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ABSTRACT

Many construction projects involving large-scale earth excavation and cutting have generated a lot of
excavated soil. Since transporting and disposing of soil is highly costly, and landfill space is limited in Japan,
surplus soil should be utilized as geomaterials for sustainable development. However, since geogenic
contaminants, such as arsenic (As) and fluorine (F), are widely distributed in Japan, excavated soils often
contain heavy metals or metalloids slightly exceeding the environmental standard values due to natural
resources. Therefore, environmental safety must be paid attention to the risks of soil groundwater
contamination when using excavated earthen materials with geogenic contamination. The proper
countermeasures are required to establish the utilization of excavated earthen materials with geogenic
contamination. As one of the promising countermeasures, the attenuation layer method is considered.
Evaluating the leaching behavior of geogenic contaminants closer to the on-site condition and the sorption
performance of the attenuation layer are vital issues to design. Therefore, this dissertation conducted batch
leaching tests modifying temperature conditions, shaking conditions, and soil-water contact time were
conducted. Column leaching tests also obtained concentration profiles to discuss the interpretation of the
results. As for column sorption tests, soil amended with a stabilizing agent was compacted in the acrylic
column to evaluate the sorption performance against fluoride. An immobilized amount was proposed as an
index to evaluate how much contaminant was captured in the attenuation layer. As for the numerical analysis,
the safer design obtaining underestimated partition coefficients was discussed because of the limitation of
the conventional advection-dispersion analysis for soil amended with a stabilizing agent because of its
complex chemical reaction. Finally, the linkage of the results obtained in each chapter was discussed
regarding the environmental management of excavated earthen materials with geogenic contamination.

The leaching behavior of arsenic and boron is evaluated in this work through two types of
excavated earthen materials with geogenic contamination under different temperatures. The materials with
geogenic contamination are expected to be usable for embankments, while the leaching behavior might
change because of changes in the ground temperature. However, the effects of temperature on the leaching
behavior of such rocks have not been well examined. Herein, batch leaching tests at temperatures between 5
and 60°C were performed under shaking and nonshaking conditions. Mudstone and shale rock were crushed
into particles smaller than 2 mm, which were required for the tests. The tests were carried out for durations
ranging from 6 h to 15 days because changes in leaching kinetics also require careful evaluation. After
conducting the nonshaking tests for 15 days at 40°C, the mudstone sample leached arsenic and boron at
concentrations of ~0.7 mg/L and ~1.0 mg/L, respectively. The arsenic and boron concentrations were about
20 and 40% higher than those of the sample leached at a temperature of 20°C. Elevated temperatures were
seen to increase the leaching kinetics of the toxic elements. For the shale rock sample, the leaching rate for
arsenic was 7.7 x 10/h at 40°C, which was about 2.5 times greater than the value at 30°C. The nonshaking
tests showed higher leaching amounts of arsenic and boron than the shaking tests, especially at elevated

temperatures. As unrealistic estimations should be avoided, nonshaking tests are suggested. Moreover,



nonshaking tests lasting longer than 6 h are necessary due to the relatively slow dissolution of minerals.

Up-flow column percolation tests were conducted to discuss the rigor interpretations and the
engineering applications, adequate descriptions of which have been limited. Two types of marine sediments
were tested using the two different sizes of columns (¢ 5 cm % /4 10 or 30 cm) with a flow rate of 12 or 36
mL/h. Trends in concentrations with pore volumes of flow (PVF) were examined. Since the concentration
trends of selenium provided a monotonous decrease and showed the maximum value of approximately 0 PVF,
and showed half of the maximum value less than 1 PVEF, their leaching was considered to diminish
immediately. On the other hand, arsenic and fluorine concentrations showed initial increases and consequent
decreases, therefore their leaching continued after 10 PVF. Since monotonous decreasing leaching
contaminants show the maximum concentration of approximately 0 PVF, a more realistic risk analysis can
be conducted to obtain the maximum concentration from column tests. To investigate the trends in
concentrations, column tests should be carried out at least 2 PVF.

Sorption-desorption column tests using acrylic columns (¢ 5 cm x 4 10 cm) evaluated the sorption
performance of the attenuation layer against geogenic contamination. The attenuation layer material was
silica sand amended with 1, 5, or 10% of a stabilizing agent. The main component of the agent was
magnesium oxide. The sorption behaviors of the materials were determined using a fluoride solution (Cp =
80 mg/L F"), while the desorption behaviors were determined using distilled water. Breakthrough (C/Cy >
0.05) occurred after approximately 1, 20, and 50 PVF for 1, 5, and 10% of stabilizing agent content,
respectively. The one-dimensional advection-dispersion equation modelled the breakthrough curves from the
tests. The predictions gave unrealistic estimates, especially for the breakthrough point where C/Cy = 0.05.
For a 1% agent content, approximately 20% of the sorbed mass, Ss, was desorbed, but the percentage of
desorbed mass, Sq, was much smaller for a higher agent content. The difference between the sorbed and
desorbed mass was defined as the immobilized fraction, Ss - Sq. For a 5% agent content, Ss - Sq = 4.0 mg/g.
The results suggest that when silica sand is amended with magnesium oxide as an agent, the mixture can
immobilize fluoride in the attenuation layer.

Breakthrough curves which are assumed to be obtained from column sorption tests are simulated
using numerical analysis. Four different methods to obtain partition coefficients from breakthrough curves
are discussed to investigate the evaluation of attenuation layer. The one-dimensional advection-dispersion
analysis was conducted considering attenuation layer of 30 c¢cm thickness using these obtained partition
coefficients. Partition coefficients were determined within approximately 40% differences. The partition
coefficient obtained using inverse analysis to fit numerical solution provided the lowest determination, and
earlier breakthrough than the parameters determined by Freundlich parameters.

As practical imprecations, since categorizing the leaching behavior of readily soluble toxic
chemicals is essential to the robust design of the attenuation layer, column leaching tests with even small
scale and short duration are recommended. On the other hand, the contaminants whose leaching is expected
to continue should investigate the equilibrium concentrations. Finally, the promising countermeasures against
excavated earthen materials with geogenic contamination were discussed with the linkage between evaluating
the leaching behavior of geogenic contaminants closer to the on-site condition and the sorption performance
of the attenuation layer.
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Chapter 1

Introduction

1.1 Background

A large amount of excavated soil has been generated, as shown in Fig. 1.1. For example, there are many
projects involving large-scale earth excavation and cutting, such as the construction of the Hokuriku
Shinkansen (scheduled to open in March 2024 between Kanazawa and Tsuruga), the Hokkaido Shinkansen
(scheduled to open in FY 2030 between Shin-Hakodate-Hokuto and Sapporo), the maglev train (scheduled
to open in FY 2027 between Tokyo-Nagoya), the underground highway expresses in the Tokyo metropolitan
area, and the 2025 Osaka Expo. Because linearity is important for Shinkansen trains and expressways, the
frequency of tunnel excavation, such as a mountain tunnel, a shield tunnel, is increasing compared to
conventional infrastructure development.

Excavated soil in Japan is generally divided into surplus soil and sludge. Since transporting and
disposing of soil is highly costly, and landfill space is limited in Japan (e.g., Katsumi et al., 2017), the surplus
soil should be utilized as geomaterials for the sustainable development. Also, a balance between cutting and
filling should be provided (Katsumi, 2017). In other words, using the soil generated from cutting and tunnel
excavation (hereafter surplus soils) as much as possible for embankments or filling materials is necessary
(Magnusson et al., 2019). According to the Ministry of Land, Infrastructure, Transport, and Tourism (MLIT),
the material recycling ratio of surplus soil in fiscal 2018 was as low as 80% and has yet to progress (MLIT
2020). To increase the utilization of surplus soil, MLIT has set a target value of 80% in FY 2024 for the

material recycling of surplus soils, and various kinds of efforts are conducted (Sumikura and Katsumi, 2022).
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Figure 1.1 The source of excavated soil (a) the mountain tunnel, or (b) the shield tunnel.



Geogenic contaminants, such as arsenic (As), fluorine (F), and lead (Pb), are widely distributed in
Japan (e.g., Tabelin et al., 2013; Ito and Katsumi, 2020). Excavated soils often contain heavy metals or
metalloids exceeding the environmental standard values due to natural resources, such as the geological
process (e.g., Tamoto et al., 2015; Tabelin, 2018). Therefore, when using large volumes of excavated soils,
environmental safety must be paid attention to the risks of containing and leaching the toxic chemicals (e.g.,
Naka et al., 2016; Gathuka et al., 2021; Tang et al., 2023). In Japan, the Soil Contamination Countermeasures
Act Law (SCCL) was enacted in 2002 to prevent soil groundwater contamination. Although SCCL initially
targeted only anthropological contamination, the law was revised in 2010 to include geogenic contamination.
Due to the strict standard value, surplus soil containing a slight amount of geogenic toxic chemicals exceeding
the limits became challenging to utilize.

However, most geogenic contaminants are contained in low concentrations even if geogenic heavy
metals or metalloids do not meet the standards (Ito and Katsumi, 2020). In addition, they are only distributed
in specific geological regions (Katsumi, 2017). Therefore, the dealing was pointed out as an excessive
response. In 2017, SCCL reforming made it possible to move and utilize the excavated soils and rocks with
geogenic contamination under proper management. In other words, soils are expected to be utilized while
taking risks into account (Katsumi, 2019). In 2020, MLIT established the "Construction Recycling Promotion
Plan 2020 - Towards recycling that emphasizes quality." Among these goals, a target value has been set for
increasing the material recycling ratio of surplus soil to more than 80% by 2024 (MLIT, 2020). To achieve
this goal, the proper countermeasures for the utilization of geogenically contaminated soils while considering
their naturally occurring properties.

A proper countermeasure that meets both workability and economics should be established to
increase the material recycling ratio of geogenically contaminated soils. First, the leaching behavior of heavy
metals or metalloids from excavated soil must be precisely elucidated to achieve this goal. Batch and column
tests are often applied to evaluate the leaching behavior of solid materials (e.g., Grathwohl and Susset, 2009;
Tang et al., 2023).

The SCCL specifies a batch test of 6 hours of shaking at room temperature. This test called the
Environmental Agency Notification No.46: Leaching Test Method for Soils (hereafter JLT46) test,
determines whether the leaching concentration exceeds the regulatory limit. However, since the test targeted
anthropology contamination, the evaluation may be far from the reality of geogenic contamination (Katsumi,
2017). Basic parameters such as shaking time and liquid-solid ratio have yet to be studied sufficiently.
Furthermore, considering that excavated soil is used in shallow ground such as embankments, the temperature
should also be considered a parameter (e.g., Menberg et al., 2013; Saito et al., 2018; Takai et al., 2020; Ogawa
et al., 2023). The fundamental parameters of temperature, shaking condition, and soil-water contact time
should be evaluated.

Column testing is a more realistic evaluation than batch testing. Standardization of column testing
methods has progressed in recent years, and the International Organization for Standardization (ISO) and
Japanese Industrial Standards (JIS) standards have been completed. Although the test method has been
established, there needs to be more discussion about how column test results can be used to design

countermeasures for the excavated soils and rocks with geogenic contamination. Challenges include utilizing
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column test results and considering the linkage between lab tests and construction sites.

One of the simple countermeasures for utilizing soil containing heavy metals or metalloids is the
attenuation layer method. This method has a soil layer for stabilizing contaminants. The attenuation layer is
constructed beneath the excavated soils and rocks with geogenic contamination, and when pore water
containing contaminants permeates, they are immobilized. Compared to containment methods that use
geomembranes or clay liners to prevent infiltrating water completely, geogenic contaminants might leach out.
However, the attenuation layer has the advantage of workability and economics. Various studies have
evaluated the sorption performance of the attenuation layer materials, including material development and
natural ground sorption performance (e.g., Tatsuhara et al., 2015; Mo et al., 2020; Nishikata et al., 2022).

On the other hand, a method for determining the partition coefficient, K4, a parameter indicating
sorption performance, from column tests has yet to be fully established. Also, a design method for the sorption
layer method has yet to be established. In particular, few studies target specimens that are a mixture of soil
(called as a parent material, a natural material) and a stabilizing agent (an artificial material). More
fundamental knowledge regarding sorption performance is required. Therefore, it is necessary to conduct
basic column experiments and advection-dispersion analysis to evaluate whether the conventional models
regarding the chemical reaction between soils and chemicals can be applied to the soil-stabilizing agent

mixture.

1.2 Objectives

The main objective of the present study was to investigate the leaching behavior of geogenic contaminants
closer to the on-site condition using modified batch leaching tests and column leaching tests. In addition, the
sorption performance of the attenuation layer was evaluated using column sorption experiments and the
advection-dispersion analysis. Finally, the linkage between evaluating leaching behavior and sorption
performance was discussed to elucidate the effectiveness of the attenuation layer method against geogenic
contamination. The parameters for modified batch leaching tests were the temperature effect, leaching
kinetics under different soil-water contact times, and shaking effect. As for column leaching tests, the
column's height, the permeation's flow rate, and soil types were considered as the parameters, and the
difference in the shape of the concentration profile was discussed. Mainly, the leaching behavior of the
chemicals whose concentration was monotonously decreasing was focused on determining the boundary
condition for the advection-dispersion analysis. As for column sorption tests, soil amended with a stabilizing
agent was compacted in the acrylic column to evaluate the sorption performance against fluoride. An
immobilized amount was proposed as an index to evaluate how much contaminant was captured in the
attenuation layer. As for the numerical analysis of the advection-dispersion equation, since the limitation of
the conventional advection-dispersion analysis for soil amended with a stabilizing agent because of its
complex chemical reaction, the safer design obtaining underestimated partition coefficients was
demonstrated.

Figure 1.2 shows that a schematic diagram of the objectives of the present study. This study plays



an important role in interpreting the leaching behavior closer to the reality and evaluating the sorption
performance of the attenuation layer. The novelty of the present study is the challenge to deepen investigation
for the batch leaching tests against geogenic contaminated soils, discussing the interpreting the results of
column leaching tests, evaluating the applicability of advection-dispersion analysis for column sorption tests

using soil amended with the stabilizing agent.

1.3 Structures of the thesis

This dissertation covers the following five subjects:

(1) Evaluation of leaching behavior of geogenic contaminants using modified batch leaching tests to
evaluate the temperature effect, leaching kinetics, and effects of shaking conditions;

(2) Classification of leaching behavior of geogenic contaminants focusing on the shape of the concentration
profiles obtained from column tests to consider the utilization of the test results;

(3) Investigation of the applicability of the advection-dispersion analysis for the soil amended with the
stabilizing agent;

(4) Discussion of how to obtain the partition coefficients, Kq to design the attenuation layer as a safe side
using the numerical analysis of the advection-dispersion equation;

(5) Giving the practical implications as the linkage of the evaluation of leaching behavior and sorption

performance towards the robust design of the attenuation layer method based on subjects (1)-(4).
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Figure 1.2 Schematic diagram of objectives of thesis.

4



In order to approach the above subjects, a series of the investigations were provided in this
dissertation as shown in Fig. 1.3. Outlines of Chapter 2 to 8 are summarized below.

Chapter 2 presents a literature review regarding soil utilization, evaluating the leaching behavior
of geogenic contaminants and countermeasures against geogenic contamination. The current status of soil
utilization in Japan was explained, and material recycling was emphasized. Regarding the leaching behavior
of geogenic contaminants, various testing methods and parameters that previous research focused on were
presented. The characteristics of the attenuation layer method were mainly explained for the countermeasures,
and how to currently evaluate the sorption performance was shown.

In Chapter 3, The leaching behavior of arsenic and boron is evaluated through two types of
excavated rocks with geogenic contamination under different temperatures. Excavated rocks with geogenic
contamination are expected to be usable for embankments after appropriate countermeasures have been taken
against the risks brought about by geogenic contamination. The leaching behavior might change because of
changes in the ground temperature. However, the effects of temperature on the leaching behavior of such
rocks have not been well examined. Herein, batch leaching tests at temperatures between 5 and 60°C were
performed under shaking and nonshaking conditions. Mudstone and shale rock were crushed into particles
smaller than 2 mm, which were required for the tests. The tests were carried out for durations ranging from
6 h to 15 days because changes in leaching kinetics also require careful evaluation.

In Chapter 4, up-flow column percolation tests were conducted to discuss the rigor interpretations
and the engineering applications, adequate descriptions of which have been limited. Two types of marine
sediments were tested using the two different sizes of columns (¢ 5 cmx 4 10 or 30 cm) with a flow rate of
12 or 36 mL/h. Trends in concentrations with pore volumes of flow (PVF) were examined.

