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Executive Summary

This project involves an experimental study of the application of rotary-kiln-manufactured
lightweight aggregates in mechanically stabilized earth (MSE) bridge abutments. The motivation
for this research stems from the need to extend the service life, reduce the life-cycle cost, and
improve the safety and reliability of bridge abutments. Identifying and mitigating the corrosion of
metal reinforcement in such applications is a means to extend the service life of bridges and reduce
the need for the maintenance and rehabilitation of bridges, abutments, and approach and departure
slabs on roadways.

The principal objective of this research project is to evaluate the current test methods and standards
for assessing the corrosivity of expanded shale, clay, and slate (ESCS) aggregates compared to
existing standards for normal-weight aggregates. For this purpose, the study included a series of
electrical resistivity and chemical tests on selected materials with various particle sizes. Comparing
results with current standards indicated the efficacy of the test and facilitated the development of
a protocol for assessing the corrosion of embedded steel reinforcement in lightweight fills,

including ESCS.

The application of rotary-kiln-manufactured lightweight aggregate backfills improves the
performance of MSE bridge abutments with a leaner structural system. Such improvements
include a reduction of structural demands due to a lower density, free drainage of granular
materials, a high internal friction angle, less settlement with no consolidation, and accelerated
construction requiring less compaction effort. This project aims to assess the electrochemical
properties of ESCS aggregates and their effect on the corrosion of embedded steel strips.

The project’s methodology involves evaluating current testing methods to measure electrical
resistivity, pH, sulfate and chloride ion contents, and corrosion with respect to various gradations,
moisture conditions, and sample preparations, including dilution ratios and curing conditions.
Samples are representative of available ESCS sources and include one source of normal-weight
aggregates. The test program consists of the following measurements:

e Physical characteristics (e.g., grain size, apparent specific gravity, bulk specific gravity, and

absorption) per ASTM C136

e Electrical resistivity per AASTHO T 288, ASTM WK24621, ASTM G187, and
Tex-129-M using Humboldt H-4385D Resistivity Meter

e The pH of the aqueous content per AASHTO T 289, ASTM D4972, NCHRP 21-06,
and Tex-620-M using a Gilson Portable pH Meter MA-258

MINETA TRANSPORTATION INSTITUTE 1



e Sulfate and chloride ion contents per AASHTO T 290 and T 291, and Tex-620-M using
Hanna HI38001 Sulfate and HI3815 Chloride Test Kits

e Corrosion rates of steel coupons embedded in aggregate samples per ASTM G1 and G162
using Elcometer 456 and Gamry Reference 620 PotentioStat

Results

The results provide guidelines to categorically predict the corrosivity of steel reinforcement in

ESCS backfills of MSE systems.
Physical Properties

Lightweight aggregates have 20% to 40% lower density and 500% to 600% higher water absorption
than normal weight aggregates. Geotechnical blends from three sources had adequate fine portions
and were suitable for testing in accordance with current AASHTO standards, whereby the samples
are separated by the 2 mm (#10) sieve. Five other blends lacked the required portion passing the
#10 sieve and therefore were tested in accordance with TxDOT, ASTM, and other standards that
specified testing with as-is gradations. These samples represent coarse blends that are common

materials for MSE backfills.
Electrical Resistivity

Coarse aggregates have a higher resistivity compared to passing 2 mm (#10) aggregates by a factor
of up to 10 for the same sources of materials. Further, the drained condition of materials also
increased the resistivity by a factor of 10. The 24-hour saturation practice in the corrosion tests
shows some reduction as conductive contents find adequate time to disperse through the aqueous
content. Trends observed between resistivity and grain size distribution parameters, including
grading number (GN) and a fineness modulus (FM), confirm that resistivity measured via
TX-129-M is typically higher than by AASHTO T 288. However, the results converge for higher
GN and lower FM values.

PH

Comparing pH values obtained from the fine aggregate samples that passed the 2 mm (#10) sieve
and tested in accordance with AASHTO T 289 with measurements via TX-620-M standards
reveals that the testing method has an impact of approximately 2.1% on the measurements, but
the difference for individual samples varies between 0.2 and 1.4, for which the latter difference is
significant. Similar observations apply to results via ASTIM D4972 with an overall 2.4% difference
and the individual pH gap between 0.1 and 0.4, with one exception of a difference of 0.7. Data
from this study also suggests that electrical resistivity tends to drop as the pH increases, but the
low fidelity of suggested curves rejects a strong influence of pH on electrical resistivity.

MINETA TRANSPORTATION INSTITUTE 2



Sulfate and Chloride

All observed trends suggest a reduced electrical resistivity for high sulfate and chloride content
values. The declining trends of resistivity versus sulfate have a higher coefficient of determination
than those for chloride, most likely due to high sulfate concentrations as opposed to chloride
contents. With respect to chemical activity, sulfate contents vary between 0.56 and 37 mEq/kg
(SO4~ with a valence of 2 mEq/mmole and weight of 96 mg/mmole), and chloride contents vary
between 0.021 and 4.6 mEq/kg (Cl" with a valence of 1 mEq/mmole and weight of
35.5 mg/mmole).

Corrosion Rate

Results indicate that all coarse lightweight aggregate samples have lower corrosion rates than the
coarse normal-weight aggregate samples. Further, the average corrosion rate from moist samples
is considerably lower than that of wet samples. The difference is larger for coarse blends compared
to fine samples, as fine samples keep more moisture after drainage and during air drying. Each
wetting and drying cycle results in higher resistivity, lower sulfate and chloride ion contents, and
lower corrosion rates, with some exceptions. Notably, the normal-weight sample has lower sulfate
and chloride ion contents than most lightweight aggregates, which confirms prior observations of
higher electrical resistivity. The coarse lightweight aggregate samples show lower corrosion rates
compared to the normal-weight aggregates despite lower resistivity and higher salt contents.

Performance Analysis

The thresholds of sulfate and chloride contents before they have a significant effect on corrosion
are 200 and 100 mg/kg, respectively. However, the low corrosivity of some samples does not
support the adoption of these triggering values for ESCS fills. Thus, it may be appropriate to raise
these thresholds to 500 mg/kg for sulfate and 150 mg/kg for chlorides considering the performance
of ESCS aggregates.

Conclusions

The study described in this report investigated the electrochemical properties of eight sources of
ESCS lightweight aggregates. Samples included a combination of fine- and coarse-blended
aggregates compared with fine and coarse normal-weight aggregate samples. The gradations,
densities, and water absorptions of each sample were evaluated using ASTM standards.
Electrochemical tests included electrical resistivity, pH, and sulfate and chloride ion contents of
aggregates in various moisture conditions according to AASHTO, TxDOT, and ASTM following
NASEM (2021). These tests were partially verified through third-party testing by a certified
laboratory.

Further, corrosion studies were conducted on aggregate samples during wetting, saturation,

drainage, and air-drying cycles at 7, 14, 28, 90, 182, and 364 days. This report covers the first
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28 days of testing, to be followed with amendments covering the complete cycle. Interpreting
corrosion measurements involved comparisons and correlations with measurements of the
resistivity of the aggregates in the test box and resistivity/conductivity, pH, and the sulfate and
chloride ion contents of aqueous extracts.

Electrochemical tests indicated a significant gap between the properties of coarse and fine
aggregates and, therefore, showed that TxDOT standards are more applicable to coarse-blended
aggregates when used as geotechnical fills. The corrosion tests revealed that the corrosivity of
galvanized and carbon steel coupons in lightweight fills does not exceed those of normal-weight
aggregates despite having lower resistivity or higher sulfate ion contents. Hence, we suggest revised
limits for electrochemical properties to current industry guidelines, such as AASHTO for the
expected corrosion rates of lightweight aggregates used as fill-in geotechnical engineering
applications to allow higher electrical resistivity and sulfate and chloride contents.

Implementation

Corrosivity and corresponding metal loss models are input to the service life analysis for MSE
walls, a significant parameter in lifecycle cost analysis. In addition, a bottom-up approach to energy
and emissions results in environmental product declarations for the complete product of an MSE
abutment. The product's lifecycle begins with mining the raw materials and manufacturing in the
production plant and extends to transportation at the site and construction of bridge abutments.
The lifecycle analysis ends with the project’s decommissioning and the reuse and recycling of
products.

Further, the adequate thickness of steel bars in MSE systems indicates the available strength and
rigidity of MSE bridge abutments. These characteristics contribute to abutment performance,
their interaction with approach and departure slabs, and their potential settlement. Information
about the remaining cross-section and strength of reinforcements during service can serve as input
to structural analyses to examine the system’s robustness and the vulnerabilities to extreme loadings
and natural disasters such as earthquakes. These characteristics provide an objective measure of the
resilience of bridge systems.
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1. Introduction

1.1 Motivation and Objectives

The motivation for this research stems from the need to extend the service life, reduce the life cycle
cost, and improve the safety and reliability of bridge abutments. This project endeavors to develop
advanced solutions for applying rotary-kiln-manufactured lightweight aggregates in mechanically
stabilized earth (MSE) bridge abutments (Figure 1). Identifying and mitigating the corrosion of
metal reinforcement in such a solution is a means to extending the service life of bridges and to
reducing the need to maintain and rehabilitate bridges, abutments, and approach and departure
slabs on roadways. This solution identifies cost-effective MSE systems for the long-term service
life of roads and bridges. The outcome of this project reduces the lifecycle cost, input energy, and
greenhouse gas emissions associated with the construction, maintenance, and rehabilitation of

MSE bridge abutments and other backfills involving embedded steel products.

This project’s innovative approach is the evolution of current testing methods to measure the
corrosion of reinforcing steel elements as a function of the electrochemical properties of backfill
materials. This project extends and amends current national efforts led by the National
Cooperative Highway Research Program (NCHRP), the American Association of State Highway
and Transportation Officials (AASHTO), and several Departments of Transportation (DOT),
including Texas’s and California’s, highlighting past achievements in Fresno and new possibilities
for the State of California.

Figure 1. Schematic View of Bridge Components with MSE Abutments (Red)

1.2 Synopsis

The principal objective of this research project is to evaluate the current testing methods to assess
the corrosivity of expanded shale, clay, and slate lightweight aggregates compared to existing
standards for normal-weight aggregates. For this purpose, the experimental efforts included a
series of electrical resistivity and chemical tests on selected materials with various particle sizes.
Comparing results with current standards indicated the test’s efficacy.

