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Abstract
With the expansion of transport, commercial, and residential infrastructure to support the
needs of a growing populous, greater amounts of construction materials are required. These
aspects place increased amounts of stress on natural resources. While this demand for
aggregate material continues to increase, construction and demolition waste generated from
industrial operations and construction activities, such as crushed concrete from demolition,
continue to increase as well. Much of the waste produced is either concrete demolition or
asphalt concrete demolition, representing a large potential source of aggregate for
infrastructure projects such as MSE walls. Although showing solid strength and stiffness
properties, utilization of recycled concrete and asphalt aggregate is limited due to drainage
complications and corrosive leachate.
The objective of this study was to evaluate the drainage capability of concrete and asphalt
aggregates, evaluate clogging potential associated with each aggregate, and to evaluate the
corrosivity of the leachate produced from each aggregate. Laboratory experiments utilized to
complete these objectives include particle breakage evaluation, rigid and flexible wall
saturated column testing, calcareous tufa precipitation via a seepage cell, ionic concentration
evaluation, scanning electron microscope spectroscopy, geotextile permittivity testing, pH
testing of aggregate slurries, and electrical resistivity testing. Computer modeling was
utilized as well with the support of laboratory data. Numerical variable saturated flow models
were developed to understand the drainage capabilities of the recycled aggregates to a greater
degree using simple MSE wall geometry. Geochemical block modeling was utilized to
understand the saturation of calcite in the leachate solution and to model the maximum
precipitation potential of the leachate.
Results of the testing help to provide additional information regarding the drainage
capabilities of recycled materials as well as the corrosivity of the leachate produced. From
particle breakage testing, it was found that recycled aggregate broke more easily compared to
dolomitic virgin aggregate counterparts. However, this difference is small (1.5 %) and may
be irrelevant depending on material. Column testing and variable saturated flow modeling
showed recycled concrete aggregates classified as fair to very poor draining materials at
tested gradations. Cleaner recycled asphalt aggregates were found to be excellent to good
draining materials, highlighting the importance of minimizing fines and fine sand to ensure
capable drainage performance. Tufa precipitation testing and modeling showed that leachate
from concrete aggregate possesses high potential for tufa precipitation over extended periods
and multiple drainage cycles. However, blending of concrete and granite aggregate assists in
lowering this potential. Furthermore, permittivity testing of geotextiles show that tufa
possesses as more of a clogging problem over mechanical blockage over an infrastructure’s
lifetime. Corrosivity testing showed that concrete aggregate struggled to meet both pH and
electrical resistivity standards per WisDOT. Asphalt aggregate was better able to meet these
standards. However, with the combination of concrete carbonation and aggregated blending,
concrete aggregate was able to meet corrosivity standards as defined by WisDOT.
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1. Introduction
1.1 Aggregate Industry and Recycled Material Production
With the expansion of transport, commercial, and residential infrastructure to support
the needs of a growing populous, greater amounts of construction materials are required.
These aspects place increased amounts of stress on natural resources, specifically on quarried
aggregates such as crushed stone, gravel and sand. According to the United States Geological
Survey, sand and gravel production for construction purposes amounted to 970 million
metric tons in 2018, a 15.5% increase since 2014 [1]. For crushed stone, a total of 1.4 billion
metric tons were produced in 2018, a 12% increase from 2014 [2]. These totals display both
the sizable demand for aggregate and the continued growth of the construction industry. As
the demand continues to grow, these large figures are going to continue to grow as well,
leading to further amounts of strain on existing quarries and natural resources within the
United States.
While this demand for aggregate material continues to increase, construction and
demolition waste generated from industrial operations and construction activities, such as
crushed concrete from demolition, continue to increase as well. In 2018, the world produced
approximately 1.3 billion metric tons of construction and demolition waste globally [3]. This
number is projected to increase by 70% to 2.8 billion metric tons in the year 2025 [4]. In the
United States, 600 million tons of construction and demolition waste were produced as of
2018, concrete demolition and waste accounted for 405.2 million tons and asphalt concrete
accounted for 107 million tons [5]. From those totals, only 140 million metric tons of

2
concrete are recycled on an annual basis, leaving approximately 265 million tons of concrete
waste and demolition to be stockpiled or landfilled [6]. This provides an opportunity to solve
multiple problems. Recycling these materials and using them in place of virgin aggregates
offers an attractive solution to increasing demand of aggregates that coincides with
increasing production of construction and demolition waste.

1.2 Mechanical Potential of Recycled Aggregate Materials
To be utilized as replacement of virgin aggregate, recycled aggregates such as RAP
and RCA need to possess the minimum acceptable mechanical properties required for the
application of use. Inadequate mechanical properties of the recycled materials lead to higher
risk associated with the infrastructure design and construction processes and higher potential
for failure.
Prior studies evaluating the mechanical properties of both RCA and RAP aggregates
found that they were mechanically comparable to gravel and crushed stone virgin aggregates.
Strength wise, RCA and RAP aggregates are found to have similar maximum dry unit
weights and internal angles of friction compared to gravels and crushed stone aggregates,
displaying a similar ability to withstand shear stress [7]–[12]. Interface friction angles for
RCA and RAP aggregates were also found comparable to crushed stone and gravel virgin
aggregates when utilizing geosynthetic reinforcements [7], [11], [12]. When pull out
resistances are compared, it was found that, when uniaxial geogrids and woven geotextile are
utilized, RCA and RAP aggregates displayed competitive pullout resistances compared to
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gravel and crushed stone virgin aggregates [7]. These are important characteristics that
illustrate RCA and RAP aggregate potential to be utilized in reinforced backfill zones.
One known aspect limiting RAP aggregates is the characteristic of creep when
temperatures increase. Creep is defined as time dependent deformation in a of a solid
material to move and deform slowly under the constant application of stress [13]. Asphalt
concrete and corresponding RAP aggregates are particularly susceptible to creep deformation
due to asphalt binder rheology [14], [15]. However, recent findings have shown that when
compacted at higher ambient temperatures, RAP strain rate and creep susceptibility
decreased while shear strength increased as compared to RAP compacted at lower ambient
temperatures [7]. These show that issues with RAP aggregate rheology can be overcome with
specific construction practices. In general, literature of strength characteristics of RCA and
RAP aggregates show a mechanical capability and competitiveness when compared to that of
crushed stone and gravel virgin aggregates. This competitiveness advocates for expanded use
as a construction backfill for greater amounts of infrastructure projects such as mechanically
stabilized earth walls.

1.3 Mechanically Stabilized Earth (MSE) Walls
Mechanically stabilized earth (MSE) walls are composite geo-structures made of
alternating layers of compacted back fill and soil reinforcing elements fixed to either a rigid
or flexible wall facing [16]. These infrastructure items are utilized prevalently across the
United States and throughout the globe due to cost-effectiveness in construction, greater
allowance for settlement, greater flexibility of design, and greater area of load distribution
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when compared to other common reinforced concrete retaining structures [16], [17].
Specifically, MSE walls have been found to achieve cost savings of up to 50% compared to
construction of concrete or gravity walls [17]. MSE walls are implemented in a variety of
situations where earth retention is required, such as bridge abutments, wing walls alongside
highway right of ways, waterfront structures, and areas of steep slope stabilization. Recently,
it is estimated that approximately 150,000 MSE walls have been constructed worldwide [18].
All MSE walls have the following components associated with design; a leveling pad
at the base of the facing wall, the facing wall itself, a reinforced fill zone or mechanically
stabilized earth mass, and a retained backfill. Soil beneath the structure is compacted as
traditional foundation soil and a finished grade may be applied above the MSE wall (Figure
1). Additional aspects such as piping for drainage can also be included within the MSE wall
design at the base of the MSE wall near the facing or near the retained backfill and reinforced
backfill interface.

Figure 1. Cross section and principal elements of a MSE Wall. Image from [18], [19].
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The reinforced zone itself can be further divided based on the type of backfill utilized.
According to Wisconsin Department of Transportation (WisDOT) specifications for modular
block MSE walls, two different types of backfill are utilized within the reinforced zone of the
MSE wall. The first backfill is classified as Type A and is placed within 1 foot horizontally
of the facing panel from the top to the bottom of the wall [20]. Type A material consists
predominately of gravel size particles for greater amount of drainage immediately behind the
wall. The rest of the reinforced zone beyond 1 foot from the facing wall is compromised as
Type B material, a much more lenient type of backfill that allows ample amounts of sand and
fines to be present within the design. If a concrete panel MSE wall is implemented, the
entirety of the reinforced zone can be Type B fill [21]. It is this reinforced zone backfill
material where recycled aggregates can be potentially utilized within design. Previous studies
have shown that RCA and RAP aggregates possess comparable or acceptable mechanical
characteristics to be implemented within this zone of reinforcement, illuminating another
possible opportunity for the incorporation of recycled aggregates within a widely used
infrastructure application.
For the benefits of flexibility of construction, cost savings, and greater load
distribution, MSE walls have had instances of failure as well. From 2013 to 2018, a total of
320 MSE wall failures occurred globally, with 253 of those failure occurring in North
America [22]. A vast majority of those 253 MSE wall failures occurred in the United States.
MSE wall failures occurred for a variety of reasons, whether due to improper construction
practices, improper soil selection for the mechanically stabilized earth mass, or the presence
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of internal and external water within the reinforced zone. It was found that of the wall
failures, 73% utilized fine grained soils within the reinforced zone of the MSE wall and 63%
were caused by the presence of external and internal water [22]. Internal water constitutes
scenarios of pipes located in the reinforced zone leaking or perched water tables infiltrating
into the reinforced zone. External water constitutes scenarios of rainwater infiltration,
elevating phreatic surfaces, and water forming tensile cracks between the reinforced zone and
the retained backfill. Internal water was responsible for 58% of all water related failures and
external water was responsible for the other 42% [22]. Although water related failure occurs
via a variety of mechanisms, they all share the same failure mode where the inability of the
reinforced zone to conduct proper flow through to drainage outlets leads to increased pore
pressure, decreased effective stress of soil in the reinforced zone, and a general reduction in
normal and shear strength.
These failure mechanisms and statistics are important to recognize when considering
the prospect of incorporating recycled materials into the reinforced zone of MSE walls. They
provide logical checks to understand if RCA or RAP aggregate incorporation help solve the
issues or exacerbate them. From the failure statistics, it is observed that the ideal reinforced
zone aggregate material should be coarse grained rather than fine grained, limit the number
of fines present in the soil composition, and can conduct acceptable flow levels to ensure
proper drainage of fluid out of the reinforced zone.
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1.4 Limitations Regarding Usage of Recycled Materials
1.4.1 Tufa Precipitation
Tufa precipitation is a common limiting factor for RCA aggregate usage. Tufa is
limestone deposit formed by the precipitation of carbonate minerals from aqueous solutions,
which can be summarized by Equation 1:
𝐶𝑎2+ (𝑎𝑞) + 𝐶𝑂32− (𝑎𝑞) ↔ 𝐶𝑎𝐶𝑂3 (𝑠)

(1)

Like limescale formed from hard water, tufa can continue to grow from a liquid
containing calcium and carbonate ions if the conditions are favorable. Studies have found
tufa precipitation out of RCA subbase beds as a primary factor to the formation of blockages
in drainage pipes, drainage geotextile fabric, and the overall permeability reduction for
subbase layers [23]. These blockages can limit the infrastructure’s capacity to promote
subsurface drainage, leading to issues related to erosion, loss of shear strength of the
aggregate material, and higher risk of failure. Images of tufa blocking are shown in Figure 2.

Figure 2. Tufa blockage of a drainage outlet in Iowa. Image from Ceylan et al. [24].
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For tufa to precipitate, the solution needs to be abundant in free calcium ions and carbonate
anions, such that their ionic activity product exceeds the solubility product of calcium
carbonate. Sources of calcium ions within RCA include the Portland cement or the aggregate
clasts themselves. Sources of calcium ions can come from the sedimentary aggregate clasts in
the RCA and calcium hydroxide, a common product associated with concrete hydrolysis
[25], [26]. The source of carbonate within the solution comes from the dissolution of gaseous
carbon dioxide from the atmosphere to form carbonic acid. Carbonic acid dissociates twice to
generate carbonate ions. Without saturation of carbon dioxide, the amount of carbonic acid
present in the solution is not enough to precipitate out tufa. Precipitation of tufa out of the
solution occurs when the saturation index of calcite, defined as the logarithmic ratio of ionic
activity product and solubility product, in the solution is greater than zero.
Currently, a gap of knowledge exists on the ability of RCA to precipitate out tufa.
Extensive research has been carried out investigating natural tufa precipitation from chemical
sedimentary formation such as karsts and limestone [27], [28], [29]. However, this level of
understanding has not been translated over to RCA leachate due to the lack of consistency of
RCA calcareous tufa precipitation. Naturally, tufa formations are readily observed in saline
or alkaline lakes [30]. However tufa precipitation associated with RCA is more widely varied
and inconsistent, making it difficult to determine the mechanisms and magnitudes of
precipitation [26], [31].
Research findings on the potential for tufa precipitation out of RCA vary from study
to study. Findings from Gupta et al. detailed supersaturation conditions for calcium and
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magnesium in all leaching tests attributed to basic pH levels in leachate, increasing calcium
ion solubility from RCA, evaporation of leachate, or changes in leachate temperature [26].
Abbaspour and Tanyu found that tufa can precipitate out of solution with and without the
carbon dioxide being directly bubbled into solution. Carbonates were observed to precipitate
when carbon dioxide was bubbled into the solution, while calcium sulfate compounds
precipitated out without carbon dioxide bubbling [32]. However, further studies are required
to understand the tufa precipitation mechanism in leachate under ambient conditions rather
than in artificial super-saturated environments. Yet, other studies concluded that tufa
potential in minimal in RCA containing basaltic and coralline aggregates [25]. These
differences in conclusions illustrate a gap in understanding on the potential of RCA to
precipitate calcareous tufa.
1.4.2 Corrosivity of Recycled Material Leachate
Another issue that limits the degree of utilization for RCA is the corrosivity of the
leachate that is produced from ambient flow. This stems from the highly alkaline nature of
the leachate produced, with values of pH values ranging to be as high as 12 [33], [34]. This is
problematic, as alkaline leachates are corrosive in nature and risk reducing the strength
capacity of reinforcement utilized within the MSE wall reinforced zone. It also has the
potential to leach out trace metals that would have an impact on groundwater quality.
Currently, many DOT standards prohibit the use of RCA aggregates in infrastructure items
such as MSE walls on the ground of failing to meet electrochemical standards. Common
standards for reinforced backfill throughout the United States include maximum pH levels of
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10.0 and electrical resistivity minimums of 3000 ohm-centimeters, depending on the type of
reinforcement utilized.
There are different methods in which the corrosivity of RCA leachate can be reduced.
The first method is weathering carbonation, the process where difference calcium compounds
react with available pore water and atmospheric carbon dioxide within the concrete pores
[35]. This process produces carbonate acid, which in turn reacts with available calcium
hydroxide to produce calcite and water. Over time, this process depletes the amount of
calcium hydroxide or portlandite present within the RCA, which in turn neutralizes the pH of
the pore solution. When fully carbonated, the pH can be as low as 8, meeting all many DOT
backfill electrochemical standards [35]. This lends to the hypothesis that RCA that have been
stockpiled outdoors for some time may be more neutral than fresher RCA. Another potential
method to reduce corrosivity would be to blend RCA aggregate with neutral backfill
materials. Ideally, the reduction in volume of the RCA present would lead to less alkaline
compounds available, which would lead to lower pH levels and higher electrical resistivity
values. Little research was found on this subject so expected results of corrosivity reduction
and the degree to which it was reduced were unknown.