In Chapter 5, sorption-desorption column tests using acrylic columns (¢ 5 cmx 4 10 10 cm) were
employed to evaluate the sorption performance of an attenuation layer against geogenic contamination. The
attenuation layer material was silica sand amended with 1, 5, or 10% of a stabilizing agent. The main
component of the agent was magnesium oxide. The sorption behavior of the materials was determined by a
fluoride solution (Co = 80 mg/L F), while the desorption behavior was determined by distilled water.

In Chapter 6, towards the discussing the design of the attenuation layer, breakthrough curves which
are assumed to be obtained from column sorption tests are simulated using numerical analysis. Four different
methods to obtain partition coefficients from breakthrough curves are discussed to investigate the evaluation
of attenuation layer. The one-dimensional advection-dispersion analysis was conducted considering
attenuation layer of 30 cm thickness using these obtained partition coefficients, Kq.

In Chapter 7, practical implications regarding the utilization of the excavated soils and rocks with
geogenic contamination are discussed based on the findings of Chapters 3-6. Since most previous research
focuses on the leaching behavior of geogenic contaminants and sorption performance separately, this
dissertation contributes to designing the proper countermeasures against geogenic contamination.

In Chapter 8, the conclusions of this thesis and recommendations for future directions were

provided.
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Chapter 2

Literature Review

2.1 Current status of material recycling of surplus soils in Japan

Much excavated soil has been generated due to construction projects involving tunnel excavation. As
explained in Section 1.1, many projects involve large-scale earth excavation and cutting, such as the
construction of the Shinkansen, the maglev train, and the underground highway. Because linearity is
important for Shinkansen trains and expressways, the frequency of tunnel excavation, such as a mountain
tunnel or a shield tunnel, is increasing compared to conventional infrastructure development.

Excavated soil in Japan is generally divided into surplus soil and sludge. Since transporting and
disposing of soil is highly costly, and landfill space is limited in Japan, surplus soil should be utilized as
geomaterials for sustainable development. Also, a balance between cutting and filling should be provided
(Katsumi, 2017). In other words, using the soil generated from cutting and tunnel excavation as much as
possible for embankments or filling materials is necessary (Magnusson et al., 2019).

The status of the volume of the surplus soils generated in Japan is explained. In the survey by MLIT
in 2012, the utilization ratio was as low as 65%. However, since many efforts are conducted in the
construction society, such as establishing the matching system of the surplus soils, the utilization ratio has
increased to approximately 80% in 2018, as shown in Table 2.1 (MLIT 2020; Sumikura and Katsumi, 2022).
As mentioned earlier, the amount of soil used at construction sites was 61% in 2000 since many new materials
were used. The amount of soil used at construction sites has increased to 83% in 2002 and 89% in 2018,
respectively. This indicates that the use of excavated soil on site is enhanced. However, the recycling or
utilization of excavated soils is remained to be lower than other categories; the utilization of the surplus soils
is a crucial issue for the material recycling society. To increase the utilization ratio, MLIT has set a target
value of more than 80% in FY 2024 for the material recycling of surplus soils.

Excavated soils can be dealt with in three ways. First, high quality surplus soil can be utilized as
filling or for embankments without any treatment. Second, other kinds of surplus soil are reused after
improvements have been made to them. Third, some surplus soil is not being used at all, but simply disposed
of, with/without treatment. A classification for excavated soil has been established by MLIT as shown in
Table 2.2 to promote the reuse of excavated soil. If slurry or sludge on the bottom line is not improved by
applying the improvement method, slurry or sludge is regarded as industrial waste.

Figure 2.1 presents the material flow for excavated soils (Sumikura and Katsumi, 2022).

Approximately 290 million m* of soil was excavated, while approximately 160 million m® was used on site.



Approximately 130 million m* of excavated soil was transported to different sites. The amount of excavated
soil transported to inland reclamation was approximately 60 million m?, which accounted for more than 40%
of the excavated soil transported from the sites. This percentage includes the soil transported to the soil
reclamation sites and the soil not yet used in construction works. Some of the surplus soil may have the
potential for illegal dumping (Sumikura and Katsumi, 2022). Appropriate transportation and reclamation
methods for excavated soils, as well as their traceability, are strongly demanded (Sumikura and Katsumi,
2022). Some excavated soils may be illegally dumped and cause environmental issues.

In conclusion to the explanations mentioned above, the utilization of the surplus soils is still
halfway. More effort is required to increase the utilization ratio and reduce the mining of new soils from
mountainous areas as much as possible. However, since some surplus soils contain geogenic contaminants
as naturally occurring sources, and the leaching concentration of the toxic chemicals often slightly exceeds
the environmental standards regulated by Soil Contamination Countermeasures Low (SCCL; MOE, 2017),
the utilization of the surplus soils remains challenging. The issue regarding the leaching behavior of geogenic
contaminants and the promising countermeasures towards the utilization of surplus soils containing geogenic

contamination are shown in Sections 2.2 and 2.3.

Table 2.1 Target values described in "Material Reuse and Recycle Promotion Plan in Construction

Works 2020 “Towards Recycling with an Emphasis on Quality" (Sumikura and Katsumi, 2022).

Category Index 2018 target value | 2018 actual value | 2024 target value
Asphalt- Recycling and >99% 99.5% >99%
concrete waste | reduction ratio
Concrete waste | Recycling and >99% 99.3% >99%
reduction ratio
Construction Recycling and >95% 96.2% >97%
wood waste reduction ratio
Construction Recycling and >90% 94.6% >95%
sludge reduction ratio
Construction Discharge ratio <3.5% 3.1% <3.0%

mixed waste

Construction waste Recycling and > 96% 97.2% > 98%
reduction ratio

Excavated soil Utilization ratio > 80% 79.8% > 80%

(Reference value)

Construction mixed Recycling and > 60% 63.2% -

waste reduction ratio
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Table 2.2 Classification of excavated soil from construction works set by MLIT, with the selected

properties (Sumikura and Katsumi, 2022).

Class of soil Content (type and state) Cone penetration | Water content (%)

strength, g. (kPa)

Ist-class soil | Sand or gravel; improved soil - -

2nd-class soil | Sandy soil or gravely soil; improved soil | > 800 -

3rd-class soil | Sandy, silty or clay soil which can easily | > 400 <40% (except for
executed on; improved soil volcanic cohesive soil)
4th-class soil | Clay soil, expect for 3rd-class soil; > 200 40-80%
improved soil
Sludge Slurry state soil or sludge <200 > 80%
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Figure 2.1 Material flow of excavated soil surveyed in FY 2018 (Sumikura and Katsumi, 2022).
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2.2 Previous studies on leaching behavior of geogenic contaminants
2.2.1 Leaching tests regulated by Soil Contamination Countermeasures Low

Since many plates gather in Japan, the activity of geological processes, such as hydrothermal alteration,
volcanic eruption, etc., is significant due to crustal deformation. Therefore, naturally existing heavy metals
and metalloids, such as arsenic (As), fluorine (F), and lead (Pb), are widely distributed in Japan (e.g., Tabelin
et al., 2013; Ito and Katsumi, 2020). In this dissertation, such toxic chemicals are called geogenic
contaminants. The Clark number represents the proportion of elements present near the earth's surface in
terms of mass percent concentration. In Japan, the Clark number of As is higher than the average value in the
world (Katsumi, 2017).

Excavated soils often contain heavy metals or metalloids exceeding the environmental standard
values due to natural resources, such as the above-mentioned geological process (e.g., Tamoto et al., 2015;
Tabelin, 2018). Therefore, when using excavated soils, environmental safety must be paid attention to the
risks of containing and leaching the toxic chemicals (e.g., Naka et al., 2016; Tang et al., 2023). In Japan, the
Soil Contamination Countermeasures Act Law (SCCL) was enacted in 2002 to prevent soil groundwater
contamination. Although SCCL initially targeted only anthropological contamination, the law was revised in
2010 to include geogenic contamination. Due to the strict standard value, surplus soil containing a slight
amount of geogenic toxic chemicals exceeding the limits became challenging to utilize. After 2010, the fact
that most geogenic contaminants are contained in lower concentrations compared to anthropological
contamination, even if the leaching concentration of geogenic contaminants does not meet the standards, was
revealed (Ito and Katsumi, 2020). In addition, geogenic contaminants are often distributed in specific
geological regions (Katsumi, 2017). Therefore, the deal enacted in 2010 was pointed out as an excessive
response. In 2017, SCCL reforming made it possible to move and utilize the excavated soils and rocks with
geogenic contamination under proper management. In other words, soils are expected to be utilized while
taking risks into account (Katsumi, 2019). However, as presented in Section 2.1, the utilization of the surplus
soils has not yet been enough. To achieve a soil material recycling society, a proper countermeasure that
meets workability, economics, and environmental safety should be established to increase the material
recycling ratio of the excavated soils and rocks with geogenic contamination. As a primal issue, the leaching
behavior of geogenic heavy metals or metalloids from excavated soil must be precisely elucidated because
the countermeasures should be designed based on the levels of the leaching concentration.

Batch and column tests are often applied to evaluate the leaching behavior of solid materials (e.g.,
Grathwohl and Susset, 2009; Tang et al., 2023). One of the most basic leaching tests described by the Ministry
of Environment MOE) Japan is shown herein. As illustrated in Fig. 2.2, SCCL specifies a batch test of 6
hours of shaking at room temperature. This test is called the Environmental Agency Notification No.46:
Leaching Test Method for Soils (MOE, 1995; hereafter, JLT46). However, this test was established for the
evaluation of anthropological contamination. Therefore, the applicability of geogenic contamination has yet
to be elucidated. In addition, this test aims to judge whether the leaching concentration exceeds the regulatory
limit. Therefore, the obtained concentration is not considered to be used to design the countermeasures

against the utilization of the excavated soils and rocks with geogenic contamination.
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Figure 2.2 Schematic image of the batch leaching test called as JLT46.

2.2.2 Batch leaching tests evaluating leaching behavior of geogenic contaminants

A batch test is one of the fundamental leaching tests. Herein, a certain amount of soil and water are usually
in contact with a shaking condition. Since evaluating the leaching behavior of contaminants is essential for
environmental safety, numerous researchers conducted batch leaching tests to elucidate the soil-ground
contamination of such as organic compounds, and anthropological contamination of heavy metals (e.g.,
Dalgren et al., 2011; Badea et al., 2013; Balseiro-Romero et al., 2016). Also, batch tests evaluated
environmental safety for utilization of by-products or wastes such as incineration bottom ash, coal ash, brick,
and concrete aggregate, etc. (e.g., Gwenzi and Mupatsi, 2016; Schafer et al., 2019; Shinohara et al., 2020;
Ershadi, et al., 2023). Since numerous studies exist, the topic regarding evaluation of leaching behavior of
geogenic contaminants from excavated soils is presented here.

Research regarding the leaching behavior of geogenic contaminants has increased in the 21st
century. When the Tohoku Shinkansen was extended to Shin-Aomori, geogenic contamination, and acid
drainage were severe problems during the Hakkoda tunnel excavation (Hattori et al., 2007; Shimada, 2014).
In addition, as mentioned above, geogenic contamination was also regulated when SCCL was revised in 2010.
However, since the regulatory test of JLT46 was established for anthropology contamination, some research
pointed out that the evaluation may be far from the reality of geogenic contamination (Shimada, 2014;
Katsumi, 2017). Based on such problems, MLIT presented the tentative version of the manual of testing
methods evaluating the leaching behavior of geogenic contaminants and countermeasures in 2010. In the
twenty years, many findings of the leaching behavior of geogenic contaminants have been obtained through
batch tests, column tests, lysimeter tests, and field tests, and the MLIT manual has been revised in 2023
(MLIT. 2023). This section briefly summarizes the previous research evaluating the leaching behavior of
geogenic contaminants from excavated soils using batch leaching tests.

Batch leaching tests have been conducted to evaluate the mechanisms of the leaching behavior of
contaminants from earthen materials in previous studies. As for the leaching of arsenic, various testing from
the perspective of geology, resource engineering, environmental engineering, and geoenvironmental
engineering has been conducted (e.g., Masscheleyn et al., 1991; Tabelin and Igarashi, 2009; Saito et al., 2016;
Li et at., 2018; Kamata and Katoh, 2019; Adachi and Katoh, 2020; Ogawa et al., 2022; Tang et al., 2023).
Herein, one of the possible leaching mechanisms of As is presented because exceeding As is frequently

reported in Japan. Figure 2.3 illustrates the schematic images of arsenic leching and acid drainage generation.
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Figure 2.3 Schematic image of arsenic leching and acid drainage generation.

As explained in Section 2.2.1, geogenic contaminants, such as As, F, and B, are widely contained in Japanese
ground. When they are in the original ground, the contamination is not a problem. However, once they are
excavated and exposed to the outside environment, the leaching of the contaminants is promoted (Shimada,
2011; Atsuta et al., 2019). Many researchers have pointed out that As is contained in some minerals such as
pyrite (FeS,), and pyrite is easy to decompose by oxidation. When the mineral decomposes, contaminants
are released from the earthen materials. In addition, since sulfide (S) is also released as sulfuric acid (H2SO4),
acid drainage should be considered. Therefore, acid drainage from the earthen materials has been investigated
by batch leaching tests in previous research (e.g., Sasaki, K., 1998; Igarashi et al., 2002; Hattori et al., 2007
Tabelin et al., 2012). As for other contaminants such as F, B, and Se, the leaching behavior will be discussed
in Chapter 4.

Each research has decided parameters for batch leaching tests to clarify the research's focus. Since
the earthen materials are considered weathered at a construction site, sample preparation methods were
considered parameters (Kamata and Katoh, 2019; Tang et al., 2023). The sequential batch leaching tests
changing the extracting solution were applied to elucidate which minerals contain contaminants (Li et al.,
2018). Further, some research focuses on the filtration step after batch leaching tests (Yasutaka et al., 2017,
Imoto et al., 2018; Someya et al., 2021). Since geogenic contaminants are bonded with a small particle of
soil and exist in a colloidal state (Shimada, 2010), the applied membrane filter might affect the result of
chemical analysis. Although JLT46 describes the use 0.45-um membrane filter before chemical analysis, the
research mentioned above showed that both centrifugal intensity and filtration volume per filter affected the
reproducibility of batch leaching tests. A comparison of the filtration tests using 0.10 and 0.45 um membrane
filters showed significant differences in turbidity and concentration of contaminants. As demonstrated in Fig.
2.3, since the redox condition significantly affects the leaching behavior of geogenic contaminants (Shimada,
2014), batch leaching tests under different redox conditions or anaerobic conditions have been conducted
(Tamoto and Kurahashi, 2017, 2018; Kato et al., 2021).

However, batch tests regulated by JLT46 have been established to evaluate anthropological
contamination, as shown in Section 2.1.2. Therefore, the applicability of the test for geogenic contamination
has yet to be investigated. Fundamental investigations considering parameters such as shaking time and
liquid-solid ratio have yet to be studied sufficiently. Furthermore, considering that excavated soil is used in
shallow ground such as embankments, the temperature should also be considered a parameter (e.g., Menberg
et al., 2013; Saito et al., 2016; Takai et al., 2020; Ogawa et al., 2023). Therefore, the fundamental parameters

of temperature, shaking condition, and soil-water contact time should be evaluated.
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2.2.3 Column leaching tests evaluating leaching behavior of contaminants

Column leaching test can be a more realistic evaluation than batch leaching testing. Although the testing
protocol of the column test is more complex than the batch test, and the testing duration of the column test is
more prolonged than the batch test, the concentrations in the effluents can be monitored for several L/S ratios,
including much smaller ratios than in the batch test. The smaller L/S ratios can better represent the in-field
conditions. Although the leaching test is often called the column percolation test, since this dissertation
presents both column leaching and sorption tests, it is called a column leaching test to clarify it.

Standardization of column testing methods has progressed in recent years because testing methods
have not been established. Toward the standardization, the fundamental parameters such as the height of the
column, saturation time, flow rate, compaction method, and dry density of the specimen have been
investigated (e.g., Kalbe et al., 2007, 2008; Meza et al., 2010; Susset and Grathwohl, 2011; Nakamura et al.,
2014, 2016; Naka et al., 2016). Also, the reproducibility of the column leaching test has been evaluated
(Kalbe et al., 2007, 2008; Naka et al., 2016; Yasutaka et al., 2017). Consequently, the International
Organization for Standardization (ISO 21268-3, 2019) and Japanese Industrial Standards (JIS A 1231, 2023)
standards have been enacted, and the test results can be compared. Although the testing method has been
established, there needs to be more discussion about how column test results apply to the design of
countermeasures for excavated earthen materials with geogenic contamination. Challenges include utilizing
column test results and considering the linkage between lab tests and construction sites.

