CGR heights in the bags were 20 in., 15 in., 18 in., 18 in., and 15 in.
(with a target of 15 in.).

e The CGR was distributed using a motor grader, and the CGR was mixed with the shoulder
gravel using road milling equipment (RoadHog).

e Again, a motor grader was used to level the surface.

e The section was compacted using a rubber tire compactor with nine passes.

e Figure 52 illustrates the detailed construction steps for the CGR Reclaimed section.
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a) CGR bags b) CGR application
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e) Leveling g) Compaction

Figure 52. Construction of CGR Reclaimed section in Washington County: (a) placing
CGR bags at the designated distance, (b) dumping CGR, (c) reclaiming soil with CGR
using a RoadHog, (d) distributing CGR by blading, (e) leveling the surface, (f) compaction,
and (g) completed CGR Reclaimed section

CGR Top Section

e Construction occurred on June 8, 2020.
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e The section was leveled using a motor grader with two passes.

e A windrow at the side of the test section was made using a motor grader to avoid the loss of
CGR outside the section width.

e CGR from the super bags was applied to the section using a forklift. The settled CGR heights

in the bags were 15 in., 15in., 13 in., 13 in.,, and 15 in. (with a target of 15 in.). Initially, the

bags were filled to a height of 28 in.

The CGR was distributed using a motor grader.

Surface materials were added on top of the CGR using a motor grader.

The section was compacted using the rubber tire of a motor grader in three passes.

Figure 53 shows the detailed construction steps for the CGR Top section.

a) Preparation of windrow -, E a) CGR application
o, A = | wansSks

LY

2 ol

¢) Mixing and Blading A o

d) Final CGR Top Section

Figure 53. Construction of CGR Top section in Washington County: (a) creating windrow,
(b) dumping CGR, (c¢) mixing and blading CGR, and (d) completed CGR Top section

Base One Section

e Construction occurred on June 4, 2020.

e A RoadHog was used to reclaim the existing surface up to a 3 in. depth.

e Base One was applied using six sprinklers with an application rate of 0.005 gal/yd?/in. A
total of 100 gal of Base One was applied for the stabilization of the section.

e The section was sprayed with water to bring it to optimum moisture content.
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e Again, a RoadHog was used to mix the stabilizer with the shoulder material.
e The edge and surface were leveled using a motor grader.
e The section was compacted using a rubber tire compactor with a total of nine passes.

7.1.3 Field Data Collection and Results

LWD and DCP tests were performed to evaluate the efficacy of using CGR in shoulder
stabilization. The data were collected and reported at four different time periods that included
before construction and seven days, one year, and two years after construction. Figure 54 shows
the appearance of the Washington County site two years after construction, as well as the LWD
and DCP field evaluation tests. From the appearance of the surface conditions, it was observed
that the treated sections had a lower loss of aggregate than the untreated section.

a) Base One Section

.

¢) CGR Top Section d) Untreated Section
7 Y : E—— /

VL

Figure 54. Washington County site appearance after two years: (a) Base One-treated
section, (b) CGR Reclaimed section, (¢) CGR Top section, (d) untreated section, (¢) LWD
testing, and (f) DCP testing
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The LWD and DCP tests were performed at three points in each section at intervals of 50 ft.

The Zorn 3000 LWD device used in this study features a 22 Ib hammer with a drop height of
28.5in. and a base plate diameter of 11.81 in. Since the zone of influence of an LWD is 1.5to 2
times the diameter of the LWD plate, the elastic modulus determined by the LWD in these tests
is considered to be the composite elastic modulus of both the surface and subgrade layers. Figure
54e shows the LWD test setup used in this study. The composite elastic modulus values of the
pavement shoulder sections were calculated using the following equation (Schwartz et al. 2017):

Eiwp = d—o (2)

where ELwp is elastic modulus as calculated from the LWD tests, g, is the vertical stress applied
on top of the LWD plate, 9 is Poisson’s ratio (assumed as 0.4), d,, is the diameter of the plate, A
is the stress distribution factor (assumed value of 37/4), and f is the shape factor (assumed to be
two for a uniform stress distribution).