1.5 Objectives of the Study
The first objective was to obtain and characterize geotechnical characteristics of
multiple recycled material samples across the state of Wisconsin. This was performed in
conjuncture with the assistance of multiple materials and construction contractors. The
second was to characterize the particle resilience and the laboratory and semi-empirical
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drainage capacity of the collected recycled material samples utilizing particle breakage test
methods, collected geotechnical characteristics, and saturated column testing. The third
objective of the study was to evaluate RCA leachate tufa precipitation potential as well as the
feasibility for precipitating tufa onto reinforcement surfaces under ambient conditions. The
fourth objective was to characterize the clogging of non-woven geotextiles from both tufa
precipitation growth and from particle clogging from saturated column testing. The fifth and
final objective of the study was to evaluate the corrosivity of leachate produced from
recycled materials and determine potential solutions to mitigate alkalinity.

2. Methods and Materials
During testing, all laboratory procedures were performed in accordance to American
Society of Testing and Materials (ASTM) guidelines or American Association of State
Highway and Transportation Officials (AASHTO) guidelines. Specific standards used are
listed for each section. Laboratory tests performed included grain size distributions, specific
gravity determination, x-ray diffraction of fines, proctor compaction testing, saturated
hydraulic conductivity flexible and rigid wall column testing, tufa precipitation testing via a
seepage cell, thermogravimetric analysis of precipitate collected, scanning electron
microscopy and electron dispersion spectroscopy of precipitate collected, pH testing of
aggregate slurries, electrical resistivity testing of aggregate slurries, and geotextile hydraulic
permittivity testing. In additional, computational models were conducted as well. These
methods included numerical optimization of saturated hydraulic conductivity estimation
methods against laboratory results, iterative simulation of variably saturated flow, and
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aqueous geochemical modeling of leachate collected. In this section, procedures and
equipment used to classify, quantify, and characterize the samples obtained are presented.

2.1 Material Index Properties
2.1.1 Recycled Concrete Aggregate (RCA)
Samples of RCA were taken from multiple sources around the state of Wisconsin.
Most RCA were collected from stockpiles and highway construction sites in southern
Wisconsin, specifically Dane and Rock county. A source from northern Wisconsin was also
collected, however RCA was more difficult to find in this region of the state. When collected,
the material was either stockpiled for further use as a subbase fill in the future or was
stockpiled as what was commonly called a trash pile. Material was also varied in age,
quantified by the difference between the date the material was crushed to the data members
of the project collected the aggregate for further study. Age of material varies from collection
1 day post crushing to approximately 7 years. Locations of each tested material is presented
in the Figure 3. The numbers on the figure correspond with a table description in Table 1.
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Figure 3. Geographical location of RCA samples used in this study. Sample identification
shown in Table 1.
Table 1. RCA sample geographical locality of collection and age.
Figure 3
Identification
0
1
2
3

Sample Label
DC-1
DC-6
DC-7
DC-8

4

DC-9

5
6
7
8
9

DC-10
DC-11
MC-1
RC-1
RC-2

Donating
Company
Cattel
Wingra Stone
Wingra Stone
Hammersley
Madison Crushing
& Excavating
Corre
Wolf Paving
American E&T
RH Batterman
Strand

Collection Site

Age

Stockpile
Stockpile
Stockpile
Stockpile

6 months
3 months
7 years
3 years

Stockpile

9 months

Hwy Const.
Stockpile
Street Const.
Hwy Const.
Hwy Const.

3 weeks
3 years
1 week
1 week
1 day
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When collected, all RCA samples were coarse, rough and angular. Bonded and
unbonded mortar was present within the crushed aggregates as well. Foreign, non-RCA
particles and materials were also present as well, which were removed upon material sieving
and drying. These foreign materials included wood chips, grass clippings, plastic, and spare
metals from construction activities. In some scenarios, concrete pavements were crushed
with the asphalt subbase located underneath from when the road was paved over. In this case,
crushed RAP aggregate would be avoided in sampling and would be removed later in testing
if visible. This scenario was observed for samples MC-1, DC-10, RC-1, and RC-2. RCA
samples collected from southern Wisconsin were grey/yellowish in color as representative of
the sedimentary aggregates used within the original concrete mix design. RCA samples from
northern Wisconsin were purple/reddish in color, representative of the igneous and
metamorphic aggregates used within the original concrete mix design. The material was
commonly crushed to either a maximum particle size of 31.75 millimeters (1.25 inches) or
12.7 millimeters (0.5 inches). Images of representative RCA samples are shown in the Figure
4.
During laboratory experimentation index properties of each RCA was taken. These
properties include grain size distributions, specific gravities and absorption measurements,
residual mortar contents, bulk densities, porosities, and void ratio. In addition, X-ray
diffraction was performed on fines for each sample to understand the major mineralogical
phases present in each RCA specimen. Two different gradations of RCA were utilized within
testing. The first gradation utilized was for material breakage evaluation, where the gradation
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of multiple RCA specimens was artificially set equal to determine equivalent breakage. The
second was utilized for saturated hydraulic conductivity testing, where materials were sieved
after testing for understanding of the specific gradation associated with hydraulic
conductivity results. Material density, void ratio, and porosity were evaluated based upon the
mass and volume relationship of the RCA in the permeameter column. Residual mortar
contents were determined via the Thermal Treatment Method outlined in Butler [36]. All
gradation, specific gravity and absorption, and density testing was performed in accordance
with pertinent ASTM standards.

Figure 4. Visual images of collected RCA. LEFT: Representative image of RCA collected
from southern Wisconsin. RIGHT: Representative image of RCA collected from northern
Wisconsin.
2.1.2 Recycled Asphalt Pavement (RAP)
Samples of RAP aggregate came from two sources in Dane County. Both sources of
RAP aggregate were collected from stockpiles within a quarry yard. Each RAP aggregate
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was crushed to a maximum particle size of 31.75 millimeters (1.25 inches). Neither of the
ages were recorded as providers were not able to give relative dates of crushing due to
constant addition and subtraction to the stockpile. Figure 5 displays the location of each
source and Table 2 provides geographical information about the source utilized.

Figure 5. Geographical location of RCA samples used in this study. Sample identification
shown in Table 2.
Table 2. RAP sample geographical locality of collection and age.
Figure 5
Identification

Sample Label

0

DRAP-1

1

DRAP-2

Donating
Company
Madison Crushing
and Excavating
Hammersley

Collection Site

Age

Stockpile

N/A

Stockpile

N/A

When collected, all RAP samples were coarse, rough and angular. Stockpiles were
mixed via a front loader for both sample collections. Foreign, non-RAP materials were also
present as well, which were removed upon material sieving and drying. RAP samples
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collected appeared black in nature from the asphalt bitumen remaining on the specimen with
yellow aggregate clast from the sedimentary rock used in the original pavement design.
When collected, material was commonly crushed to a maximum particle size of 31.75
millimeters (1.25 inches). Images of representative RCA samples are shown in the Figure 6.
During laboratory experimentation index properties of each RAP material was taken.
These properties include grain size distributions, specific gravities and absorption
measurements, residual mortar contents, bulk densities, porosities, and void ratio. No X-ray
diffraction was performed on fines. Two different gradations of RAP were utilized within
testing. The first gradation utilized was for material breakage evaluation, where the gradation
of multiple RAP specimens was artificially set equal to determine equivalent breakage. The
second was utilized for saturated hydraulic conductivity testing, where materials were sieved
after testing for understanding of the specific gradation associated with hydraulic
conductivity results. Material density, void ratio, and porosity were evaluated based upon the
mass and volume relationship of the RAP material in the permeameter column. All gradation,
specific gravity and absorption, and density testing was performed in accordance with
pertinent ASTM standards.
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Figure 6. Representative image of a RAP aggregate specimen.
2.1.3 Geosynthetic Nonwoven Geo-Textile
The geotextile used throughout experimentation was the SGT-180, 8-ounce
nonwoven geotextile from the Super Geotextile company. It is a needle-punched, nonwoven
geotextile made from 100% polypropylene staple fibers [37]. This geotextile was selected as
it was classified for material stabilization/separation, construction underlayment, and
permitted high water flow. It was also available in much more smaller and manageable roll
sizes. Per the specifications sheet, all minimum roll average values (MARV) meet both
AASHTO and DOT specifications as well as being National Transportation Product
Evaluation Program (NTPEP) certified. Properties of the geotextile are listed in Table 3.
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Table 3. Properties of the nonwoven geotextile SGT-180 used throughout laboratory
procedures.
Property
Grab Tensile Strength
Grab Elongation
Trapezoidal Tear Strength
CBR Puncture Resistance
Permittivity
Water Flow
Apparent Opening Size (AOS)
UV Resistance

MARV (Imperial Units)
205 lbs.
50%
85 lbs.
535 lbs.
1.35 sec-1
90 gallons per min/ft2
#80 Std. U.S. Sieve
70%/500 hours

2.2 Methods
2.2.1 Laboratory Tests
2.2.1.1 Particle Breakage Testing
Each soil sample was first separated by grain size using mechanical sieve measures
outlined in ASTM D6913 [38]. To control the variable of material gradation during testing,
each sample was manually mixed into a gradation conforming to Wisconsin Department of
Transportation (WisDOT) wall backfill type B specifications [39]. This mixture is outlined in
Table 4. To ensure consistency, each sample was mixed to the same percent passing
percentages. A maximum standard deviation of 0.014% for particles 16 millimeters in
diameter across the four specimens utilized confirms that differences in grain sizes between
each sample are negligible and that the particle size distribution of each sample prior to
compaction can be considered equal. Each sample was compacted following a modified
Proctor specifications at a residual water contents [40]. Tests designed for abrasion
resistance, such as Los Angeles test, are not used here because the goal is to understand the
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impact of compaction on particle breakage. Material compacted at a residual water content
breaks in greater amounts compared to moist material per Sun et al. [41], so the material was
compacted dry to achieve maximum particle breakage. After compaction energy was applied,
each material was re-sieved again following standard soil sieve analysis to obtain the final
particle distribution curve. This process was then repeated for each material at an arbitrary
gradation to see if conclusion from comparative gradation testing could be replicated.
Table 4. Wisconsin Department of Transportation (WisDOT) Type B wall backfill gradation
specifications.
Sieve Size (mm)
25.4
0.42
0.074

% Passing by Mass
100
0-60
0-15

To quantify the particle breakage that occurred as a result of compaction, potential,
total, and relative breakage indices were evaluated [42]. The breakage potential (Bp) of a
material is equal to the total area over the gradation curve from the maximum particle size to
0.074 millimeters, which is maximum size for a silt particle. This is under the assumption
that silt sized particles do not crush. The total breakage (Bt) is the area between the initial
particle distribution curve and the final particle distribution curve, which is calculated by
subtracting the final area over the curve from the breakage potential. The relative breakage
(Br) is then the ratio of the total breakage (Bt) over the breakage potential (Bp). The graphical
definitions of potential breakage and total breakage indices are presented in Figure 7.
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Figure 7. Visual definition of potential breakage, Bp, and total breakage, Bt, based on particle
distribution curves.
2.2.1.2 Saturated Hydraulic Conductivity Column Testing
When sampled, stockpiles were mixed with a front loader for a more representative
sampling procedure. When a front loader was not available, researchers attempted to achieve
representative sampling through mixing with a shovel at three locations of the stockpile.
Enough material was collected to fill between one to two 5-gallon buckets depending on the
sample. Upon being collected and brought back to the laboratory, each material was placed in
an oven at 104 degrees Celsius for 24 hours for drying. Next, material was sieved through a
1-inch mesh to conform to maximum grain size specifications of mechanically stabilized
earth (MSE) wall reinforced backfill according to WisDOT specifications.
After preparing the material, the permeameter apparatuses were constructed. Both
apparatuses were constant head permeameters, with one being a flexible wall and another
being a ridged wall. The flexible wall permeameter is a custom-made, high flow flexible wall
permeameter and is shown in Figure 8. A flexible membrane apparatus was constructed
utilizing molds, external pressure sources, a modified triaxial cell, and upper and lower head
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basins. A reservoir of water used for testing was filled as well. The cell had a diameter of 7.7
centimeters and a height of 15 centimeters, satisfying minimum dimension to maximum
grain size ratios outlined in ASTM D2434 [43]. Material was hand tampered into the
permeameter for densification. A non-woven geotextile filter fabric was used as a porous
separator to contain the material within the permeameter. The pressure of the water outside
of the flexible cell was set to 5 kPa to simulate near surface conditions. The upper and lower
basins were positioned such that a hydraulic gradient of 3.2 was present across the sample.
Such a hydraulic gradient was necessary to induce flow through the sample. The sample was
saturated from the bottom up and left overnight to ensure complete saturation of the material.
Flow would begin the following morning and readings of volume, time, and water
temperature were taken. Flow was controlled by a pump to the upper basin. Given that the
pumping rate was greater than the flow through the media, an overflow was positioned such
that excess water would travel back into the reservoir containing the testing water. Steady
flow was achieved almost instantly for most samples with initial values being +/- 25% of the
average value according to ASTM D5084 [44].
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Figure 8. Image of the flexible wall permeameter used in testing.
Following flexible wall testing, rigid wall testing was performed on selected samples.
The rigid wall permeameter cell contained diameter of 7.7 centimeters and a height of 12
centimeters, again conforming to cell diameter to maximum grain diameter ratio
specifications outlined in ASTM D2434. Material would be hand tampered into the cell as in
the flexible wall procedure to achieve densification. The same non-woven geotextile filter
fabric was utilized as a porous separator. The permeameter apparatus had an upper basin,
lower basin, and a reservoir containing the pump. The upper and lower basin were positioned
such that a hydraulic gradient of 1 was present across the sample. The specimen in the cell
would be saturated from the bottom up and left to sit for 1-hour to ensure saturation and cell
seal. Flow would then begin, controlled via a pump in an additional reservoir basin. Due to
the pump flow rate being greater than flow through the specimen, an overflow was
positioned such that excess water would travel back into the reservoir. Readings were taken
immediately upon flow being observed out of the lower reservoir. Flow was collected and
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timed. Temperature was recorded to correct results to a water temperature of 20o Celsius.
Steady flow was achieved almost instantly for most samples with initial values being +/25% of the average value according to ASTM D2434 [43].
After column testing, material was collected for post wet sieve gradation evaluation.
Material would be removed in multiple layers and graded accordingly to observe differences
in gradation based upon location within the permeameter. Wet sieving was conducted in
accordance with ASTM D6913, producing the results later utilized for estimation of saturated
hydraulic conductivity via semi-empirical methods [38]. Mass and volume measurements
were also taken prior to testing for later assistance with hydraulic conductivity estimation.
Qualitative drainage assessments were made via saturated hydraulic conductivity values
according to standards detailed in Terzaghi and Peck and in Casagrande and Fadum [45],
[46]. These standards are outlined in Figure 9.