Column leaching tests have often been applied to discuss the leaching behavior of geogenic
contaminants closer to practical conditions. Since excavated earthen materials are often utilized for
embankment over groundwater, column leaching tests with unsaturated conditions are closer to reality.
Therefore, tests with a rainfall simulator are often applied (e.g., Tamoto et al., 2015; Inui et al., 2020). Herein,
down-flow seepage is applied in the unsaturated specimen with a larger scale (¢ 15 cmx A 70 cm) than the
condition in ISO protocol. Arsenic concentrations differed in each depth, and the leaching was significant in
the low saturation area (Inui et al., 2020). Further review of the column tests will be shown in Chapter 4.

As leaching tests are closer to reality than batch tests, tank leaching tests simulated the diffusion
leaching of heavy metals or metalloids (e.g., Ogawa et al., 2022; Nasahara et al., 2023). Since column tests

focus on the advection, the combination research of tests is expected towards the detailed discussion.
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Figure 2.4 Schematic image of column leaching test.
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2.3 Countermeasures against excavated earthen materials with geogenic
contamination

2.3.1 Several types of countermeasures

Figure 2.5 illustrates examples of the schematic images of countermeasures against excavated earthen
materials with geogenic contamination. The concepts of these methods are shown in the published manual
(MLIT, 2023). The most conservative method is containment with a geomembrane or clay liner because
seepage into the excavated soil layer is prevented. Since the boundary between the geomembrane or clay
liner and natural soil might become a slip surface, it is necessary to pay attention to the mechanical stability
of the embankment (Katsumi et al., 2017).

The second method is immobilization. Herein, excavated earthen materials are mixed with
stabilizing agents such as calcium oxide (Ca0), magnesium oxide (MgO), or iron oxide (FeO) to immobilize
geogenic contaminants (e.g., Oyama, 2022). Since the methods shown in Fig. 2.5 (b)~(d) are proposed these
days, the knowledge needs to be gathered. For example, if many agents are mixed with the excavated soils,
economics becomes an issue. On the other hand, if more than the mixing ratio of agents is needed,
immobilization performance becomes challenging due to the heterogeneity of the soil-agent mixture. Also,
the workability to mix a certain amount of soils and agents is expected to take time and effort. The third
method is an attenuation layer explained in Section 2.3.2. If the sorption performance of the natural ground

can be expected to prevent groundwater contamination, no countermeasure is also considered as one measure.

Earthen cover Geomembrane Earthen cover
or Clay liner

Excavated soil ~ Excavated soil
mixed with stabilizing agent

Natural ground Natural ground

\ 4 \4
(a) Containment method (b) Immobilization method

Earthen cover Earthen cover
Excavated soil )

Excavated soil

Attenuation layer
Natural ground Natural ground
v : v °
(c) Attenuation layer method (d) Nothing (expect sorption of the natural ground)
Figure 2.5 Schematic images of countermeasures against excavated earthen materials with geogenic

contamination: (a) Containment using geomembrane or clay liner, (b) Immobilization using the stabilizing
agent, (c) Attenuation layer method, and (d) no countermeasure is installed, but sorption performance of the

natural ground is expected.
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2.3.2 Attenuation layer method

One of the simple countermeasures for utilizing excavated soils with geogenic contamination is the
attenuation layer method (e.g., Tabelin et al., 2013; Mo et al., 2020). This method has a soil layer for
stabilizing contaminants. As the attenuation layer, natural soil or soil-agent mixture is applied (e.g., Arima et
al., 2011; Gathuka et al., 2021). The attenuation layer is constructed beneath the excavated soils, and when
pore water containing contaminants permeate, they are immobilized. The attenuation layer has the advantage
of workability and economics. However, geogenic contaminants might leach out a certain amount compared
to containment methods that use geomembranes or clay liners to prevent infiltrating water completely. On
the other hand, since the leaching concentrations of geogenic contaminants are not high (Ito and Katsumi,
2020), even though the concentration exceeds the regulatory limit, the concept of the attenuation layer might
be acceptable. The challenge is whether it can be expected to have mechanical stability and environmental
compatibility as an earth structure. Evaluating leaching behavior from contaminated soil is essential because
the leaching burden from the excavated earthen materials on the attenuation layer determines the required
sorption performance.

Previous studies have evaluated the sorption performance of the attenuation layer materials,
including material development and natural ground sorption performance. As the stabilizing agent, various
kinds of materials such as magnesium oxide (MgO) (e.g., Sasaki et al., 2011; Nozaki et al., 2013; Wada and
Morishita, 2013; Zhen et al., 2015), and MgO-calcium carbonate (CaCOs3) mixture (e.g., Mo et al., 2020;
Itaya and Kuninishi, 2020; Gathuka et al., 2021, 2022) have been developed. The difference of the type of
the stabilizing agent is comprehensively studied (Nishikata et al., 2022). Also, since sorption performance of
the natural soils are widely investigated (e.g., Igarashi and Shimogaki, 1998; Tatsuhara et al., 2015), the
applicability of the natural soils is promising.

Although the attenuation layer concept looks simple, the design method has yet to be established.
The effectiveness of the attenuation layer was investigated by the column sorption test with ¢ 5.2 cmx & 50
cm (Tatsuhara et al., 2015). In the study, even a 3 cm height of the attenuation layer was performed to
immobilize geogenic arsenic from the excavated soil layer with 30 cm. However, since the sorption
performance of the attenuation layer has not been modeled, the sorption tests' experimental results cannot be
applied to the design. Modeling the fate and transport in the attenuation layer is necessary for its robust design.
Also, the hydraulic and mechanical performance of the attenuation layer have yet to be well discussed. Since
the amendment of the stabilizing agent, which has high reactivity, might affect the geotechnical aspects of

the embankment, further studies are required.

2.3.3 Evaluating sorption performance of attenuation layer

When the sorption performance of the soils or stabilizing agents is evaluated, a batch sorption test is usually
applied (Nozaki et al., 2013; Wada and Morishita, 2013; Itaya and Kuninishi, 2020; Nishikata et al., 2022).
The testing protocols of the batch and column leaching tests are established, while those of the sorption tests

still need to be made. Therefore, each company evaluates each stabilizing agent arbitrarily. Standardization
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of batch and column sorption tests is expected to support the constructors in selecting a stabilizing agent at
the site.

A partition coefficient, Kq4, is usually obtained from the sorption test as an index of the sorption
performance. For the batch sorption test, sorbed mass, S, is calculated from the difference between the initial
and equilibrium concentrations, Ceq. Then, sorption isotherms are drawn using S and Ceq. Then, Ky is obtained
S divided by Ceq. For column tests, Ky is often obtained to fit the analytical solution of the advection-
dispersion equation to the concentration profiles (experimental results). Previous studies focused on the
sorption performance of natural soils against contaminants (e.g., Bouchard et al., 1988; Igarashi and
Shimogaki, 1998; Wang and Liu et al.,, 2005; Martinez-Lladé et al., 2011). However, the method's
applicability for determining K4 from column tests for the attenuation layer is still being determined because
few studies target a mixture of soil and the stabilizing agent (an artificial material). Therefore, it is necessary
to conduct basic column experiments and advection-dispersion analysis to evaluate whether the conventional
models regarding the chemical reaction between soils and chemicals from both experimental and analytical

approaches can be applied to the soil-stabilizing agent mixture.

24 Statement of novelty based on literature review

This section states the novelty of this dissertation based on the literature review from Section 2.1 to 2.3. The
general goal of this study is the geoenvironmental management of excavated earthen materials with geogenic
contamination to increase the utilization ratio of surplus soils, as mentioned in 2.1.2. Towards the material
recycling of excavated soils with geogenic contamination, this dissertation focuses two aspects: evaluating
leaching behavior of geogenic contamination closer to reality, and evaluating sorption performance of the
attenuation layer to elucidate the applicability of the conventional advection-dispersion analysis model, as
presented in Sections 2.2 and 2.3, respectively.

The first novelty of this dissertation is a deep investigation of the batch leaching tests against
geogenic contaminated soils to address the issue stated in Section 2.2.2. The parameters for modified batch
leaching tests were the temperature effect, leaching kinetics under different soil-water contact times, and
shaking effect in Chapter 3. The second novelty is the discussion about interpreting the results of column
leaching tests, as mentioned in Section 2.2.3. The column's height, the permeation's flow rate, and soil types
were considered as the parameters, and the difference in the shape of the concentration profile was discussed
in Chapter 4. The third novelty is evaluating the applicability of advection-dispersion analysis for column
sorption tests using soil amended with the stabilizing agent, as described in Section 2.3.3. Soil amended with
a stabilizing agent was compacted in the acrylic column to evaluate the sorption performance against fluoride
in Chapter 5. Also, numerical analysis of the advection-dispersion equation was conducted in Chapter 6 to
discuss the safer design obtaining underestimated partition coefficients was demonstrated. Finally, the
linkage between evaluating leaching behavior and sorption performance was discussed to elucidate the
effectiveness of the attenuation layer method against geogenic contamination in Chapter 7. Further detailed

introductions and reviews regarding each chapter are presented in each chapter.
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Chapter 3

Evaluating Temperature Effects on Leaching Behavior of
Geogenic Arsenic and Boron from Crushed Excavated

Rocks Using Shaking and Nonshaking Batch Tests

3.1 General remarks

Many construction projects generate substantial amounts of excavated soils and rocks. A certain percentage
of these soils and rocks contain toxic metals and metalloids that are derived from geological processes.
Geogenic toxic metals and metalloids, such as arsenic (As) and boron (B), are widely distributed. They are
found in different types of natural rocks and sediments, including marine clays, igneous rocks, and
hydrothermally altered rocks. Such soils and rocks are expected to be used in embankments as a part of the
ongoing efforts to achieve sustainable soil management. However, their proper use is sometimes a concern,
especially because toxic elements can be released from the soils and rocks (Katsumi, 2015). Given the
importance of developing economical and effective utilization methods for the excavated soils and rocks with
geogenic contamination, evaluating the leaching behavior of these materials is important.

Working toward the aforementioned goal, researchers have used various batch tests to evaluate the
leaching behavior of different soils and rocks with geogenic contamination (e.g., Tabelin and Igarashi, 2009;
Li et al., 2018; Tabelin et al., 2018; Kamata and Katoh, 2019; Ito and Katsumi, 2020). When the soils and
rocks are used in embankments or other shallow geostructures, the effects of the ground temperature on the
leaching behavior of toxic elements are of technical concern because the daily and seasonal changes in
temperature in shallow grounds can be much larger than those in deep grounds (Menberg et al., 2013; Alam
et al., 2015; Saito et al., 2016). According to Menberg et al. (2013), the ground temperature can sometimes
reach 60°C. In addition, various thermally active geosystems, introduced recently (e.g., thermal energy
storage and ground-source heat pumps), involve changes in ground temperature (Wang et al., 2015; Bager et
al., 2018), which might influence the leaching potential of the toxic elements in soils and rocks. Given these
points, the effects of temperature on the behavior of geostructures need to also be clarified from a
geoenvironmental perspective because the leaching behavior of such materials can change as a result of
thermo-mechanical-chemical interactions. However, when the leaching concentrations of toxic elements are
measured in laboratory tests, the tests are typically conducted at room temperature (approximately 15 to
20°C) because of the nearly constant ground temperature at depths greater than 10 to 15 m below the surface.

In addition, the leaching behavior of soils and rocks differs depending on how long the water has
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been in contact with them. Japanese Leaching Test Method No. 46 (JLT46) is a standard leaching method
used in Japan (MOE, 1995). For this test, the liquid obtained after shaking for six hours at a liquid-to-solid
ratio (L/S) of 10 and separation with a 0.45-um opening filter is analyzed to determine the concentration of
the chemicals of concern. It should be noted that this leaching test was developed to test for artificial
contamination. There is no certainty that it can be applied to geogenic contamination. The chemical forms
and leaching processes differ between geogenic and artificial contamination contained in soils and rocks (Li
et al., 2018). Thus, the standard leaching test may underestimate the risks of contamination if the leaching
kinetics of the geogenic contamination is relatively slow. In order to assess the risks of geogenic contaminants
with a higher level of safety, it is necessary to investigate their leaching kinetics. Moreover, any method
employed to evaluate geogenic contamination must take into consideration the time needed for soil reactions
to reach equilibrium.

The leaching behavior of As and B is evaluated in this work through two types of excavated rocks
with geogenic contamination under different temperatures. The tests were performed under both shaking and
nonshaking conditions to elucidate how shaking, which is applied in the standard leaching tests, affects the
leaching behavior of the materials. Temperatures between 5 and 60°C were applied to account for the possible
changes in temperature due to solar radiation and thermally active geosystems. The tests were conducted for
6 h to 15 days because changes in the leaching kinetics also require careful evaluation. A first-order kinetic

model was used to fit the experimental results to investigate the leaching kinetics.

3.2 Methodologies for evaluating leaching behavior of geogenic contaminants
3.2.1 Materials

The shale rock and mudstone used in this work were excavated from tunnel construction sites. The rock
samples were crushed into particles smaller than 2 mm for the batch leaching tests. Figure 3.1 shows the
appearance of the rock samples after they were crushed and sieved through a 2-mm screen. The rock samples

were then stored in sealed plastic bags to prevent their oxidation by air.

(a) (b)
Figure 3.1 Appearance of the (a) shale rock sample and (b) mudstone sample after crushing and

sieving through a 2-mm screen.
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Table 3.1 highlights the fundamental physicochemical properties of the rock samples. Figure 3.2
shows the particle size distribution curves. The chemical composition and the total content of As were
evaluated by X-ray fluorescence (XRF) analysis using a Shimadzu EDX 720 energy-dispersive X-ray
spectrometer. The total content of B was determined by the acid digestion method.

Figure 3.3 shows the X-ray diffraction (XRD) patterns of the samples (PANalytical X’Pert PRO
MPD, Cu Ka, 45 kV, 40 mA). Peaks of calcite were identified. The calcite in the rocks contributes to the
sorption of toxic elements and neutralizes acidic solutions (Barton and Vatanatham, 1976; Niu and Lin, 2021).
Toxic metals and metalloids can be leached via desorption from soil particles (e.g., Tabelin et al., 2018). As
the pH level affects desorption reactions, the trends in pH should be carefully examined.

The zeta potential of the rock samples was measured to better understand how their surface charge
changes with the pH level. A 0.1-g rock sample and 100 mL of water were poured into a beaker. A 100-W
ultrasonic wave irradiated the beaker for 3 min. Next, the pH values of the solution were adjusted to pH levels
of 2, 4, 6, 8, and 10 using hydrochloric acid or sodium hydroxide. Then, the solution was poured into a
capillary cell, and the zeta potential was measured using the electrophoresis method (Malvern Zetasizer Nano
ZS). The refractive index, dielectric constant, and viscosity of the solution were assumed to be the same as
those of water. Figure 3.4 plots the zeta potential of the rock samples against the pH. The results show that
the soil particles became more negatively charged as the pH increased. The isoelectric point of the shale rock

sample was at pH 3.12. No isoelectric point was detected for the mudstone sample.

Table 3.1 Properties of the rock samples used in this study.
Parameter Shale rock Mudstone Method of measurement
Particle density 2.73 g/em? 2.64 g/cm? JIS A 1202 (2009)
Particle size distribution JIS A 1204 (2009)
Sand fraction [0.075-2 mm] 85.5% 94.5%
Fines fraction [<0.075 mm] 14.5% 5.5%
Average particle size 0.50 mm 0.52 mm
Chemical composition XRF analysis
Si0; 24.7% 54.5%
CaO 41.1% 7.2%
Fe 03 20.4% 17.3%
AL O3 7.1% 12.9%
K>O 2.5% 3.2%
SO; 0.9% 1.4%
MgO - 1.4%
Others 3.3% 2.1%
As content 20 mg/kg 27 mg/kg XRF analysis
B content 29 mg/kg 150 mg/kg Acid digestion method
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3.2.2 Batch leaching tests

3.2.2.1 Shaking conditions

Batch leaching tests were conducted under shaking conditions and at an L/S of 10. Figure 3.5 shows the test
setup. Rubber heaters connected to a temperature control system were wrapped around plastic bottles. The
rubber heaters heated the bottles during the tests. Distilled water was used as the solvent. After the water
temperature was adjusted to the required temperature, the water was poured into the bottles. Temperatures
between 20 and 60°C were used for the tests. The appropriate amount of each rock sample was then poured
into the bottles to achieve an L/S of 10. Afterwards, the bottles were horizontally shaken for 6 h to 15 days
at 200 rpm using a mechanical shaker (TAITEC NR-30) to evaluate the leaching kinetics. The test conditions

are briefly summarized in Table 3.2.