Figure 55 shows the composite elastic modulus values of the constructed test sections
determined from the LWD test results.
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Figure 55. LWD results at demonstration site in Washington County
The highest elastic modulus values were found during the preconstruction test for all sections
except the Base One section. Compared to these initial values, the composite elastic modulus

values of the test sections were found to be lower during the test conducted seven days after
construction. Similar observations were also made for the control section. It was concluded that
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the differences in the elastic modulus values between these two tests resulted from higher
moisture contents during the second test. The preconstruction test was performed in May 2020.
The construction of the test sections was completed in June 2020. The test performed seven days
after construction was conducted on June 16, 2020. It was concluded that the higher rainfall
observed in the month of June increased the subgrade moisture content, which eventually
decreased the composite elastic modulus values of the test sections seven days after construction.

One and two years after construction, the composite elastic modulus values for all sections
increased. The average composite elastic modulus of the Base One section was found to be lower
in the preconstruction test than in later tests, with higher variations in measurements (shown in
error bars). Between the test conducted seven days after construction and the tests conducted one
and two years after construction, the elastic modulus values of all sections increased noticeably.
The rates of increase in the composite elastic modulus values were similar for all sections. In
addition, significant differences in the modulus values of the test sections were observed between
the tests conducted seven days after construction and one year after construction. But the
differences in elastic modulus between the tests conducted one year and two years after
construction were not significant.

From these results, it can be concluded that the CGR Reclaimed section exhibited improved
performance compared to the control section. Moreover, the CGR Top section showed slightly
higher composite elastic modulus values compared to those measured for the control section.
However, as indicated by the standard deviations, these increases were not significant. In
addition, the CGR Reclaimed section provided a very similar modulus to that of the Base One-
treated section.

The DCP tests were performed following the standard designated by ASTM D6951. DCP testing
was performed to determine the CBR and thickness of the shoulder materials. A DCP cone with
a 0.79 in. base diameter was used to penetrate the pavement layers up to a depth of 24 in. The
hammer used for the DCP test weighed 7.6 Ib. Figure 54f shows the DCP test process performed
at three different locations in each test section.

The DCP results were used to calculate the DCP index (DCPI) as the penetrations per blow for
each of the test points. Using the DCPI as the rate of penetration and empirical correlations based
on the ASTM D6951 standard, the CBR values for each layer were calculated. The empirical
equations used for the calculation of CBR were as follows:

292
DCPI112 3

CBR =

when the calculated CBR is higher than 10.

CBR = : (4)

(0.017019 XDCPI)?

when the calculated CBR is lower than 10.
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Figure 56 shows the average CBR values obtained from the DCP tests conducted at different
times, including before construction of the test sections and one week, one year, and two years
after construction. Note that each plot presents the average CBR values of three test points in
each section.
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Figure 56. DCP results at demonstration site in Washington County
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The CBR values gradually increased with an increase in penetration depth. At depths between 3
in. and 6 in., higher CBR values were measured. It was anticipated that the compacted pavement
base layer would increase the CBR values in this zone. As the base layer was passed, the CBR
values subsequently decreased with an increase in depth.

This study focused on the CBR values calculated to a depth of 3 in. (within the stabilized layer),
since the use of CGR was restricted to this zone. As illustrated in Figure 56a, the CBR values
before construction were similar among the different test sections. The CBR values one week
after construction, shown in Figure 56b, were lower than those measured during the
preconstruction period for all sections; this finding could be explained by the rainfall observed in
the month of June, which reduced the strength of the stabilized layer. One week after
construction, the surface treatments did not show significant improvement in CBR values
compared to the untreated section. Figure 56¢ and Figure 56d indicate that a similar outcome was
found one year and two years after construction, with no significant improvement in the CBR
values of the treated layers compared to those of the untreated section. However, the CGR
Reclaimed section exhibited slightly higher CBR values compared to the untreated section. The
difference in CBR values between the CGR Reclaimed and Base One-treated sections was
significant, with higher CBR values obtained for the CGR Reclaimed section.

7.2 Clinton County Site

Another field demonstration site was constructed in Clinton County, the easternmost point in the
state of lowa, near the Mississippi river. Similar to the Washington County site, this field
demonstration site was constructed in May 2021 to explore the benefit of using CGR as a
stabilizer for unbound pavement material. The routine field evaluation of the site included LWD
and DCP tests, and the surface condition of the test sections was documented over time to assess
the sections’ field performance. The following sections provide detailed information on the
construction of the field demonstration site and the results of the field evaluation.