Figure 9. Qualitative drainage assessment based upon saturated hydraulic conductivity
values. Image taken from Terzaghi and Peck [45].
2.2.1.3 Tufa Precipitation Testing
To simulate field conditions, a rigid wall permeameter was constructed with inflow
controlled by a pump. The cylindrical cell was 36 centimeters in height and 22 centimeters in
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diameter, with an approximate volume of 13.7 dm3. This required approximately 45 kg of
material to fill the cell in its entirety. The source of water was a 5-gallon bucket filled with
deionized water with air being continuously bubbled into it, slightly acidifying the water to a
pH of 6.05, representing rainfall seepage. The cell was first saturated using a direct
connection between its inlet and the deionized water line for approximately 10 minutes. This
was done to accelerate wetting time of the material and quickly establish laminar flow. After
the material was saturated, the cell inlet connection was switched to the pump outlet to draw
in the air-bubbled deionized water from the bucket. The pumping rate was set to
approximately 10 cubic centimeters per minute. This rate was selected as it coincided with a
typical large rainfall event in southern Wisconsin, simulating the slow seepage rate that
would be observed in the field. The aqueous solution after contacting RCA in an upward
flow pattern was discharged into a 600-milliliter beaker in the sink holding the three
reinforcement and drainage materials. The beaker itself was held by an aluminum pan. At the
beginning and end of the experiment, each material and the pan were measured by mass to
determine the amount of growth that had occurred.
Over time, the basin filled and ponded leachate above the reinforcement and drainage
materials. The overflow from the bowl would flow into the sink drain. Flow was conducted
through the cell for 22 days. Figure 10 presents this setup. For daily leachate sample
collection, a 20 cubic centimeter sample vial would be placed under the cell outlet for
approximately 2 minutes to fill. The leachate would then be taken to a nearby lab to record
pH levels and to determine elemental concentrations using inductively coupled plasma
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optical emission spectroscopy (ICP-OES). The sample for ICP-OES was prepared by
filtering through a 0.2 µm nylon syringe filter. Subsequently, the filtered leachate was diluted
two times using 0.5 M nitric acid to avoid precipitation within the solution and to match the
ICP standard matrix used for instrument calibration. ICP-OES analysis was set to search for
calcium, sodium, potassium, silicon, magnesium, aluminum, iron, zinc, and sulfur, which
were suspected to be the main elements in the RCA that control the leachate pH. This
procedure was repeated for a 50-50 blend by mass of an RCA and granitic virgin aggregate
sample.

Figure 10. Illustration of the tufa precipitation seepage cell set-up.
To determine the longevity of the initially obtained pH results, multiple cycles of
seepage flow were sent through the seepage cell. At the end of a cycle, all of the water was
drained from the system and the material was left to sit for 24 hours to dry out, with access to
the atmosphere at the top and bottom entry points of the cell. Afterwards, the cell would be
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re-saturated through a direct connection between the cell and the deionized water tap,
reconnected to the pump, and the process would begin again. The first cycle for the 100%
RCA trial was performed for 22 days to evaluate long-term tufa precipitation potential.
Subsequent cycles would be 1 to 3 days in length as the effect of draining and re-saturating
was the primary objective of the trial. A total of 3 cycles were performed for the 100% RCA
trial. For the 50% RCA, 50% granitic virgin aggregate trial, only two cycles were performed
due to time constraints. RCA samples DC-10 was used in the pure RCA trial and sample DC6 was used in the blended aggregate trial due to their initial high pH measurements.
2.2.1.4 Thermogravimetric Analysis Testing
Thermogravimetric analysis (TGA) of the precipitate was conducted to evaluate the
chemistry of precipitate growth throughout the entirety of experimentation. Specifically,
TGA was utilized as an initial evaluation of whether the precipitate produced was carbonate
in nature. TGA is a procedure where the changes in the mass of a small sample are evaluated
against temperature. In this study, the procedure was performed at a pre-set temperature ramp
of 10 ℃/min up to 1000 ℃ under N2 atmosphere. Based on the mass loss at a given
temperature, the decomposing compound can be determined. The presence of calcium
carbonate in the sample is determined by the mass loss of carbon dioxide during
decomposition to calcium oxide at approximately 700–900 ℃. If a different pattern is
observed, the growth cannot be determined to be calcium carbonate.
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2.2.1.5 Scanning Electron Microscopy and Electron Dispersion Spectroscopy
Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS)
was conducted to confirm the precipitate chemistry at times when precipitate could not be
collected for TGA. This occurred whenever there was crystalline growth on the geotextile
placed at the outflow basin. It was also utilized to produced micrometer scale images of the
crystalline growth. After the seepage cell procedure was completed, the geotextile was dried
and prepared for SEM-EDS. To reduce unwanted charging and increase the noise-signal
ratio, the sample was first sputtered with carbon at a thickness of 20 nanometers using a
Prep-Leica ACE600 Depositioner. Next, SEM-EDS was conducted using a Zeiss SEM-LEO
1550 VP at 10 kV using topography sensitive lensing and a thermo Noran energy dispersive
X-ray microanalysis system with a light element detection limit of boron.
2.2.1.6 Geotextile Permittivity Testing
Saturated hydraulic conductivity and tufa precipitation were used to evaluate the level
of clogging in the aggregates. In both scenarios, the same high drainage non-woven
geotextile was utilized as either a method for retaining material in the permeameter cell or as
a growth surface for tufa precipitate. To determine the level of clogging, permittivity testing
was conducted in accordance with ASTM D4491 [47]. To calibrate the testing apparatus, a
clean geotextile was tested based on provided specifications with a hydraulic head
differential of 35 millimeters selected based upon calibration results. To prepare geotextile
samples from saturated hydraulic conductivity column testing, each sample was washed upon
removal of material from and cell and dried overnight such that particles lodged into the
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geotextile can be considered permanently clogged. The geotextile containing tufa growth was
left to dry overnight prior to testing. A total of 25 readings were collected per sample with
periodic submerged flipping of the geotextile for removal of air bubbles.
2.2.1.7 RCA Leachate Corrosivity Testing
To determine the corrosivity of each aggregate’s leachate, a series of electrical
resistivity and pH testing was performed and compared to standards outlined by the
Wisconsin Department of Transportation. The pH of each recycled aggregate was determined
in accordance with ASTM D4972 using a potentiometer with a pH sensitive electrode system
[48]. The pH meter was calibrated daily using acidic, basic, and neutral standard fluids.
Material was sieved through the No. 10 sieved and mixed and stirred on a 40 gram to 40
milliliter ratios for form a 1 to 1 slurry within a 200-milliliter beaker. The beaker was then
covered and sealed and after 1 hour, a pH reading was taken. To contrast against standard
virgin aggregates, the procedure was also performed on granitic and sedimentary virgin
aggregates.
After initial pH testing of all aggregate specimens, blended aggregate trials were
performed to evaluate the effect blending non-RCA with RCA would have on the pH levels.
For these trials, RCA was mixed with RAP aggregates, dolostone virgin aggregates, and
granitic virgin aggregates. The percentage of each material were determined via mass.
Measurements were taken at RCA mass percentages of 20%, 30%, 40%, and 50%. RCA
samples DC-11 and MC-1 were selected to represent older and younger RCA specimens
respectively. All pH measurements were determined in accordance with ASTM D4972.
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For electrical resistivity measurements, testing was completed in accordance with
AASHTO guidelines. Specifically, testing was performed according to AASHTO T-288
following the 4-electrode array method [49]. The soil box utilized had a volume of 280
milliliters and a soil box factor of 1. Prior to testing, a control trial was performed using a 5
kiloohm per centimeter control fluid. Both trials generate percent errors less than 5%,
meeting standards outlined in AASHTO T-228. Soil used within the box was material
retained on the #4 sieved and finer. Material scalping was conducted so that a maximum
particle size to inner electrode spacing of 8 to 1 was achieved in accordance with Brady et al.
Readings were recorded using an ABEM Terrameter SAS 300B at with voltage being
supplied by a 12-volt battery at an amplitude of 2 milliamps. A total of 8 readings were taken
per water content state. Readings were concluded once the material appeared to be supersaturated in nature, even if the minimum reading was not yet achieved.
After initial electrical resistivity measurements were taken, additional
experimentation was conducted to analyze the effect of washing the aggregate with a
standard volume of water would have upon the electrical resistivity of the material. Testing
of fresh samples of DC-10 and samples take post the seepage cell experimentation resulted in
noticeable differences in electrical resistivity, with tests of the seepage cell material having a
higher electrical resistivity. To observe the effect washing the aggregates had on electrical
resistivity, a cycle system was implemented. Standard AASHTO T-288 protocol would be
followed, however between each testing session, the material would be saturated with 1 liter
of tap water and drained for 24 hours. Afterwards, the material would be retested at the
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arbitrary existing water content post drainage, the used water would be thrown out, and the
material would be rewashed with freshwater post testing. Sample DC-11 and Sample DC-6
were selected as they represented older RCA specimens and younger RCA specimens. A
total of 4 cycles were performed on each specimen tested.
2.2.2 Optimization and Modeling
2.2.2.1 Saturated Hydraulic Conductivity Semi-Empirical Estimation
Three different methods of estimation were utilized in this study. The Hazen equation
was utilized due to its longstanding relevance in the geotechnical industry [50]. It is shown in
Equation 2:
cm
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Where CH is the Hazen empirical coefficient and D10 is the particle diameter for which 10%
of the material by mass passes in centimeters. The Hazen coefficient itself is highly variable,
with textbook values ranging from 1 to 1,000. To determine the optimum Hazen coefficient
for both RCA and RAP materials in both rigid and flexible wall permeameters, data
regression analysis using the least sum of squares method was utilized.
The Carman-Kozeny-Carrier equation was also utilized, due to extra empirical
parameters incorporated to constrain results to the material used [51]. It is shown in Equation
3:
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Where fi is the fraction of particles between two sieve sizes, Dsi is the smaller grain size mesh
constraining the fraction, Dli is the larger grain size mesh constraining the fraction, SF is the
shape factor, and e is the void ratio. The material was determined to be angular and to have a
shape factor of 7.7 according to Fair and Hatch [52]. No arbitrary parameter was included in
the equation such as the Hazen coefficient, so no data regression was performed.
The final equation utilized was the Chapuis equation. This equation was selected as
the tested materials met the D10 criteria recommended [53]. It is shown in Equation 4:
0.7825

2
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Where D10 is the particle diameter for which 10% of the material by mass passes in units of
millimeters and e is the void ratio. No arbitrary parameter was included in the equation such
as the Hazen coefficient, so no data regression was performed.
2.2.2.2 Variable Saturated Flow Modeling and Drainage Assessment
To model the drainage performance of the aggregate based upon the collected
parameters, a variable saturated flow model was generated using VS2DI, a graphical
software package developed by the United States Geological Survey (USGS). VS2DI is a
finite difference model that iteratively solves the Richard’s equation for fluid flow in
unsaturated conditions [54]. VS2DI models were utilized to achieve two different purposes.
The first purpose was to evaluate drainage quality based upon time to 50% drainage of
removable water of the aggregates tested per drainage standards developed by AASHTO and
Seeds et al. [55]. This drainage standard is summarized in Table 5.
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Table 5. AASHTO drainage standards based upon time to 50% allowable drainage.
Quality of Drainage
Time to Reach 50% Allowable Drainage
(hrs)
Excellent
2
Good
24
Fair
168
Poor
672
Very Poor
Does not Drain

To evaluate the drainage capacity of the tested backfill materials according to these
standards, a rectangular model was created with a 5-meter height. Prior discretization
accuracy found that a 70 by 70 cell grid allowed for consistent results without a prolonged
simulation. No flow boundaries were established to the left, right, and the top of the wall, and
the bottom was treated as a gravitational boundary. The initial condition was set so that the
entirety of the material was saturated. Material hydraulic properties were taken from both
laboratory measurements and literature resources. Aggregate specific storage values were
evaluated from Domenico et al. and Batu [56], [57]. Porosity was taken from laboratory
measurements. Van Genuchten parameters of the material were determined via the
Ghanbarian model and a public access spreadsheet from the United States Army Corp of
Engineers [58], [59]. Input into the Ghanbarian model included grain sized indices, void
ratio, and saturated hydraulic conductivities. The hydraulic conductivity of the material in the
model was varied based upon laboratory saturated hydraulic conductivity results. Afterwards,
the volumetric water content from each cell was taken, labeled in VS2DI as moisture content.
This value for each cell was converted into effective saturation, which is the difference
between volumetric water content and the residual water content divided by the difference
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between the porosity and the volumetric water content. Materials parameters are summarized
in Table 6.
After simulating using the parameters previously mentioned, the output was the
volumetric water contents of each cell at dictated output times. The output times were set at 2
hours, 24 hours, 168 hours, and 672 hours to coincide with boundary times determining
qualitative drainage. Obtained volumetric moisture contents were converted into effective
degrees of saturation and averaged across the entire model to obtain a unit effective degree of
saturation. These were then plotted against time and the time to 50% drainage was
determined by back calculating using a fitted logarithmic relationship based upon fit
correlation.
Table 6. RCA and RAP hydraulic parameters utilized in the time to 50% drainage model.
Sat K
Alpha (mMaterial
Ss (m-1)
Porosity
RMC
Beta (-)
1
(m/s)
)
1e-4
1e-4
0.28
0.05
14.5
1.58
RCA
1e-5
1e-4
0.28
0.06
9.95
1.58
1e-6
1e-4
0.28
0.08
3.83
1.58
RAP
1e-3
1e-4
0.29
0.05
14.43
1.65

The second purpose was to evaluate pressure head build-up within the reinforced
zone of an MSE wall where the sole source of water would be liquid precipitation.
Precipitation totals and dates were taking from April 2018 to October 2018 in Madison,
Wisconsin provided by the National Oceanic and Atmospheric Administration (NOAA). The
model domain is a 10-meter tall by 7-meter-wide rectangle with no flow boundaries on the
left and right to represent a large MSE Wall system. The top of the rectangle was a specified
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flux into the domain boundary where the flux into the domain was represented by the average
amount of precipitation on a per day basis. For days without rain, the top boundary was
treated as a no flow boundary. Evaporation was also estimated monthly within the model by
defining potential evaporation, surface resistance, and pressure potential of the atmosphere
for Madison, Wisconsin. Potential evaporation was estimated on a monthly period using the
Thornthwaite method and atmospheric pressure potential was estimated using the Kelvin
equation [54], [60]. Period length specifically was set at 30.5 days. Table 7. summarizes the
evaporation values used in the model. The bottom boundary is predominately a no flow
boundary with two gravity drains at the front of the rectangle and the back of the rectangle to
simulate drainage out of the system. The no flow boundary for the bottom was selected as
compacted subgrade below the reinforced zone is assumed impermeable. For an initial
condition, the water table was assumed to be near the surface due to the varied water table
depths in Madison, Wisconsin. Observation points were placed at the upper quarter, center,
lower quarter, and interface of the system. This system is shown in Figure 11.
Table 7. Evaporation parameters from April to October in Madison, Wisconsin.
Potential
Surface
Potential
Month
Period
Evaporation
Resistance
Pressure of
(m/day)
(1/m)
Atmosphere (m)
April
1
3.64E-05
7
-5.34E+03
May
2
2.86E-04
7
-5.73E+03
June
3
3.35E-04
7
-5.27E+03
July
4
3.68E-04
7
-4.76E+03
August
5
3.59E-04
7
-4.11E+03
September
6
2.77E-04
7
-3.61E+03
October
7
1.22E-04
7
-4.14E+03
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Table 8. RCA hydraulic parameters utilized in the 2018 precipitation model.
Sat K
Material
Ss (m-1)
Porosity
RMC
Alpha (m-1)
(m/day)
RCA
0.544
1e-4
0.28
0.08
3.83

Beta (-)
1.58

Figure 11. VS2DI Madison, Wisconsin precipitation model pre-processor for the first
recharge period. LEFT: Model pre-discretization. RIGHT: Model post-discretization. Units
are in meters.

2.2.2.3 PHREEQC Aqueous Geochemical Modeling
Once ICP-OES concentrations were measured, the elemental concentration data from
ICP-OES and corresponding pH data were input as a SOLUTION_SPREAD data block into
PHREEQC Version 3, a free geochemical modeling tool developed by the United States
Geological Survey [61]. In the geochemical model, the bicarbonate/carbonate ion
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concentration was estimated as a parameter by iteration to ensure charge neutrality of the
aqueous solution. This model was run using the wateq4f thermodynamic database, distributed
along with PHREEQC v3, to perform aqueous speciation calculations, and determined the
saturation state of calcite within the solution. If the solution were found supersaturated with
calcite, the amount of calcite that would be precipitated out was estimated by forcing the
solution to saturation using equilibrium phases data block. Carbon dioxide was assumed to be
at atmospheric partial pressure to model the maximum calcite tufa precipitation rate.