3.2.2.2 Nonshaking conditions

Batch leaching tests were also conducted under nonshaking conditions. Shaking conditions are typically used
to promote chemical reactions and to ensure homogeneous contact between soil and water. However, shaking
conditions can lead to an inaccurate assessment of how the materials will leach. Thus, nonshaking conditions
were also considered herein. Nonshaking tests can provide important information for properly evaluating the
leaching behavior in practical situations because geomaterials in the ground or geostructures should make
contact with rainwater and/or groundwater without disturbance or agitation. The nonshaking tests also used
an L/S of 10. Temperatures between 5 and 60°C were used for the tests. Temperatures greater than 20°C were
controlled via the rubber heaters wrapped around the bottles during the tests. The tests performed at 5°C were
conducted in a refrigerator. The bottles containing the rock samples and distilled water were placed on a table

or in a refrigerator and allowed to stand for 6 h to 15 days.
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3.2.2.3 Chemical analyses

After the aforementioned tests, centrifugation at 3000 rpm for 10 min and filtration with a 0.45-um membrane
filter were carried out to separate the liquid from the solids. Chemical analyses were conducted the following
methods. Figure 3.6 shows the machines for chemical analyses. The pH of the filtrate was measured using a
pH/EC meter (Horiba F-54). The calibration was done using the standard solution of pH 4, 6, and 9,
respectively. The As concentrations were measured using an atomic absorption spectrophotometer (Shimadzu
AA-6800). The calibration was done using the standard solution of As 100 mg/L (Fujifilm Wako Pure
Chemical Corporation). And then, As concentrations were adjusted to 0, 0.001, 0.005. 0.01, and 0.02 .mg/L
using distilled water. The concentrations of cations (B, Ca, and Fe) were measured using an inductively
coupled plasma optical emission spectrometer (Agilent Technologies ICP-OES 710). The calibration was
done using the standard solution of Multielement Standard Solution W-VI for ICO analysis (Fujifilm Wako
Pure Chemical Corporation). The concentrations of Ca and Fe were measured because they are key indices

for evaluating the leaching behavior of As and B (Tabelin et al., 2018).

Table 3.2 Conditions of the batch leaching tests.
Sample form Particles smaller than 2 mm
Solvent Distilled water (5.8 <pH < 6.3)

Solvent temperature 5-60°C (5°C for nonshaking condition only)
Test duration 6-360 h

Liquid-to-solid ratio 10 L/kg

Filter type 0.45 um membrane filter

Figure 3.5 Batch leaching tests under the shaking conditions using a temperature control system.
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Figure 3.6 Machines for chemical analyses; (a) pH/EC meter (Horiba F-54), (b) Atomic absorption
spectrophotometer (Shimadzu AA-6800), (c) an example of the standard line used in AA-6800, (d)
Inductively coupled plasma optical emission spectrometer (Agilent Technologies ICP-OES 710).

3.2.3 Modeling the leaching behavior

3.2.3.1 Theory
The changes in the leaching kinetics of As and B, due to an increase in temperature, were evaluated. A first-
order model was fitted to the experimental results to obtain the parameters of the leaching kinetics, according

to the method used in a previous study (Igarashi et al., 2002). The following equation was used:

9. _

—k 3.1
o 0, 3.1

Eq. (3.2) was obtained by integrating Eq. (3.1).

0, =0, exp(—kt) (3.2)

The leached mass during the batch leaching tests was conserved as
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0.=0+CrV (3.3)

The leaching model was obtained by combining Egs. (3.2) and (3.3) as
C=0,[1-exp(-kt)]/V (3.4)

where ¢ (h) is the solid-liquid interaction time, Qs (mg/kg) is the concentration of toxic elements in the solid
phase at time ¢, k£ (1/h) is the rate constant for leaching, Qs (mg/kg) is the initial concentration of toxic
elements in the solid phase with the potential to leach out, C (mg/L) is the concentration of toxic elements in

the liquid phase at time ¢, and V' (L/kg) is the volume of water per kilogram of sample.

3.2.3.2 Estimation of leaching kinetics
To model the experimental results of the batch leaching tests, the experimental data were fitted using Eq.
(3.4). The values for k and Qs, were obtained by minimizing the residual sum of the squared estimate of

errors (SSE) between the model and the experimental data as

SSE=) (C,-C))’ (3.5)

i=1

where C; represents the experiment data and C’; represents the predicted data.

3.3 Results
3.3.1 Batch leaching tests under shaking conditions

Figure 3.7(a) shows the chemistry of the leachate from the shale rock sample. Arsenic was leached in greater
amounts at temperatures of 30 and 40°C than at a temperature of 20°C. These results suggest that the leaching
concentrations might increase when the rocks are exposed to elevated temperatures. Furthermore, the
concentrations at temperatures of 30 and 40°C were higher than the regulatory limit of As in Japan (0.01
mg/L). The leaching of Ca increased with the increasing temperature. This result suggests that the dissolution
of Ca minerals in the rock sample increased because of the increase in temperature. The shale rock sample
did not leach B or Fe. The pH values decreased as the temperature increased, although the leachates were
still alkaline. The alkaline conditions are attributed to the dissolution of the carbonate minerals in the rock
sample. The pH values at 20°C were one pH unit higher than those at 40°C. The sulfide minerals in the rock
(refer to Table 3.1) may dissolve under high temperatures and reduce the pH values (Sasaki, 1998; Tabelin
and Igarashi, 2009).

Arsenic is leached because of the dissolution of minerals or because of the desorption from soil
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particles (Tabelin et al., 2018). The clay minerals in the rock sample are generally negatively charged, which
will promote the desorption of As (Masscheleyn et al., 1991; Carrilo and Drever, 1998). Moreover, the surface
charge of the soil particles became more negatively charged as the pH decreased, as shown in Fig. 3.4. Given
these points, As should have desorbed during the tests because of the high pH values. However, the As
concentrations were lower under the high pH conditions. Therefore, the leaching of As might be mainly
attributable to the dissolution of the minerals in the rock, suggesting that the leaching mechanism due to
dissolution is affected by temperature.

Figure 3.7(b) shows the chemistry of the leachate from the mudstone sample. The leaching
concentrations of As were generally lower at higher temperatures, and the concentrations generally exceeded
the regulatory limit in Japan (0.01 mg/L). In contrast, the leaching concentrations of B were similar at both
20 and 40°C. More importantly, the concentrations were acceptable values in Japan (<1.0 mg/L). The Ca
concentrations increased as the temperature was raised. The dissolution of the Ca minerals in the rock may
have increased under the higher temperatures. Leaching greater amounts of Ca can improve the sorption of
As by rendering the surface of the Fe-oxyhydroxides/oxides more positive (Wilkie and Hering, 1996).
Therefore, the decrease in the As concentration observed in the present study might be attributed to coexisting
Ca. Increasing the shaking time reduced the amount of released Fe. It is possible that Fe was released and
precipitated, but this process could not be verified with the available data. Additional studies will be necessary
to fully understand the effects of the shaking time. The pH values decreased because of the elevated
temperatures; however, the leachates were still alkaline. The alkaline conditions are attributed to the
dissolution of the carbonate minerals in the rock sample. The pH values at 20°C were one pH unit higher
than those at 60°C, similar to the case of the shale rock sample.

Boron is leached because of the dissolution of the carbonate minerals, such as calcite or aragonite
(Tabelin et al., 2018), and the desorption from soil particles. As the chemical form of B in the solutions is a
negatively charged oxyanion [i.e., B(OH)s*>"] or charge-neutral H;BO; (Magara et al., 1998), B is easily
desorbed from the soil particles as the pH level increases. When only desorption is considered, differences
in the leaching amount should be observed because the pH values differ between the temperatures of 20 and
40°C. However, the leaching amounts are similar, which suggests that desorption mechanisms are not critical
to the leaching of B under these pH conditions. Thus, the dissolution of B, which is strongly temperature-

dependent, might be the primary mechanism.
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3.3.2 Nonshaking conditions

Figure 3.8(a) shows the chemistry of the leachate from the shale rock sample. Arsenic was leached in greater
amounts at 40°C than at temperatures less than 30°C. The results also suggest that leaching concentrations
can increase when the temperatures are greater than room temperature. The concentrations at 40°C were
higher than the regulatory limit in Japan. The leaching concentrations of Ca increased with the increasing
temperature, and a similar trend was observed in the shaking tests. An increase in the Ca concentration with
an increase in temperature suggests that the dissolution of the Ca minerals in the shale rock was promoted
under elevated temperatures. The shale rock sample did not leach B or Fe even under nonshaking conditions.
Due to the elevated temperatures, the pH values decreased, but the leachates remained alkaline.

Figure 3.8(b) shows the chemistry of the leachate from the mudstone sample. As and B were
leached in greater amounts when the temperature was increased from 20 to 40 and 60°C. Notably, the
nonshaking tests resulted in higher concentrations of As than the shaking tests when the tests were run for
more than 24 h. The leaching concentrations of Ca and Fe did not seem to change in response to an increase
in temperature. The nonshaking tests resulted in smaller amounts of Ca and Fe than the shaking tests,
suggesting that the dissolution of these minerals was less promoted under the nonshaking conditions. Due to

the elevated temperatures, the pH values decreased; however, the leachates were still alkaline.

35



0.08 15

. 0 As _ ii) Ca
| .|
g 0.06 - g ®
= = 0p ¢
2 e ®
g 0.04 - S
° °© '
g g 5p
S 0.02 - S
(] (]
- -
0 S—S—— 5 | 0 | | !
0 100 200 300 400 0 100 200 300 400
(a) Time (h) Time (h)
10 - -
( i) pH Test Fitted curve using Eq. (4)
9.5 — 5°C
“le — 20°C
30°C
s 9r ® — 40°C
® % Y ® — 60°C
8.5 - *
8 1 1 1
0 100 200 300 400
Time (h)
0.8 5
—_ i) As — —_ i) Ca
< - < 4 L
£08 £ g L
¢ ¢ ¢ 38
S 04 S S 4
o o o )
o © o 2 ® e
(] (] (]
< < < o®
o 0.2 [} o
@© o] © 1+
(] (] (]
— | —
O 1 1 1 O 1 1 1 0 1 1 1
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
(b) Time (h) Time (h) Time (h)
1 10
— iv) Fe v) pH
S 08} 3
o U.
g o8
g 0.6 -
g o :'Q:_ Il
5 041 ® 38 o §
'S [ N ) g
s 0.2
39728 oo o
0 r 1 1 1 7 1 1 1
0 100 200 300 400 0 100 200 300 400
Time (h) Time (h)
Figure 3.8 Leachate chemistry after the nonshaking tests for the (a) shale rock sample and (b)

mudstone sample. These data are the average values. The error bars are the standard deviations.
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3.3.3 Changes in leaching kinetics of As and B

The rate constant £ was used as an index to characterize the changes in the leaching kinetics of As and B.
Tables 3.3 to 3.6 summarize the k values obtained using the steps described in Section 3.2.3. For the shale
rock sample, the k value increased as the temperature was raised in the shaking test, as shown in Table 3.3.
At 40°C, the k value was 7.7 x 10"%/h, which is approximately 2.5 times greater than the k value at 30°C.
Thus, the leaching kinetics of As increased with the increasing temperature. The shaking test results were
well fitted using the first-order kinetics model, except for the case of 20°C. The reason for the disagreement
in the results obtained at 20°C is unclear. When the sample was subjected to nonshaking tests, no noticeable
change in k in response to an increase in temperature was observed, as shown in Table 3.5.

For the mudstone sample, the shaking test results for As could not be fitted using the
aforementioned model, as shown in Fig. 3.7(b). Thus, the trends in the leaching kinetics of As could not be
evaluated. Further study will be required to evaluate the leaching kinetics for the cases in which the leaching
concentrations decrease with time. For the nonshaking tests, the &k values increased with the increasing
temperature as shown in Table 3.6. At 40°C, the k value was 5.7 x 10/h, which is approximately six times
greater than that at 20°C.

The results for B from the shaking and nonshaking tests on the mudstone sample were well fitted
using the model, as shown in Figs. 3.7(b) and 3.8(b). Tables 3.4 and 3.6 show that the leaching kinetics of B
increased with the increasing temperature in both the shaking and nonshaking tests. Table 3.4 shows that,
during the shaking tests at 40°C, the k value was 4.7 x 107!/h, which is approximately 1.2 times greater than
that at 20°C. Table 6 shows that, during the nonshaking tests at 40°C, the k value was 8.8 x 10%/h, which is

approximately two times greater than that at 20°C.

Table 3.3 Fitting parameters for the results of the shaking tests on the shale rock sample.
Temperature (°C) Oso (mg/kg) k (1/h)
Arsenic 20 1.6 x 1072 4.6 x 107
30 1.7 x 10! 4.6 x 10
40 1.6 x 107! 7.7 %1072
Table 3.4 Fitting parameters for the results of the shaking tests on the mudstone sample.
Temperature (°C) Oso (mg/kg) k (1/h)
Arsenic 20 1.3 3.0
40 1.1 2.8
60 8.0 x 10! 3.2
Boron 20 8.0 4.0 x 10!
40 8.2 4.7 x 10!

37



Table 3.5 Fitting parameters for the results of the nonshaking tests on the shale rock sample.

Temperature (°C) Oso (mg/kg) k (1/h)
Arsenic 5 2.1x102 5.1x1073
20 6.0 x 107 5.1x1073
30 2.3 x 10" 2.1x10?
40 1.1 2.6 X103
Table 3.6 Fitting parameters for the results of the nonshaking tests on the mudstone sample.
Temperature (°C) Oso (mg/kg) k (1/h)
Arsenic 5 33 8.8 x 103
20 6.4 1.0 x 10
40 7.1 5.7 x 107
60 7.0 6.3 x 10
Boron 5 5.8 2.6 x 107
20 6.9 4.4 %107
40 9.9 8.8 x 107
60 9.0 1.8 x 107!

3.4 Discussion
3.4.1 Temperature effects on leaching behavior

The leaching concentrations of toxic metals and metalloids might increase as a result of the increasing ground
temperature. In some cases, the concentrations can exceed the regulatory limits, necessitating an evaluation
of the effects of temperature. The leaching of toxic metals and metalloids occurs mainly via the dissolution
of the minerals in the rocks or the desorption from the soil particles (Tabelin et al., 2018). The results herein
indicate that the leaching concentrations due to dissolution changed drastically as the temperature increased.
Since the rock samples contained certain amounts of sulfide minerals, it is reasonable to assume that the
dissolution of sulfide minerals is one of the leaching mechanisms of As. Moreover, at high temperatures, the
As derived from sulfide minerals is more likely to leach. However, not only sulfide minerals, but also other
minerals (e.g., calcite) are present in the rock samples. Thus, the amount of As leaching cannot be attributed
to sulfide mineral dissolution alone. It has been shown that calcite will have a significant impact on As
adsorption (Tabelin et al., 2012). However, these processes could not be verified with the available data. The
fact that the results of the nonshaking tests fit the first-order rate law well suggests that surface reactions may
be driving the dissolution process, as noted by Igarashi et al. (2002). When leaching concentrations decrease

with time, it is difficult to understand the leaching behavior based on the first-order rate law.
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Implications of this research are discussed herein. When excavated materials containing geogenic
contaminants are utilized in embankments, a solute transport analysis is usually conducted to predict the risks
of geogenic contamination to the surrounding ground and to design appropriate countermeasures against
these risks (e.g., Tabelin et al., 2014). Since the initial concentrations of leachates applied in the analysis
drastically affect the predictions, the appropriate leachate concentrations expected in practice must be
carefully determined. This study indicates that leaching concentrations of As could be up to five times higher
than the regulatory limit under elevated temperatures. For this reason, leachate concentrations several times

the regulatory limit should be accounted for in the analysis.

3.4.2 Soil-water interaction time for evaluation of geogenic contamination

Leaching concentrations were found to change because of increases in the soil-water interaction time. These
results indicate that the dissolution of minerals is an important factor that should be further evaluated.
Generally, the dissolution process requires a longer time to complete (Tabelin et al., 2017). Therefore, to
obtain equilibrium concentrations from the batch tests, the tests need to be conducted for a relatively long
period of time. Short test times (e.g., 6 h, as specified in the standard leaching test in Japan) may not be
suitable because they might lead to underestimations of the leaching concentrations. When rocks are used in
an embankment, the materials will make contact with water for a relatively long time during the infiltration
of water into the embankment. The leaching concentrations are expected to increase before chemical
equilibrium is achieved. The leaching of geogenic contaminants may continue for a long time because of
dissolution.

The attenuation layer method is a recently proposed countermeasure for the excavated soils and
rocks with geogenic contamination (Tatsuhara et al., 2012; Gathuka et al., 2021; Kato et al., 2021). The
attenuation layer is a soil layer with attenuation capacity, underlying the excavated soils and rocks with
geogenic contamination. Typically, the attenuation layer is constructed of soils mixed with a stabilizing agent
(Gathuka et al., 2021; Kato et al., 2021). The stabilizing agent for the attenuation layer method should be
carefully selected because the dissolution of minerals might occur slowly, as shown in this study. Stabilizing
agents that quickly hydrate and lose their attenuation capacity after a short period should be avoided because

leaching is expected to continue for a relatively long time.