7.2.1 Site Information and Construction Plan

County Road Z-24 in Clinton County, lowa, was selected for the field demonstration site. Figure
57 shows the location of the test sections. County Road Z-24 is a two-way, two-lane concrete
road with a 22 ft wide pavement and 8 to 10 ft wide gravel shoulders on both sides. The test
sections were constructed in the shoulder on one side of the road.
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Figure 57. Location of field demonstration site in Clinton County

Figure 58 illustrates the schematic of the field demonstration site, with the detailed dimensions
of each test section. The field demonstration site in Clinton County consisted of four test sections
similar to those constructed in Washington County, including a Base One-treated section (Base
One), a section in which CGR was mixed with shoulder material (CGR Reclaimed), a section
that received CGR on its surface without reclamation (CGR Top), and an untreated control
section (Untreated). Each section was 250 ft in length and 5 ft in width, and a 50 ft gap between
sections was provided to avoid overlap between the sections during construction. The shoulder
located on the other side of the road from the treated sections was considered an untreated
section for field performance evaluation.

PCC surface

Pavement Subsurface
Structures

Figure 58. Schematic diagram of field demonstration site in Clinton County
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7.2.2 Construction Methods and Steps

For the field demonstration site in Clinton County, a construction method similar to that used in
Washington County was adapted to build the test sections. The amount of CGR required for the
sections was determined after finalizing the application rate, settlement rate, solids-to-liquid
ratio, and density of the CGR and the field moisture content of the shoulder materials. A 20%
CGR application rate was selected as the optimum application rate based on a laboratory
investigation by Yang et al. (2019b). The maximum dry density and optimum moisture content
of the shoulder materials alone were determined to be 133 Ib/ft® and 8%, respectively. The
estimated maximum dry density and optimum moisture content of shoulder materials mixed with
20% CGR were estimated to be 130 Ib/ft3 and 9.2%, respectively, for the field construction.

The CGR was collected from a nearby diamond grinding operation on County Road Y-46,
approximately 8 miles away from the field demonstration site. The CGR material was collected
in 210 gal heavy-duty super bags to a height of 28 in. Figure 59 illustrates the CGR collection
process from the concrete diamond grinding operation in Clinton County.
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Figure 59. CGR collection at diamond grinding project site in Clinton County: (a)
preparing the super bags with containment, (b) diamond grinding operations, (c) filling the
super bags with CGR, and (d) dewatering the CGR bags
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The CGR collected in the heavy-duty super bags was allowed to settle for 3 hours, and the water
from the top of the bags was drained manually before the CGR was applied to the CGR-
stabilized sections. The height of the settled CGR in each bag was determined to be
approximately 15 in. A total of five bags of settled CGR were used for each of the CGR
Reclaimed and CGR Top sections, and the estimated total weight of the CGR was 3 tons for each
section. The steps for constructing the CGR Reclaimed, CGR Top, and Base One-treated
sections in Clinton County were similar to the steps used in Washington County. The CGR
material was poured on top of the shoulder material for the CGR Top section, while CGR
Reclaimed and Base One-treated sections were reclaimed up to 2.5 in. and mixed with CGR and
Base One, respectively. The detailed construction steps are explained below.

Base One Section

e Construction occurred on May 25, 2021.

e A RoadHog was used to reclaim the existing surface up to a 2.5 in. depth.

e A total of 100 gal of Base One and 250 gal of water were applied for the stabilization of the
section. Base One was applied using six sprinklers with an application rate of 0.005
gallyd?/in.

e Again, a RoadHog was used to mix the stabilizer with the shoulder material.

e The edge and surface were leveled using a motor grader.

e A total of 18 passes of a rubber tire compactor were used to achieve the target density of the
Base One section.