1.3 Background

The corrosion of metallic materials, such as steel strips or grids, inside MSE walls is an essential
concern that limits their designed service life and increases their maintenance and repair costs.
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Current practice recognizes resistivity as a strong indicator of the corrosivity of backfill
materials (Snapp 2012). However, the existing standards, i.e., AASHTO T 288 and other relevant
AASHTO standards, apply to materials with a significant fine component (Vilda 2009). Thus,
DOTs, such as the Texas DOT, have attempted to revise these standards and propose adjustments
(Brady, Parsons, and Han 2016; Castillo et al. 2014; IDOT 2021; Petrasic 2008; Salazar 2010).
At the same time, the application of alternative materials, such as lightweight ESCSs in North
America, Europe, and Asia, has gained popularity due to their lightness, ease of compaction,
sustainability, and durability. Application of ESCS contributes to enhancing drainage and
corrosion reduction compared with on-site materials. Experimental shake table studies of
lightweight backfills have indicated the significance of low density, a high internal friction angle,
and high damping for the high performance of MSE systems (Munjy et al. 2014; Sadrinezhad,
Tehrani, and Jeevanlal 2019; Tehrani et al. 2018; Xiao, Tehrani and Zoghi 2013). Figure 2
highlights the following characteristics of the ESCS (dark red shades) as opposed to conventional
materials (dark gray shades) within a matrix of performance measures (cost, time, energy,
emissions) and lifecycle phases from mining to reuse (Tehrani 2023b):

e Less Demand: ESCS reduces the dead load and the soil-bearing pressure

e Less Fill: reduction of the self-weight reduces the sliding force and required foundation
length to provide resistance

e Leaner System: a combination of reduced density and higher internal friction angle reduces
the active pressure requiring a thinner wall or less reinforcement

e Less Settlement: lower density and higher stability reduce soil settlement and backfill
volume changes

e Fastand Easy Placement and Reuse: ESCS requires fewer compaction efforts and provides

tull recyclability

e Less Lane Closure: ease of compaction contributes to accelerated construction and required
lane closures

e Free Drainage: granular composition of ESCS facilitates free drainage and reduces the
need for supplemental drainage systems

Corrosivity relations determine the service life of MSE walls, a significant parameter in lifecycle
cost assessment (LCA). In addition, a bottom-up approach to energy and emissions results in
environmental product declarations (EPD) for the complete product of an MSE abutment. The
development of the EPD requires a comprehensive understanding of the infrastructure’s service
life and associated footprints to facilitate the decision-making process for planners and designers
to achieve sustainability goals. Hence, the LCA is a prerequisite for the EPD. The product's

lifecycle begins with mining raw materials and manufacturing in the production plant and extends
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to transportation at the site and construction of bridge abutments. The lifecycle analysis ends with
the decommissioning of the project and the reuse and recycling of products (Tehrani 2023a).

Further, adequate thickness of steel bars in MSE systems indicates the available strength and
rigidity of the bridge abutment and provides evidence of the potential settlement of approach and
departure slabs. Therefore, a structural analysis examines the robustness of the system and
vulnerabilities to extreme loadings and natural disasters such as earthquakes. These characteristics
provide an objective measure of the resilience of bridge systems (Tehrani 2022).

Figure 2. Schematic Illustration of Lightweight Aggregate Benefits in MSE Applications
(Tehrani 2023)

In addition, Figure 3 displays the observed difference in NASEM (2021) between normal-weight
and lightweight aggregates concerning corrosion rate and resistivity (Tehrani 2021). While the
low-corrosion rate in this figure is not unique to lightweight aggregates, the low number of
lightweight specimens in the referenced study warrants additional investigations. Therefore, there
is a need to assess the efficiency of current practices and to propose adjustments for these alternative

aggregates with respect to testing standards and the interpretation of results (NASEM 2020;
NASEM 2021).
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Figure 3. Difference Between ESCS and Mineral Aggregates Concerning Corrosion Rate and

Resistivity (Tehrani 2021, Courtesy of
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This report highlights the application of rotary-kiln-manufactured (Figure 4) ESCS aggregates

(Figure 5) available worldwide (Figure 6). The production process, shown in Figure 4, is nearly

identical worldwide, and the difference between aggregate properties is related to the raw materials

being shale, clay, or slate. Hence, the variation of the physical and mechanical properties of these

manufactured aggregates tends to be less than those extracted from mines or recycled sources, or

industrial byproducts that do not experience quality control processes typical of a manufacturing

plant (Holm and Ries 2007).

Figure 4. A Rotary-kiln Manufacturing Plant of Expanded Aggregates (Courtesy of Norlite)

MINETA TRANSPORTATION INSTITUTE



The visual characteristics of rotary-kiln-manufactured lightweight aggregates, such as color, shape,
and size, may differ for various sources, as shown in Figure 5. The post-production screening
processes provide customized products with different characteristics, such as shape and size, for
specific applications. However, physical and mechanical properties such as porosity, absorption,
density, and strength are similar. The identical chemistry of vitrified aggregates and their porous
microstructure achieved in the rotary kiln is responsible for the homogeneity of such properties
across products from different manufacturers (Tehrani 1998).

Figure 5. Sample Expanded Shale with Coarse, Medium, and Fine Gradations from
Left to Right

The selection of lightweight aggregates from participating producers, shown in Figure 6, requires
two essential criteria. First, the selection should include aggregates expanded from all three sources:
shale, clay, and slate. Second, the selection should consider materials from different domestic
regions, representing variations in the raw materials. Hence, results would apply to projects located
in various locations within reach of any specific producer.

Figure 6. ESCSI Production Plants (Courtesy of ESCSI)
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2. Literature Review

2.1 Characteristics of Mechanically Stabilized Earth Systems

Among different earth-retaining structures, the mechanically stabilized earth wall system is an
economic system utilized in various applications worldwide, generally known as MSE walls. This
technology was created in France in the 1960s, and a decade later, the Federal Highway
Administration (FHWA) brought it to North America. The quick construction process, tolerance
for a larger settlement, economic aspects, and superior aesthetics over traditional cast-in-place
concrete structures increased the rate of the built walls from a few dozen a year to more than 600

per year after 1990 (Holz, Christopher, and Berg 1998; Anderson, Gladstone, and Sankey 2012).

A typical section of an MSE wall includes a reinforced body, reinforcing members, and facing
elements (Figure 7). The reinforced body may consist of conventional earth, such as normal-weight
fills; and lightweight aggregates, such as expanded shale, clay, and slate. Reinforcing members are
available in a wide range of strips, grids, and textiles. Facing elements protect the wall face from
raveling and provide the connection point for reinforcing members. The overall performance of
the MSE system is the direct result of the mechanical, physical, and chemical interaction between
these components. The pull-out strength of reinforcing members is a function of the friction and
cohesion between the reinforced body and the reinforcing member and provides the wall’s strength
and internal stability. Similarly, the degradation of reinforcing members, such as the corrosion of
steel straps inside reinforced earth, determines the wall’s durability and service life and eventually

degrades the mechanical capacity of the system (Beben 2015; Jack and Wilmott 2011).

Figure 7 A Schematic View of An MSE Wall Section
(Harpstead, Schmidt, and Christopher 2010)
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Various environmental conditions such as seawater, rain, humidity, and temperature influence the
corrosion process, that is, the oxidization or loss of electrons. However, the corrosion of metallic
surfaces does not always result in the degradation of the metallic materials. For instance, oxidized
copper forms a green-colored layer that protects subsurface copper from exposure to corrosive
agents. In contrast, oxidized iron, known as rust, lacks adherence to the subsurface and therefore
is vulnerable to scaling and progressively exposing subsurface metallic contents to oxidization.
Figure 8 demonstrates this process for steel reinforcement embedded in the soil, where the electric
current potential within the soil environment relates to the corrosion rate through coating

thickness, passivity, and pitting tendency (Revie 2008).

Figure 8. Corrosion of Steel in Contact with Soil (Kolay, Tajhya, and Mondal 2020)

The presence of water in a typical backfill and the penetration of corrosive ions or their existence
in the soil facilitates the current flow of electrons within the resulting electrolyte and ultimately
causes corrosion (Elias et al. 2009). Inherent variations in the soil’s compaction, composition, and
moisture exacerbate these effects by creating localized anodes and cathodes at the surface of
metallic elements, making embedded steel straps in backfills susceptible to corrosion (Jack and
Wilmott 2011). In this process, an electrical current flows from the anode to the cathode in the
soil. This flow is reversed in steel from the cathode to the anode. Therefore, rust and iron oxides
are created in the places where iron is oxidized. An accumulation of rust relates to decreased steel
sections and the reduced strength and stiffness of reinforcing elements (Darwin, Mindess, and
Young 2003). The corrosion rate and availability of steel reinforcement determine the MSE
system’s service life (Snapp 2015). These relations have warranted studies on backfill
characteristics” influence of on the corrosion of MSE steel reinforcement. These features involve
pH, electrical resistivity, and the concentration of soluble salts such as sulfate and chloride

(Arciniega et al. 2019).
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2.2 Electrochemical Properties of Backfills
Electrical resistivity

Resistivity is a measure of the impedance of an electrical current. The corrosiveness of the soil can
be predicted by measuring the minimum soil resistivity (Elias 1990; Elias et al. 2009; NASEM
2011; Padilla, Ghods, and Alfantazi 2013). Soil resistivity measurements can be made in situ or
on a laboratory bench. According to Ohm's Law, resistance (R) equals the ratio of induced
voltage (V) to current (I) in comparable units.

V
k=1
In theory, passing an electric current through a block of soil produces a voltage that can be
measured and used to determine resistance. According to the block's geometry, resistance (R) in
Q is transformed to resistivity (p) in Q.cm, which is then expressed as a property of the soil and
the length (L) and cross-section area (A4) of the soil box (Samouélian et al. 2005).