3.4.3 Shaking versus nonshaking conditions

Batch tests were conducted under shaking and nonshaking conditions. Although shaking conditions are
commonly used in standard leaching tests in Japan, nonshaking conditions might better represent the in situ
conditions. Differences in the shaking and nonshaking conditions were noticeable for the mudstone sample.
For example, the shaking tests resulted in higher leaching concentrations of As than the nonshaking tests
during the first hours of the tests. In contrast, the concentrations increased with the increasing test duration
in the nonshaking tests.

Such differences in the leaching behavior might be attributable to the mudstone being friable.
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Crushing during the shaking tests might have promoted the release of Ca. A higher Ca concentration is known
to promote the sorption of As onto soil particles (e.g., Tabelin et al., 2012). Crushing could also have
contributed to the release and precipitation of Fe during the shaking tests. Accordingly, the dissolved As can
be immobilized via precipitation reactions to form less-soluble compounds (e.g., Tabelin et al., 2018).
Furthermore, the surface area increases as a result of the soil particles being crushed during the shaking tests;
the greater surface area might promote the sorption of As. Further study will be required to elucidate the
effects of shaking tests on such friable rocks. When the leaching behavior of excavated rocks is investigated,
nonshaking tests might be more suitable, especially for friable samples. Nonshaking conditions might be
closer to the in-situ conditions. Water flowing through the rocks might prevent the substantial crushing of the

rocks that would induce greater amounts of released As.

3.5 Summary and Conclusions

Batch leaching tests were performed under shaking and nonshaking conditions at temperatures of 5 to 60°C

to investigate the leaching behavior of As and B from two crushed excavated rock samples with geogenic

contamination. In addition, a first-order kinetic model was used to fit the experimental results to investigate
the leaching kinetics. The results support the following conclusions:

1. Elevated temperatures often led to the release of greater amounts of As and B. After conducting the
nonshaking tests for 15 days at 40°C, the mudstone sample leached arsenic and boron at concentrations
of ~0.7 mg/L and ~1.0 mg/L, respectively. The arsenic and boron concentrations were approximately
20% and 40% higher than those of the sample leached at a temperature of 20°C.

2. The first-order kinetic model fitted the experimental data when the leaching concentrations increased
or remained stable over time, but it was not applicable when the concentrations decreased. The rate
constant £ obtained from the fitting line was used as an index to characterize the changes in the leaching
kinetics of As and B. Elevated temperatures increased the leaching kinetics of the toxic elements. For
the shale rock sample, the k value for As was 7.7 x 10"%/h at 40°C, which was about 2.5 times greater
than the value at 30°C.

3. Leaching concentrations of As and B did not reach equilibrium within 6 h. To better assess the risk of
geogenic contamination, it is important to run batch tests for a relatively longer period of time than the
6 h indicated in the Japanese standard leaching test.

4. Nonshaking tests are recommended for friable rocks because possible crushing may lead to unrealistic

estimations of the leaching amounts.

40



References for Chapter 3

Alam, M.R., Zain, M.F.M., Kaish, A.B.M.A., and Jamil, M., 2015. Underground soil and thermal
conductivity materials based heat reduction for energy-efficient building in tropical environment.
Indoor and Built Environment 24(2), 185-200. https://doi.org/10.1177/1420326X13507591.

Barton, P. and Vatanatham, T., 1976. Kinetics of limestone neutralization of acid waters, Environmental
Science & Technology 10, 262-266. https://doi.org/10.1007/s002540050311.

Bager, T., Dong, Y., Moradi, A.M., Lu, N., Smits, K., Ge., S., Tartakovsky, D., and McCartney, J.S., 2018.
Role of nonequilibrium water vapor diffusion in thermal energy storage systems in the vadose zone.
Journal of Geotechnical and Geoenvironmental Engineering 144(7), 04018038.
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001910.

Carrilo, A. and Drever, J.1., 1998. Adsorption of arsenic by natural aquifer material in the San Antonio EI
Triufo mining area, Baja, California, Mexico. J. Environmental Geology 35, 251-257.
https://doi.org/10.1007/s002540050311.

Gathuka, L.W., Kato, T., Takai, A., Flores, G., Inui, T., and Katsumi, T., 2021. Effect of acidity on the
attenuation performance of sandy soil amended with granular calcium-magnesium composite. Soils
Foundations 61(4), 1099-1111, https://doi.org/10.1016/j.sandf.2021.05.007.

Igarashi, T., Izutsu, T., and Oka, Y., 2002. Evaluation of pyrite dissolution rates by two-step leaching
model. Journal of the Japan Society of Engineering Geology 43(4), 208-215 (in Japanese).
https://doi.org/10.5110/jjseg.43.208.

Ito, H. and Katsumi, T., 2020. Leaching characteristics of naturally derived toxic elements from soils in the
western Osaka area: Considerations from the analytical results under the Soil Contamination
Countermeasures Act. Japanese Geotech. Journal 15(1), 119-130 (in Japanese).
https://doi.org/10.3208/jgs.15.119.

JIS A 1202, 2009. Test Method for Density of Soil Particles. Japanese Standards Association.

JIS A 1204, 2009. Test Method for Particle Size Distribution of Soils. Japanese Standards Association.

Kamata, A. and Katoh, M., 2019. Arsenic release from marine sedimentary rock after excavation from
urbanized coastal areas: Oxidation of framboidal pyrite and subsequent natural suppression of
arsenic release. Science of the Total Environment 670, 752—759.
https://doi.org/10.1016/j.scitotenv.2019.03.217.

Kato, T., Gathuka, L.W., Okada, T., Takai, A., Katsumi, T., Imoto, Y., Morimoto, K., Nishikata, M., and
Yasutaka, T., 2021. Sorption-desorption column tests to evaluate the attenuation layer using soil
amended with a stabilizing agent. Soils Foundations 61(4), 1112-1122.
https://doi.org/10.1016/j.sandf.2021.05.004.

Katsumi, T., 2015. Soil excavation and reclamation in civil engineering: environmental aspects. Journal of
Soil Science and Plant Nutrition 61, 22-29. https://doi.org/10.1080/00380768.2015.1020506.

Li, J., Kosugi, T., Riya, S., Hashimoto, Y., Hou, H., Terada, A., and Hosomi, M., 2018. Investigations of
water-extractability of As in excavated urban soils using sequential leaching tests: Effect of testing

parameters. Journal of Environmental Management 217, 297-304.

41



https://doi.org/10.1016/j.jenvman.2018.03.105.

Magara, Y., Tabata, A., Kohki, M., Kawasaki, M., and Hirose, M., 1998. Development of boron reduction
system for sea water desalination. Desalination 118, 642—645. https://doi.org/10.1016/S0011-
9164(98)00076-9.

Masscheleyn, P.H., Delaune, R.D., and Patrick, W.H., 1991. Effect of redox potential and pH on arsenic
speciation and solubility in a contaminated soil. Environmental Science & Technology 25(8), 1414—
1419. https://doi.org/10.1021/es00020a008.

Menberg, K., Bayer, P., Zosseder, K., Rumohr, S., and Blum, P., 2013. Subsurface urban heat islands in
German cities. Science of the Total Environment 442, 123—133.
https://doi.org/10.1016/j.scitotenv.2012.10.043.

Ministry of Environment (1995) Environmental Agency Notification No.46: Leaching Test Method for
Soils. http://www.env.go.jp/kijun/dojou.html (in Japanese) (accessed 27 October 2021).

Niu, A. and Lin, C., 2021. Managing soils of environmental significance: A critical review. Journal of
Hazardous Materials 417, 125990. https://doi.org/10.1016/j.jhazmat.2021.125990.

Saito, T., Hamamoto, S., Ueki, T., Ohkubo, S., Moldrup, P., Kawamoto, K., and Komatsu, T., 2016.
Temperature change affected groundwater quality in a confined marine aquifer during long-term
heating and cooling. Water Research 94, 120—127. https://doi.org/10.1016/j.watres.2016.01.043.

Sasaki, K., 1998. Experimental geochemical studies on oxidation of pyrite at ambient temperatures.
Journal of the Mineralogical Society of Japan 27(2), 200-209 (in Japanese).
https://doi.org/10.2465/gkk1952.27.93.

Tabelin, C.B., and Igarashi, T., 2009. Mechanisms of arsenic and lead release from hydrothermally altered
rock. Journal of Hazardous Materials 169(1-3), 980-990.
https://doi.org/10.1016/j.jhazmat.2009.04.049.

Tabelin, C.B., Igarashi, T., Tamoto, S., and Takahashi, R., 2012. The roles of pyrite and calcite in the
mobilization of arsenic and lead from hydrothermally altered rocks excavated in Hokkaido, Japan.
Journal of Geochemical Exploration 119, 17-31. https://doi.org/10.1016/j.gexplo.2012.06.003.

Tabelin, C.B., Igarashi, T., Arima, T., Sato, D., Tatsuhara, T., and Tamoto, S., 2014. Characterization and
evaluation of arsenic and boron adsorption onto natural geologic materials, and their application in
the disposal of excavated altered rock, Japan. Geoderma 213, 163—172.
https://doi.org/10.1016/j.geoderma.2013.07.037.

Tabelin, C.B., Sasaki, R., Igarashi, T., Park, I., Villacorte-Tabelin, M., Park, 1., Tamoto, S., Arima, T., Ito,
M., and Hiroyoshi, N., 2017. Simultaneous leaching of arsenite, arsenate, selenite and selenate, and
their migration in tunnel-excavated sedimentary rocks: I. Column experiments under intermittent
and unsaturated flow. Chemosphere 186, 558-569.
https://doi.org/10.1016/j.chemosphere.2017.07.145.

Tabelin, C.B., Igarashi, T., Villacorte-Tabelin, M., Park, 1., Opiso, E.M., Ito, M., and Hiroyoshi, N., 2018.
Arsenic, selenium, boron, lead, cadmium, copper, and zinc in naturally contaminated rocks: a
review of their sources, modes of enrichment, mechanisms of release, and mitigation strategies.
Science of the Total Environment 645, 1522—1553. https://doi.org/10.1016/j.scitotenv.2018.07.103.

42



Tabelin, C.B., Silwamba, M., Paglinawan, F.C., Mondejar, A.J.S., Duc, H.G., Resabal, V.J., Opiso, E.M.,
Igarashi, T., Tomiyama, S., Ito, M., Hiroyoshi, N., and Villacorte-Tabelin, M., 2020. Solid-phase
partitioning and release-retention mechanisms of copper, lead, zinc and arsenic in soils impacted by
artisanal and small-scale gold mining (ASGM) activities. Chemosphere 260, 127574,
https://doi.org/10.1016/j.chemosphere.2020.127574.

Tamoto, S., Tabelin, C.B., Igarashi, T., Ito, M., and Hiroyoshi, N., 2015. Short and long term release
mechanisms of arsenic, selenium and boron from a tunnel-excavated sedimentary rock under in situ
conditions. Journal of Contaminant Hydrology 175-176, 60-71.
https://doi.org/10.1016/j.jconhyd.2015.01.003.

Tatsuhara, T., Arima, T., Igarashi, T., and Tabelin, C.B., 2012. Combined neutralization—adsorption system
for the disposal of hydrothermally altered excavated rock producing acidic leachate with hazardous
elements. Engineering Geology 139-140, 76—84. https://doi.org/10.1016/j.enggeo.2012.04.006.

Wang, B., Bouazza, A., Singh., R.M., Haberfield, C., Barry-Macaulay, D., and Baycan, S., 2015.
Posttemperature effects on shaft capacity of a full-scale geothermal energy pile. Journal of
Geotechnical and Geoenvironmental Engineering 141(4), 04014125.
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001266.

Wilkie, J.A. and Hering, J.G., 1996. Adsorption of arsenic onto hydrous ferric oxide: Effects of
adsorbate/adsorbent ratios and co-occurring solutes. Colloids and Surfaces A: Physicochemical and

Engineering Aspects 107, 97—110. https://doi.org/10.1016/0927-7757(95)03368-8.

43



44



Chapter 4

Monotonous Decreasing Leaching Behavior of Geogenic
Contamination from Marine Sediments by Up-Flow Column

Percolation Tests

4.1 General remarks

Geogenic contaminants such as lead or arsenic, etc. are widely contained in the ground of Japan (e.g., Ito and
Katsumi, 2020). Therefore, it is typical for excavated soils and rocks generated from construction work to
contain naturally occurring heavy metals or metalloids (e.g., Katsumi, 2018). Then, proper countermeasures
must be taken to prevent soil groundwater contamination (Tatsuhara et al., 2015; Ministry of Environment,
2019; Ministry of Land Infrastructure, 2023). However, since the leached geogenic contaminants are often at
a low concentration that slightly exceeds the environmental standard values, if the concentration levels of the
geogenic contamination are lower than the artificial contamination, the countermeasures, such as the
containment, might be too conservative. It might be desirable to consider the utilization of the excavated soils
and rocks with geogenic contamination as geo-material for road embankments or river levees. Therefore,
evaluating leaching characteristics is essential for soil and rock utilization.

The leaching behavior of geogenic contaminants from the soil is affected by various factors, such
as the type of contaminants, the chemical species in which they exist in the soil, pH values, and the effects
of coexisting substances (e.g., Cappuyns and Swennen, 2008; Shimada 2013; Tabelin et al., 2018). Therefore,
evaluating the leaching behavior at each construction site is desirable because the geology and environment
differ. Batch leaching tests or column leaching tests are often conducted. For example, the column tests can
obtain the maximum concentration or cumulative leaching amount of the target chemicals. Although column
tests with various conditions (e.g., height, flow rate, saturation time) have been conducted, the standardization
of column tests is established to compare test results (International Standardization Organization, 2019).

When analyzing the risk of soil or groundwater contamination, boundary conditions of the
advection-dispersion analysis are often decided based on the leaching test results. A batch leaching test, such
as the Environment Agency Notification No. 46 test, is usually conducted in Japan. Then, advection-
dispersion analysis is performed to evaluate solute transport in the ground, using the obtained leaching
concentration as the boundary condition with a constant concentration. On the other hand, in Germany, for
recycling material regulations, contaminants leaching from waste and incineration ash are classified into 1)

easily soluble chemicals, ii) metals, and iii) organic compounds (Susset and Grathwohl, 2012). Then,
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advection-dispersion analysis is performed. Specifically, the boundary condition for metals and organic
compounds is a concentration with a constant cumulative leaching concentration up to a liquid-solid ratio
(L/S) of 2. However, for readily soluble chemicals, the boundary condition is defined as the breakthrough
curve obtained in a column test as a function of time. The leaching behavior of easily soluble chemicals is
such that leaching is terminated relatively quickly. Therefore, the leaching behavior in the field environment
can be predicted from the column test results.

As mentioned above, column testing can provide much information regarding the shape of the
breakthrough curves. For example, the breakthrough curves for sulfuric acid (SO4) had a monotonically
decreasing shape, and many cases have been reported in which leaching terminated quickly (e.g., Kalbe et
al., 2007, 2008; Naka et al., 2016). On the other hand, the breakthrough curves for arsenic (As) did not show
a monotonous decrease, and leaching continued for an extended period in many cases (e.g., Naka et al., 2016;
Yasutaka et al, 2017).

Table 1 shows the previous research on column leaching tests. Most studies have been conducted
to shorten the test period and evaluate the reproducibility toward standardization. For example, the effects of
differences in column volume filled with waste (Meza et al, 2010), differences in initial saturation time and
flow rate, sample preparation methods (Naka et al, 2016), and dry density of the specimen on the leaching
test results have been evaluated (Nakamura et al, 2014). On the other hand, interpreting the column test
results combined with geological knowledge was conducted in a few studies (e.g., Tamaoto et al, 2015).
Further, the leaching behavior of geogenic arsenic at different depths was investigated using a column test

with a rainfall simulator (Inui et al, 2020).

Table 4.1 Examples of the previous researches on leaching tests using column devices.