CGR Reclaimed Section

e Construction occurred on May 25, 2021.

e The shoulder was leveled to a 5 ft width using a motor grader before CGR application.

e The CRG bags were brought to the section using a forklift, and the CGR was spread
throughout the section. Initially, the bags were filled to 28 in., and the settled CGR height in
the bags was approximately 15 in.

e The CGR was distributed using a motor grader.

e A RoadHog was used to reclaim the existing surface up to a 2.5 in. depth, and the CGR was
mixed with the shoulder gravel.

e The surface was leveled using a motor grader.

e A rubber tire compactor was used to provide adequate compaction with a total of 18 passes.

e Figure 60 shows the step-by-step construction process for the CGR Reclaimed section.
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Figure 60. Construction of CGR Reclaimed section in Clinton County: (a) leveling site
before CGR application, (b) dumping CGR, (c) reclaiming soil with CGR using a
RoadHog, (d) distributing CGR by blading, (e) rolling compaction, and (f) completed CGR
Reclaimed section

CGR Top Section

e Construction occurred on May 26, 2021.

e A motor grader was used to make a windrow at the edge of the section to avoid the loss of
CGR outside the section width.

e A total of five bags of settled CRG was poured on top of the section using a forklift.
e The CGR was uniformly distributed using a motor grader.

e Surface materials were added on top of the CGR using a motor grader, and the top surface
was leveled.
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e No additional compaction using a rubber tire roller was applied apart from the compaction
provided by the motor grader tires.
e The steps for constructing the CGR Top section are illustrated in Figure 61.

a) Before CGR application s | b) Prepare windrow

¢) CGR application d) After application

s"/"7—

e) Blading CGR top section f) Completed CGR top section

Figure 61. Construction of CGR Top section in Clinton County: (a) section appearance
before CGR application, (b) creating windrow, (c) dumping CGR, (d) section appearance
after CGR application, (e) blading CGR Top section, and (d) completed CGR Top section

7.2.3 Field Data Collection and Results

The efficacy of using CGR for pavement shoulder material stabilization at the Clinton County
site was evaluated by conducting LWD and DCP tests along with a visual survey of the surface
conditions. Figure 62 shows the surface conditions of the field demonstration site in Clinton
County one year after construction. From the appearance of the surface conditions, it was
observed that the stabilized sections had a lower loss of aggregate than the untreated section.
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CGR stabilization is hypothesized to reduce the aggregate loss from the shoulder of the road due
to the wind generated by high-speed truck traffic.

a) Base One Section ¢4 b) CGR Reclaimed Section

¢) CGR To
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Figure 62. Clinton County site appearance after one year: (a) Base One-treated section, (b)
CGR Reclaimed section, (c) CGR Top section, and (d) untreated section

The LWD and DCP tests were conducted at three test points in each section to measure the
composite elastic modulus and CBR values of the test sections, respectively.

The same LWD device with the same configuration was used for the evaluations of both the
Washington County and Clinton County field demonstration sites. The LWD tests were
conducted before the construction of the test section and one week, six months, and one year
after construction to document the field performance of the treatments at different times. The
composite elastic modulus values of the test sections were estimated using Equation (2). Figure
63 documents the average LWD test results for each section from the Clinton County
demonstration site.
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Figure 63. LWD results at demonstration site in Clinton County

The LWD test conducted one week after construction shows similar composite elastic modulus
values for each section, with the highest variation observed in the CGR Top section. The
composite elastic modulus values of the CGR Reclaimed, CGR Top, and Base One sections
increased over time compared to the control section. Improved strength was obtained for the
treated sections because of the stabilization of the surface layer provided by the CGR mix and
the Base One additive. The composite elastic modulus values measured six months after
construction were significantly higher than the values measured at other times because of the
frozen condition at the site during this test. The tests performed six months after construction
were conducted in December 2021, when the surface temperature was documented to be 21°F.
The frozen soil layer resulted in higher composite elastic modulus values for all sections. The
CGR Reclaimed section demonstrated a 20% to 40% improvement in composite elastic modulus
compared to the control section.

The DCP tests were conducted at the same time as the LWD tests, and measurements were taken
at three test points located 50 ft apart within each section. Equations (3) and (4) were used to
estimate the CBR values from the DCP test results. Figure 64 indicates the average CBR values
for all test sections during all four testing periods, including before construction and one week,
six months, and one year after construction.
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Figure 64. DCP results at demonstration site in Clinton County

The average CBR values measured one week after construction did not show significant
variability among the sections; however, slightly lower CBR values were documented for the
control section. At one week and one year after construction, the CBR values of the Base One-
treated and CGR Reclaimed sections were higher than those of the control section, which can be
attributed to the beneficial use of CGR and Base One in shoulder stabilization. The CGR
Reclaimed section may also have gained strength with curing time due to the hydration of the
remaining cementitious compounds in the CGR. In addition, the CGR Reclaimed section
demonstrated better performance compared to the Base One-treated section. However, the CBR
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values measured six months after construction were mainly influenced by the frozen condition of
the site at this time.