3. Results
3.1 Index Properties
Results of the gradation testing are shown in Figure 12 and 13. All materials utilized
in both breakage testing and saturated hydraulic conductivity evaluation conform to the
gradation specifications of Type B MSE wall backfill as designated by WisDOT. Additional
grain size data is provided in Tables 9 and 10.

Figure 12. Grain size distribution curves of all materials and WisDOT Type B backfill
specification bounds.
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Table 9. Summary of gradation indices and values associated with saturated hydraulic
conductivity column testing.
AASHTO
D10
D30
D60
%
Sample* Source
Cu
Cc
Class.
(mm)
(mm)
(mm)
Fines
DC-10
RCA
A-1-a
50.3 1.2
0.14
1.13
7.18
7.48%
DC-1
RCA
A-1-a
35.5 0.9
0.20
1.13
7.23
3.78%
DC-7
RCA
A-1-a
43.2 0.6
0.13
0.67
5.76
7.49%
MC-1
RCA
A-1-a
30.7 0.8
0.25
1.22
7.64
3.39%
DC-6
RCA
A-1-a
49.6 0.8
0.16
0.98
7.75
7.28%
DC-8
RCA
A-1-a
14.9 1.4
0.56
2.56
8.35
3.73%
RC-1
RCA
A-1-a
32.0 0.9
0.24
1.26
7.53
4.56%
RC-2
RCA
A-1-a
33.0 1.0
0.23
1.37
7.69
5.25%
DRAP-1
RAP
A-1-a
12.1 1.5
0.72
3.09
8.66
0.17%
DRAP-2
RAP
A-1-a
13.4 1.5
0.61
2.73
8.19
1.15%
*Samples DC-9 and DC-11 were not tested due to limited material quantity.

Figure 13. Initial grain size distribution for particle breakage testing and WisDOT Type B
backfill specification bounds.
Table 10. Summary of gradation indices and values associated with particle breakage testing.
Cu
Cc
D10 (mm) D30 (mm) D60 (mm)
% Fines
6.04
1.08
0.28
21.52
0.69
1.14
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Specific gravity and absorption for all recycled materials were evaluated as well. In
addition, a sedimentary virgin aggregate sample was also utilized as a control material.
Result show that specific gravities of both RCA and RAP aggregates agree with standard
textbook values [7], [8]. Bulk and maximum dry densities at dry states were also taken as
part of particle breakage testing. Bulk dry density values were in range of literature values,
and maximum dry densities were in range of literature values for RAP and RCA [7], [10].
Residual mortar contents and asphalt contents were found to be in expected ranges as well
[7]. Void ratios of each specimen later utilized for saturated hydraulic conductivity
estimation was determined from compacted mass and volume relationships of the material in
the flexible wall cell as well as the specific gravity of the material. All these values for each
specimen are shown in Table 11.
Table 11. Summary of specific gravities, absorptions, densities, mortar/asphalt contents, and
void ratios of each recycled specimen.
Absorption Bulk Dry
Max Dry Asphalt/Mortar
Void
Sample
Gs
3
3
(%)
(g/cm )
(g/cm )
Content (%)
Ratio (-)
DC-1
2.61
5.63
1.67
1.90
44.6
0.42
DC-6
2.62
5.46
1.62
1.94
42.2
0.39
DC-7
2.59
4.90
1.56
1.84
47.0
0.44
DC-8
2.57
5.42
1.6
1.88
51.1
0.44
DC-9
2.6
4.08
1.73
1.92
43.3
0.42
DC-10
2.56
6.89
1.64
1.88
53.7
0.41
DC-11
2.55
4.91
1.71
1.92
49.1
0.39
MC-1
2.6
2.59
1.69
1.96
47.0
0.31
RC-1
2.51
6.71
1.67
1.96
41.5
0.33
RC-2
2.58
3.55
1.75
2.02
40.8
0.39
DRAP-1
2.34
1.53
1.43
1.69
N/A*
0.43
DRAP-2
2.33
5.43
1.41
1.67
N/A*
0.44
*Values unable to be taken due to cross laboratory COVID-19 limitations.
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In this study, multiple samples of RCA were collected from sources throughout
Wisconsin. It was observed that RCA samples had different colors based upon whether the
sample was from northern or southern Wisconsin. Later mineralogical analysis via XRD and
SEM-EDS show a difference in mineral composition of RCA between the two localities due
to the different types of aggregates used in the original concretes. As summarized in Table
12, RCA samples from southern Wisconsin contain primarily sedimentary aggregates and
RCA from northern Wisconsin, contains mostly igneous aggregates per available aggregates
in the area. The virgin aggregate sample used as a control throughout testing is consisted of
dolomitic sedimentary rock.
Table 12. Physical and chemical characteristics of aggregate sample per locality.
Collection
Normalized Oxide
Classification
Primary Phases
Location
Chemistry (wt. %)
Recycled concrete
SiO2: 24.5%, Al2O3:
Southern
Quartz, Dolomite,
aggregate, sedimentary
1.1%, CaO: 70.8%,
Wisconsin
Calcite
clasts
MgO: 3.6%
SiO2: 51.4%, Fe2O3:
Northern
Recycled concrete
15.4%, Al2O3: 12.2%,
Quartz, Albite,
Wisconsin
aggregate, igneous clasts CaO: 14.6%, Na2O: 1.4%
Calcite
K2O: 2.9% MgO: 2.1%
SiO2: 33.0%, Fe2O3:
Southern
Virgin aggregate,
9.3%, Al2O3: 3.8%, CaO:
Dolomite, Quartz
Wisconsin
sedimentary
38.9%, MgO: 12.7%

The minerology of the aggregate samples was confirmed by XRD measurements on
the fines, as shown in Figure 14. The two primary mineral phases in sample RCA-s are
quartz and dolomite, which likely come from the fine and coarse aggregates in the original
concrete, respectively. It also contains calcite which is produced when the cement paste
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reacts with the carbon dioxide in the atmosphere. Note that the EDS analysis shows a
calcium to magnesium ratio that significantly exceeds what is typical for dolomite
(Ca/Mg~1). Considering SEM/EDS technique has a surface penetration at the single-micron
level, this suggests that the dolomite fragments in the fines are coated with cement paste.
This suggestion is later confirmed in XRD analysis of the fines. On the other hand, sample
RCA-i has quartz, calcite, and albite as its three primary mineral phases, illustrating a
difference in mineralogical composition between the RCA samples based upon locality. XRD
also confirmed that dolomite and quartz are the two primary phases in sample VA-s, with
dolomite being more prevalent.

42

Figure 14. Representative XRD patterns of RCA samples from southern Wisconsin, northern
Wisconsin, and virgin aggregate from southern Wisconsin. TOP: RCA sample from southern
Wisconsin. MIDDLE: RCA sample from northern Wisconsin. BOTTOM: virgin aggregate
sample from southern Wisconsin. D = Dolomite, Q = Quartz, C = Calcite, A = Albite.
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3.2 Particle Breakage Results
The objective of the comparative initial gradation particle breakage testing was to
observe whether RCA degraded easier than virgin aggregates, whether RCA degraded
differently based upon petrology consistent of the material, and if degradation varied based
upon age. Results show that RCA degrade more easily than the dolostone virgin aggregate
used in testing, with breakage 1-1.7% greater than that of the virgin aggregate specimen.
Results also show a slight difference in breakage levels between RCA based upon age and
aggregate petrology. MC-1, an RCA with igneous aggregate clasts broke less than DC-10
and DC-7 which has sedimentary clasts. Results also showed that DC-7, which was
stockpiled for 7 years, showed slightly more breakage than DC-10. Both differences however
are minor and are likely not as impactful as gradation on the potential for the material to
break. When looking at the change in D10 due to breakage, it can be observed that the
change is similar for all materials. Therefore, the breakage for RCA is not deemed
significantly more impactful on future hydraulic properties of the aggregate when compared
to the dolomitic aggregate. Fines production did not correlate with breakage results, as DC10 produced the most and DC-7 produced the least. Results are summarized in Figures 15, 16
and in Table 13.
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Figure 15. Grain size distribution curves before and after compaction under modified effort

Figure 16. Comparative breakage summary and percent fines increase by mass utilizing
Hardin breakage indices.
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Table 13. Summary of particle breakage and fines production at equivalent gradation.
Sample
Particle
Fines Increase
D10 Change
(mm)
Breakage (%)
(%)
Dolostone Virgin Aggregate
4.05
1.6
0.086
DC-7 (Old Sed. RCA)
5.77
2.87
0.091
DC-10 (Young Sed. RCA)
5.36
1.6
0.088
MC-1 (Young Ig. RCA)
5.05
1.69
0.086

To verify observations of results when the material was maintained at an equal initial
gradation, the process was replicated for all recycled materials at arbitrary gradations. Results
from this testing show that there is no significant difference in either particle breakage
quantification or fines generated between RCA with sedimentary aggregates and RCA with
igneous aggregates. RAP aggregates displayed similar levels of particle breakage compared
to RCA, however the fines generate via compaction methods was much lower. Results were
also plotted against material stockpile time to observe if RCA stockpiling influenced particle
breakage levels. Results show that stockpiling time does not have an impact on the
degradation of the RCA. Results are displayed in Figure 17 and Table 14.
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Table 14. Summary of particle breakage and fines production for RCA and RAP aggregates
at arbitrary gradations.
Hardin Breakage
Sample
Particle Breakage (%)
Fines Increase (%)
Potential
DC-1
1.63
2.08
0.57
DC-7
1.57
6.06
1.48
DC-8
1.64
2.67
0.72
MC-1
1.66
4.63
1.56
RC-2
1.69
4.42
1.59
RC-1
1.65
3.63
0.67
DC-6
1.63
4.79
1.95
DC-11
1.50
2.01
0.12
D-9
1.56
5.16
2.43
DC-10
1.57
5.36
2.87
DRAP-1
1.82
2.98
0.22
DRAP-2
1.79
4.93
0.42
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Figure 17. Particle breakage and percent fines increases for all materials at arbitrary
gradations. TOP: Summarization of particle breakage utilizing Hardin breakage indices and
percent fines increase by mass. BOTTOM: Relationship between breakage and fines increase
versus age.

3.3 Drainage Performance Evaluation
3.3.1 Saturated Hydraulic Conductivity Results
3.3.1.1 Flexible Wall Permeameter Results
Saturated hydraulic conductivity results from the flexible wall varied between the
material types. For RCA aggregates, the saturated hydraulic conductivity ranged from
0.000111 to 0.00582 cm/s. For RAP aggregates, results were much higher with values of
0.129 and 0.117 cm/s for the two samples tested. Results found display RAP material having
a higher saturated hydraulic conductivity compared to RCA which is in accordance with the
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previous studies [62]. This is because RAP is more poorly graded than RCA, with smaller
amounts of fines and fine grained sand particles. Hydrophobicity of RAP may also be a
contributing factor. Breaking down via material type, the two RAP samples resulted in
similar saturated hydraulic conductivities. RCA samples however had results varying over a
range of a magnitude. This is likely due to the variety in grain size distributions and void
ratios present from sample to sample. All results are characterized as good draining materials
according to qualitative drainage correlation to saturated hydraulic conductivity standards
outlined in Terzaghi and Peck as well as Casagrande and Fadum [45], [46]. General results
are displayed in Figure 18.

Figure 18. Flexible wall saturated hydraulic conductivity values for each material.
Common parameters utilized in estimating saturated hydraulic conductivity of a
material are particle size diameter indices and the phase relationships between voids to
solids. Being such, the results of the flexible wall tests above were plotted against these
parameters for each sample to observe trends. Ideally, materials with high saturated hydraulic
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conductivity should have a high void ratio, high particle diameter indices, and low fines
content. Low saturated hydraulic conductivity materials should have the opposite.
Relationships plotted in Figure 19 display said relationships, with the grain size relationship
being stronger than the void ratio relationship as the saturated hydraulic conductivity data are
more scattered. In this respect, Spearman’ correlation analysis was performed utilizing
SPSS® Statistics 21.0 to quantitatively evaluate the effect of fines content, D10 and void ratio
on the saturated hydraulic conductivity. As seen in Table 15, there is very strong correlation
between saturated hydraulic conductivity and fines content and D10 while the correlation
between saturated hydraulic conductivity and void ratio is not statistically significant.
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Figure 19. Flexible wall saturated hydraulic conductivity results for all materials against
grain size distribution parameters and void ratio.

Table 15. Correlation coefficients for saturated hydraulic conductivity measured by flexible
wall permeameters and the aggregate characteristics studied.
Fines content
-0.891*
*

D10
0.927*

Correlation is significant at the 0.01 level (two-tailed).
P-value for this correlation is 0.347.

**

Void ratio
0.333**
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3.3.1.2 Rigid Wall Permeameter Results.
The changes of saturated hydraulic conductivity results for recycled mixtures from
the rigid wall permeameter follow the similar trend observed in flexible wall test. For
selected RCA aggregates, the saturated hydraulic conductivity ranged from 0.143 to 0.0502
cm/s. For the selected RAP aggregate, a saturated hydraulic conductivity of 0.438 cm/s was
achieved. These results contrast the flexible wall results based upon material type. For the
tested RAP materials, the results are relatively comparable as they are of the same order of
magnitude. For the tested RCA however, results vary significantly, with rigid wall saturated
hydraulic conductivity values being larger compared to the flexible wall results. This
indicates that for RCA mixtures the flexible wall test would give more accurate results as it
can eliminate the side wall effect despite different sample preparation procedures. In this
respect, the fact that saturated hydraulic conductivity measured using rigid wall test
apparatus is higher than that obtained by flexible wall test device may be related to the effect
of side wall generating extra voids at its interface with the recycled grains in rigid wall test
(Luo et al., 2020). However, note that utilizing test setup with rigid wall cell in this study was
due to its widespread use as a result of its simplicity, low cost, and ease of sample
preparation (Luo et al., 2020). Generalized rigid wall results are displayed in Figure 20.
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Figure 20. Rigid wall saturated hydraulic conductivity results for selected materials.

These results were plotted against grain size parameters and void ratios of each
material as well to observe expected trends observed in flexible wall test results. Strong
correlations between grain size parameters and saturated hydraulic conductivity were again
observed. However, similar to the results shown in Figure 19 for flexible test device,
scattered saturated hydraulic conductivity data vs. void ratio was detected stipulating that
their correlation is not strong. These relationships are displayed in Figure 21. Based on the
results of Spearman’s correlation analysis provided in Table 16, like what has been discussed
for flexible wall test, there is a strong correlation between saturated hydraulic conductivity
and particle size indices (i.e., fines content and D10); however, such a strong correlation does
not exist between saturated hydraulic conductivity and void ratio in rigid wall test.
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Figure 21. Rigid wall saturated hydraulic conductivity results against grain size distribution
parameters and void ratio for RAP and RCA samples. RAP
Table 16. Correlation coefficients for saturated hydraulic conductivity measured by rigid
wall permeameters and the aggregate characteristics studied.
Fines content
-0.900*
*

D10
0.900*

Correlation is significant at the 0.05 level (two-tailed).
P-value for this correlation is 0.188.