A
p=R7y
Materials and solutions with high resistivity have low ion concentrations and poor electron
transport. Low-resistivity materials have large ion concentrations and are excellent electron
conductors. Resistance is related to pH because basic and acidic pH values favor more ions in a
solution, which lowers resistivity. The presence of water reduces the resistivity of soil, as water is
highly conductive and allows electrons to flow more rapidly from the metal reinforcement. This
process, also known as wet corrosion, is possible at low temperatures, as opposed to dry corrosion,
which is only possible at high temperatures. Therefore, soil resistance at ambient temperature and
moisture are instrumental in assessing corrosion potential. The American Association of State
Highway and Transportation Officials (AASHTO) requires a minimum resistivity of 3,000 Q.cm
to ensure that structural backfill are not aggressively corrosive (Elias 1990; Thapalia et al. 2011).
Various DOT's recognize values between 2,000 to 5,000 Q.cm as the minimum resistivity following
variations of the AASHTO T288 or ASTM (G187 standards (Elias 1990). The NCHRP 20-50
Report (NCHRP 1978) suggests a list of limits for soil’s aggressiveness as a function of electrical
resistivity (Table 1). The AASHTO standard method to determine minimum resistivity requires
testing wet fine materials in a slurry state, which does not necessarily resemble the actual state of
the soil. Arciniega et al. (2018) indicate that particle size distribution influences soil resistivity.
Hence, the testing sample for determining electrical resistivity should resemble the placed backfill
concerning gradation and moisture, which is not necessarily a slurry state (IMcCarter 1984).
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Table 1. Effects of Soil Corrosion and Resistivity (after NCHRP 1978)

Aggressiveness Resistivity (Q.cm)
Very Corrosive <700
Corrosive 700 to 2,000
Moderately Corrosive 2,000 to 5,000
Mildly Corrosive 5,000 to 10,000
Non-Corrosive > 10,000

Recent studies have highlighted the relationship between laboratory assessments and field
observations concerning corrosion (Adkins and Rutkowski 1997; Brady, Parsons, and Han 2016).
Typical parametric studies have involved solid, liquid, and voids in the soil and employed non- or
semi-destructive methods such as electrical resistivity (ER), half-cell potential (HCP), and
galvanostatic pulse measurement (GPM) as indicators of the corrosion rate. More advanced
electrochemical techniques, such as Linear Polarization Resistance (LPR) or Tafel extrapolation,
are also available to estimate the corrosion rate of the reinforcement with greater accuracy. The
LPR and Tafel techniques apply a current to reinforced steel to estimate its corrosion rate via
electron loss flow (Samouélian et al. 2005).

PH

The pH of the soil represents hydrogen activity in the soil mixture and can determine how the soil
will affect the corrosion of any metal reinforcement buried in the ground. High corrosion rates are
related to severely acidic soils, with a pH of less than 4, or strongly alkaline soils, with a pH greater
than 10. Hence, a typically recommended range for pH to minimize corrosion damage is from 5
to 10. The amount of dissolved salts in the soil is one of the main elements that affect its pH level;

high salt content will result in higher pH levels in the soil. AASHTO T289 and ASTM G51 are
common methods to measure pH (Elias et al. 2009).

Sulfates and chlorides

Chlorine catalyzes metallic corrosion by dissolving the protective passive oxide layers on the metal
surface (Broomfield 2003; Bertolini et al. 2013). Sulfate reduction produces a substantial amount
of acid, most frequently by sulfate-reducing bacteria (SRB), which causes pitting corrosion.
Because of these factors, many state DOT's have restricted the soluble chlorine and sulfate levels
in materials used for MSE walls. However, many rocks contain small amounts of sulfide minerals
such as pyrite (FeS,). The reduced form of sulfur is sulfide, which can oxidize in aerobic
environments to generate sulfate (SO4?-), linked to acid production (i.e., the release of H*):

MINETA TRANSPORTATION INSTITUTE 13



F,S, +(7/2)0, + H,0 - F2* + 2507~ + H*
ES, + 14F3* 4+ 8H,0 — 15F2* + 250% + 16H*

Sulfate and H* ions can impact corrosion rates. To maintain oxidative weathering via the Fe(III)
pathway, Fe(II) must be oxidized to regenerate Fe(III) according to the following reaction:

F2*+(1/4)0, + Ht - E3* + (1/2)H,0

Salts like chlorides, and sulfates increase the electrolytic conductivity of soil solutions as more salts
in the soil result in more electrons lost from metallic reinforcement due to the electrochemical
process of corrosion. The typical maximum allowable level of salt content for chlorides is 100 ppm

and for sulfates it is 200 ppm (Elias et al. 2009).

Steel reinforcements are particularly susceptible to localized corrosion (pitting corrosion) caused
by chloride anions (CI). High concentrations of chlorides (such as sodium chloride, NaCl)
accelerate the corrosion of embedded steel members. Sources of chloride might be deicing salts,
often known as antifreeze, applied on roads to lower the freezing point of water or seawater, which
have a salt content of 3.5% by weight. This salt content disassociates into free ions (including CI
) in water and moves with the water into the system’s pores. Chloride ions travel to the reinforcing
steel level from the surrounding media and damage the passive layer of protection on the steel
surface when enough CI reaches the steel surface. Hence, one of the crucial parameters to evaluate
the corrosion initiation time is the chloride content (Elias et al. 2009).

Techniques for measuring sulfates in soil extracts involve turbidimetry, atomic absorption
spectrophotometry, inductively coupled plasma spectroscopy (ICP), potentiometry, or
high-performance liquid chromatography. The preferred method depends on the amount of
sample, the chemical constituents of the extract, the available instrumentation, and the
concentration of sulfate in the extracts. The turbidimetric method produces satisfactory results in
samples containing high sulfate levels (e.g., acidic subsoils and mine soil extracts). Ion
chromatography and High-Performance Liquid Chromatography (HPLC) with conductivity
detectors are capable instruments for determining low sulfate concentrations in soil extracts. These
procedures are advantageous when measuring nitrate, chloride, fluoride, and sulfate at the same
time. However, measuring sulfate using HPLC alone can be time-consuming and costly because
the soil extracts must be filter-sterilized.

Johnson and Nishita's (1952) procedure is the most sensitive and accurate colorimetric method for
determining sulfate. However, because this method involves reducing sulfate to sulfide and then
measuring the sulfide by colorimetry, it is time-consuming and highly dependent on operator skill.
Sulfide generated by the Johnson and Nishita (1952) procedure can also be measured
electrochemically using a sulfide-specific electrode. For electrochemical measurements, sulfate is
reduced using the Johnson and Nishita procedure, then adsorbed onto a sulfide anti-oxidant buffer;
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the sulfide activity is measured using a sulfide electrode. This electrochemical measurement is also
time-consuming and requires the analyst to pay close attention to detail (Elias et al. 2009).

There are some standard methods to measure sulfate and chloride, including AASHTO T290 and
T291, ASTM D4327, and their variations adopted by other jurisdictions. The maximum sulfate
and chloride values to avoid corrosion damage are 100 and 200 ppm, respectively. However, these
numbers change based on the specified methods in each jurisdiction (Elias et al. 2009).

Sotl moisture

Darbin, Jailloux, and Montuelle (1988) noted that the highest corrosion rates occur between 60%
and 85% of moisture saturation levels. Elias et al. (2009) investigated fourteen active California
sites, revealing that most backfills had more than 65% saturation levels. As a result, it is crucial to
evaluate the effect of moisture levels in MSE wall backfill on the corrosion of embedded steel
reinforcement. The soil moisture controls the properties of the soil-metal interface, electrical
conductivity, and ionic migration in soils, which all directly affect the corrosion processes (Azoor
et al. 2019). Accordingly, the corrosion of the embedded metallic reinforcement at dry conditions
is negligible. Studies have highlighted the possibility of an optimal moisture level to maximize the
corrosion rate. This optimal level relies on the interaction between electrical conductivity and
oxygen diffusion (Stott and John 2010). Therefore, the funicular state of moisture in soil causes
more corrosion damage to ferrous materials than the pendular state. This observation is significant
as fine soil particles such as clay tend to have higher saturation levels than coarse particles such as

silt or sand (Marot, Bendahmane, and Nguyen 2012).
2.3 Electrochemical Corrosion of Steel
Corrosion of galvanized steel

The expected service life of the MSE wall determines the basis for assessing corrosion damage and
specifying acceptable backfill properties. In this project’s approach, the remaining thickness of steel
reinforcement at the end of service life, for instance after 75 or 100 years, benchmarks the
performance of the MSE system. The difference between the nominal thickness of steel
reinforcement at construction and the remaining thickness at the end of service life is the sacrificial
thickness of metal (AASHTO 2017). Protective materials may include epoxy-coated, galvanized,
or stainless steel. Galvanized steel is a typical example of a sacrificial layer to protect carbon steel,
as opposed to stainless steel, which changes steel’s chemical composition by adding chromium.
Galvanization involves adding a layer of zinc using hot dip galvanizing or electro-galvanizing. The
latter, known as cold galvanizing, is an electrolysis-based process using a mixture of saline and zinc
to obtain a thin zinc coat (Porter 1994).

The classification of elements and alloys based on their electrochemical scale indicates their relative

corrosion potential and tendency to corrode. A higher corrosion potential means more energy is
needed to lose electrons, which inhibits corrosion. The contact of two materials, such as zinc and
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steel, with different corrosion potentials forms a galvanic cell. The metal with the lower corrosion
potential, in this case zinc, will act as an anode, ready to be consumed by corrosion, whereas the
metal with the higher corrosion potential, in this case carbon steel, acts as a cathode that is
protected from corrosion (Asgari, Toroghinejad, and Golozar 2009). Hence, zinc physically acts
as a barrier between the steel surface and soil moisture and chemically acts as a sacrificial anode.
When exposed to a corrosive environment, the zinc coating corrodes, forming a thin zinc-oxide
film. Thus, the corrosion rate of zinc reduces with exposure time (Padilla and Alfantazi 2013).
AASHTO presents a model with an initial thickness of 86 mm of zinc coating to be corroded at
a rate of 15 mm/year in the first two years and 4 mm/year afterward until the zinc coat is lost in
16 years. Then, the corrosion of carbon steel begins at 12 mm/year for the remainder of the 75-year

service life and results in 708 mm loss per side of the steel (AASHTO 2017; NASEM 2011).
Corrosion damages

The primary corrosion process of embedded steel in MSE backfills involves the loss of carbon steel
ions, as an electrolyte, to soil moisture (Elias et al. 2009). In galvanized steel, zinc is sacrificed to
postpone the corrosion of core carbon steel (Davis 2000). Pitting corrosion may also occur as a
localized process when a small area of the anodic metal is exposed to the high demand of electrons
by the large cathodic region (Chen, Bronson, and Knittel 1985; Szklarska-Smialowska 1986;
Knittel and Bronson 1984). Iron corrosion forms an oxyhydroxide passive coating, which is
vulnerable to chloride ions and results in pits on the surface (Jones 1996). The progress of
galvanized steel corrosion depends on the corrosiveness of the soil media and the thickness of the
exposed zinc. The stress of the reinforcing steel may also influence the corrosion of exposed steel
after the deterioration of the protective zinc layer (Fontana and Greene 1986).