Authors Purpose Materials Focused parameters
Kalbe et al, 2007 Reproducibility Incineration ash | Flow rate, column volume
Kalbe et al, 2008 Reproducibility Incineration ash | Comparing to batch tests

Wehrer et al, 2008
Kadoki et al., 2009
Meza et al, 2010
Nakamura et al., 2014
Tamoto et al, 2015

Naka et al., 2016
Yasutaka et al, 2017
Finckel et al, 2017

Bandow et al, 2019
Ishimori et al., 2020
Inui et al., 2020

Modeling breakthrough curves
Establishing test protocols
Shortening test duration
Reproducibility

Modeling breakthrough curves
Reproducibility

Shortening test duration

Reproducibility
Modeling breakthrough curves

Evaluating equilibriums
Modeling breakthrough curves
Evaluating at different depths

Incineration ash
Waste glasses
Incineration ash
Geogenic soils
Geogenic rocks
Geogenic and
artificial soils
Geogenic soils
Recycled
materials

Waste bricks
Tsunami deposits

Geogenic soils

pH of the influent
Comparing to batch tests
Column volume

Sample preparation
Geological knowledge
Saturation time

Flow rate

13 organizations joined.
Saturation time

Flow rate, particle size
Comparing to batch tests

Simulating rainfall
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However, most previous studies in Table 1 focused on establishing the test protocols and evaluated the
reproducibility of standardizing column tests. Limited research focuses on interpreting breakthrough curves
and their application in the field.

If the concentration of the contaminant monotonically decreases and terminates quickly,
countermeasures must be designed considering the risks in the early stages of leaching. Therefore, the criteria
for determining whether a contaminant is readily soluble should be discussed. Although the leaching behavior
of geogenic contaminants changes due to various factors, as mentioned before, if the leaching behavior of
easily soluble chemicals considered to be relatively easy to predict, can be evaluated from column test results,
the boundary conditions during advection-dispersion analysis can be more closely to the on-site conditions.
As a result, this will promote the utilization of the excavated soils and rocks with geogenic contamination.

In this study, based on the above background, an up-flow column test was conducted to evaluate
the leaching behavior of readily soluble chemicals based on the shape of the breakthrough curve. Chemicals
with monotonically decreasing breakthrough curves showing maximum concentration when PVF=0 and
whose concentration becomes half of the maximum concentration when PVF= 1 or less are judged as easily
soluble chemicals in this study. In addition, in previous studies, most column tests were conducted using a
height of 30 cm and a flow rate of 12 mL/h, as specified by ISO standards. In particular, few tests were
conducted on the height of the column as a parameter. This study applied two types of marine sediments and

two different specimen heights and flow rates to discuss the robust application of the column leaching tests.

4.2 Methodologies for monotonous decreasing leaching behavior of geogenic
contaminants using column leaching tests

421 Materials

Boring surveys were conducted in two coastal areas in western and eastern Japan, respectively. Each sample
containing geogenic contaminants was collected. In this study, they are called sandy soil one and two,
respectively. Considering the history of land use at the collection point and the samples collected from a
sufficiently deep depth, there is no anthropological contamination. Soil particle density, natural water content,

particle size distribution, and ignition loss were measured for each sample.

Table 4.2 Fundamental physical properties of the samples
Sandy soil 1 Sandy soil 2

Soil particle density, ps (g/cm?) 2.669 2.708
Natural water content, w (%) 21.3 27.7

Sandy fraction (%) 90.8 84.0

Silty fraction (%) 4.9 9.6

Clay fraction (%) 43 6.4
Ignition loss (%) 2.0 3.7
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Figure 4.1 Samples used in this study: (a) Appearance of the sandy soils, and (b) Sieving process.

Table 4.2 shows the fundamental physical properties of the samples used. The sample was sieved while still
wet, and the sample that passed through the 2 mm sieve was used for the column leaching tests, as shown in

Fig. 4.1.

4.2.2 Column leaching tests

This study performed an up-flow column test following ISO 21268-3. The reason for upward permeating
water is to prevent selective flow generation as much as possible. The test condition is shown in Table 4.3.
An acrylic column with a diameter of 5 cm and a height of 30 cm was used for the column test. The sample
was poured into five layers with a height of 2 cm each, and after filling each layer, the sample was compacted
by dropping a 125 g rammer from a height of 20 cm three times. A 0.001 mol/L calcium chloride (CaCly)
solution was permeated as the influent. Before starting the column test, water was permeated through the
specimen to make it into a pseudo-saturated state. Precisely, the influent was permeated through the column
using a peristaltic pump at a flow rate of 1242 mL/h until the influent reached the top of the column. Then,
the column was stood for 48 hours. After that, the flow rate was set to 12 mL/h and continued until a liquid-
solid ratio (L/S) 20, as shown in Fig. 4.2. The leachate from the column should be sampled at L/S of 0.1, 0.2,
0.5,1,2,5,10. If L/S is ten or more, collect it once at L/S 2.5 to 5.

Table 4.3 Cases of the column leaching tests.

Testing No. 1 2 3 4 5 6 7
Sandy soil No. 1 1 1 1 2 2 2
Diameter of the column, D (cm) | 5 5 5 5 5 5 5
Height of the column, H (cm) 30 30 10 10 30 30 10
Flow rate, » (mL/h) 12 36 12 36 12 36 12
Darcy velocity, vs (cm/day) 15 44 15 44 15 44 15
Dry density, ps (g/cm?) 1.33 1.36 1.35 1.36 1.41 1.40 1.40
Porosity, n (-) 0.50 0.49 0.49 0.49 0.48 0.48 0.48
Soil-water contact tome, 7 (h) 243 7.9 8.1 2.7 24.3 7.9 8.1
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(a) (b)

Figure 4.2 Setting up the column leaching tests: (a) After compaction, and (b) During permeation.

After that, the frequency of leachate sampling was reduced. The amount of leachate sampled was
approximately 40 mL at L/S 0.1. After that, 100 to 150 mL of the total amount of liquid sampled was
transferred to a centrifuge tube, and the sample was subjected to suction filtration using a membrane filter
with a pore size of 0.45 pm.

In this study, concentrations of lead (Pb), arsenic (As), fluorine (F), boron (B), and selenium (Se)
in filtrate were measured. They are frequently reported among geogenic contaminants. Concentrations of
sodium (Na), sulfate ions (SO4), magnesium (Mg), iron (Fe), and aluminum (Al) were measured as soil
constituents. Since a CaCly solution was used as the influent, the calcium (Ca) concentration was not
measured. Chemicals such as F, SO4, Na, and Mg in the filtrates were measured using ion chromatography,
while As, B, Se, Pb, Fe, and Al were measured by Inductively coupled plasma (ICP) mass spectrometry (JIS
K 0102). In addition, the pH and electrical conductivity (EC) of the filtrates were measured.

The column height of 30 cm and flow rate of 12 mL/h are the test conditions specified by ISO
21268-3, while comparative experiments were conducted in this study, as shown in Table 3. In a column with
a height of 10 cm, the soil sample was poured in five layers of 2 cm each, and other test conditions were the
same as those specified by ISO 21268-3. Furthermore, tests were conducted at a flow rate of 36 mL/h, three
times faster than the ISO 21268-3. Note that for sandy soil 2, since the sample amount was limited, the case
of flow rate of 36 mL/h at a height of 10 cm was not conducted. Also, chemical analysis of the filtrate for
tests No. 6 and 7 was conducted up to L/S 13 and 5, respectively.

When the height of the specimen or the flow rate differs, the time required for the influent to pass
through the column changes. As a result, the solid-liquid contact time, 7, differs. The contact time, 7, was
determined as when pore water contacted the soil particles using the following equation (4.1). Herein, V5 is

the pore volume (cm®), and 7 is the flow rate (mL/h). Longer T means a longer leaching reaction time.

T=-— (4.1)



In this study, the horizontal axis of the breakthrough curve obtained in the column test was
organized in terms of the permeated volumes of solution dividing pore volume (pore volumes of flow, PVF),

as shown in equation (4.22).

v
PVF=-* 4.2)
Ve

Herein, Vs, (cm?) is the flow rate. Under the conditions of this study, 1 PVF = approximately 0.8 L/S.

In the column tests, leachate is sampled at arbitrary time intervals. Therefore, the concentration in
the leachate does not represent the concentration at the time of water sampling but the average concentration
during the sampling period (Finkel and Grathwohl, 2017). In other words, the actual breakthrough curve is
represented by the red line in Fig. 4.3. Therefore, the intersection of the red and black lines in Fig. 4.3 must
be determined to obtain the breakthrough curve. However, it is difficult to determine the intersection of the
red and black lines accurately. Therefore, in this study, the midpoint between the sampling times is assumed
to represent approximately the red line in Fig. 4.3. Then, breakthrough curves were obtained by calculating

the PVF.

—— Breakthrough curves

— Experiments

C (mg/L)

oty ot t \ t \
PVF or L/S or t
Figure 4.3 Relation between concentrations obtained from a column test and breakthrough curve.

4.2.3 Evaluating readily soluble chemicals using breakthrough curves

This study focuses on the following two points as indicators that the leaching reaction diminishes early.
Chemicals with a monotonically decreasing breakthrough curve, showing a maximum concentration at
approximately 0 PVF and having a concentration half of the maximum concentration at PVF =1, were
defined as easily soluble.

1) Shape of the breakthrough curves and maximum leaching concentration, Cmax

Whether the concentration decreased monotonically was investigated. Then, the maximum
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concentration Cmax and the PVF at that concentration were determined. As mentioned in Chapter 4.1, most
easily soluble chemicals are considered as the leaching at the beginning of the permeation (while the PVF or
L/S is small), and then leaching concentrations decrease rapidly (Susset and Grathwohl, 2011). Therefore, if
the shape of the breakthrough curve is monotonically decreasing, the on-site leaching behavior can be
predicted as a readily soluble substance (Susset and Grathwohl, 2011). On the other hand, if the breakthrough
curve increased once and then decreased, it cannot be confirmed that leaching is completed quickly. Therefore,
leaching behavior in the field cannot be predicted based on the breakthrough curve obtained from the column
leaching tests.

i) PVF at the relative concertation C/Cpax = 0.5

This study defined chemicals with a monotonically decreasing breakthrough curve and a relative
concentration (C/Cmax) of 0.5 at 1 PVF or less as readily soluble. C is the concentration of the chemicals in
the filtrates. Regardless of the reaction between the solid and liquid phases, readily soluble chemicals are
rapidly leaching from the soil. Then, the chemicals migrate within the pores by dispersion. Therefore, the
breakthrough curve obtained from the column leaching test should have a similar shape to the analytical
solution of the advection-dispersion equation shown in Fig. 4.4, such as a point symmetry. At 1 PVFE, when
the pore water is replaced once, C/Cmax becomes 0.5. At 2 PVF, the discharging of readily soluble chemicals
from the pores is almost terminated. Therefore, in this study, the value of C/Cmax at 1 PVF was focused, and
readily soluble chemicals are determined as C/Cimax = 0.5 in PVF=1.

As a result of the procedure i), ii) was performed for the column test results in which the
breakthrough curve was monotonically decreasing. The concentration of the first filtrate was used for the
value of Cmax, C at 0.1 PVE. Furthermore, the value of PVF at C/Cnax = 0.5 was determined by linear
approximation of two points before and after C/Cmax = 0.5. As shown in Figure 4.4, for the relative
concentration (C/Cmax) to be 0.5 at 1 PVF, the effective porosity, z., of the specimen should be equal to the
porosity z. In this study, since the soil used for the column test was sandy soil, 7. might be a manageable size
compared to n. For reference, n. was calculated as (PVF where C/Cmax = 0.5) X n to investigate whether ne

was too smaller than 7.

i) Maximum concentration, C, .,

17O O

O Breakthrough curves
— Theory

Q

5 ii) CIC,=0.5

£
O 05}
O

0 O 0O
0 2
PVF
Figure 4.4 Determination of readily soluble chemicals using a breakthrough curve.
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4.3 Results
4.3.1 Breakthrough curves of monotonous decreasing

For chemicals whose breakthrough curves monotonically decreased, Cmax Was determined. Table 4.4 shows
the Cmax values of B, Se, Na, Mg, and SO4, whose leaching concentrations decreased monotonically. When
the leaching reaction in the column is not in equilibrium, the longer the solid-liquid contact time 7, the greater
the leaching concentration C. Among test Nos. 1-4, the Cimax of B increased in the order of Nos. 3, 2, 4, and
1. The leaching concentration did not necessarily increase or decrease proportionally to the solid-liquid
contact time. Similarly, for Na, Mg, and SO4, Cmax did not increase or decrease in proportion to 7. In other
words, the difference in T due to the difference in # = 10, 30 cm and the difference in » = 12, 36 mL/h might
have a negligible effect on the value of Crax.

The effect of the difference in specimen height h on the difference in Cnax Was investigated. As
shown in Table 4.4, comparing Nos. 2 and 4, the B concentration at # = 30 cm was lower than that at 2 =10
cm. Although h was increased, and solid-liquid contact was prolonged, the leaching amount did not
necessarily increase. A similar trend was confirmed by comparing Na and SO in Nos. 1 and 3, and no
apparent tendency was confirmed in the Ciax for the specimen height of 10 or 30 cm. Even when h increased
from 10 to 30 cm, Cmax varied between increasing and decreasing, and the difference in Cmax was within a
range of approximately 1.5 times. Although only two conditions (10 and 30 ¢cm) were compared, a clear
relationship between £ and Ciax could not be confirmed. Therefore, the effect of the difference in 4 on Cmax
is likely small. Considering the range of variation in evaluating the reproducibility of column test results for
geogenic contamination, the difference in leaching concentration was up to 1.8 times (e.g., Naka et al., 2016;
Yasutaka et al., 2017; Inui et al., 2020). Several types of research imply the heterogeneity of the geogenic
contaminants in soil. Therefore, a difference of approximately 1.5 times in Cmax, as shown in Table 4.4, was
insignificant. The results suggest only a slight difference in specimen height of 10 and 30 cm on the Cax of

B, Se, Na, Mg, and SO obtained in this study.

Table 4.4 The Cmax values obtained from column leaching tests.

Testing No. 1 2 3 4 5 6 7

Types of sandy soil | 1 1 1 1 2 2 2

h (cm) 30 30 10 10 30 30 10

r (mL/h) 12 36 12 36 12 36 12

T (h) 243 7.9 8.1 2.7 243 7.9 8.1
B 4.25 3.71 3.07 3.84 0.038 0.024 0.034
Se 0.006 0.004 0.004 0.004 - - -

g;lng;L) Na 1900 1860 2010 1790 22.8 22.7 153
Mg 304 310 277 280 47.9 48.2 304
SO4 2440 3290 3010 2410 120 127 73.5
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The effect of the difference in flow rate » on the difference in Cnax Was investigated. Comparing the B
concentrations in No. 3 and 4, the Cmax at 12 mL/h, where r was smaller and solid-liquid contact was more
prolonged, was lower than the Cpax at 36 mL/h. A similar trend can be confirmed from the breakthrough
curves of Mg and SOy for Nos. 1 and 2. No apparent regularity was observed in the obtained Cmax under the
different conditions of » =12, 36 cm in this study. Even when r increased from 12 to 36 mL/h, the difference
in Cmax Was still approximately 1.5 times. The leaching amount did not necessarily decrease as the » value
increased, and no clear relationship was observed. The effect of the difference in 7 on Ciax is small compared
to the above.

Herein, readily soluble chemicals are determined. Figure 4.5 shows the monotonous decreasing
breakthrough curves for sandy soil 1. In sandy soil 1, Se, Na, Mg, and SO4 were all determined to be readily
soluble chemicals because C/Cpnax = 0.5 at 0.5-0.6 PVF, which is smaller than 1 PVF. Then, the effective
porosity, ne, of the specimen was estimated at approximately 50-60% of the porosity, n. On the other hand,
as shown in Fig. 4.5(b), (d), B has PVF=1 and C/Cmax = 0.5, but in Figure 4.5(a), (¢), PVF > 1 and C/Crax
= 0.5. Since several breakthrough curves did not show the behavior of the readily soluble chemicals, B was
not judged as readily soluble. Regarding B, although the PVF at which C/Cmax =0.5 did not meet the criterion
of PVF =1 proposed in this study, it was in the range of PVF = 1.5. Since the shape of the breakthrough curve
for B is closer to that of other readily soluble chemicals, there is room for further discussion about the criteria

of'the readily soluble chemicals. For example, providing a permissible range of readily soluble is conceivable.
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Figure 4.5 Monotonous decreasing breakthrough curves for sandy soil 1: (a) =30 cm, =12 mL/h

(No.1), (b) =30 cm, r = 36 mL/h (No.2), (¢c) =10 cm, » = 12 mL/h (No.3), and (d) # =10 cm, r = 36
mL/h (No.4).
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The breakthrough curve for sandy soil 2 is shown in Fig. 4.6. In sandy soil 2, Se was not leached. In sandy
soil 2, since SO4 had C/Cnax = 0.5 between 0.4 and 0.7 PVF, it was judged to be a readily soluble chemical.
From this result, n. of the sandy soil 2 specimens was supposed to be approximately 40-70% of n. For B, as
shown in Fig. 4.6(b) and (c), C/Cmax = 0.5 was achieved in PVF=1, while in Fig. 4.6(a), C/Cmax = 0.5 was
achieved in PVF > 1. Boron was determined not to be readily soluble since it could not be determined in all
breakthrough curves. Similarly, as shown in Fig. 4.6(a) and (b), Na and Mg were determined to be not readily
soluble since C/Cmax = 0.5 at PVF > 1. While the B leaching terminated relatively quickly, Na and Mg
continued even at 10 PVF. Further, judging from the breakthrough curves, Na and Mg leaching are assumed
to continue for a relatively long period, albeit at low concentrations.