7.3 Summary

Two field demonstration sites were selected to assess the benefits of using CGR in pavement
shoulder stabilization. One site was located in Washington County and the other was located in
Clinton County, lowa. Four test sections were built at both sites, including a Base One-treated
section, a CGR Reclaimed section, a CGR Top section, and an untreated section. The CGR
Reclaimed and CGR Top sections demonstrated two different methods of CGR application. The
CGR Reclaimed section was constructed by mixing the CGR with the top 3 in. of shoulder
material, whereas the CGR Top section was built by pouring the CGR on the top of the shoulder.
The Base One-treated section was selected to compare the stabilization performance of the CGR
with that of a commercial additive.

LWD and DCP tests were performed at both sites to evaluate the field performance of the test
sections. The LWD and DCP test results in Washington County indicate that the application of
CGR to the pavement shoulder material did not improve the performance significantly. However,
the CGR Reclaimed section in Clinton County demonstrated a 20% to 40% improvement in
strength compared to the untreated section. In addition, the CGR Reclaimed section in Clinton
County exhibited higher stiffness compared to the Base One-treated section.
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CHAPTER 8 CONCLUSIONS

Utilizing waste materials to help stabilize problematic soils is a creative and sustainable idea.
One abundant waste material is CGR slurry, which is produced in large quantities on concrete
diamond grinding (roadway) projects in the United States. In lieu of recycling, the two primary
means of disposal are discharge of the CGR slurry directly onto adjacent roadway shoulders or
collection and transport to local sedimentation pits or local landfills.

It seems unusual to still see CGR discarded, since CGR is merely concrete fines with a high lime
content, while it is also classified as a nonhazardous waste product by EPA standards (provided
the pH is less than 12.0). CGR has been collected and tested in numerous studies, and its mineral
composition and chemical properties are well known. More importantly, several major studies
have concluded that CGR does not have long-term effects on soil chemistry, soil infiltration, or
vegetation growth or any detrimental effects on fish and the environment (Ceylan et al. 2019,
Yang et al. 2019b, Luo et al. 2019); however, the recycling uses for CGR still remain largely
unexplored.

In this research, two distinct laboratory erosion studies, one using wind and one using rain, were
performed to observe CGR-amended soil and determine the effect of CGR amendment on
erosion. Supporting laboratory tests performed on both untreated (control) soils and CGR-
amended soils included sieve analysis (gradation), moisture content analysis, standard Proctor
testing, pH measurement, turbidity measurement, and the measurement of eroded soil loss.

In addition, two field demonstration sites were constructed in lowa to determine the benefit of
using CGR as a stabilizer for pavement shoulder materials. Two different CGR stabilization
techniques were evaluated: (1) mixing CGR with shoulder material (CGR Reclaimed sections)
and (2) pouring CGR on top of shoulder material (CGR Top sections). The performance of the
CGR-stabilized sections was compared with that of an untreated section and a section treated
with a proprietary additive.

The key findings from both the rain and wind erosion studies and the field demonstrations are as
follows:

e The pH for the untreated loess was 7.10. A close range of pH values was found for the five
CGRs collected, with a low pH of 11.13 and high pH of 11.83. Similarly, the average pH for
the 20% CGR-amended loess ranged from a low pH of 9.59 to a high pH of 10.95.

e The initial pH of the rainfall simulation water was 8.01, which is presumed responsible for
the slight increase in pH of the stormwater runoff from the untreated loess (8.19). The
average pH for the stormwater runoff from the 20% CGR-amended loess ranged from a low
pH of 10.22 to a high pH of 11.68 across the six CGR-amended soil forms tested.

e The water quality of the 20% CGR-amended loess was much poorer compared to that of the
untreated loess grab samples collected. The average turbidity values ranged from as low as
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1.8 to as high as 4.7 times higher (worse) across all 120 water quality grab samples collected
from the 20% CGR-amended loess rainfall simulations. This translates to an average of
410% poorer water quality for the grab samples collected from the CGR-amended loess trials
compared to the samples collected from the untreated loess. The water quality was the
poorest during the middle third of the test (during the 4 in./hour storm) for all trials of the
20% CGR-amended loess. During this storm, the water quality averaged 530% worse for the
CGR-amended soils tested.