Laboratory and field studies may detect corrosion damages using various passive and active
techniques (RILEM Technical Committee 2010; Zaki et al. 2015). Monitoring zinc dissolution
typically indicates the soundness of the galvanized steel throughout time. Electrochemical
impedance spectroscopy may also reveal the influence of chloride ions on zinc, steel, and their
interface. Further, a standard polarization scan can determine the resistance of galvanized steel to
corrosion. In addition, several techniques are available to monitor the in-situ corrosion rate of steel
reinforcement embedded in an existing MSE wall, including probes to detect resistivity, moisture,
and temperature and metallic coupons to assess the corrosiveness of the soil media (Blitz and

Simpson 1996).
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3. Methodology

The methodology involves evaluating current testing methods to measure electrical resistivity, pH,
sulfate and chloride ion contents, and corrosion with respect to various gradations, moisture
conditions, and sample preparations, including dilution ratios and curing conditions. Testing
standards consist of currently accepted professional practice and industry methods, including
proposed and implemented procedures following local, national, and international modifications.

Gradations are varied to include those with significant portions passing 2 mm (#10), which are
suitable for testing according to current AASHTO standards and those that include material
passing 9.5 mm (3/8”) for pH measurement (as described in NCHRP 21-06) and as-is gradations
that are often used in construction. The gradations of specimens subject to corrosion testing were
blends intended for geotechnical applications produced by each manufacturer.

Specimens include one sample of normal weight aggregates for comparison and obtained from
local sources in California (Sakrete) and eight samples of lightweight expanded shale, clay, and
slate aggregates from selected ESCS producers, as shown in Figure 9, including Arcosa
Lightweight (expanded clay from Frazier Park, California and expanded shale from Livingston,
Alabama; Shepherdsville, Kentucky; and Streetman, Texas), Buildex (expanded shale from
Dearborn, Missouri), Carolina Stalite Company (expanded slate from Gold Hill, North Carolina),
Holcim Utelite (expanded shale from Coalville, Utah), and Norlite (expanded shale from Cohoes,
New York). The testing apparatus’s dimensions and configurations were adjusted and modified to
accommodate large-size aggregates and render conclusions on size effect using small and large box
sizes. The comparison between testing results using current and proposed sample sizes and
methods of preparation for various sources of ESCS and normal weight aggregates facilitates the
development of the proposed specifications for the testing and evaluation of ESCS samples.
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Figure 9. Selected Shipped Materials from Producers in Sealed Plastic Buckets or Bags

The test program includes the following measurements:

e Physical characteristics (e.g., grain size, apparent specific gravity, bulk specific gravity, and
absorption)

e Electrical resistivity
e The pH of the aqueous content
e Sulfate and chloride ion contents

e The corrosion rate of steel coupons embedded in aggregate samples
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3.1 Physical Characteristics

Aggregates were received in sealed bags to preserve the samples (Figure 10). The sieve analysis
tollows ASTM C136 to differentiate coarse and fine aggregates (Figure 11). The results contribute
to selecting appropriate test methods and sample preparation for electrochemical testing. The
percentage of the sample passing the 4.75 mm (#4) sieve is used to identify samples as coarse or
fine. Results for blended samples represent a weight-based average of coarse and fine aggregates.
Bulk, relative, and apparent density measurements follow ASTM C29, C127, and C128
(Figures 12 and 13).

Figure 10. Selected Samples Stored in Sealed Bags
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Figure 11. Standard Test for the Sieve Analysis of Coarse Samples (ASTM C136)
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Figure 12. Standard Test for the Specific Gravity of Fine Samples (ASTM C128)

Figure 13. Standard Test for the Bulk Density of Samples (ASTM C127)
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3.2 Electrical Resistivity

Specimens were placed and saturated in a clear plastic box, and then subjected to electrical
resistivity measurements. Specimens were tested for resistivity per AASHTO T 288 and optional
methods per ASTM WK24621, ASTM G187, and Tex-129-E modified by Tex-129-M for small
and large box sizes (Table 1). The AASHTO T 288 requires preparing fine materials passing the
2 mm (#10) sieve and does not allow the crushing of coarse aggregates to achieve the target
gradation. Hence, this test does not apply to coarse aggregates or even fine aggregates passing the
4.75 mm (#4) sieve per ASTM C33/C33M or C330/C330M. The various sizes of materials were
included in other tests to draw a comparison between results and assess the effect of the box size
and the particle size for the proposed test. For this purpose, fine samples passing the 2 mm (#10)
sieve were tested using AASHTO T 288 and Tex-129-M methods.

Furthermore, the saturation and drainage states differ between various testing procedures. Except
tor ASTM WK24621, which incorporates the drained condition, other tests mandate that the
lowest resistivity measurement be achieved by adding water. The drained state simulates the
situation of a free-draining backfill following water intrusion/infiltration, e.g., following a storm
event. The saturated condition is least likely to be the case for free-draining coarse aggregates, such

as those placed using ESCS.

Further, AASHTO T 288 difters from ASTM and TxDO'T standards as it would allow a sample
to be tested beyond saturation until it is a poorly mixed slurry. ASTM and TxDOT permit water
to fill all internal pores of the aggregates and external voids between aggregates within the volume
of the chosen box. However, the AASHTO standard requires the aggregates to be mixed with a
virtually indefinite amount of water outside the box and then placed in the box for testing until
achieving the least resistivity. Reported T 288 results in this report reflect such a slurry state. This
mixing process typically results in a slurry of fine materials with water replacing solid particles.
Although the liquefaction of fine particles is possible, this does not realistically represent the
conditions of MSE backfills. Therefore, the application of Tex-129-M addresses the departure of

testing criteria from realistic conditions.

Moreover, the length of time that a sample is soaked or cured after adding moisture is a test
parameter that varies between zero and 24 hours per existing standards. Notably, the saturation of
lightweight aggregates typically requires 72 hours of soaking instead of 24 hours for normal-weight
aggregates. However, 72 hours of soaking is not realistic for backfilling materials. This fact implies
that lightweight aggregates continue to absorb water when drainage begins after a hypothetical
24-hour soaking period, most likely caused by slow drainage.
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Table 2. Resistivity Tests (NASEM 2020)

Standard Grading Moisture Curing
AASHTO T 288 2 mm (#10) Increments 12 h for the first increment
ASTM WK2461 None Drained from a saturated condition Soak for 24 h before draining

ASTM G187 6 mm (%4”) As-is for saturated None
Tex-129-M None Increments, but saturated for coarse materials None

The Humboldt H-4385D Resistivity Meter (Figure 14) was used to measure resistivity between
0.01Q to 10M Q with specified accuracies of 1.6% and 5% for ranges below and above 1M Q,
respectively. The temperature of the mixture was measured during the test using a Precision Digital
Stem Thermometer with a range of -50 °C to 330 °C (-58 °F to 626 °F) and an accuracy of 0.4

°C (0.8 °F). In this manner, resistivity measurements could be corrected for temperature.

Figure 14. Humboldt H-4385D Resistivity Meter

Standard soil boxes for this meter are available at 75 mL and 280 mL volumes. In addition,
Tex-129-M introduces small, medium, and large box dimensions for coarse aggregates. WK2461
also provides specific guidelines for selecting the box dimensions, including height and volume, as
a function of the maximum aggregate size (Figure 15). Trends in Figure 16 were adopted to
customize box dimensions for various aggregate sizes.
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Figure 15. Selected Soil Boxes for the Electrical Resistivity Test

Figure 16. General Trends for the Minimum Dimensions of the Electrical Resistivity Box
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3.3 pH

Testing for pH follows AASHTO T 289 and optional methods per ASTM D4972, NCHRP 21—
06, and Tex-620-E modified by Tex-620-M (Table 3). Specimens were diluted at specified ratios
and mixed as recommended in each standard, and pH was measured using a Gilson Portable pH
Meter MA-258 (Figure 17). The meter ranges from zero to fourteen pH, has a resolution of
0.01 pH, and an accuracy of 0.05 pH. The meter compensates pH for temperatures between 0 °C

t0 99.0 °C (32.0 °F to 210.2 °F).

Figure 17. The pH Meter and a Sample Solution

Like the electrical resistivity testing standards, existing AASHTO and ASTM standards apply to
samples that have been separated by the 2 mm (#10) sieve. Hence, the proposed NCHRP 21-06
and TxDOT standards aim to address the need for the testing of coarse aggregates. Moreover, the
pH test is characteristically sensitive to dilution, stirring, and stand time as primary parameters
controlling the results. These parameters practically control the stability of the aqueous solution at
the time of exposure to the pH probe. A magnetic stirrer was used to manage the mixing process
over long periods. Furthermore, higher water content also ensures the availability of the aqueous
solution for adequate submergence of the pH probe in highly absorbing materials such as
lightweight aggregates.
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Table 3. pH Tests (NASEM 2020)

Standard Air Grading Dilution® Mixture Stand
Dry Time
AASHTOT Yes 2 mm (#10) 1:1 Stir every 15 min for 1 h None
289
ASTM D4972 Yes 2 mm (#10) 1:1 Mix thoroughly 1h
ASTM D8262 Yes None 1:5 Stir for two min 24 h
NCHRP 21-06 No 9.5 mm 1:1 Stirred 30 min
(3/8”)
TX-620-M Yes None 1:10 Mixed for 30 min, stand for 1 h None
! Solid: H,O by weight
3.4 Sulfate and Chloride

Testing for sulfate and chloride contents followed AASHTO T 290 and T 291 and optional
methods per Tex-620-] modified by Tex-620-M (Table 4). Specimens were diluted at specified
ratios, mixed, and filtered as recommended. TxDOT criteria were the same for pH testing, but
the AASHTO standard has a different dilution rate. Regardless, results were reported in mg/kg

to account for varied dilution rates, that is, the measured concentration of the diluted

sample (mg/L) is multiplied by the dilution ratio to get the proportion of weight in mg/kg in terms

of the chloride’s or sulfate’s weight divided by the dry weight of the soil specimen. Specimens were

centrifuged using a benchtop electric centrifuge machine with timer and speed control and filtered

using 0.45 micrometer (Grade 42) qualitative filter paper or nylon syringe filters, as needed to

ensure consistency of preparation procedures for all samples. A magnetic stirrer controlled stirring

quality and standing time over long periods.

Table 4. Sulfate and Chloride Tests (after NASEM 2020)

Standard Grading Dilution' Mixture Filtration
AASHTO T #10 1:3 Shaken, stand for 1 h Centrifuge &
290 Filter
AASHTO T #10 1:3 Shaken for 20-sec, stand for 1 h, Centrifuge &
291 shaken Filter

TX-620-M None 1:10 Mixed for 30 minutes, stand for 1 h Filtered

! Solid: H,O by weight
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The testing apparatus includes Hanna HI38001 Sulfate (Figure 18) and HI3815 Chloride
(Figure 19) Test Kits, and Hanna HI97751 Sulfate (Figure 20) and HI96753 Chloride
Photometers (Figure 21). Chemical test kits have a range of 100 to 10,000 mg/L, a resolution of
10 mg/L, and an accuracy of 50 mg/L for sulfate; and a range of 0 to 1000 mg/L, a resolution of
1 mg/L, and an accuracy of 5 mg/L for chloride. Photometers have a range of 0 to 150 mg/L, a
resolution of 1 mg/L, and an accuracy of 5 mg/L for sulfate; and a range of 0 to 20 mg/L, a
resolution of 0.1 mg/L, and an accuracy of 0.5 mg/L for chloride. Considering available resolutions
and accuracies, reported results are based on photometer outputs as verified by testing kits.