In sandy soil 2, a tailing in which the decrease in concentration over time was smaller than that in
sandy soil 1 was confirmed to be more significant (Vries et al., 2017; Ishimori et al., 2020). One of the reasons
why tailing was clearly observed is that the Cmax of sandy soil 2 is approximately 1-2 orders of magnitude
smaller than sandy soil 1. This result suggests that the effect was in a lower concentration area than sandy
soil 1 (Ishimori et al., 2020). A study states that Na leaching from molten slag was readily soluble (Kida et
al., 2003). However, this study found that whether leaching Na or Mg was judged to be readily soluble
depends on the concentration. The definition of readily soluble should be discussed in the future, considering
the concentration levels. In particular, since the tailing phenomenon is noticeable, breakthrough curves
obtaining Cmax should be carefully examined. However, in practical terms, the leaching amount in the low

concentration area can be negligible since the small Cnax value.
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Figure 4.6 Monotonous decreasing breakthrough curves for sandy soil 2: (a) =30 cm, =12 mL/h

(No.5), (b) =30 cm, » =36 mL/h (No.6), and (c) 2 =10 cm, =12 mL/h (No.7).
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Investigate the effect of differences in % or r on the breakthrough curve of readily soluble. First, as
shown in Fig. 4.5, all Se, Na, Mg, and SO4 showed a monotonous decrease. Also, the PVF with C/Cpax = 0.5
was similar, and the leaching terminated quickly. The shape of the breakthrough curve did not change
significantly under 4 or r considered in this study, even if the solid-liquid contact time was affected by 4 or
r. Also, a similar breakthrough curve shape was obtained when compared with the column test results of
previous studies (Naka et al., 2016; Yasutaka et al., 2017). Similarly, in sandy soil 2, the breakthrough curves
for SO4, which was determined to be readily soluble, showed a monotonous decrease and a similar PVF for
C/Cmax = 0.5 in three cases, as shown in Fig. 4.6. From the above, almost the same breakthrough curve shape
was obtained for readily soluble substances regardless of % or r.

Almost the same shape breakthrough curve was obtained under different specimen heights.
Therefore, even if the column's scale becomes large, the leaching behavior of readily soluble chemicals is
likely to quickly terminate and be discharged from the column as pore water is exchanged. Furthermore, the
breakthrough curves were almost the same despite different flow rates. Therefore, the leaching kinetics of
the readily soluble chemical is presumed to reach equilibrium quickly. In the range examined in this study,
the leaching behavior of readily soluble chemicals could be considered generally the same even if 4 and r
were different. Although this assumption is based on one-dimensional, small-scale column test results, if a
chemical is readily soluble, it may be possible to predict the leaching behavior from the column test result in
a field where the solid-liquid contact time is longer than the column leaching test.

The reason why the breakthrough curves of B and Se were monotonically decreasing and the
leaching was terminated quickly was discussed. Generally, B exists as boric acid B(OH); in the solution and
is known to have no electrical charge (e.g., Shimada, 2013). Since the chemical species of B changes
depending on the pH, B becomes borate ion B(OH)4 at pH > 12. As shown in Fig. 4.7, pH values were 6.5-
8.5 in sandy soils 1 and 2, suggesting that most B existed in B(OH)3 (Igarashi and Shimogaki, 1998). Since
B(OH); existed in a non-charged state, B was challenging to adsorb to minerals in the soil. Therefore, the
breakthrough curves of B monotonically decreased, and the leaching terminated quickly. Also, the possibility
that B(OH)s is loosely adsorbed on the surface of clay minerals has been mentioned (Ito and Katsumi, 2020).
As shown in Figs. 4.5 and 4.6, why B breakthrough curves were delayed by approximately 1 PVF compared
to SO4 might be explained by the adsorption.
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Figure 4.7 Profiles of pH values of column leaching tests: (a) sandy soil 1, and (b) sandy soil 2.
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In this study, Se was determined to be readily soluble. Similarly, in a previous study of field tests,
the breakthrough curve for Se was C/Cmax = 0.5 below 1 PVF (Tamoto et al., 2015). Since Se exists in +6,
+4, +1, 0, and -2 valent chemical species, Se state is known to be affected by pH and redox potential (Er)
(Shimada, 2014). Since £, value was not measured in this study, the chemical species of Se cannot be
completely identified. However, considering that the column test was conducted in an open atmosphere and
the pH values were 6.5-8.5, Se was supposed to be a hexavalent(+6) or tetravalent(+4) oxyanion. In particular,
hexavalent Se is difficult to adsorb due to its low reactivity (Shimada, 2014). Therefore, Se is a readily soluble

chemical due to its high migration properties.

4.3.2 Breakthrough curves of arsenic, fluorine, and aluminum

Figure 4.8 shows the breakthrough curve for sandy soil 1, which did not show a monotonous decrease.
Concentrations of Fe and Pb were not detected. Figure 4.8(a) shows the result of As. The As concentration
increased to 2 PVF and then decreased regardless of the test conditions. Furthermore, arsenic leaching
continued at approximately 0.005 mg/L even after 10 PVF.

Figure 4.8(b) shows the breakthrough curve of F. Similar to As, the leaching concentration of F
increased to 2 PVF and then decreased. One of the reasons why the concentration decreased after once
increasing is thought to be 1) diffusion-controlled leaching from the solid phase or ii) dissolution of minerals

as the influent permeating, but it is difficult to determine the cause definitively.
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Figure 4.8 Breakthrough curves whose concentration were not monotonous decreasing in sandy soil

1: (a) arsenic (As), (b) fluorine (F), and (c) aluminum.
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The leaching of F from clay minerals such as illite in sediments occurs through ion exchange with hydroxide
ions (OH") when the pH is slightly alkaline (Shimada, 2011). As shown in Figs. 4.7(a) and 4.8(b), the pH
reached its maximum value (pH = 8.3) at approximately 2 PVF, while the leaching concentration of F also
reached its maximum value. In other words, there was a correlation between pH and the F leaching. As shown
in Table 4.2, sandy soil 1 contains approximately 10% silt and clay, and F might leach by an ion exchange
reaction with OH™ during the column test. However, since this study used sandy soil with a smaller specific
surface area than clay minerals, the F leaching mechanism should be further investigated.

Previous studies have also obtained similar breakthrough curves for geogenic As and F increased
once and then decreased as PVF increased (Nakamura et al., 2014; Naka et al., 2016). As shown in Fig. 4.8(a)
and (b), the maximum concentration around 2 PVF for both As and F differed approximately 1.5 times in
each case. Compared to the fluctuation of leaching concentration in previous studies, the influence of the
specimen height and flow rate on the difference in the shape of As and F breakthrough curves should be
minimal (Naka et al., 2016; Yasutaka et al., 2017). From the above, although the influence of h and r on the
shape of the breakthrough curve might also be undersized for not readily soluble chemicals, such as As and
F, the leaching behavior of onsite is complex to predict from the column test results because whether the
discharge terminates quickly or the leaching kinetics is high is not unclear. In such cases, inflow boundary
concentration conditions must be determined based on the cumulative leaching concentration up to L/S 2
(Susset and Grathwohl, 2011). A relatively large concentration should be assumed for chemicals expected to
leach over a long period, such as As and F, and safe side inflow concentration conditions should be set for
advective-dispersion analysis (Susset and Grathwohl, 2011).

Figure 4.8(c) shows the Al breakthrough curve. The Al concentration was low after the permeation
started. Also, the concentrations were still approximately 0.02 mg/L even when the PVF increased. Arsenic
contained in marine sediments is known to be adsorbed by oxides and hydroxides in soil, such as Fe and Al
(Shimada, 2011; Katayama et al., 2020). The pH values should influence the amount of As adsorbed by
oxides and hydroxides. As shown in Fig. 4.8(a), focusing on the behavior of As after 10 PVF, arsenic showed
a constant concentration of around 0.005 mg/L, while Al after 10 PVF was around 0.02 mg/L. The correlation
between As and Al concentrations was also confirmed in this study. Furthermore, as shown in Figs. 4.7(a)
and 4.8(a), pH and As concentrations reached their maximum values around 2 PVF and then decreased
similarly. A correlation between pH and As concentration was also confirmed. Inui conducted a rainfall-
simulating column test using marine sediments collected from a similar area of sandy soil 1. The result
showed that pH was not the only dominant factor for the As leaching; depth and saturation degree also
influenced it. (Inui et al., 2020). This study conducted column tests with a similar saturation degree. However,
the depths were different. The results showed that the effect of the difference in depth was small, as shown
in Fig. 4.8(a). In the future, column tests under different saturation conditions should be conducted to
elucidate the mechanism of As leaching.

Figure 4.9 shows the breakthrough curves for sandy soil 2. The concentrations of F, Pb, and Fe
were not detected. The As concentration was about 1/10 lower than that in sandy soil 1, as shown in Fig.
4.9(a). The As leaching concentration showed differences in each test case. Due to a low concentration of As,
the difference in the shape of breakthrough curves is likely due to the heterogeneity of the soil or the
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limitations of chemical analysis. Therefore, the impact of / or » cannot be concluded. As shown in Fig. 4.9(a),
the leaching of arsenic continued at around 0.001 mg/L after 30 PVF. This result indicates that arsenic
leaching might continue for a longer duration.

Figure 4.9(b) shows the breakthrough curve of Al. Aluminum continued to show values of
approximately 0.01-0.07 mg/L. As with sandy soil 1, no apparent differences were observed due to
differences in 4 and r. Also, the correlation between As and Al leaching concentrations observed in sandy
soil 1 could not be confirmed in sandy soil 2 (Shimada, 2011; Katayama et al., 2020). This result suggests
that other mechanisms besides adsorption/desorption reactions from Al oxides or hydroxides are possible as

the leaching mechanism of As.
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Figure 4.9 Breakthrough curves whose concentration were not monotonous decreasing in sandy soil
2: (a) arsenic (As), and (b) aluminum.
4.4 Interpretation and application of the column leaching tests

4.4.1 Risk assessment for a readily soluble chemical

How to utilize the results of determining the readily soluble substances in column tests is discussed. Herin,
the boundary condition of the inflow concentration for contaminant during advection-dispersion analysis is
considered to be determined based on the results of column tests. In this study, the impacts of the difference
in /2 or r on the leaching behavior of the readily soluble chemicals on Cmax or breakthrough curves shape. In
both sandy soils 1 and 2, since differences in % or r are not significant, the breakthrough curves of the readily
soluble chemicals are assumed to be similar regardless of the h and r. Therefore, assuming the construction
of an embankment, when conducting an advection-dispersion analysis, as shown in Fig. 4.10(a), it is highly
possible to focus on the number of exchanges of pore water. Then, breakthrough curves can be utilized for
the design of the embankment. In other words, the risk assessment closer to the onsite condition can be
conducted by setting the inflow concentration conditions, as shown in Figure 4.10(b). Figure 4.10(b) is the
boundary condition that gives Cmax up to 2 PVF, where the leaching concentration of a readily soluble
chemical can be considered to approach 0, with the maximum concentration Cmax obtained in the column test
as the inflow concentration. Figure 4.10(b) is closer to reality because it gives the maximum Cpmax

concentration obtained in the column test. Moreover, since the leaching of readily soluble chemicals is C/
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Cmax = 0.5 at 1 PVF and terminates at approximately 2 PVF, such behavior is included in Fig. 4.10 b).
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However, some challenges should be clarified. For example, column tests' dry density, redox state, material
heterogeneity, and permeability heterogeneity are not entirely equivalent to the in-situ conditions. Since the
column test is just a laboratory test and cannot wholly represent reality, the boundary concentration should
be determined on the safe side. Therefore, the leaching concentration was continuously given Cmax up to 2
PVF, as shown in Fig. 4.10(b). By performing a column test to determine readily soluble chemicals,
appropriate countermeasures can be taken against readily soluble chemicals that leach at relatively high
concentrations during the initial permeation period. In this study, although B is not determined to be readily
soluble, its breakthrough curve shape is close to readily soluble. Therefore, when the countermeasure is
designed against B, the period of giving Cimax can be lengthened. The criteria for the readily soluble chemicals
a future issue. In addition, due to the regulations of the column leaching test method specified by ISO, Cmax
was the concentration sampled in this study when L/S was 0.1. Therefore, how to obtain the Cmax value should
be discussed.

As shown in Chapter 4.1, the leaching behavior of readily soluble chemicals is expressed using the
analytical solution of the advection-dispersion equation, and it is used for the inflow concentration condition
in Germany (Susset and Grathwohl, 2011). In other words, numerical analysis is performed using numerical
solutions of the advection-dispersion equation. In contrast, a constant concentration of Cnax is proposed in
this study, mainly for two reasons. First, since it is a boundary condition that gives a constant concentration,
a simple analysis using the advection-dispersion equation's analytical solution can be conducted while
considering the readily soluble behavior. Furthermore, a breakthrough curve model for column leaching tests
has yet to be established. Also, the analytical solution of the advection-dispersion equation might not describe
the breakthrough curve obtained in the leaching test, mainly when the tailing mentioned in 4.3.1 is observed
(Ishimori et al., 2020). Since it is challenging to express breakthrough curves as a function completely, the
expressed function might not represent reality. Therefore, the constant concentration Cmax Was given for a
certain period as the inflow concentration conditions for the readily soluble chemicals in this study.

Herein, explain the significance of identifying the readily soluble chemical using a column leaching
test. The readily soluble chemical shows maximum concentration at the beginning of the permeation.
Therefore, the highest concentration is obtained at the initial stage of the test. As mentioned in Chapter 4.1,
the concentration Cy is often determined in a batch leaching test using L/S 10 in Japan. Then, the inflow
boundary concentration is determined, and advection-dispersion analysis is performed. Batch testing
provides the total leaching amount under a specific L/S condition. However, a profile of the leaching
concentration, especially at the initial stage of the test, cannot be examined compared to a column test. Also,
the concentration Cp, is the average leaching concentration under relatively large L/S. Therefore, Cy is
expected to be smaller than the maximum concentration C. (same as Cmax) obtained in the column leaching
test. When using excavated soil as a geomaterial, after determining the inflow concentration based on
leaching tests, estimate the sorption capacity required of the attenuation layer or the original ground. As
shown in Fig. 4.10(c), when the sorption performance of the attenuation layer or the original ground is
expressed in the Freundlich isotherm, the partition coefficient K. calculated by C. should be smaller than K
calculated by Cb. In order to perform a safer risk assessment for the readily soluble chemicals, column

leaching tests should be conducted to obtain Ce.
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When determining the readily soluble chemicals, the general trend of the breakthrough curve can
be obtained by performing a column test up to at least 2 PVF (approximately equivalent to L/S 1.5). Although
the length of the test duration has been pointed out as an issue with column tests (Nakamura et al., 2014;
Naka et al., 2016), safer risk assessment can be carried out using the short-term column tests up to about L/S
2. In this study, Na and Mg were not judged to be readily soluble in all soils. Whether a chemical is readily
soluble depends on the soil type. Therefore, conducting a column test for each soil is desirable to evaluate its
leaching behavior precisely. For example, B was monotonically decreasing (e.g., Naka et al., 2016), but the
concentration of B was once increasing and then decreasing (e.g., Arima et al., 2011). As mentioned in
Section 4.3.1, pH influences boron's fate and transport. Therefore, the breakthrough curve of B, which was a
monotonically decreasing curve in this study, might not be a monotonically decreasing curve in alkaline soils.

These results suggest column tests for each soil type and construction site.

4.4.2 Column leaching test results organization using PVF as index

Organizing column test results using PVF is recommended in this study. Unlike the conventional arrangement
using L/S, the soil particle density measurement for calculating the pore volume is required. Therefore, the
accumulating information is not only on the amount of leaching fraction but also on the fundamental physical
properties of the soil. Furthermore, as shown in Table 4.1, conventional column tests are often applied in
environmental chemistry, such as treating incinerated ash or waste using L/S. On the other hand, the excavated
soils and rocks with geogenic contamination are used in earth structures such as embankments. Therefore,
the leaching behavior should be evaluated considering the soil conditions, such as dry density, compaction
degree, and degree of saturation. As shown in 4.3.1, since the effective porosity, ne, might be smaller than
the porosity, if ne, is not considered, the leaching amount might be underestimated. Therefore, organizing the

breakthrough curve using PVF and evaluating the effective porosity is essential to get closer to reality.