**

Void ratio
0.700**
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3.3.2 Saturated Hydraulic Conductivity Semi-Empirical Estimation Results
Using post testing grains size distribution data as well as phase relationship
measurements of the material within the permeameter, the saturated hydraulic conductivity of
each material was estimated according to the Hazen, Carman-Kozeny-Carrier, and Chapuis
formulations outlined in the methods section. Given that CH can range from 1-1000
according to textbook resources [51], the equation was optimized via least squares regression
using the CH value to best fit the laboratory results . The Carman-Kozeny-Carrier and
Chapuis equation’s do not contain arbitrary coefficients, so no optimization was performed
against either rigid wall or flexible wall results. Due to the difference in saturated hydraulic
conductivity results along the lines of material types, comparisons were made separately for
RCA and RAP materials. The flexible wall comparisons are shown in Figure 22 for RCA and
Figure 23 for RAP.

Figure 22. Comparison of laboratory results versus semi-empirical estimations for RCA
saturated hydraulic conductivities via a flexible wall permeameter.
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.
Figure 23. Comparison of laboratory results versus semi-empirical estimations for RAP
saturated hydraulic conductivities via a flexible wall permeameter.
Successful estimations of saturated hydraulic conductivity of Figures 22 and 23 above
should have scatter points along the red line. The Hazen coefficients utilized for each
estimation were 2.02 for RCA and 25.7 for RAP, both under the recommended value of 100.
Comparisons of the results above show that the optimized Hazen equations produces results
more in line with the laboratory results for the RCA analyzed compared to the other options.
This can be contributed to the Hazen equation’s ability to be optimized with laboratory data
by altering the coefficient, whereas the other equations do not have this capability. Hazen
coefficients utilized for both materials are lower than the standard assumption of 100,
conforming only to ranges provided by Lambe and Whiteman [63]. For RAP materials,
estimations of saturated hydraulic conductivity and laboratory results proved similar for both
the optimized Hazen equation and the Chapuis equation. The Carman-Kozeny-Carrier
equation produced estimations larger than the laboratory results.
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Comparisons between semi-empirical estimation methods and rigid wall results were
also observed. For rigid wall tests, the results for RAP and RCA were more similar compared
to flexible wall results. Therefore, all rigid wall results were initially analyzed together, and
then only RCA were analyzed. Optimized Hazen coefficients were 94.2 for all materials and
220 for only RCA. For all materials, Carman-Kozeny-Carrier and optimized Hazen provided
the most successful fit, where Chapius equation estimations were conservative. For only
RCA, the optimized Hazen equation provided the best fit, with the Chapuis equation
providing the most conservative estimate for saturated hydraulic conductivity. These
relationships are displayed in Figure 24 and 25.

Figure 24. Comparison of laboratory results versus semi-empirical estimations for RAP and
RCA saturated hydraulic conductivities via a rigid wall permeameter.
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Figure 25. Comparison of laboratory results versus semi-empirical estimations with Hazen
estimation for only RCA samples.
3.3.3 Variable Saturated Flow Modeling
3.3.3.1 Time to 50% Drainage Simulation Results
Results from the simulation and later data analysis show that the drainage capacity of
RCA at the evaluated gradation is generally limited. Initial plots showed that RAP was
capable removing most of the fluid in the shortest span of time, with RCA having difficulty
removing fluid, even at its most capable value. General relationships between degrees of
effective saturation and time were plotted out so that a mathematical relationship could be
applied to back calculate the time to 50% drainage. The patterns between the effective
saturation and time for each material and saturated hydraulic conductivity are shown in
Figure 26. The equation and their corresponding coefficient of determination (R2) values
indicating of fit to the data are shown in Table 17.
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Figure 26. Compilation of effective saturation values versus time for each material and
saturated hydraulic conductivity combination.
Table 17. Compilation of time to 50% effective saturation variables.
Material and
Saturated
Hydraulic
Conductivity
RAP, K=1E-3 m/s
RCA, K=1E-4 m/s
RCA, K=1E-5 m/s
RCA, K=1E-6 m/s

Fitted Equation to the
Data*
𝜃𝑠
𝜃𝑠
𝜃𝑠
𝜃𝑠

= −0.066𝑥 + 0.5768
= −0.088𝑥 + 0.8581
= −0.082𝑥 + 1.0304
= −0.053𝑥 + 1.0645

Coefficient of
Determination
(R2)
0.9766
0.9933
0.9912
0.9037

Time to 50%
Eff. Saturation
(hr)
3.2
58.5
643.4
N/A

Qualitative
Drainage
Rating
Good
Fair
Poor
Very Poor

*𝜃𝑠 represents the effective degree of saturation and x represents time in units of hours.

From the calculated time to 50% drainage values, qualitative drainage ratings could
be assigned according to AASHTO standards. RCA qualitative drainage ratings based upon
hydraulic conductivities from flexible wall testing ranged from fair to very poor according to
AASHTO standards. RCA with higher saturated hydraulic conductivity such as DC-8 would
fall in the fair area of classification whereas samples such as DC-7 would fall under very
poor classification. These results differ from the general drainage capacity evaluation based
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upon saturated hydraulic conductivity where all RCA were classified as good. RAP
aggregates simulated were more favorable, with a qualitative rating of good drainage
materials according to AASHTO standard. As the results for both materials were close to the
modeled mark, no bounding range of saturated hydraulic conductivity was conducted.

Figure 27. Compilation of time to 50% drainage based upon material type and saturated
hydraulic conductivity value.
3.3.3.2 Precipitation Pressure Head Development
After completion, the precipitation VS2DI model had data compiled via both the
entire model and at existing modes. Results show slow movement of water down the
reinforced zone to the interface of the reinforced zone and the no flow barrier representing
compacted subgrade material. Once there, the constrained ability of the modeled RCA to
conduct flow limited the rate at which water was discharged out of the system. This led to a
buildup of pore pressure at near the bottom interface of the reinforced zone to the point at
which the material is saturated and remains saturated from the middle of September to the
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end of October. Figure 28 shows the pressure head distribution of the model at the peak
pressure head in September and at the end of the simulation in October.

Figure 28. Modeled pressure head within the reinforced zone. LEFT: Pressure head
distribution in Mid-September when interface pressure head is at a maximum at 0.4 meters.
RIGHT: Pressure head distribution at the end of October.
Other nodes present in the system showed that the material wetted and dried with
each rainfall event, however never fully saturated such as the interface node. However once
wetted, the modeled RCA tends to remain wet throughout the duration of the model. This is
especially true for nodes in the center and lower portions of the modeled reinforced zone.
Another observation found is that the wetting and drying cycles themselves are relatively
low. For the nodes at the interface and 1 meter above the interface, there are only two cycles,
however both nodes remain largely wet after the end of a drying cycle. At the center, there
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are only 3 wetting and drying cycles throughout the entirety of the model. At the top, more
cycles are present with the inclusion of noise. However, when using a moving average of
interval 7, the noise is reduced, and 6 wetting and drying cycles are present over the modeled
precipitation. Period. This illustrates that at the modeled conditions, RCA wets and dries
sparingly over the course of a precipitation year. This has implications when considering
material corrosivity and tufa precipitation potential longevity. These relationships are shown
in Figure 29 and Figure 30.

Figure 29. Pressure head versus time results of the model dependent on location within the
reinforced zone.
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Figure 30. Modeled upper nod pressure head temporal evolution and rainfall intensity versus
time.
Overall, the results of these modeled show the inability of RCA backfill material to
conduct flow at current approved WisDOT gradations. Modeled RCA backfill should not be
relied on as a free draining material to naturally remove water without additional drainage
considerations. An emphasis on drainage design should be considered to ensure appropriate
removal of water out of the reinforced backfill zone.

3.4 Tufa Precipitation Evaluation
3.4.1 Visual Results and Mass Growths
The materials in the outlet basin were monitored daily for tufa precipitation. After 1day of seepage through 100% RCA, significant amounts of precipitate were found on the
submerged portions of galvanized steel. This is shown accordingly in Figure 31. Later ICPOES would be used to confirm precipitate chemistry. This growth continued over time until
the end of the experiment. A second bar was inserted midway through the experiment, where
tufa growth was observed on that one as well after a day. At the end of the test, tufa
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precipitation was found on both the galvanized steel surface and the non-woven geotextile
drainage fabric. Growth on the plastic geogrid was limited to areas not covered by the
geotextile.

Figure 31. Precipitation growth on the galvanized steel bar during the 100% RCA trial.
LEFT: Growth after 1-day. RIGHT: Growth at the end of the experiment.

Figure 32. Observed precipitation after 3-weeks for 100% RCA.
Growth quantities are shown in Table 18. Below. None of the of the masses of growth
exceed 1 gram except for growth observed in the aluminum pan holding the material. Growth
on the galvanized steel bar was flaky in nature, leading to a low measured mass despite large
observed volumes.
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Table 18. Measured precipitate growth quantities from 100% RCA.
Material
Initial Mass (g) Final Mass (g)
Precipitation Mass (g)
Geotextile
1.14
2
0.86
Geogrid
6.52
7
0.48
Galvanized Steel
57.87
58.1
0.23
Aluminum Pan
776.7
787.82
11.12

Results from the 50% RCA and 50% granitic virgin aggregate were not as stark. No
visible growth was identified on either of the geotextile or geo-grid and minimal precipitate
was identified on the galvanized steel bar. There was a slight difference in set up that should
be noted as the geogrid and geotextile were submerged in the basin for this trial rather than at
the interface of the water and the atmosphere in the outflow basin. Sizeable amounts of
precipitate were measured in the aluminum pan containing the glass beaker that held all of
the materials, however it was approximately half as much as the experiment with 100%
RCA. Growth quantities are summarized in Table 19.
Table 19. Measured precipitate growth quantities from 50% RCA and 50% granitic
aggregate.
Material
Initial Mass (g) Final Mass (g)
Precipitation Mass (g)
Geotextile
1.31
1.33
0.02
Geogrid
2.43
2.43
0
Galvanized Steel
57.57
57.6
0.03
Aluminum Pan
783.38
788.9
5.52

3.4.2 pH of Leachate vs. Time Results
3.4.2.1 100% RCA
Initially, the deionized water with air bubbled into it obtained a pH of 6.05. The pH
increased to 11.30 after interacting with RCA in the cell and being discharged into the outlet.
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During the first day, there is a slight increase in pH to reach a maximum of 11.33, followed
by a period of no change and a marginal decrease in the final week. In general, the leachate
pH remained constant over the three weeks of testing within the range of 11.2 and 11.3. After
converting the amount of water that flowed through the material into a height, it was
determined that the amount of water that flowed through the material was equivalent to 10
years of precipitation in Southern Wisconsin. This details that even after an extended period,
RCA produces alkaline leachate exceeding available Wisconsin Department of
Transportation standards.

Figure 33. Temporal evolution of outflow leachate pH with time for 100% RCA. No
significant change in pH levels observed over the course of 3-weeks.
After no major changes in pH were noted after an extended period, the seepage was
paused, drained, and cycle testing began. Due to COVID-19, there was a significant pause
between the first cycle and the second cycle of testing. Over time, it appears that the effect of
draining and saturating the material has little effect on the leachate pH. Cycle 2 starts at a pH
of 11.3 and drops to a pH of 11.2 after a single day, consistent with the final pH from cycle 1.
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Cycle 3 starts at a pH of 11.3 and then drops to a pH of 11.1 after two days. This is a slight
drop in pH from the prior cycles, however it is not significant, and results still do not meet
aggregate leachate requirements outlined by WisDOT. These trends are illustrated in Figure
34.

Figure 34. Temporal evolution of outflow pH with time for 100% RCA across multiple
drainage cycles. No significant change observed over the course of multiple draining and
saturation cycles.
3.4.2.2 50% RCA-50% Granitic Virgin Aggregate Blend
General results from the 50% RCA and 50% granitic virgin aggregate trial were
slightly more optimistic, however still not ideal. The initial peak pH for the blended mixture
was 11.1, 0.2 points lower than the 100% RCA specimen. After 18 days, the pH level
dropped to 10.8, a slightly more significant drop than observed in cycle 1 of the pure RCA
specimen. However, this drop still is enough to have the blended material meet WisDOT
backfill aggregate specifications. The comparison of pH versus time trends for the blended
material against the pure RCA specimen are shown in Figure 35.
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Figure 35. Temporal evolution of outflow leachate pH with time for 100% RCA and 50%
RCA – 50% granitic virgin aggregate blend for cycle 1.
An additional cycle of testing was performed on the granitic virgin aggregate, RCA
blend as well to see of saturation and drainage cycles would influence the leachate pH. Like
the pure virgin aggregate sample, no major changes were observed in pH readings between
cycle 1 and cycle 2. Initial pH readings for cycle 1 and cycle 2 were the same at 11.1. Cycle
2 had a greater drop in pH reading after 1 day to 10.9, compared to 11.0 for cycle 1. Still, the
readings are not low enough to meet WisDOT backfill aggregate standards. This relationship
is in Figure 36.
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Figure 36. Temporal evolution of outflow pH with time for 100% RCA across multiple
cycles. No significant change observed over the course of multiple draining and saturation
cycles.
3.4.3 ICP-OES results and Geochemical Modeling
3.4.3.1 100% RCA
ICP-OES was utilized to both determine the ionic concentration of the solid
precipitate growth and the collected leachate at the outlet the seepage cell. After preliminary
TGA testing on the galvanized steel growth indicated it was not a carbonate in nature, ICPOES was performed. Results detail large concentrations of zinc as shown in Table 20 below,
indicating the growth to be zinc hydroxide. The presence of this precipitate indicates that the
leachate is corrosive in nature. Leachate ICP-OES results are shown in Table 20. ICP-OES
concentrations for silica and sulfur results were multiplied by the ratio of the compound unit
weight over the elemental unit weight for PHREEQC analysis to properly adjust for the
valence states utilized in PHREEQC.
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Table 20. ICP-OES of galvanized steel precipitate dissolved in 0.5 M nitric acid.
Element
Al
Ca
Fe
K
Mg
Na
S
Si
Concentration
0.01
0.13
0.00
0.19
0.00
0.11
0.00
0.09
(mg/L)

Zn
9.61

Table 21. ICP-OES temporal elemental concentrations of leachate collected from 100%
RCA.
Time
Cycle
Ca
Si
Mg
Al
Fe
Na
K
S(6)
(days)
0.01
54.78
5.73
0.00
2.65
0.00
156.36 67.46
99.17
0.32
55.22
5.81
0.00
2.13
0.00
127.75 83.61
63.15
0.95
46.49
5.34
0.00
1.81
0.00
72.21
38.00
31.34
1.95
40.37
5.11
0.00
1.67
0.00
39.77
25.37
18.05
2.98
40.63
5.19
0.00
1.64
0.00
28.37
21.18
15.07
3.94
41.90
5.27
0.00
1.64
0.00
20.62
17.83
9.61
5.06
40.10
4.99
0.00
1.48
0.00
15.34
13.67
8.02
6.02
44.86
5.65
0.01
1.62
0.00
16.73
15.65
8.18
7.22
42.41
5.61
0.01
1.59
0.00
12.97
11.68
7.05
Cycle
8.05
43.16
5.64
0.01
1.58
0.00
11.09
10.94
6.86
1
9.11
40.68
5.61
0.01
1.51
0.00
8.61
9.12
5.19
10.19
40.94
5.72
0.01
1.50
0.00
7.54
8.73
4.83
11.02
40.03
5.63
0.01
1.43
0.00
6.27
7.94
4.15
12.15
41.38
5.76
0.07
1.45
0.00
6.63
7.64
5.22
12.98
39.07
5.51
0.03
1.30
0.00
4.78
6.35
3.94
13.96
38.34
5.49
0.03
1.28
0.00
4.74
6.12
4.26
19.96
34.28
5.24
0.04
1.15
0.00
2.85
5.46
2.88
21.19
35.47
5.35
0.04
1.18
0.00
3.12
6.36
2.46
22.05
34.28
5.28
0.04
1.14
0.00
2.12
3.53
2.41
Cycle
104
37.42
4.39
0.02
1.23
0.00
15.92
17.32
4.09
2
105
38.51
3.95
0.03
1.34
0.00
7.06
9.38
2.54
Cycle
107
36.13
3.90
0.03
1.24
0.00
3.39
5.63
2.66
3

For tufa to precipitate out of the solution, the first requirement is that there is a supply
of aqueous calcium within the solution. Figure 37 shows the ICP-OES results of calcium
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concentration over time for the pure RCA sample. The trend indicates that after an initial
decrease, the concentration of calcium is in a relative steady state around 40 to 30 milligrams
per liter. This indicates that calcium supply within the solution is readily available over an
extended period. Additionally, calcite saturation indices modeled using pH and ICP-OES
concentrations are also shown in Figure 37. Even with a readily available supply of calcium
within the system, calcite saturations indices were modeled to be 0 or valueless after a period
of 9 days. This indicates that there are not enough dissolved carbonate ions within the
aqueous solution to form calcite compounds, limiting the amount of calcite tufa that can be
precipitated.