Figure 18. Sulfate Testing Kit Reagents
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Figure 19. Chloride Testing Kit Reagents

Figure 20. Sulfate Photometers and Reagent
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Figure 21. Chloride Photometers and Reagents

3.5 Corrosion Rate

The corrosivity of materials was tested using embedded galvanized and carbon steel coupons inside
the proposed aggregates following ASTM G1 and ASTM G162 (Table 5). Coupons were
76x12.7x1.6 mm (3" x 1/2" x 1/16") standard coupons by Pacific Sensor with a 4.8 mm (3/16”)
diameter hole (Figure 22). Aggregate samples were soaked in deionized water for 24 hours and
drained to air dry until the next soaking period. Examination periods were set for 1, 14, 28, 91,
156, and 364 days. The corrosion of steel coupons was assessed when exposed to ambient
temperature and humidity outside the laboratory in Southern California. An Elcometer 456 was
used to observe the loss of zinc coating from the surface over time, and a standard scale measured
weight loss. This report covers the first 28 days of testing, to be followed with amendments
covering the whole-year cycle (Figure 23).

Table 5. Corrosion Rate and Associated Tests

Measure Grading Preparation and Maintenance
Corrosion Rate and Electrical As-is Soaked for 24 h, drained, air dried for one week,
Resistivity of the Aggregate Box repeated at 14, 28, 91, and 364 days.
Electrical Resistivity and pH of the None None

Aqueous Solution

Sulfate and Chloride Content of the None Filtered

Aqueous Solution
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Figure 22. Testing Galvanized (Top) and Carbon (Bottom) Steel Coupons

Figure 23. Elcometer 456
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A Gamry Reference 620 PotentioStat measured the corrosion rates periodically using the
DC Corrosion tests with a graphite counter electrode and a copper sulfate reference electrode
(Figure 24). Figures 25 and 26 show the typical arrangement of elements and their connectivity
during corrosion tests. A customized plexiglass frame fixes the 38 mm (1.5”) spacing between steel
working electrodes and the graphite counter electrode. The top plexiglass plate provides an
alternative reference electrode location for testing either coupon. A piece of 3M dielectric tape
masks each connector to reduce noise. At each interval, the corrosion rate, electrical resistivity,
pH, sulfate, and chloride contents were measured before and after soaking, draining, and air drying
until the next consecutive saturation period. At the end of the periodic investigations, after one
year, the Tafel slopes and corrosion rate will be observed from Tafel plot corrosion measurements,
which require scanning over a broader range of overpotentials compared to linear polarization
resistance (LPR) testing. An addendum to this report will cover those results.

Figure 24. Gamry Reference 620 PotentioStat and Software Interface
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Figure 25. Arrangement of Galvanized (Yellow Connector) and Carbon (Blue Connector) Steel
Coupons as Working Electrodes and Reference Counter Electrode (Black Connector) Before
Burial into Aggregate Samples
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Figure 26. Connectivity During Corrosion Tests: Alternative Working Electrodes in Yellow and
Green, Counter Electrode in Black at the Center, Reference Electrode in White, Resistivity
Meter in Red and Black at the Edges
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4. Results

4.1 Physical Properties

Figures 27 and 28 present the sieve analysis and density results for samples of lightweight
aggregates (LW) from eight numbered sources and two samples of normal-weight
aggregates (NW) for comparison. Two primary sets of aggregates include coarse and fine
aggregates noted by C and F, respectively. Coarse and fine samples for each identifier are from the
same source when available. Samples LW2, LW5, and LW8 were the only blended aggregates
provided in one gradation. Specific grades for each test, such as particles passing a 2 mm (#10)
sieve, were obtained from original samples as needed. Table 6 shows a summary of measured
properties.

Figure 27. Sieve Analysis of Sample Aggregates
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Figure 28. Density of Sample Aggregates

Table 6. Summary of Relative Densities

Aggregate Lightweight Normal weight
Relative Density 1.12-1.83 2.53-2.63
Relative Density, SSD 1.21-1.96 2.53-2.66
Apparent Density 1.23-2.01 2.66-2.7
Absorption, % 3.0-15.4 0.5-4.3

Figure 29 shows the general tendency of density measures to decrease for higher absorption rates
of aggregates. These trends indicate that the absorption rate influences the relative density of LW
due to porosity in the solid particles. The correlation provides the best fit for the oven-dried (OD)
density measurements which appear to be most affected by absorption.
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Figure 29. Density-absorption Trends of Sample Aggregates

Figure 30 demonstrates the size distribution of sample aggregates. In this figure, gravel includes
particles retained on the 6.3 mm (1/4”) sieve, coarse sand includes particles passing the
6.3 mm (1/4”) sieve and retained on the 0.425 mm (#40) sieve, fine sand includes particles passing
the 0.425 mm (#40) sieve and retained on the 0.075 mm (#200) sieve, and fines includes particles
passing the 0.075 mm (#200) sieve. Coarse samples in this figure do not have a fine sand
component, and fine samples have less than 10% gravel.

Figure 30. Size Distribution of Sample Aggregates
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Figure 31 utilizes the grading number (GN) and the fineness modulus (FM) as common standards
in practice to quantify each sample based on coarseness or fineness parameters. GN is the sum of
cumulative passing percentages from 25 mm (17), 19 mm (3/4”), 9.5 mm (3/8”), 4.75 mm (#4),
2 mm (#10), 0.425 mm (#40), and 0.075 mm (#200) sieves. GN ranges between 1 and 7, with
higher values corresponding to the finer materials. Coarse samples in this study have a GN of less
than 3.2. The FM is the sum of cumulative retained percentages on 4.75 mm (#4), 2.36 mm (#8),
1.18 mm (#16), 0.600 mm (#30), 0.300 mm (#50), and 0.150 mm (#100) sieves. In this study, fine
samples have an FM of less than 4. Figure 32 shows a schematic relationship between grading
number and fineness modulus.

Figure 31. Grading Number and Fineness Modulus of Sample Aggregates
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Figure 33 shows the passing percentage for the 2 mm (#10) sieve, which is the sole parameter in
AASHTO standards to determine the appropriateness of testing standards for electrical resistivity,
pH, and sulfate and chloride contents. Figure 34 shows the number of samples with certain
percentages of samples passing the 2 mm (#10) sieve. Geotechnical blends from LW2, LWS5, and
NW sources, marked as LWEF2, LWF5, and NWFx, had an adequate portion to qualify for
AASHTO standards. Other blends, marked as LWC1, LWC3, LWC4, LWCe6, LWC7, LWCS,
and NWCkx, lacked the required portion and, therefore, qualified for TxDOT, ASTM, and other
tests that allowed as-is gradations. These samples represent coarse blends that are common
materials for MSE backfills. For comparison, a special fine gradation was obtained from coarse
blended materials labeled LWF1, LWF3, LWF4, LWF6, LWF7, and LWEFS to allow tests using
AASHTO standards. Further, all fine blends, marked with F, were tested using TxDOT
standards. Overall, more than half (9 out of 16) of the aggregate samples had at least 25% passing
the 2 mm (#10) sieve.

Figure 33. Passing Percentage of 2 mm (#10) Sieve
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Figure 34. Histogram of Passing 2 mm (#10) Sieve for Lightweight Aggregate Samples
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4.2 Electrical Resistivity

Figure 35 shows the electrical resistance of sample aggregates using various standard methods and
the results obtained after 24-hour soaking as part of the corrosion tests, also listed in Table 7. Due
to the large variety of results, this figure benefits from a logarithmic scale. For each sample, T 288
tests apply to fine portions passing the 2 mm (#10) sieve, and 129-M, G187, and 24-hr. saturated
tests apply to coarse blends according to each standard. Producers provided a separate fine sample
for testing purposes only, even though such fine gradation was not included in the geotechnical
blend for coarse samples that lacked an adequate portion of fine materials.

The AASHTO T 288 standard applies to materials with a significant content finer than
2 mm (#10) and is typically available for two box sizes of 75- and 280-ml volumes. The test was
repeated using the 787 ml box size that fit the TX-129-M standard. It is apparent from this figure
that coarse aggregates have a higher resistivity compared to fine aggregates by a factor of up to 10
for the same sources of materials. Furthermore, the drained condition of materials also increased
the resistivity by a factor of 10, as shown by the 129-M Dr 787 data. The 24-hour saturation
practice in the corrosion tests shows some reduction as conductive contents find adequate time to
disperse through the aqueous content.

The results include the verification of the AASHTO T 288 tests performed by a certified
laboratory, Cooper Testing Laboratory. These third-party verification results follow California
Test 643, such as AASHTO tests. A significant difference between the AASHTO method and
other methods, such as ASTM and California Tests, is the absence of adjustments for temperature.
Due to the trivial need for such adjustments, the temperature adjustment is applied to all tests,
including AASHTO. Figure 36 depicts data on the precision of the test results based on third-

party verifications.
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Figure 35. Electrical Resistivity Results Using Standard Methods
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Table 7. Summary of Resistivity Test Results (Q.cm)

T288 T288 T288 G187 129-M 129-M Dr T 288 24-h
75-ml  280-ml 787-ml 787-ml third saturated
party
LWC1 16,133 101,138 7,455
LWF1 429 1983 3,870 4,770 4,851 2,919
LWEF2 1,924 1,852 2,346 3,036 3,031
LWC3 29,050 260,375 20,204
LWF3 2,862 2,771 3,197 2,646
LWC+4 2,715 2,819 2,845
LWF4 1,982 1882 1,557 10,117 3,023
LWF5 2,615 2,646 3,259 3,584 3,828 3,640
LWCé 30,385 354,259 19,302
LWFe6 3,785 3,848 3,173
LWC7 181,374 43,244 599,852 22,084
LWF7 3,608 3,553 7,901 11,461 14,364 3,290
LWC8 3,264 21,603
LWEF8 2,008 1,922 1,986 2,154 2,277 2,025 2,533
NWCx 24,812 67,467
NWFx 9,184 9,695 9,054 9,990 11,804 18,975