With respect to the rain-eroded soil collected and weighed after the rainfall simulations, the
20% CGR-amended loess eroded substantially more than the untreated loess during the 60-
minute rainfall trials. Soil loss (erosivity) measurements showed an average soil loss of -
520% for the CGR-amended soil compared to the untreated loess soil. This translates to an
average of -17.30 tons/acre for the CGR-amended soil compared to -4.62 tons/acre for the
untreated loess control soil. Soil loss increased from the 2 in./hour storm to the 4 in./hour
storm but decreased from the 4 in./hour to 6 in./hour storm.

Loess compacted on the dry side of optimum (-5.3% OMC) rain eroded -216% more than
loess compacted at OMC (-9.97 tons/acre of soil loss for soil compacted on the dry side of
optimum compared to -4.62 tons/acre of soil loss for soil compacted at OMC).

With respect to the wind erosion results, for all of the soil blends tested, the untreated Site A
Control soil resulted in the highest erosion rate at -8.07 tons/mile. However, for the wind
erosion results for the two similar untreated soils from Washington County (Site B and Site
C), the wind erosion rates were substantially lower at -3.72 and -6.52 tons/mile, respectively.

Amending the Washington County shoulder aggregate with CGR decreased the wind
erosivity of the soil. Wind erosion decreased 25% and 58% for shoulder aggregates amended
with 20% and 40% CGR, respectively, compared to untreated soils. Conversely, amending
the Clinton County shoulder aggregate with CGR increased the wind erosivity of the soil.
Wind erosion increased 25% and 50% for shoulder aggregates amended with 20% and 40%
CGR, respectively, compared to untreated soils.

Adding 20% CGR to western lowa loess only slightly reduced the wind erosivity of the soil.
Additionally, the wind erosion rate of untreated loess mirrored the wind erosion rates of
Class 1-A untreated shoulder aggregates from Clinton County.

The field demonstration in Washington County showed that CGR stabilization did not
improve the performance of the shoulder material significantly. However, a slight
improvement in strength was observed for the CGR Reclaimed section. Conversely, the CGR
Reclaimed section in Clinton County demonstrated a 20% to 40% improvement in terms of
composite elastic modulus and CBR values. Moreover, the performance of the CGR Top
sections suggests that pouring CGR on top of shoulder materials without mixing may not be
an effective stabilization technique. Blending the CGR with the shoulder material appears to
be the more effective stabilization technique for field application.
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CHAPTER 9 RECOMMENDATIONS AND LIMITATIONS
9.1 Recommendations

A key goal of any geotechnical research study is to maximize the number of soils and soil
mixtures being tested in order to maximize the amount of data available for analysis.
Recommendations for future rain erosion tests would include the testing of additional lowa soils
(e.g., glacial till and alluvium) with 20% CGR dosages (as well as other CGR dosages). This
would more conclusively determine whether the rain erodibility trends found would continue for
other CGR-amended soils.

With respect to the rainfall simulator, enhancements to the existing simulator (e.g., increasing the
number of nozzles from 9 to 12) would increase the rainfall footprint within the simulator.
Additionally, changing the style of simulator from a Purdue-type simulator to a simulator style
that produces uniform 3 mm gravity-driven raindrops could produce raindrops of more uniform
size and distribution within the rainfall simulation room.

Although redundancy is good for test trials, with respect to future rainfall testing, the testing of a
single test form of a particular soil blend (in lieu of testing three soil forms per rainfall trial)
would allow more soils and more soil blends to be tested initially. This would also significantly
save on the extra compaction effort required to produce three soil forms with the same soil for
each test. Regarding the compaction of the soil forms, changing from a single lift to three lifts of
1% in. of soil using the UTA compaction equipment could dramatically reduce the number of
compaction tamps required per soil form, which in turn would reduce the wear and tear on the
UTA. Lifting of the 350 Ib compacted soil forms required the brute strength of three people.
Installing a wall-mounted arm and winch to lift and set the compacted soil forms would provide
a safer and more efficient way to lift the soil forms on the racks for testing.