Figure 37. Calcite saturation indices and calcium ionic concentration from 100% RCA
leachate for cycle 1.
When incorporating additional data from the other pure RCA cycles, it is observed
that calcite saturation indices jump up for the later cycles while calcium ionic concentration
remains steady at around 40 milligrams per liter. This relationship illustrates that with
draining and re-saturating the material, dissolved carbonate ions are once again available, and
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the leachate can once again precipitate out calcareous tufa. This effect is presented visually in
Figure 38.

Figure 38. Calcite saturation indices and calcium ionic concentrations from 100% RCA
leachate over multiple cycles.
The maximum amount of calcite precipitation from the leachate was determined by
artificially setting the calcite saturation index to zero and the carbon dioxide partial pressure
to atmospheric conditions. The estimated molar concentration was multiplied by the molar
mass of calcite, and the constant volumetric liquid flow rate over the experiment to calculate
the maximum precipitation rate of tufa during the experiment. Results illustrate potential for
the leachate to precipitate tufa even at the end of the experiment if enough dissolved
carbonate is present as found in the initial modeling of the existing leachate chemistry. At the
beginning of the experiment, the leachate would be able to precipitate out upwards of 1.9
grams of calcite per day. After the initial drop, the leachate near the end of the experiment is
still capable of precipitating out 0.7 to 0.5 grams of calcite per day, showing a high potential
for calcite precipitation. This relationship is shown in Figure 39.
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Figure 39. The maximum modeled calcite precipitation rate versus time for cycle 1 of 100%
RCA. Rate drops dramatically after initial 5 days of flow.
Extending the model out to include cycle 2 and cycle 3 ionic concentration and pH
data, it is shown that leachate produced from the RCA seepage cell still has the capability of
producing calcareous tufa after extended amounts of time, seepage flow, and drainage cycles.
In fact, the modeled maximum calcite precipitation increases from the end of cycle 1 to the
beginning of cycle 2 with maximum mass rates of 0.9 to 0.8 grams of calcite per day.
However, the beginning of cycle 3 has a modeled maximum calcite mass rate lower than the
end of cycle 2 at a maximum mass rate of 0.6 grams per day. Still, this modeled calcite mass
rate for cycle three is still higher than the end of cycle one. This relationship is illustration in
Figure 40.
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Figure 40. The maximum modeled calcite precipitation rate versus time for all cycles of
100% RCA leachate.
3.4.3.2 50% RCA-50% Granitic Virgin Aggregate Blend
Initial ICP-OES results from the 50% RCA- 50% granitic virgin aggregate blend
showed a reduction in calcium concentration over time compared to the 100% RCA
specimen. Initial calcium concentrations were comparable, at approximately 55 to 56
milligrams per liter. However, the blended specimen observed a steeper decline and a lower
steady state calcium ionic concentration, leveling out at 22 milligrams per liter. This is an
approximately 12 milligram per liter difference compared to the final fresh RCA specimen
concentration of 34 milligrams per liter. However, modeled calcite saturation indices remain
greater than 0 throughout the experiment for the blended sample. This illustrates that the
leachate from the blended material is supersaturated with calcite and contains the capability
of precipitating tufa over time. With lower amounts of calcium available in the solution, the
precipitation potential of the leachate is more constrained compared to the pure RCA
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specimen. Blended leachate calcium concentrations and calcite saturation indices are
illustrated in Figure 41 and general ICP-OES results are displayed in Table 22.
Table 22. ICP-OES temporal elemental concentrations of leachate collected from 50% RCA
– 50% granitic virgin aggregate blend.
Time
Cycle
Ca
Si
Mg
Al
Fe
Na
K
S(6)
(days)
0.19
56.28
3.92
0.00
2.53
0.00
17.67
7.07
3.92
0.82
47.44
3.94
0.00
1.70
0.00
10.39
4.23
3.94
2.02
40.47
4.01
0.00
1.42
0.00
6.76
3.33
4.01
3.86
34.94
3.96
0.00
1.23
0.00
4.48
2.49
3.96
6.09
29.32
3.78
0.00
1.04
0.00
3.33
2.50
3.78
Cycle
8.05
28.21
3.33
0.00
1.05
0.00
3.14
1.84
3.33
1
10.04
25.87
3.17
0.00
0.99
0.00
2.73
1.65
3.17
11.91
25.20
3.27
0.00
1.01
0.00
2.24
1.81
3.27
14.01
23.70
3.23
0.00
0.97
0.00
1.90
1.48
3.23
16.03
22.40
3.17
0.00
0.94
0.13
1.81
1.36
3.17
18.03
22.21
3.21
0.17
0.94
0.00
1.58
1.27
1.77
Cycle 42.00
44.91
4.51
0.00
1.56
0.00
5.74
4.36
2.63
2
43.00
27.31
3.51
0.00
1.12
0.00
2.40
2.07
1.67

The effect of draining and re-saturating the material also appears to be more
pronounced for the blended specimen compared to the pure RCA specimen. Although initial
calcium concentration and calcite saturation indices jump at the beginning of cycle 2, there is
a sharp reduction in both after a single day of seepage. After a single day, calcium
concentration levels drop by 17 milligrams per liter and calcite saturation indices drop by 0.5
points. This effect is more pronounced compared to the pure RCA specimen, where calcium
concentration levels and calcite saturation indices remained relatively steady after the
material was drained and re-saturated.
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Figure 41. Calcite saturation indices and calcium ionic concentrations from 50% RCA –
50% granitic virgin aggregate blend leachate over multiple cycles.
For the 50-50 blended specimen, the modeled maximum calcareous tufa precipitation
rate was lower both initial and over time. Initial results showed that the blended material
produced a leachate that was capable of precipitating out upwards of 1.5 grams of calcareous
tufa per day. Immediately, a steep decline is observed in an exponential fashion to the point
that maximum amount of tufa the leachate is capable of precipitating is near negligible at
around day 14. After a drainage and re-saturation cycle is performed, the leachate produced
by the blended material is once again capable of precipitating out calcite. However, the drop
in maximum mass rate precipitation is pretty steep after one day, dropping from 0.9 grams
per day to 0.2 grams per day. These relationships are displayed in Figure 42.
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Figure 42. The maximum modeled calcite precipitation rate versus time for all cycles of the
RCA and granitic aggregate blended material
When comparing the cycle 1 results for the blended specimen to the pure RCA
specimen, the maximum capability of the material leachate to produce calcareous tufa
appears to be hampered. As previously mentioned, the initial tufa precipitation potential for
the blended material was 1.5 grams per day, dropping to near negligible amounts by day 14.
Compare this to the pure RCA specimen where the initial potential was 2.0 grams of
calcareous tufa per day dropping to a potential of 0.5 grams per day after 22 days. The
blended aggregate specimen displays a lower capability for producing tufa precipitation both
initially and over an extended period of time compared to the pure RCA specimen evaluated.
Another encouraging factor regarding the material blend is that maximum tufa precipitation
potential is near 0 after an extended amount of time and seepage, with a stark drop in
precipitation potential stemming from drainage and re-saturation cycles. The direct
comparison of cycle 1 for the blended and pure RCA specimen are shown in Figure 43.
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Figure 43. Maximum modeled calcite precipitation rate versus time for blended and pure
RCA.

3.5 Thermogravimetric Analysis Results
Results of TGA show that two different types of precipitate were present in the
outflow basin. TGA on precipitate collected from the overflow of the outflow basin indicate
that the growth is predominately calcareous tufa, with a weight loss percentage of
approximately 39% between 700o and 900o Celsius. Pure calcite has a weight loss percentage
of 44%. TGA on precipitate collected from the galvanized steel bar indicated a different
pattern. Some weight loss was observed, however not to the magnitude nor in the
temperature bounds needed for the material to be classified as calcareous tufa. Therefore, the
growth observed on the galvanized steel bar could not be classified as calcareous tufa.
Further ICP-OES results indicate that this growth was zinc hydroxide, a common corrosion
product produced from galvanized steel. Weight loss derivative data shown with noise
reduction using a working average data analysis at intervals of 100.
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Figure 44. Thermograms from collected precipitate. LEFT: Thermogram of calcite collected
from basin overflow. RIGHT: Thermogram of precipitate collected from galvanized steel.

3.6 SEM-EDS Results
Results of the SEM-EDS analysis confirm that the growth observed on the geotextile
was calcareous tufa. SEM images show crystal growth with rhombohedral crystalline
structures, typical of calcite mineralogy. Figure 45 highlights the SEM images taken.
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Figure 45. SEM visuals of precipitate growth upon non-woven geotextile.
SEM-EDS point-and-shoot analysis of the taken SEM images detail primary
elemental weight percentages of carbon, oxygen, and calcium, further supporting the
classification of calcareous tufa growth on the non-woven geotextile. Minor traces of silicon
and chloride were observed in some point-and-shoot analyses, however they all had
elemental weight percentages less than 1%. Due to carbon coating utilized to enhance
conductivity and the topography of the crystalline structures, elemental percentages of carbon
are distorted and may not reflect the standard percentages found in calcite. However, the sole
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presence of oxygen, calcium, and carbon lead to the conclusion that the material precipitating
onto the geotextile is calcite. Point-and-shoot analysis of point 5 is shown in Table 23 and
point and shoot locations are shown in Figure 46.

Figure 46. Point and shoot analysis locations on calcite growth.
Table 23. SEM-EDS elemental and atomic weight percentages from the Point 5 point-andshoot analysis.
Element
Element Wt. %
Wt % Error
Atom %
Atom % Error
Carbon
38.12
±2.07
53.66
± 2.89
Oxygen
31.86
±1.86
33.67
± 1.99
Calcium
30.02
±1.34
12.67
± 0.57

3.7 Geotextile Permittivity Results
General results from permittivity testing are displayed in Figure 47. Results from
geotextile permittivity testing show that permittivity capability of the non-woven geotextile
used throughout testing decrease in due to both particle clogging and precipitate growth.
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Figure 47. Box and whisker plot of geotextile permittivity testing post column testing and
tufa growth testing.
When comparing the reduction in permittivity for the geotextile samples used in
column testing versus the geotextile sample used in the tufa precipitation experimentation, a
greater reduction is found compared to the median reduction of the samples used in column
testing. With only 0.86 grams of calcite growth, there was a permittivity reduction of 34.2%
compared to the fresh geotextile values. Comparatively, the median reduction across all the
samples used in column testing was 19.6%. However, for RCA with higher fines contents
and lower D10 values, the reduction in permeability was comparable as the maximum
reduction of permeability for all samples utilized in column testing was 33.2%. This value is
still lower than the reduction for the geotextile with tufa growth. These values are illustrated
in Figure 48.
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Figure 48. Median permittivity reduction of geotextile samples with material clogging and
calcite tufa growth.
Permittivity reduction for the geotextiles utilized in saturated hydraulic conductivity
testing varied, however they do follow a relative trend. Materials that had higher amounts of
fines and a lower D10 value resulted in a greater permittivity reduction. Conversely, cleaner
materials with higher D10 values found a lower drop in permittivity in comparison to the
fresh geotextile. This relationship is illustrated in Figure 49.

Figure 49. Relationship between reduction in geotextile permittivity versus percent fines and
D10 values.
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3.8 Leachate Corrosivity Results
3.8.1 pH Testing Results
3.8.1.1 General pH Testing Results
General results of aggregate pH testing produced multiple observations and
takeaways from the data. The first notable observation was that none of the RCA specimens
produced leachates with pH readings ranging between 10.5 and 11.3. Per current WisDOT
specifications regarding pH levels, none of the studies RCA specimens would be suitable for
use in the reinforced zone of an MSE wall with either galvanized steel reinforcement, or
aluminized metal reinforcement. RAP specimens produced lower alkaline pH readings
compared to RCA counterparts, with obtained values of 9.3 and 9.2 for DRAP-1 and DRAP2 respectively. These values meet the standard pH requirement for use of galvanized steel
reinforcement with values less than 10, but still do not meet the requirement for aluminized
metals with values greater than 9. As a contrast, readings of standard granitic and
sedimentary virgin aggregates were also taken. Results of the sedimentary virgin aggregate
were slightly higher than that of the RAP aggregate specimens with a pH of 9.6. pH results of
the granitic virgin aggregate were the only readings acceptable for any type of reinforcement
material with readings of 7.9 achieved. These readings are shown in Figure 50.
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Figure 50. Compilation of leachate pH values from corresponding materials. Granitic and
sedimentary virgin aggregates are identified by I-VA and S-VA, respectively.
From the RCA results, a trend between pH levels of the slurry produced and the age
of the RCA specimen was also observed. For RCA specimens that spent more time
stockpiled, their corresponding pH readings were lower compared to RCA that has spent less
time stockpiled, if any. Although levels still were still too alkaline for WisDOT standards,
there was a sizeable reduction of 0.5 points on average between RCA stockpiled for less than
a year and RCA stockpiled for a year or longer. These results are illustrated in Figure 51.
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Figure 51. pH levels of RCA slurries versus time stockpiled. Noticeable decrease in pH
levels for materials stockpiled for longer than 1-year.
3.8.1.2 RCA Blend pH Testing Results
After the initial pH testing of all the materials, a blended material testing regime was
crafted to experiment with potential solutions to the high alkalinity of RCA leachate. The
goal of the experiment was to observe whether or not material blends that met the WisDOT
galvanized steel pH requirement at a minimum would be able to reduce the pH levels of RCA
enough so that it may be used with galvanized steel reinforcement. For the experimentation,
DC-11 was selected as it was an older RCA with existing lower pH levels compared to the
fresher samples on hand. Results showed that RCA and RAP aggregate blends and RCA and
sedimentary virgin aggregate blends do not have too great of an impact on material pH, even
when RCA content is as low as 20% by mass. The only blend that observed success was the
granitic virgin aggregate and RCA blend, meeting the WisDOT galvanized steel
reinforcement pH criteria with blend of RCA content at 40%. Results indicate that blending