The TX-129-M applies to all sizes and requires a larger box size with a 787 ml volume for coarse
materials. For comparison purposes, results include the AASHTO T 288 test result using the
787 ml box for the passing 2 mm (#10) particles. Figure 37 shows that the box size has a small
influence on the recorded electrical resistance of fine materials. In contrast, the change in the
testing method from AASHTO T 288 to TX-129-M, which removes the standing time, increases
the recorded electrical resistivity for the same coarse aggregate size, as shown in Figure 38. In this
figure, four samples with 20% or more passing the 4.75 mm (#4 sieve) have comparable resistivities
measured from T 288 and 129-M tests. Their T 288 resistivity is below 2630 Q.cm. However,
other samples with negligible fine particles show a large gap between these results. Figure 39 shows
the decline of the gap with the rise of fines, passing the 4.75 mm (#4) sieve in LW samples.
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Figure 37. Comparing Electrical Resistivity for Various Box Sizes
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Figure 39. Comparing Electrical Resistivity of Fine and Coarse Materials
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Figure 40 highlights a significant factor in the recorded electrical resistivity of aggregates where
drained aggregates exhibit up to nearly 13 times higher values than submerged aggregates. This
difference is higher for coarse aggregates than fine aggregates. It appears that fine materials are
not free draining like coarse aggregates and retain water even after the drainage valve is opened.
This process is due to capillarity at their high surface-to-volume ratios. Hence, their moist
condition properties are more like wet conditions than coarse aggregates that show different

properties under moist and wet conditions.
Figure 40. Comparing Electrical Resistivity of Saturated and Drained Conditions
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Figures 41 and 42 demonstrate potential trends between resistivity and size distribution parameters
of grading number (GN) and fineness modulus. These trends confirm that TX-620-M results are
typically higher than AASHTO T 288 results but may converge for higher GN values. For coarse
samples without adequate fines, producers provided passing 2 mm (#10) particles for comparative
testing purposes only, even though such gradations were not included in the geotechnical blend.

Figure 41. Electrical Resistivity as a Function of Grading Number (GN)
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Figure 42. Electrical Resistivity as a Function of Fineness Modulus
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43 pH

Figure 43 provides the pH results for selected samples using the AASHTO T 289 standard, which
can only be applied to fine samples included in this study because there are not enough materials
passing a 2 mm (#10) sieve from coarse samples. Presented values typically indicate the average of
three values with minor variations shown. Figure 44 compares these results and values obtained
from a third-party laboratory for verification purposes. The third-party laboratory procedures
followed California Test 643, which is similar to AASHTO T 289. The difference between these
values is about 6.6% or between 0.2 and 0.6 pH, except for one sample, where the difference is 1.3.
Based on the 0.31% COV (Coefficient of Variation) of the T 289 results for LWE2, this
third-party result appears to be an outlier.

Figure 43. pH of Selected Samples Using AASHTO T 289
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Figure 44. Verification of AASHTO 289 pH Results Using third-Party Laboratory Results
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Figure 45 provides an overview of pH results obtained from T 289 and D4972 standards for fine
and 21-06, 620-M standards for coarse samples with detailed comparative charts shown in the
tollowing figures. The 24-hour saturated condition applies to tests on the aqueous contents
obtained from corrosion tests. Figure 46 compares pH values obtained from the fine aggregate
samples passing a 2 mm (#10) sieve using AASHTO T 289 and TX-620-M standards. This
comparison reveals that the testing method impacts approximately 2.1% of the overall results, but
the difference for individual samples varies between 0.2 and 1.4 pH, with the larger difference of
1.4 being chemically significant. Similar observations apply to results from ASTM D4972 with a
2.4% difference in the overall results and sample differences between 0.1 and 0.4 pH, except for
one sample having a 0.7 difference, as shown in Figure 47.
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Figure 45. Comparison of Recorded pH Values from Different Sources and Test Methods
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Figure 46. Comparison of pH Results from AASHTO T 289 and TX-620-M Tests
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Figure 47. Comparison of pH Results Using AASHTO 289 and ASTM D4972 Tests
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Figure 48 provides a comparison between the results from testing the portion of fine aggregates
passing the 4.75 mm (#4) sieve and retained in the #10 sieve to results from testing only the part
which passes the 2 mm (#10) sieve, i.e., in accordance with AASHTO T 289. These results
demonstrate minor sensitivity to size with a 4.2% difference, except for one sample, where the
difference is nearly 15% or 1.2 pH.

Figure 48. Comparison of pH Results Using AASHTO 289 for Materials Passing the
4.75 mm (#4) Sieve but Retained on the 2 mm (#10) Sieve Versus Passing the 2 mm (#10) Sieve
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Figure 49 depicts the relationship between electrical resistivity and pH values using AASHTO
T 288 versus T 289, and AASHTO T 288 versus ASTM D4972 standards for fine samples
passing the 2 mm (#10) sieve, and Texas DOT 129-M versus 620-M standards for coarse and
blended samples. The significant variation of resistivity obtained from the 129-M standard is due
to the inclusion of various as-is gradations in the test, as opposed to the T 288 standard that is
conducted on one specific size only. All three trends suggest a negative correlation between
electrical resistivity and pH, but the low fidelity of the correlations rejects a strong influence of pH
on the resistivity measurements.

Figure 49 Electrical Resistivity as a Function of pH
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This relationship requires further discussions concerning sulfate and chloride contents, as alkaline
soils and aggregates might be either salt-affected or calcareous. Calcareous materials contain
carbonates such as calcite (calcium carbonate), dolomite (calcium-magnesium carbonate), sodium
carbonates, and sulfates. These materials are characterized by alkaline pH, which is less than 8.5.
Sodic soils are characterized by a high pH, usually higher than nine, and the major corrosive solutes
comprising mineral salts include sodium cations and chloride and sulfate anions. The next section
follows with discussions on sulfate and chloride contents.

4.4 Sulfate and Chloride

Figures 50 and 51 show the sulfate and chloride contents obtained from different testing methods.
The results represent photoelectric measurements only. Specifications of the testing apparatus and
the preliminary observed values showed that the gravimetric methods did not have adequate
precision. The AASHTO T 290 and T 291 standards and the third-party verification tests
represent samples passing the 2 mm (#10) sieve, and the 620-M standards apply to other samples
that were blended or those with coarse gradations. The 24-hour saturated condition relates to
corrosion tests on coarse and blended gradations. Sulfate and chloride concentrations are adjusted
for the weight of the solid to convert from mg/1 to the reported units of mg/kg. The same applies

MINETA TRANSPORTATION INSTITUTE 49



to aqueous samples extracted from the aggregates in the test box, where the total weight of the
aggregate and the total water added, including the water absorbed by the aggregates and

surrounding them, were recorded.

Figure 50. Comparison of the Sulfate Contents of Selected Samples Using Different Standards
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Figure 51. Comparison of the Chloride Contents of Selected Samples Using Different Standards
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Sulfate contents obtained from AASHTO T 290 and TX-620-M are comparable, however,
third-party verification results report nearly 51% larger values, as shown in Figure 52. A close
examination of this figure reveals that the gap between results is larger for smaller values of
measured sulfate contents and hence could be related to the accuracy of the employed apparatus in
this research project compared to the high precision tools used in larger certified laboratories, such

as the third-party laboratory.

Figure 52. Verification of Sulfate Results with the Third-Party Laboratory Results
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Similar observations for chloride contents show a much better comparison between AASHTO
T 291 and the results obtained from third-party verification with an approximate difference of
2.8%, as shown in Figure 53. However, the results from TX-620-M for coarse aggregates are
higher (for 8 out of 9 cases) than those measured from fines passing the 2 mm (#10) sieve in
accordance with AASHTO T 291. This observation might be due to a longer mixing time in
620-M compared to testing via T 291. The low chloride content might have masked the influence
of apparatus choice, which appeared to be a parameter in sulfate measurements.
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Figure 53. Verification of Chloride Results with the Third-Party Laboratory Results
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Figures 54 and 55 provide more detailed comparisons between AASHTO and TX-DOT methods
for measuring sulfate and chloride contents. The T 290 and T 291 results are from testing the
portion of the sample passing the 2 mm (#10 sieve), or a similar representative sample from the
same source, while the 620-M results are from testing on the full gradation of blended and coarse
samples. These figures confirm prior observations and further indicate the higher fidelity of
relationships between sulfate measures obtained from referenced standards than chloride measures.

Figure 54. Comparison of the Sulfate Contents of Selected Samples Using AASHTO and
TX-DOT Standards
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Figure 55. Comparison of the Chloride Contents of Selected Samples Using AASHTO and
TX-DOT Standards
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Figures 56 and 57 depict the relationship between electrical resistivity and sulfate-chloride
contents. All trends suggest a reduction of electrical resistivity for high values of sulfate and
chloride contents. The negative correlations between resistivity and sulfate content have higher
coefficients of determination compared to those between resistivity and chloride content, most
likely due to higher concentrations of sulfate than chloride contents, which affects the resolution.

Figure 58 exhibits the same relationship for the combined chemical activities of sulfate and
chloride contents. Sulfate contents vary between 0.56 and 37 mEq/kg (SO4~ with a valence of
2 mEg/mmole and molecular weight of 96 mg/mmole), and chloride contents vary between
0.021 and 4.6 mEq/kg (Cl' with a valence of 1 mEqg/mmole and molecular weight of
35.5 mg/mmole). Data points for blended and coarse-graded samples with significant fine
contents are close to the trendline of results from tests conducted on samples that only include
portions passing the 2 mm (#10) sieve. Those with negligible fines show substantially higher
resistivity. This difference explains the lower coefficient of determination of the trendline
representing blended and coarse samples as opposed to the result from testing samples that only

include portions passing the 2 mm (#10 sieve).
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Figure 56. Electrical Resistivity as a Function of Sulfate Contents
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Figure 57. Electrical Resistivity as a Function of Chloride Contents
50000 ® Passing 2-mm (#10)
45000 ® Blended or Coarse
[ ]
40000
£ 35000
9
= 30000 ° °
Z 25000 °
=
B 20000
a _ 0.0539
g 15000 ) ° y = 8352.6x
R?=0.0019
10000 R
— -0.141
5000 @ y= il396.4x
o BRep....p RB00402 o
0
0 20 40 60 80 100 120 140 160 180

Chloride, mg/kg

MINETA TRANSPORTATION INSTITUTE

54



Figure 58. Electrical Resistivity as a Function of Combined Sulfate and Chloride
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Following prior discussions with respect to pH, Figures 59 and 60 show the trends of pH values
versus sulfate and chloride contents for AASHTO and TxDOT standards, representing fine and
blended samples, respectively. Trendlines show no effect of ions on pH, except for chloride ions
corresponding to tests on portions passing the 2 mm (#10 sieve), but with a low coefficient of
determination. The lack of correlation might be related to other ions, such as calcium, that affect
the pH but are not measured directly in this study.