Another recommendation for future testing is to adjust specimen curing time. The limited 24-
hour curing time chosen for the rainfall erosion study (which was chosen due to time constraints)
reduced the reaction time for the CGR to gain stability and strength with the CGR-amended loess
soils tested. A seven-day curing time following compaction is recommended for future trials.
Loess was selected for this study because of its fine particle size, low plasticity, abundance in
lowa, and the poor drainage and strength characteristics (generally) associated with silts and
loams, which in turn makes loess a problematic soil for use in roadside embankments. However,
utilizing the same lowa soils used in previous CGR studies would allow for more direct
correlation of the results with these other studies. Complementing these additional soils with
extended curing times could lead to promising uses for CGR as a soil stabilizing amendment.

With respect to the duration of each rainfall simulation, extending each simulation beyond the
60-minute limit would be helpful in determining whether any leveling-off trends would continue
or change for some soil types. Having the flexibility and extra equipment to collect additional
samples is recommended.
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Finally, rainfall simulations using other sustainable soil amendments such as corncob ash, rice
husk ash, and bamboo ash (and/or CGR-amended soils with these materials) could be performed
to determine whether the pozzolanic characteristics in these materials might serve as a catalyst
for improving the cohesive properties of loess and other lowa soils.

Recommendations for future wind erosion testing with CGR-amended soils would include
testing the three remaining soils (Sites B, C, and D) with CGR as well as testing the western
lowa loess with a 40% CGR dosage. This would better confirm the wind erosion behavior of the
soils collected for each county road sampled. Extending wind erosion testing to additional lowa
soils (e.g., glacial till and alluvium) with both 20% and 40% CGR dosages could more
definitively determine wind erosion trends between different types of soils.

With respect to future research recommendations, increasing the velocity of the wind source to
more closely match the posted speed limits (45 and 55 mph) found on roads where CGR
treatments are likely to be applied would increase the degree of wind erosion produced with each
soil mixture sampled. Additionally, if a lateral (perpendicular) secondary wind source were also
added to the test, this could more closely produce the desired swirling “wind whip” air flow that
was the targeted wind effect for this study. Finally, as in the recommendations made for future
rainfall studies, wind erosion testing using other sustainable soil amendments such as corncob
ash, rice husk ash, and bamboo ash (and/or CGR-amended soils blended with these materials)
could create future recycling uses for these waste materials while improving the cohesive
characteristics of loess and cohesionless Class A-1 roadway aggregates.

While the CGR-treated field sites in Clinton County exhibited the expected strength
improvements, the field test results in Washington County did not indicate similar
improvements. It is therefore highly recommended to build more field sites (a total of at least
five field demonstration sites) to better assess the benefit of using CGR for shoulder
stabilization. Another recommendation for future field evaluations would be to assess the
material loss resulting from the wind effect of high-speed traffic and the leaching of the CGR
from the shoulder material due to rainfall-related infiltration of water.

Based on the findings of the field demonstrations, another recommendation for future study is to
use CGR as a stabilizing agent in the base and subbase layers of paved roads and in the gravel
layer of unpaved gravel roads. CGR stabilization could provide improved stiffness and less
traffic-induced deformation, thereby extending the service life of paved roads and unpaved
gravel roads.

9.2 Limitations

Limitations on the laboratory portion of this project included both material and time constraints.
The rain erosion study included the testing of only one soil type (western lowa loess). Rainfall
testing also only included a single dosage of CGR (20%) with only two of the five CGRs
collected. The wind erosion study did extend testing to five shoulder aggregate soils, but due to
time constraints only two soils (Site A and Site E) were tested at two CGR dosages (20% and
40%) with two of the five CGRs collected (CGR-4 and CGR-5). Additionally, the 2020-2021
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pandemic severely limited access to laboratory facilities for the safety of students and faculty on
this project.

A source of bias on the project was the selection of western lowa loess for the initial testing.
Other lowa soils would have been good candidates for testing in this project, but loess was
favored due to its abundance and ease of collection.

The main limitation of the field study was the limited number of field demonstration sites.
Additionally, the field study only assessed the use of CGR for shoulder stabilization and did not
assess the use of CGR for stabilizing the base, subbase, and subgrade soils of paved and unpaved
roads. Finally, the performance of the CGR-stabilized sites was only monitored for one to two
years, while monitoring the sites’ performance for a minimum of five years would be expected to
better capture the long-term benefits of using CGR for soil stabilization in the field.
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