86
RCA with neutral aggregates such as granite can assist with lowering pH levels of the
material leachate.

Figure 52. Slurry pH levels versus percent DC-11 RCA present in the blend.
After the first round of blended material pH evaluation, it was shown that blending
RCA with neutral aggregates such as granite holds potential for reducing leachate pH levels.
This concept was then applied to a fresher RCA specimen. The specimen selected was MC-1
as it was collected a week after crushing and already presented high initial pH values from
prior testing. Results from the experimentation produced similar trends to the DC-11 granitic
virgin aggregate blend previously tested. However, pH levels recorded still are not low
enough to meet the most lenient standards outlined by WisDOT. In general, the results
indicate successful reduction in RCA leachate pH levels using carbonation weathering and
blending with a neutral aggregate source. Figure 53 illustrates the relationship of slurry pH
levels versus percent RCA specimen for MC-1 and DC-11 blended samples.
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Figure 53. Slurry pH levels versus granite and RCA blends.
3.8.2 Electrical Resistivity Results
3.8.2.1 General Electrical Resistivity Results
Another measure of leachate corrosivity is the electrical resistivity of the leachate. If a
material produced a leachate that was corrosive, the fluid would have high conductivity
values or low resistivity values, with resistivity being the reciprocal of conductivity. State
departments of transportation vary with minimal acceptable electrical resistivity limits,
common values of 3000- and 5000-ohm centimeters used based upon geography and
reinforcement type. According to WisDOT standards, minimum electrical resistivity of
backfill leachate needs to be greater than 3000-ohm centimeters when galvanized steel
reinforcement is used and 1500-ohm centimeters when aluminized metals are used. WisDOT
standards are the ones the laboratory results are compared against.
Results from electrical resistivity testing have several key observations and
takeaways. First is that all fresh samples of RCA have minimum electrical resistivity
readings less than 3000-ohm centimeters, values which are too low for use with galvanized
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steel. 4 of the RCA samples have electrical readings less 1500-ohm centimeters, which
disqualifies them from use with aluminized metal reinforcement. Comparatively, leachate
from both RAP aggregate samples produced minimum electrical resistivity readings greater
than 3000-ohm centimeters, making the material acceptable for both aluminized metal and
galvanized steel reinforcement. Additionally, the sedimentary virgin aggregate specimen
utilized as a control material also produced electrical resistivity values acceptable for both
aluminized metal and galvanized steel reinforcement.
Another observation from the general results of the electrical resistivity battery of
testing was the difference in results of the two DC-10 materials. DC-10 was the specimen
utilized in the tufa seepage cell testing and underwent a total of 27 days with seepage flowing
through. Fresh DC-10 RCA and material from the cell had their minimum electrical
resistivity evaluated. Without any flow, DC-10 was the most corrosive material, with a
minimum electrical resistivity of 0.75-kiloohm centimeters, or 750-ohm centimeters. DC-10
material from the seepage cell however produced much more benign electrical resistivity
measurements, with a minimum electrical resistivity of 3365-ohm centimeters. This result
makes the material acceptable for use with both galvanized steel and aluminized metal
reinforcement. General results are shown in Figure 54.
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Figure 54. Compilation of minimum electrical resistivity measurements for each specimen.
DC-10 Fr. is short for DC-10 Fresh. DC-10 Cell is material tested after being used in the
seepage cell experiment.
It is also noted that, in general, RCA specimens with longer times stockpiled such as
DC-11 have higher minimum electrical resistivity values. This is a trend that was observed it
pH levels of material slurries as well, with older RCA producing pH readings less alkaline
than fresher RCA samples. Although none of the RCA samples obtained a minimum
electrical resistivity that meets the standards to be utilized with galvanized steel
reinforcement, all materials stockpiled for 6 months or longer do meet the minimum
electrical resistivity requirement for aluminized metal according to WisDOT standards.
These relationships are displayed in Figure 55.
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Figure 55. Minimum measured electrical resistivity of RCA samples versus time stockpiled.
3.8.2.2 Electrical Resistivity Results of Washed RCA Specimens
After the initial electrical resistivity results were completed, a washing cycle
electrical resistivity test was constructed based upon observations from the initial electrical
resistivity data. As previously mentioned, there was noticeable differences in minimum
electrical resistivity results between fresh DC-10 RCA samples and DC-10 RCA samples that
were utilized in the seepage cell for tufa precipitation testing. To further explore this,
washing cycles were set up utilizing DC-6 and DC-11 as they represent older and younger
RCA samples.
Results from this cyclic testing regimen indicated increased electrical resistivity
values for each material after each wash. At the end of the fourth and final cycle, both
materials achieved a minimum electrical resistivity that was greater than the galvanized steel
reinforcement minimum. DC-6 was able to achieve this after a single wash and DC-11 was
able to achieve this after multiple washes. Results indicate a potential for reduction in
corrosion potential of RCA leachate over time as rainfall cycles, represented in the
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experimentation as washing cycles, seem to neutralize the corrosivity of the leachate. These
results are shown in Figure 56 and 57.

Figure 56. Electrical resistivity versus gravimetric water content for DC-11 washing cycles.

Figure 57. Electrical resistivity versus gravimetric water content for DC-6 washing cycles.
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4. Conclusions and Recommendations
The following sections contain observations, conclusions, and recommendations
based upon the obtained results. Analysis has been divided into multiple section reflection
the central goals aimed to be achieved during experimentation. Final complete observations,
thoughts, and recommendations are summarized at the end of the section.

4.1 Particle Breakage Result Analysis
The objective of the particle breakage testing was to analyze the resiliency of
recycled aggregates under high impact dynamic loading. The importance of this resiliency is
that it lends to the material’s gradation post application of the compaction energy. Ideally, an
aggregate would display low particle breakage percentage and low increases in percent fines
to ensure that the gradation of the soil in place is like the gradation of the soil prior to
placement when the gradation is analyzed. In cases where the selected backfill is close to the
upper bound gradation limit by whatever DOT standards are being used, this breakage and
generation of fines could compromise compliance of the material to the standard. Another
important aspect is the amount of fines generated from the compaction effort. Smaller solid
particles within a well graded soil sample control the soils capability to conduct flow
through. Increasing the amount of fines present reduces the void space present and increases
the existing tortuosity of the soil especially when compacted, which in turn reduces the
materials ability to properly drain fluid. An ideal aggregate would have minimal fines
generation off of the compaction effort in order to ensure that the predicted drainage
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capability of the material based upon characteristics and observation prior to compaction are
maintained.
Results of the comparative particle breakage testing show slight differences across the
board based upon material type, mineralogical signatures, and material aged. Ultimately,
Hardin breakage indices for the materials ranged from 4.05% for the virgin dolostone to
5.7% for DC-7, a sedimentary aggregate RCA sample stockpiles for approximately 7 years.
The other two samples fall in between, with the young igneous aggregate RCA sample MC-1
displaying the second least breakage and the young sedimentary aggregate RCA sample DC10 displaying the third most breakage. Fines generation of the experiment did not follow the
same trend as the breakage, with DC-7 displaying greater amounts of fine generation and the
other three materials displaying approximately equivalent amounts of fines generation. Even
via the displayed differences, results for each material were close enough to still question if
the characteristics of age and petrology of the aggregates in the RCA mix a significant
enough impact must be considered when analyzing the particle breakage of a material. Or do
other more direct and known factors such as a materials gradation play a bigger role in the
breakage characteristics of a aggregate material. This leads to the follow up analysis to see if
the trends existing for breakage at equivalent gradation are still existing when the gradation is
varied, or if the gradation of the soil is the predominate factor in determining the degree of
degradation and fines production.
Results of the varied gradation particle breakage testing show that, even though some
trends were observed at equivalent gradation, they still are large enough factors to overcome
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differences in gradation of the soil. When repeated, MC-1, the RCA sample with igneous
aggregates, showed equivalent amounts of breakage to the average sedimentary aggregates
RCA samples utilized, as well as equivalent amounts of fines production. This lends to the
thought that mineralogical differences between the RCA samples do not impact breakage and
fines production via compaction practices. Another observation was the lack of consistency
between greater amounts of breakage and fines production given greater age of the RCA
sample. DC-7, which was used in the comparative testing, still showed large amounts of
breakage and fines generation. However, other old RCA samples such as DC-11 and DC-8
showed lower amounts of breakage and fines generation. This concludes that age may not
impact the breakage and fines production of RCA as greatly as the comparative breakage.
RAP aggregate samples tested were predominately consistent of gravel and large sand solid
particles. Therefore, the breakage potential possessed by each aggregate was significantly
higher compared to the RCA specimens. Yet, the breakage results observed for the RAP
specimens were below the average RCA breakage for DRAP-1 and slightly above average
for DRAP-2. Fines production was minimal for both samples. This shows a greater resiliency
to maintain current gradation for RAP specimens compared to RCA specimens, largely
attributed to the plastic behavior of the asphalt concrete existing in the RAP specimen
compared to the largely brittle behavior of the RCA specimens.
Overall, the results of the testing show some trends correlating particle breakage and
fines production along the lines of material age, material type, and petrology of aggregates.
However, these results were not significant enough to continue to be observed when the
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gradation of each material was arbitrarily assigned. In general, the following conclusion are
drawn. First, RCA does have slightly more amounts of breakage compared to dolomitic
virgin aggregates. Second, RCA breakage is relatively arbitrary with no single factor
dictating whether a material will break more or break less except for a material’s gradation.
Third, RAP aggregates break equivalent or less even when their potential to do so is
significantly higher, along with producing significantly fewer amounts of fines through the
process.

4.2 Saturated Hydraulic Conductivity Result Analysis
4.2.1 General Drainage Capacity Assessment
Final observations made regarding both observed laboratory results and semiempirical estimations can be viewed, or general drainage assessment of the materials
implemented in the research regimen. Utilizing standards outlined in Terzaghi and Peck as
well as Casagrande and Fadum, all materials tested in both flexible wall and rigid wall
permeameters are qualitatively good draining materials [45], [46]. However, results from the
1-dimmensional variably saturated flow simulation differ qualitatively from the conclusions
of the laboratory column testing. Again, the qualitative drainage classification was taken
based upon the modeled time to 50% drainage of allowable water, defined in the results as
time to 50% effective degree of saturation. Results of these simulation display that at the
given acceptable MSE wall gradations, properties and using estimated Van Genuchten
parameters, RCA could be classified at best fair draining materials and at worst very poor
draining materials. Results of the simulation classified the RAP aggregates as good draining
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materials, agreeing with the qualitative classification based upon saturated hydraulic
conductivity.
The objective of this thought procedure is that different standards can be utilized to
evaluate the ability of a material to conduct flow as either qualitatively good or qualitatively
bad. The difference in qualitative results of the materials illustrates that RCA backfill
aggregates with saturated hydraulic conductivities between 1E-3 and 1E-4 centimeters per
second perhaps are not good draining materials. Rather they are fair to very poor draining
materials and should be utilized cautiously within drainage design of infrastructure projects.
These results are summarized in Table 24.
Table 24. Qualitative drainage evaluation of RCA and RAP aggregates.
Material
RCA
RAP

Saturated Hydraulic
Conductivities (cm/s)
5.8E-3 – 1.1 E-4
1.3E-3 – 1.2E-3

Terzaghi et al.
Classification
Good
Good

AASHTO Drainage
Classification
Fair to Very Poor
Good

Most materials conform to gradation requirements of a free draining material
according to the Federal Highway Administration with fines contents less than 6%, however
flexible wall saturated hydraulic conductivities may not agree with that designation. For
RAP materials tested in both permeameters, the high saturated hydraulic conductivity results
lend to agree with free draining designation. For RCA, the low saturated hydraulic
conductivities for most materials lend to disagree with the free draining designation that may
be assumed. Overall, agencies should be cautious regarding the designation of backfill
aggregate as a free draining material without saturated hydraulic conductivity measures to
support the designation.
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At the current gradation standards, the ability for RCA to conduct flow can be
classified as fair at best. All materials conformed to MSE wall reinforced Type B backfill
gradation standards and to some extent, exceeded the expectation standards. Maximum
acceptable percent fines for at Type B backfill is 15% by mass. DC-10, DC-7, and DC-6
were samples with the largest percent fines constituting the materials gradation, and these
samples barely approached 50% of the allowable fines content for a sample. This illustrates
that, at the current gradation standard, RCA Type B backfill cannot be relied upon as a selfdraining material without additional drainage design considerations.
4.2.2 Recommendations for Saturated Hydraulic Conductivity Determination
Initial observations of saturated hydraulic conductivities from flexible and rigid wall
permeameters show stark contrasts in results for some of the materials. For RCA, samples
DC-10, DC-1, and DC-6 had differences in values of 2 magnitudes between flexible wall and
rigid wall results. MC-1, a material with a larger D10 value displayed a smaller difference in
results between flexible and rigid wall permeameters. For the DRAP-1, a RAP material, the
results were significantly more comparable, with the rigid wall result only larger by a factor
of 3.4 compared to the flexible wall. For both materials, the flexible wall permeameter
produces a saturated hydraulic conductivity that is more conservative compared to the rigid
wall permeameter.
The follow up to the initial observation in saturated hydraulic conductivity
differences between flexible and rigid wall permeameters for the recycled material is why
such a large difference existed for the RCA that was not present for the RAP material. This
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difference is accounted for due to the sidewall leakage effect present for compact,
heterogenous RCA in a rigid wall permeameter. Side wall leakage occurs when the porosity
near the rigid wall is greater than the interior, creating a heterogenous composition that
produces a saturated hydraulic conductivity larger than expected. The porosity near the rigid
wall is larger because materials near the wall are not as well compacted and large voids form
and between the rigid wall and large soil particles and are not filled because of the discrete
nature of the rigid wall. In this respect, Cohen and Metzner showed that for a Newtonian
liquid such as water, the boundary effect can be disregarded once the tube diameter to grains
diameter is larger than 30 which is not the case in this study [64]. In a flexible wall system,
these voids are eliminated, as the flexible membrane conforms to the material inside the cell.
For RAP materials, this effect was not as significant as the relative homogeneous nature of
the material allowed for similar porosity between the interior and exterior of the rigid wall
permeameter. These effects were observed visually and are displayed in Figure 58. As such,
the application of rigid wall systems to measure the saturated hydraulic conductivity of RCA
is not recommended despite its advantages stated in the previous sections.
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Figure 58. Visualization of materials in rigid wall (left) and flexible wall (right)
permeameters. Void space can be seen near the rigid wall. In the flexible wall setup, the void
space near the boundary is eliminated by pressing the membrane to conform to the sample.
Another observation to be made is which estimation method produces the best result.
From the comparison charts, it is shown that the optimized Hazen equation produces
estimations closest to the laboratory results compared to the Carman-Kozney-Carrier and the
Chapuis estimations. This conclusion can be attributed to the fact that the Hazen equation
could be optimized to better fit the laboratory data and the other two solutions could not.
However, these equations are implemented commonly without laboratory results to optimize
to. Against flexible wall results, the optimized Hazen coefficient was 2.02 for RCA and 25.7
for RAP material. Both are significantly smaller than the recommended coefficient value of
100 and only fit in ranges found in Lambe and Whitman [63]. Utilizing an assumed
coefficient of 100 produces estimations that are greater than the other two estimation
methods and thus further away from the laboratory value. Against rigid wall results, the
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optimized Hazen coefficient was 94.2 for all materials and 220 for only RCA. Rigid wall
optimizations produce coefficients closer to the standard assumed 100 value, however,
assuming a coefficient of 100 results in the Hazen estimation being not as accurate as the
Carman-Kozeny-Carrier estimation for only RCA.
Other general trends can be observed as well. Against both flexible wall and rigid
wall laboratory results, the Chapuis equation produces a more conservative estimation
compared to the Carman-Kozeny-Carrier equation. This is to its benefit against flexible wall
results and to its hinderance against the rigid wall results. Both equations however grossly
overestimate the saturated hydraulic conductivities for the flexible wall permeameter. The
Hazen equation would also grossly overestimate the saturated hydraulic conductivity if the
data were not optimized. This difference illustrates the importance of utilizing laboratory
data within drainage design. If no laboratory data were available for validation, semiempirical estimations would overestimate the drainage capacity of the RCA and RAP
aggregates, thus leading to a design of higher risk.