Figure 59. pH as a Function of Sulfate Contents

12
10 ® y = 8.8032x6E-04
2 - gE.
' : ° P R* = 5E-05 ° [ P
----- :64040:01.‘l.;.'.'.'..‘.'u‘.'.'.'-‘-'.'.'.'.'u'.'.'.'.'.'.'.'.'.'.'.'.'.'.‘.'.‘.'.‘.'.‘.'.‘.'.‘.'.‘.'.‘.'.‘.'.‘u'..............
8 ° % y = 9.0514x0007 ®
[ R?=0.0225
S 6
4
2
® Passing 2-mm (#10)
® Blended or Coarse
0

0 500 1000 1500 2000
Sulfate, mg/kg

MINETA TRANSPORTATION INSTITUTE 55



Figure 60. pH as a Function of Chloride Contents
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4.5 Corrosion Rate

Corrosion rate testing included blended samples containing coarse aggregates, LW1 to LW8. Two
samples, LW2 and LWS5, contained more than 80% fines, passing the 4.75 mm (#4) sieve. Three
samples, LW1, LW4, and LW8, had between 20% and 35% fines, and other samples, LW3, LW6,
and LW?7, had less than 1% fines, as shown in Figure 27. The NW sample had nearly 10% fine
content. Figure 61 compares the corrosion rate of galvanized steel coupons immediately after
insertion into the submerged aggregate samples. Figures 62 and 63 show the changes in corrosion
rate during the following cycles, as shown in Table 8:

o  Wetting: ASTM Type II deionized water was added to pre-compacted aggregate samples
to fill the plastic container. The sample was then tested for corrosion rate and electrical
resistivity.

e Saturation: Wetted aggregates were maintained in the closed plastic box for 24 hours.
The sample was then tested for corrosion rate, electrical resistivity, sulfate and chloride
contents, and pH.

e Drainage: The sample was drained at free atmospheric pressure and tested for corrosion
rate and electrical resistivity.

o Air drying: Moist aggregates were maintained in the closed plastic box for consecutively
increasing periods, so rewetting happens on days 7, 14, 28, 91, 182, and 364. Samples
were then tested for corrosion rate and electrical resistivity before rewetting and resuming
the cycle. This report covers Cycles 1, 2, and 3 for the first 28 days of observation. Future
amendments will cover complete cycles for a year.
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Table 8. Summary of Moisture Cycles During Corrosion Tests

Day Wetting Saturation Drainage Air Drying
Cycle 1 0 0-1 1 1-7
Cycle 2 7 7-8 8 8-14
Cycle 3 14 14-15 15 15-28
Cycle 4 28 28-29 29 29-91
Cycle 5 91 91-92 92 92-182
Cycle 6 182 182-183 183 183-364

The corrosion rate for the wet cycle in Figure 61 is the average of measured values upon adding
water and just before draining over 24 hours in Cycle 1. The corrosion rate for the moist cycle in
the same figure is the average of measured values after drainage and before rewetting over the
specified period in each cycle for air drying, e.g., seven days for Cycle 1. These results indicate that
all coarse lightweight aggregate samples have lower corrosion rates than coarse normal-weight
aggregate samples. Further, the average corrosion rate of moist samples is considerably lower than
those of wet samples. The difference is larger for coarse blends compared to fine samples, as fine
samples retain more moisture after drainage and during air drying.

The saturation process does not significantly affect the corrosion rate, but draining the sample
reduces the corrosion rate by one to two orders of magnitude. Further, corrosion rates after the
rewetting are typically smaller than the original values. The initial corrosion rate for carbon steel
coupons is nearly 25% more than for galvanized steel coupons (Figure 64). Figure 65 compares the
same rate for the total estimated corrosion over the observed period, indicating a 35% higher
carbon rate than galvanized steel.
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Figure 61. Initial Corrosion Rate of Galvanized Steel Coupons
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Figure 62. Corrosion Rate of Galvanized Steel Coupons During Wetting and Drying Cycles
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Figure 63. Corrosion Rate of Carbon Steel Coupons During Wetting and Drying Cycles
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Figure 64. Comparing Corrosion Rates of Galvanized and Carbon Steel Coupons
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Figure 65. Comparing Total Corrosion Rates of Galvanized and Carbon Steel Coupons
over 28 Days

200
y=13483x |
RZ — 0.9?.5._...

R S Y
B O ®
o O O

Carbon Steel Corrosion, mm
=
H OO 0 O
o O O O
[ ]

y

¥
0 20 40 60 80 100 120 140 160

Galvanized Steel Corrosion, mm

o

® Estimated Data Equity Line  ceeceeees Linear (Estimated Data)

Figures 66 and 67 exhibit patterns of changes in electrical resistivity during wetting, saturating,
drainage, and air-drying cycles. The electrical resistivity followed the two-electrode measurement
technique using a soil box with a volume of 2,839 ml (3 quarts). Aggregates were placed and
compacted in plastic containers following the standard practices described in TxDOT 129-M.
The drainage involved the extraction of aqueous contents through a 4.3 mm (0.17”) diameter
plastic tube. The electrical resistivity of the aqueous contents was measured using the 75- and
280-ml volume soil boxes. Measured values indicate that the normal weight aggregate had the
highest resistivity for aqueous contents, although these aggregates did not show the lowest
corrosion rate or the highest resistivity of aggregate samples.
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Figure 66. Electrical Resistivities During Wetting and Drying Cycles
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Figure 67. Aqueous Electrical Resistivities During Wetting and Drying Cycles
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The pH was also measured immediately for the aqueous contents, as shown in Figure 68. Sulfate
and chloride contents were measured for the filtered aqueous contents passing the 0.45 micrometer
(Grade 42) qualitative filter paper (Figures 69 and 70). Changes in these properties are typically
commensurate with observed trends of corrosion rates, where each cycle results in higher resistivity,
lower sulfate and chloride contents, and lower corrosion rates, with some exceptions. However,
cycles of wetting and drying do not appear to have a substantial influence on pH values. Notably,
the normal-weight sample has lower sulfate and chloride contents than most lightweight
aggregates, consistent with observations of higher electrical resistivity. Hence, it is essential to note
that coarse lightweight aggregate samples show lower corrosion rates despite lower resistivity and
higher ion contents.
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Figure 68. pH Values During Wetting and Drying Cycles
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Figure 69. Sulfate Contents During Wetting and Drying Cycles
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Figure 70. Chloride Contents During Wetting and Drying Cycles
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Figure 71 presents the relationship between corrosion rate and electrical resistivity. Fitted power
tunctions indicate the drop of corrosion rates as the electrical resistivity of selected aggregates rises
(i-e., negative correlation between corrosion rate and resistivity). As shown in prior observations,
the corrosion rate of galvanized steel is lower than that of carbon steel. Trends depicting
correlations between electrical resistivity and corrosion rates that consider electrical resistivity
measured from wet or moist aggregate in the corrosion testing box compared to the correlations
with resistivity/conductivity measured from the aqueous content obtained after draining the
aggregates are similar. The rate of decline depicted by the trends is highest for moist aggregates,
i.e., the average values from drained and air-dried conditions, and is 0.877 and 0.921 for carbon
and galvanized steel, respectively. Trends for wet aggregates, during the average 24-hour saturation
period, have the lowest rate of decline, equal to 0.652 and 0.622 for carbon and galvanized steel,
respectively. Coefficients of determinations of trendlines vary between 0.645 and 0.835, indicating
approximately similar fidelity for various fitting curves.
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Figure 71. Variation of Corrosion Rates as a Function of Electrical Resistivity

1000

y =9844.,1x°0793
R?=0.6485
[ |
100 ¢ y = 14784x70652
R?=0.7435

y = 6659x°0772
R?=0.7227 *

y = 8725.3x70622

10 R? = 0.6448

Galvanized Steel. Wet Aggregates
Galvanized Steel, Moist Aggregates
Galvanized Steel. Aqueous Contents
Carbon Steel. Wet Aggregates
Carbon Steel, Moist Aggregates e
Carbon Steel, Aqueous Contents

Power (Galvanized Steel. Wet Aggregates)
Power (Galvanized Steel, Moist Aggregates)
Power (Galvanized Steel. Aqueous Contents)
Power (Carbon Steel. Wet Aggregates)
(
(

y =37177x0877
R?=0.7981

Corrosion Rate, mm/year

OH O D>

y = 53318x7092%
R?=0.835

Power (Carbon Steel, Moist Aggregates)
01 Power (Carbon Steel, Aqueous Contents)

1 10 100 1000 10000 100000 1000000
Resistivity, W.cm

The analysis of test results indicates a weak correlation between corrosion rates and pH values of
wet aggregates, as shown in Figure 72. Regardless, these curves confirm the higher corrosivity of
carbon compared to galvanized steel and suggest a higher rate of increase for carbon steel as a

tunction of pH.
Figure 72. Variation of Corrosion Rates as a Function of pH
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Figures 73 and 74 depict the variation of corrosion rates of wet aggregates as a function of sulfate
and chloride contents. Sulfate and chloride contents represent the tests performed on the aqueous
contents drained from the corrosivity soil boxes. These values may differ from sulfate and chloride
contents obtained from soil box tests using AASHTO and TxDOT standardized procedures, but
the overall trend of increasing resistivity shown in Figures 56 and 57 align with the reduction of
corrosion rates in Figures 73 and 74. Trends indicate a weak correlation between sulfate content
and corrosion rate, and a negligible one with respect to chloride contents. Regardless, with few
exceptions, materials with high sulfate contents are typically associated with relatively high
corrosion rates. The same applies to chloride measures. Figure 75 exhibits these trends for the total
contents of sulfate and chloride in mEq/kg. These trends are closer to those for sulfate trends due
to relatively higher sulfate contents in the total milliequivalent than chloride contents.

Figure 73. Variation of Corrosion Rates as a Function of Sulfate Content
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Figure 74. Variation of Corrosion Rates as a Function of Chloride Content
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Figure 75. Variation of Corrosion Rates as a Function of Sulfate and Chloride Contents
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4.6 Thickness Loss

The initial thickness of the zinc coat on galvanized steel coupons was measured to be
20 micrometers on average. A negligible 1-micrometer thick layer was also measured over the
carbon steel coupons. Figure 76 displays the corrosion of steel coupons after three months of
exposure to wet and dry conditions, listed in Table 8. These images compare normal-weight and
lightweight aggregates with similar electrochemical properties.
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Figure 76. Examples of Galvanized (Left) and Carbon (Right) Steel Coupons Corrosion
Embedded in Normal Weight (Top) and Lightweight (Bottom) Aggregates

Figure 77 shows the measured coating for galvanized and carbon steel coupons. The total thickness
of the coat on galvanized coupons is 50% to 87% more than the initial thickness of zinc, indicating
the formation of zinc-oxide, which has less density than zinc and increases the coating thickness.
This difference is the basis of the calculation of zinc loss. Similarly, the rust thickness over carbon
steel, if not already delaminated, may indicate loss of the original steel. The measured thickness of
rust varies between 28 and 70 micrometers with two potential outliers of 151 and 4 micrometers
suggesting pre- and post-delamination scenarios confirmed by visual inspection. A better
assessment of material loss for these cases would be a weight-based analysis to be performed in the
long term.

Figure 77. Measured Thickness of the Coating
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The relationship between thickness loss measures and expected corrosion from electrochemical
properties indicates that the corrosion loss is nearly 120% and 250% more than the estimated values
tor galvanized and carbon steel coupons, respectively (Figure 78). These values require additional
verification by weight loss measures in the long term. Figure 79 confirms that the thickness loss of
carbon steel is nearly 3.3 times more than galvanized steel based on thickness loss measures.

Figure 78. Relationship Between Measured Thickness Loss and Average Corrosion Rate
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Figure 79. Thickness Loss for Galvanized and Carbon Steel Coupons
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4.7 Performance Analysis

Table 9 provides a summary of lightweight aggregate properties to evaluate a classification of
corrosion performance using the results from this research. This table follows NASEM (2021)
discussions to classify various parameters and obtain a corrosivity rank. Metal losses are from
integrating corrosion rates over 29 days with the consideration of saturated and air-dried
conditions. This period includes three wetting cycles, three days of the saturated state, and 26 days
of air drying. The corrosion rate for the saturated condition is the average of the measured rate
upon wetting and before draining. The corrosion rate for the air-drying period is the average of
the measured rate upon draining and before rewetting.

Samples include two fine- (LW2 and LWS5) and six coarse-blended (LW1, LW3, LW4, LW6,
LW?7, and LWS8) gradations based on measured percentages passing the 4.75 mm (#4) sieve. Fine
samples also have a high content of percentages passing the 2 mm (#10 sieve), which is above 25%.
Hence, the electrochemical properties of these samples represent results obtained from AASHTO
standards for samples that have been separated on the 2 mm (#10) sieve. For other samples, results
are from testing in accordance with the TX-DO'T standards for as-is gradations.

The fineness modulus and GN values provide a quantitative representation of the gradation. These
values highlight the high percentages of fine contents in three formally classified coarse samples,
that is, LW1, LW4, and LW8. Hence, three distinguished groups of aggregates include coarse
aggregates with a GN below 3 and FM above 6 (Group 1), coarse aggregates with a GN between
3 and 4 and an FM between 5 and 6 (Group 2), and fine aggregates with a GN above 4 and FM
below 4 (Group 3). These groups exhibit different corrosion rates, so the GN may act as a ranking
parameter for corrosion classification.

The corrosivity rank represents the influence of resistivity, pH, and sulfate and chloride ion
contents on the corrosion rate. The resistivity of Group 1 aggregates is well above 25,000 Q.cm,
indicating minimum corrosion rates and confirming measured values. Group 2 aggregates cover
the range of 2,500 to 25,000 Q.cm. The resistivity of Group 3 aggregates falls within the range of
1,000 to 3,000 Q.cm. These revised limits differ from those shown in NASEM (2021) for normal
weight aggregates.

The thresholds of sulfate and chloride contents to influence corrosion are 200 and 100 mg/kg,
respectively. However, the low corrosivity of sample LW6 does not support these triggering values
tor ESCS. So, raising these thresholds to 500 mg/kg for sulfate and 150 mg/kg for chlorides is
considered appropriate. The presented ranking neglects pH values above 6, and hence the pH of
lightweight aggregates does not impact their classification. Table 10 summarizes observed ranges
for various groups using the suggested ranking parameters in Table 11.
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Table 9. Corrosion Rate and Associated Tests

P AASHTO or TX-DOT standards for samples containing more or less than 25% passing the 2 mm (#10) sieve,

respectively.
2 These expected values exceed the initial thickness of the zinc coating and cannot be verified using available

galvanized coupons.
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Table 10. Range of Corrosion Rates for Aggregate Groups

Group Samples GN  Resistivity,'  Sulfate,’  Chloride,’ Revised Galvanized Carbon

Q.cm mg/kg mg/kg Corrosivity ~ Steel 29-day  Steel 29-day
Rank Corrosion, Corrosion,
pm pm

1 LW3, <3 > 25,000 <500 <150 0 <55 <75
LWse,
LW7

2 LW1, 34 2,500~ 500- <150 -3 <25.0 < 30.0
LW4, 25,000 1,500
LWS8

3 Lw2, >4 1,000-2,500 >1,500 <150 -6 <135.0 <180.0
LW5

' AASHTO or TX-DOT standards for samples containing more or less than 25% passing the 2 mm (#10) sieve,

respectively.

Table 11. Characterization of Corrosivity Scores

Score  GN Resistivity,! ©.cm pH! Sulfate,! mg/kg Chloride,! mg/kg
0 3 > 25,000 > 6 <500 <150
1 3-4 2,500-25,000 <6 500-1,500 > 150
-2 >4 1,000-2,500 > 1,500
-3 < 1,000

' AASHTO or TX-DOT standards for samples containing more or less than 25% passing the 2 mm (#10) sieve,

respectively.
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5. Conclusions

This research investigated the electrochemical properties of eight sources of expanded shale, clay,
and slate lightweight aggregates. Samples included a combination of fine- and coarse-blended
aggregates compared with fine and coarse normal-weight aggregate samples. We characterized
each sample based on measurements of gradations, densities, and water absorption following
ASTM standards. Electrochemical and geochemical tests included electrical resistivity, pH, and
sulfate and chloride ion contents of aggregates in various moisture conditions according to
AASHTO, TxDOT, and ASTM, following the criteria described by NASEM (2021). These tests
were partially verified through third-party testing by a certified laboratory. Further, corrosion
studies were conducted on aggregate samples during wetting, saturation, drainage, and air-drying
cycles for 7, 14, 28, 90, 182, and 364 days. Corrosion investigations involved corrosivity rate
measurements of galvanized and carbon steel coupons, and comparisons with the electrical
resistivity of the aggregates within the soil box and electrical resistivity, pH, sulfate, and chloride
ions of aqueous contents.

Lightweight aggregates have 20% to 40% lower density and 500% to 600% higher water absorption
than normal weight aggregates. Typical geotechnical blends from lightweight aggregate sources
consist of coarse aggregates and lack adequate fines to be tested per AASHTO standards, and
therefore justify the application of TxDOT, ASTM, and other standards fitting coarse samples.

Electrochemical and geotechnical test results indicated a significant gap between the properties of
coarse and fine aggregates, and, therefore, showed that TxDOT standards were better suited for
coarse-blended aggregate application as geotechnical fills. Coarse aggregates have a higher
resistivity compared to fine aggregates by a factor of up to 10 for the same sources of materials.
Further, the drained condition of materials also increased the resistivity by a factor of 10. Drained
aggregates exhibit up to nearly 13 times higher electrical resistivity values compared to wet
aggregates. This difference is higher for coarse aggregates than for fine aggregates.

The change in the testing method from AASHTO T 288 to TX-129-M, removing the standing
time, increases the recorded electrical resistivity for the same coarse aggregate size. The 24-hour
saturation practice in the corrosion tests shows some reduction as conductive contents find
adequate time to disperse through the aqueous content.

Comparing pH values obtained from AASHTO T 289 and TX-620-M standards reveals that the
testing method has an impact of approximately 2.1% on the measurements, but the difference for
individual samples varies between 0.2 and 1.4, for which the latter difference is significant. Similar
observations apply to results via ASTM D4972 with an overall 2.4% difference and the individual
pH gap between 0.1 and 0.4, with one exception with a difference of 0.7. Data from this study
also suggests that electrical resistivity tends to drop as the pH increases, but the low fidelity of
suggested curves rejects a strong influence of pH on electrical resistivity.
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All observed trends suggest a reduced electrical resistivity for high sulfate and chloride content
values. The declining trends of resistivity versus sulfate have a higher coefficient of determination
than those for chloride, most likely due to high sulfate concentrations as opposed to chloride
contents. With respect to chemical activity, sulfate contents vary between 0.56 and 37 mEq/kg
(SO4~ with a valence of 2 mEq/mmole and weight of 96 mg/mmole), and chloride contents vary
between 0.021 and 4.6 mEq/kg (Cl" with a valence of 1 mEqg/mmole and weight of
35.5 mg/mmole).

Results indicate that all coarse lightweight aggregate samples have lower corrosion rates than the
coarse normal-weight aggregate samples. Further, the average corrosion rate from moist samples
is considerably lower than that of wet samples. The difference is larger for coarse blends compared
to fine samples, as fine samples keep more moisture after drainage and during air drying.

The saturation process does not significantly affect the corrosion rate, but draining the sample
reduces the corrosion rate by one to two orders of magnitude. Further, corrosion rates after
rewetting are typically smaller than the initial values. The initial corrosion rate for carbon steel
coupons is nearly 25% more than for galvanized steel coupons. Comparing the same rate for the
total estimated corrosion over the observed period indicates a 35% higher rate for carbon compared
to galvanized steel.

Each wetting and drying cycle results in higher resistivity, lower sulfate and chloride ion contents,
and lower corrosion rates, with some exceptions. Cycles of wetting and drying do not appear to
influence measurements of pH. Notably, the normal-weight sample has lower sulfate and chloride
ion contents than most lightweight aggregates, which confirms prior observations of higher
electrical resistivity.

Corrosion tests revealed that the corrosivity of galvanized and carbon steel coupons in lightweight
fills does not exceed those of normal-weight aggregates despite having lower resistivity or higher
sulfate contents. Hence, guidelines to predict the corrosion rate of lightweight aggregates required
revised limits for various electrochemical properties. The thresholds of sulfate and chloride
contents before they have a significant effect on corrosion are 200 and 100 mg/kg, respectively.
However, the low corrosivity of some samples does not support the adoption of these triggering
values for ESCS fills. Thus, it may be appropriate to raise these thresholds to 500 mg/kg for sulfate
and 150 mg/kg for chlorides considering the performance of ESCS aggregates.

The outcomes of this study highlight the contribution of expanded shale, clay, and slate
lightweight aggregates to the durability of MSE bridge abutments through reduced corrosion.
This contribution extends the service life of bridge infrastructure and reduces the lifecycle cost and
footprints of the transportation network system.
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