4.3 Tufa Precipitation and Clogging Analysis
4.3.1 100% RCA Analysis
The objective of the tufa precipitation via seepage experimentation was to observe
whether tufa could be precipitated onto reinforcement materials via ambient seepage, analyze
the ionic concentration and model calcite saturation within the outflow leachate, and
determine the potential of calcareous tufa precipitation from the leachate. This procedure was
done first on 100% RCA and later a 50% RCA – 50% virgin granitic aggregate. Results from
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the 100% RCA in the seepage cell show substantial growth on geosynthetic reinforcement
material, galvanized steel bars, and the aluminum pan holding all the materials. Growth on
the galvanized steel bar was observed after just a single day of seepage. Later TGA, ICPOES, and SEM-EDS analysis determined that the growth on the aluminum pan and
geosynthetics were calcareous tufa, whereas the growth on the galvanized steel bar was zinc
hydroxide. The presence of the zinc hydroxide on the galvanized steel bar after a single day
hints at the alkaline corrosiveness of the leachate produced. Via pH measurements, the
leachate from the 100% RCA specimen did not meet WisDOT MSE wall backfill aggregate
standards. Initial pH of 11.3 was obtained, dropping to 11.1 after 22 days of seepage, which
is a substantial amount of time. Drainage cycles also showed little variation in pH levels,
with initial readings of 11.3 for both cycle 2 and cycle 3 observed after draining and resaturating. Levels dropped to 11.1 much more rapidly, albeit with readings still to high for
WisDOT standards.
ICP-OES analysis of the collected outflow leachate show initial calcium
concentration of 54 milligrams per liter dropping to a steady state of 35 milligrams per liter
after 22 days of flow for cycle 1. Draining and re-saturating the material did not seem to
influence the levels, as they remained relatively consistent across multiple drainage cycles.
ICP-OES and pH data was then input into PHREEQC to model the calcite saturation indices
of the leachate obtained. Results show that calcite saturation indices dropped to 0 after 9 days
of flow. This presumably occurred due to a lack of available dissolved bicarbonate. After the
material was drained and re-saturated for both cycle 2 and 3, the calcite saturation indices
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jump back up to over 1, showing that the material was still capable of precipitating
calcareous tufa after extended periods of time and multiple drainage cycles.
Understanding the saturation of calcite within the leachate is helpful, but it does not
determine the degree to which calcareous tufa is able to precipitate out of the solution. To
model this, an additional PHREEQC aqueous model was created where the carbon dioxide
was set to atmospheric partial pressure and the calcite saturation index was set to 0, while
using the same ionic concentration and pH levels as inputs. This generates the maximum
amount of calcareous tufa that can be precipitated from the solution. Results of this model for
the 100% RCA show and initial peak of 1.9 grams of calcite per day dropping to 0.5 grams
per day at steady state for cycle 1. Cycle 2 observed an initial jump to 1 gram per day before
dropping down to 0.7 grams per day after 2 days of seepage. Cycle 3 was modeled at 0.5
grams per day. Overall, the initial capability of the leachate to precipitate calcareous tufa is
high and the ability to do so remains over an extended period and multiple saturation cycles.
4.3.2 50% RCA-50% Granitic Virgin Aggregate Analysis
After the high alkalinity and high potential of calcite precipitation was observed from
the 100% RCA sample, a new test regimen was created using 50% RCA – 50% granitic
virgin aggregate to observe whether blending the material could reduce the alkalinity of the
leachate and reduce the potential for calcareous tufa precipitation. The same procedure was
conducted except this time the reinforcement materials were submerged in the outlet rather
than at the interface of the water and atmosphere. Growth results on the galvanized steel bar
and geosynthetic reinforcement materials were negligible. Some zinc hydroxide was visible,
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however due to the flaky nature of the growth, mass of the precipitate was negligible. Calcite
growth in the aluminum pan holding the materials was also reduced by half compared to the
100% RCA specimen, which is another positive sign. pH levels recorded throughout the
experiment were like the pure RCA specimen. The initial pH reading was slightly lower at
11.1 and dropped to 10.8 near the end of cycle 1. A drainage cycle afterwards showed again
minimal change in the pH levels of the leachate. Although lower than the pure RCA
specimen, the pH reading itself is still too alkaline to meet WisDOT MSE wall backfill
standards.
ICP-OES analysis of the outflow leachate showed that the blended sample had a
similar calcium ionic concentration initially at 56 milligrams per liter. However, this value
dropped over time to a steady state reading around 23 milligrams per liter, a sizeable
reduction compared to the steady state concentration of the pure RCA specimen. When the
material was drained and re-saturated, calcium concentration had an initial jump, however
return to the steady state concentration after a day of seepage. This drop back to the steady
state for the blended material was significantly more pronounced than the pure RCA
specimen. Modeled calcite saturation indices however consistently stayed around 1 over an
extend time and a single drainage cycle. This shows that the solution is super saturated with
calcite and can still precipitate calcareous tufa. However, the degree to which tufa can be
precipitated is expected to be lower, as the amount of available calcium is less for the
blended specimen compared to the pure RCA specimen.
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The modeled maximum calcareous tufa precipitation potential for the blended
specimen produced results that were encouraging. Compared to the initial calcite mass rate of
the pure RCA specimen, the blended specimen was 0.4 grams per day lower. Over time, the
maximum modeled calcite precipitation rate dropped exponentially until it appeared to be
negligible after 9 days of seepage. The effect of draining and re-saturation causes the
modeled calcite mass rate to jump back up at the beginning of cycle 2, however it quickly
becomes negligible after 1 day of seepage. In general, the effect of blending RCA with virgin
granitic aggregate is pronounced. The modeled maximum calcite precipitation rate is both
significantly less than the pure RCA specimen over time and eventually reaches a point
where no modeled tufa precipitation occurs. Although the blended specimen does show high
initial potential for tufa precipitation, it appears to quickly loose that potential with flow
through the aggregate, show it as a potential solution to tufa precipitation issues associated
with RCA.
4.3.3 Clogging Evaluation via Permittivity Reduction
The objective of the permittivity testing of used non-woven geotextiles from both
column testing and the tufa precipitation was to observe both the patterns of reduction in
permittivity stemming from each lab test and whether particle clogging from column testing
or tufa growth resulted in greater reductions of permittivity. It was found that geotextiles
used in column testing with RCA having larger fines content and smaller D10 values
achieved greater amounts of permittivity reduction, further illuminating the importance of
clean, resilient backfill material that minimizes the number of fines present and does not
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break down under dynamic compaction energy. It was also shown that RAP aggregates
experienced minimal reductions in geotextile permittivity, which is not surprising given the
small number of fines present in each sample and that each sample was predominately sand
and gravel size particles. The geotextile used in the tufa precipitation testing with 0.86 grams
of calcareous tufa precipitation growth produced the maximum reduction in permittivity of
all geotextiles tested. The reduction in permittivity of the tufa geotextile was 34.2%.
Compared to RCA geotextiles, this is greater than both the maximum reduction of 33.2%
from DC-1 and the median reduction of 19.6% across all RCA samples. These results lead to
the conclusion that tufa precipitation is more of a long-term clogging concern than particle
blockage. Only 0.86 grams of growth lead to a permittivity reduction of 34.2%. This amount
could potentially be achieved after a single day of seepage per the modeled calcareous tufa
potentials for both blended RCA specimens and pure RCA specimens.

4.4 Corrosion Potential Result Analysis
4.4.1 pH Testing Analysis
Results of the pH testing of each material yield observable trends and conclusions.
First, observations were that none of the RCA samples met either the galvanized steel or the
aluminized metal reinforcement standards as specified by WisDOT. The second was that
RAP aggregates had lower pH levels compared to their RCA counterparts, leading to pH
readings that met standards for galvanized steel reinforcement, but not aluminized metal
reinforcement. Comparatively, the RAP aggregate results were similar to the dolomitic virgin
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aggregate used in testing. The only material that met both reinforcement metal standards was
the granitic virgin aggregate sample.
Although none of the RCA specimens outright met any of the pH standards, there was
an observable trend amongst the pH levels and the stockpile time of the sample. It was found
that fresher RCA samples produced higher pH levels, ranging between 10.8 to 11.3 for
samples stockpiled for under a year. Samples stockpiled for over a year observed lower pH
levels, ranging between 10.5 to 10.6. This difference in pH is likely attributed to carbonation
weathering as described in the introduction, where the RCA becomes neutralized over
extended time by exposed calcium hydroxide reacting with atmospheric carbon dioxide to
produce calcite. The reasoning that levels may not be as low as possible is the due to the
structural nature of the stockpile. It can be expected that the outer area exposed to the
atmosphere will be carbonated over an extended period. However, that level of carbonation
may not be achieved for material closer to the core of the stockpile. When materials were
collected, a front loader was utilized to mix the material to obtain an accurate representation
of the stockpile, both outer area and core. The lack of carbonation of the core material is
likely what limits the neutralization of RCA levels.
After observing that RCA did not meet any of the pH requirements for metallic
reinforcement and that RAP and the virgin aggregates met either one or both of the
requirements, an additional testing setup was created. RCA would be blended with RAP,
dolomitic, and granitic virgin aggregate at various percentages to observe whether pH levels
could be reduced to acceptable levels. The procedure was first conducted with DC-11, an
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older RCA that was stockpiled for 3 years. Results showed that none of the RCA blends with
the dolomitic virgin aggregate or the RAP aggregate produced acceptable pH results.
However, the granitic virgin aggregate blend produced a pH lower than 10 when the RCA
mass percentage was at 40%. This procedure was duplicated for a fresher RCA, MC-1.
Results of this procedure showed a similar trend to the older RCA sample; however, the
initial pH was too high, and the pH levels recorded nearly met the standard at 20% RCA
mass percentage. In summarization, these results show that with the combination of RCA
volume reduction and carbonation, RCA aggregate blends can produce leachates with pH
levels acceptable to DOT requirements.
4.4.2 Electrical Resistivity Analysis
Electrical resistivity testing of the obtained aggregate samples was performed
complimentary to the pH evaluation. General results of the electrical resistivity testing
showed that RAP aggregates meet all minimum resistivity requirements for galvanized steel
and aluminized metals as outlined by WisDOT. RCA results were more of a mixed bag, with
some samples meeting the aluminized metal requirement and some samples not meeting any
of the requirement, given that the sample was fresh and not tested prior to any electrical
resistivity testing. This difference of results correlated again with the time the RCA was
stockpiled. The longer the material was stockpiled for, the greater the minimum resistivity
value was. This replicates the trend observed with pH values, for a greater amount of time the
material was stockpiled, the more neutral and less corrosive the leachate produced by the
material became.
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Another noticeable factor observed was the difference in results between the fresh
DC-10 sample and the DC-10 specimen that was used in the seepage cell. After large
amounts of flow was conducted through the sample, the obtained minimum resistivity of the
DC-10 cell sample was greater than the fresh sample by 3000-ohm centimeters. This led to
the next battery of electrical resistivity testing by evaluating how the electrical resistivity of
the material changed every time it was washed and drained with 1 liter of deionized water.
This testing was performed on both a young and old sample and showed that the electrical
resistivity of the material significantly changed each time the material was washed. Each
sample meet the stricter minimum resistivity requirements of the galvanized steel after 1 or 2
washes. Results of the testing show that washing RCA prior to utilization may assist in
lowering the corrosive capabilities of the leachate produced.

4.5 General Conclusions
In general, the results and observations of the study provide new insight into the
incorporation of RCA and RAP aggregates as backfill aggregates in the reinforced zone of
MSE walls. Currently, many DOT agencies discourage the utilization of RCA or RAP
aggregates within the any of the backfill aggregates that may be used in MSE wall
construction. This limitation in the use of RCA and RAP aggregates stem from the
corrosivity of the produced leachate. However, additional information regarding measures
and procedures can mitigate these concerns. The authors conclude the following aspects from
the data and observations gathered throughout the duration of investigation.
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Per Hardin breakage indices and by evaluation of the percentage of fines produced
via high energy dynamic compaction, it was determined that RCA and RAP aggregates break
to a slightly greater degree compared to dolomitic virgin aggregates when the gradation
between each material is kept constant. Percent fines increase between each material was
relatively equivalent, except for the older RCA specimen producing more fines. It was also
shown that carbonated RCA with sedimentary aggregate clasts and stockpiled for a longer
time broke more as compared to younger RCA specimens with igneous aggregate clasts. This
trend however did not carry over to testing with arbitrary gradation, showing that gradation is
much more of a factor than RCA age or clast petrology. In summary, it was determined
although RCA and RAP do pose more of a risk of particle degradation and fines production,
the difference between the recycled materials and the dolomitic virgin aggregate was minor
and should not warrant extra concern. It was also found that particle breakage of the recycled
materials was highly variable and that the largest factor for estimating the amount of
breakage to occur was the materials gradation.
Mechanical drainage evaluation and modeling of the recycled materials produced
conclusions across multiple aspects of testing. First, it was determined that for well graded
aggregates such as Type B MSE wall backfill, a flexible wall permeameter is recommended
to reduce the impact of sidewall leakage for a more accurate saturated hydraulic conductivity
measurement. If the material is more poorly graded such as the RAP aggregates tested, the
boundary effect is less significant and results form rigid wall and flexible wall permeameters
became close. Secondly, it was shown that various saturated hydraulic conductivity
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estimation methods produced different results for both materials, showing that caution should
be exercised when empirical correlations of saturated hydraulic conductivity, especially in
the case of well graded materials. Thirdly, it was determined that RCA drainage capacities
were rated from fair to very poor at worst while RAP aggregate drainage capacities were
rated good using a basic VS2DI flow model. A large portion of this variance is contributed to
the difference in gradation of each material. RCA has significant larger amounts of fines and
lower D10 values as compared to their cleaner RAP counterparts. This emphasizes the
importance on clean aggregate usage within the reinforced section of the MSE wall to ensure
proper drainage throughout the lifetime of the infrastructure item.
Calcareous tufa precipitation and potential were evaluated via ambient seepage
through pure RCA and a granitic aggregate – RCA blend. Two different types of precipitate,
calcite and zinc hydroxide were produced onto the surfaces of common reinforcement and
drainage materials. The calcite was centralized on the aluminum pan surface holding the
materials, as well as the geosynthetic reinforcements, whereas the zinc hydroxide was
centered on the galvanized steel surface. The presence of calcite shows that RCA leachate
can induce the precipitation of calcareous tufa through the changing of pH levels without the
requirement of temperature or pressure changes. Modeled results show the leachate capable
of precipitating tufa at a rate of 1.9 grams per day initial down to 0.5 grams per day at steady
state, even over extended periods of time and washing cycles. Blending the RCA with
granitic virgin aggregate resulted in both reduced precipitate amounts and reduced potential
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over time, posing as a potential solution to high tufa precipitation potentials evaluation from
pure RCA specimens.
Results from the pH and electrical resistivity evaluation of each material were aimed
to assess the degree of corrosivity associated with each material as well as the magnitude to
which attempts to mitigate leachate corrosivity were successful. General results show that
RCA produced leachate that did not meet any pH standards for any metallic reinforcement
and partially meet some electrical resistivity standards for aluminized metal reinforcement.
RAP aggregates met pH requirements for galvanized steel reinforcement and electrical
resistivity requirements for both galvanized steel and aluminized metal reinforcement.
Furthermore, RCA stockpiled for longer periods were more neutral and therefore less
corrosive than fresher RCA samples. pH levels for RCA were reduced successfully below
maximum levels for galvanized steel by blending older RCA with granitic virgin aggregate.
Younger RCA achieved similar results, however, still did not meet standards at 20% mass
percentage. Electrical resistivity of RCA was increased over multiple washing cycles,
meeting WisDOT standards after 1 or 2 cycles. In general, results from this section of testing
show that through carbonation weathering and volume replacement with neutral aggregate
such as granite, RCA can be implemented in accordance with given WisDOT pH and
electrical resistivity standards.
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