4.4.3 Influences of column length

This study conducted column tests at different heights of 10 and 30 cm. There was no significant difference
in the shape of the breakthrough curve for readily soluble chemicals, even if the height of the specimen was
different. From this result, the leaching behavior of readily soluble chemicals in the practical condition can
be predicted by focusing on the number of exchanging pore water, as in column tests. This fact also indicates
the possibility of applying a column test with a smaller specimen height to shorten the test period. However,
it is still being determined whether the results of this study can be applied to all excavated soils and rocks
with geogenic contamination. In particular, there needs to be more knowledge to apply test results on the
scale of several centimeters in the laboratory to the scale of several meters in reality. It is desirable to
accumulate knowledge in the future by carrying out larger-scale column tests and model experiments
extended to two or three dimensions. Conducting on-site monitoring and clarifying the relationship between

experiments and reality is also essential.
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4.5 Summary and Conclusions

In this study, an up-flow column test was conducted on marine sediments. The breakthrough curves were

obtained by organizing the horizontal axis of the concentration profile with PVF. A chemical whose

concentration profile monotonically decreases and shows the maximum concentration when PVF=0, and
whose concentration is half of the maximum concentration when PVF= 1, was defined as a “readily soluble
chemical” whose leaching was terminated quickly. The results support the following conclusions:

1. Insandy soil 1, since Se, Na, Mg, and SO4 concentrations decreased monotonically and reached C/Cax
= 0.5 below 1 PVF, they were determined to be readily soluble. On the other hand, the concentration
profiles of B showed a monotonous decrease, but C/Cmax = 0.5 was not achieved at PVF = 1. Boron was
not determined to be a readily soluble chemical.

2. In sandy soil 2, the concentration profiles of B, Na, Mg, and SO4 were monotonically decreasing, but
only SO4 was determined to be readily soluble. The leaching of Na and Mg continued even after 10
PVF, indicating the possibility that the leaching may continue for a long time, albeit at a low
concentration.

3. The concentrations of As and F decreased after increasing once. Therefore, they were not determined to
be readily soluble. The leaching of As and F continued after 10 PVF.

4.  When readily soluble chemicals are determined, the concentration profiles can be determined by
performing a column test up to approximately 2 PVF. Since readily soluble chemicals show the
maximum leaching concentration at the beginning of permeation, a more realistic risk assessment can
likely be performed by determining the inflow concentration conditions through a short-term column

test.
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Chapter 5

Sorption-Desorption Column Tests to Evaluate the
Attenuation Layer Using Soil Amended with a Stabilizing
Agent

51 General remarks

To reduce the disposal of soils, the excavation of new materials, the carbon footprint, etc., the utilization of
soils and rocks excavated at construction sites is highly encouraged (e.g., Magnusson et al., 2019). However,
the utilization of these materials in Japan remains a challenge for several reasons. One large concern is that
a certain percentage of these excavated materials contain toxic geogenic chemicals, such as arsenic (As),
fluorine (F), and lead (Pb) (e.g., Naka et al., 2016; Tabelin et al., 2018; Tamoto et al., 2015). If contaminated
materials fail to meet the environmental standards and/or the Soil Contamination Countermeasures Law
(SCCL), actions for contaminant control must be implemented (e.g., Katsumi et al., 2019; Ministry of Land,
Infrastructure, and Transport, 2010). Considering the leaching load and the nature of the materials, measures
such as containment and chemical treatment are inappropriate for two main reasons. First of all, in many
cases, toxic chemicals are leached in concentrations that slightly exceed the mandated limits under the SCCL
(e.g., Ito and Katsumi, 2020). Second of all, although significantly large volumes of excavated soils and rocks
are generated at construction sites, only a certain percentage contains toxic chemicals (e.g., Ministry of Land,
Infrastructure, and Transport, 2010). Therefore, the implementation of cost-effective countermeasures for the
proper utilization of these contaminated materials is desirable (Katsumi, 2015).

One possible countermeasure for preventing the contamination of the adjacent ground, where such
contaminated soils are utilized, is the attenuation layer method. The benefits of this method are its low
material costs and reduced management efforts (e.g., Tatsuhara et al., 2012, 2015; Nozaki et al., 2013a). To
prevent (or reduce to acceptable levels) the infiltration of toxic chemicals from these contaminated materials
into the adjacent ground, an attenuation layer is installed on the embankment foundation, as shown in Fig.
5.1 (Mo et al., 2020; Nozaki et al., 2013b; Tabelin et al., 2013). A typical attenuation layer material is clean
sandy soil mixed with a stabilizing agent.

The sorption performance should be evaluated for the attenuation layer to prevent the infiltration
of contaminants. The partition coefficient, K4 (cm?/g), is a common index for evaluating the sorption
performance of geomaterials. This parameter can be determined through various laboratory experiments,

including batch tests, column tests, and other experimental methods. The advantage of the batch test is that
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it has a simple experimental protocol with a short testing time. In this test, Kq is obtained from at least one of
the empirical sorption isotherms. However, the applicability of this test is limited for three reasons. Firstly, it
usually employs a liquid-to-solid (L/S) ratio of 10-50 L/kg, which is much higher than the in-field infiltration.
Secondly, the temporal changes in concentrations are difficult to be distinguished (Martinez-Llado et al.,
2011). Thirdly, the test does not consider solute kinetics or the in-field flow conditions (Plassard et al., 2000).

Recently, the column test has become more prevalent for evaluating the sorption performance. In
this test, the concentrations in the effluents can be monitored for several L/S ratios, including much smaller
ratios than in the batch test. The smaller L/S ratios can better represent the in-field conditions. By modelling
the breakthrough curves from this test, K4 can be determined (Igarashi and Shimogaki, 1998; Martinez-Llado
et al., 2011; Wang and Liu, 2005).

The sorption performance of the stabilizing agent against geogenic contaminants is more
commonly investigated by batch experiments (e.g., Morishita and Wada., 2013; Nishikata et al., 2020; Nozaki
et al., 2013b) than by column experiments (Mo et al., 2020; Tatsuhara et al., 2012). Furthermore, the sorption
performance of the agent has been individually evaluated (Nishikata et al., 2020; Nozaki et al., 2013b; Tabelin
et al., 2013), while the soil-agent mixture has not been fully evaluated. As an evaluation of the sorption
performance has shown that it is much closer to the in-field conditions, it should be performed by column
tests using a soil-agent mixture.

Contaminants sorbed by a soil-agent mixture should be immobilized in the attenuation layer. The
concentrations of geogenic contaminants leached from excavated soils often decrease and approach zero over
time (Inui et al., 2014; Naka et al., 2016). In this situation, contaminants sorbed by relatively weak chemical
interactions may be desorbed by seepage water. The desorption behavior should be considered in order to
evaluate the sorption performance of the attenuation layer.

Sorption-desorption column tests have the potential for use in evaluating the attenuation layer. This
test has been conducted to assess 1) the migration characteristics of chemicals in the ground (Igarashi and
Shimogaki, 1998; Wang and Liu, 2005), 2) the recovery percentage of metals in soils (Martinez-Llado et al.,
2011), and 3) the regeneration of the sorption performance (Ye et al., 2018). The sorption-desorption column
test can indicate whether contaminants immobilized by soil amended with a stabilizing agent are leached

during the desorption phase because weakly attracted contaminants can be leached.
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Figure 5.1 Schematic of conventional design of attenuation layer method.
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In this study, sorption-desorption column tests were conducted to discuss the sorption performance
of soil amended with a stabilizing agent. Fluoride (F) was selected as the target contaminant because it is a
geogenic contaminant whose concentration exceeds the acceptable limit regulated under the SCCL (e.g., Ito
and Katsumi, 2020; Naka et al., 2016). Magnesium oxide (MgO) was used as the stabilizing agent because it
is a promising agent for the attenuation layer (Nozaki et al., 2013b). To estimate the sorption and desorption
parameters, the analytical solution for the one-dimensional advection-dispersion equation (ADE) was fitted

to the breakthrough curves obtained from column experiments.

52 Methodologies for sorption-desorption column tests
5.2.1 Materials

Silica sand was used as the clean parent material. Table 5.1 summarizes its physical properties. Figure 5.2
shows its X-ray diffraction (XRD) profile with CuKa, 40 kV, 100 mA (RINT-2500, Rigaku in GSJ-Lab,
AIST), as shown in Fig. 5.3(a).

The stabilizing agent was manufactured by Taiheiyo Cement. The chemical composition of the
agent was evaluated by X-ray fluorescence (XRF) (EDX-720, Shimadzu), as shown in Fig. 5.3(b), and it was
determined that the agent mainly constituted MgO and its content was ~91%. It also contained a certain
amount of CaO (~6.7%). It had a Blaine specific surface area of 5970 cm*/g, which was determined as per
JIS R 5201 (2015). The residue on a 90-um sieve was 21.2 wt.%. It had a particle density of 3.21 g/cm’,
which was determined as per JIS R 5201 (2015).

The test specimens had three agent contents (1, 5, or 10%). These agent contents of 1, 5, and 10%
corresponded to stabilizing agent contents of 10 g-, 50 g-, and 100 g per kg of dry soil, respectively. In the
experiment, silica sand was poured into a steel bowl, and then the appropriate amount of stabilizing agent
was added. Finally, the sand and the stabilizing agent were manually mixed with care to prepare the

homogenous mixtures.

Table 5.1 Physical properties of silica sand.
Parameter Standard Value
Particle density JIS A 1202 (2009) 2.62 g/em?
Particle size distribution JIS A 1204 (2009)
Sand [0.075-2 mm)] 98%
Fines [< 0.075 mm] 2%
Maximum particle size 0.425 mm
Coefficient of uniformity 1.04
Coefficient of curvature 2.17
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Figure 5.3 Experiments evaluating hydration kinetics: (a) XRD (RINT-2500, Rigaku in GSJ-Lab,
AIST), (b) XRF (EDX-720, Shimadzu), (c) Rotator, and (d) Freeze dryer (FDS-1000, EYELA).

5.2.2 X-ray diffraction analysis

5.2.2.1 Hydration tests
Understanding hydration kinetics is important for evaluating the sorption performance of MgO. Here,

hydration tests were used to investigate whether hydration was complete within 24 hours. In these tests, 0.6-
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g samples of the agent were put in contact with 30 mL of distilled water using plastic tubes, as shown in Fig.
5.3(c). To investigate the kinetics of hydration as fundamental information, the samples were left for a given
length of time (1, 4, or 27 days). After the hydration tests, the solid and the liquid were separated using
centrifugation. The pH values of the liquid were measured using a pH/EC meter (F-54, Horiba). The XRD
profiles with CuKa, 40 kV, 100 mA were measured after 1, 4, and 27 days.

5.2.2.2 XRD pattern for sample after column tests

An XRD analysis was conducted after completing the sorption-desorption column test for a 10% agent
content. It took 110 days to complete the column test for a 10% agent content. The agent particles were
manually separated from the particles of silica sand after freeze-drying with a freeze dryer (FDS-1000,
EYELA), as shown in Fig. 5.3(d). The freeze-dried specimen was sieved by passing it through a 106-um
opening screen. Afterwards, the sieved material was examined by XRD analysis. Only the 10% case was
evaluated because it was difficult to distinguish the agent particles from the silica sand. Even at this relatively
high agent content, the sieving step could not remove all the quartz particles. However, the passing fraction

was mainly considered to show the components of the agent particles after the column test.

5.2.3 Sorption-desorption column tests

Sorption-desorption column tests were used to evaluate the sorption and desorption behaviors of the
specimens. Two-stage column tests were conducted using acrylic columns (¢ 5 cm x & 10 cm) at room
temperature (~20°C), as shown in Fig. 5.4(a). A dried soil-agent mixture was placed in the column, as shown
in Fig. 5.4(b). Each specimen was compacted in the acrylic column in five layers of equal heights, as shown
in Fig. 5.4(c). During compaction, a 125-g rammer was dropped freely from a height of 20 cm. This method
was based on the corresponding ISO 21268-3 (2019). The specimen was placed between filter papers to
prevent channel clogging due to the fine soil particles. Then distilled water was percolated in an up-flow
direction using a peristaltic pump at a flow rate of approximately 36 mL/h until the specimen reached
saturation. Finally, percolation was interrupted for 24 hours to achieve a saturated condition. Table 5.2
summarizes the test conditions. Side wall leakage should not occur in this test considering two aspects. The
first aspect is that the hydraulic conductivity of this silica sand is approximately 10-4 m/s ~ 10-5 m/s. The
second aspect is that the ratio of the maximum particle size to the column diameter is less than 1/40.

In the first stage (sorption phase), the influent was a fluoride solution prepared using sodium
fluoride (NaF) with a concentration of Cp = 80 mg/L F". The solution was continuously percolated in an up-
flow direction via a peristaltic pump at 36 mL/h, which is equivalent to a Darcian velocity of 44 cm/d. The
first stage was terminated when the concentration in the effluent, C, exceeded 76 mg/L F-, where C/Cy = 0.95.
In the second stage (desorption phase), distilled water was percolated under the same flow conditions until
the concentration in the effluent was less than 4 mg/L F-, where C/Co = 0.05.

Effluents were collected periodically in plastic bottles and filtered using a 0.45-pum membrane filter.
The filtrate pH was measured using a pH/EC meter (F-54, Horiba). The fluoride concentration was measured
using a fluoride selective electrode (6561S-10C, Horiba).
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(b)

Figure 5.4 Preparation of the specimens for column tests; (a) Assembling the column, (b) Pouring

the soil amended with the stabilizing agent, and (c) Compacting the soil.

Table 5.2 Specimen properties used in this study.
Agent content (%) pa (g/em?) n
1 1.40 0.47
5 1.38 0.438
10 1.43 0.47

5.2.4 Solute transport analysis

5.2.4.1 Theory

Breakthrough curves from the column tests can be modelled using a one-dimensional ADE as

2
REC _pTC_, 3
ot ox Oox

Assuming that the initial and “constant-flux” boundary conditions are given as

= O,—Da—c +v(C
ox

=vC0,a—C

x=0,120

=0

x>0,1=0

x=00,>0

the solution to Eq. (5.1) for these conditions is given by van Genuchten and Parker (1984) as
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where R (= 1 + psKa/n, in which pg (g/cm?®) and n are the dry density and porosity of the specimen,
respectively) is the retardation factor, D (cm?/s) is the longitudinal dispersion coefficient, v (cm/s) is the
average pore water velocity, C (mg/L) is the solute concentration at distance x from the source at time ¢, Cy
(mg/L) is the initial solute concentration, and L (cm) is the column length.

To model the breakthrough curves from the tests, it is assumed that the solute transport parameters,
R, D, v, and Cy, are constant. For the sorption phase, the experimental data were directly fitted using Eq. (5.3).
For the desorption phase, the experimental data were fitted using Eq. (5.3), but C/Cy was subtracted from 1
[i.e. (1 - C/Cy)], as recommended by Grathwohl and Susset (2009). This is because the initial and boundary

conditions for the desorption phase differ from those of the sorption phase, as shown in Fig. 5.5.

Sorption stage Desorption stage

/ . /\ii.

1
CIC,
0
PVF
0
C/C,
\
! PVF
Figure 5.5 Parameter determination in an analytical solution, where the sorption and desorption

phases are determined using the results of the column test and analogical concept, respectively.
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5.2.4.2 Estimation of dispersion coefficients using chloride tracer tests
Tracer tests were conducted to determine the values for D during the sorption and desorption phases after the
sorption-desorption column tests. This test followed the two-stage column test using the same specimen
(Table 5.2). Chloride (CI") was used as the non-sorbed chemical. A chloride solution with a concentration of
1000 mg/L CI" was prepared using sodium chloride (NaCl). The specimens were percolated using the CI°
solution until the concentrations in the effluents were 1000 mg/L CI°, where C/Cp = 1.0. After that, percolation
was continued using distilled water until the concentrations in the effluents were 50 mg/L CI', where C/Cy =
0.05. The flow rate was similar to that in the two-stage column tests (refer to Section 5.2.3). The chloride
concentration was measured using a chloride selective electrode (6560S-10C, Horiba).

To estimate the values for D, the breakthrough curves were modelled from the tracer test using Eq.
(5.3). As CI' is a non-sorbed chemical, it was assumed that R = 1. The values for D were obtained by

minimizing the residual sum of the squares (SSE) between the predicted data and the experimental data as

SSE=) (C,-C))’ (5.4)

i=1

where (C/Cy); is the experiment data series and (C/Cy);’ is the predicted data series. When the experimental
value and the analytical solution at C/Cy = 0.5 disagreed, the v value in the analytical solution was manually
adjusted. This calculation was conducted using the following data sheet, as show in Fig. 5.6.

Figure 5.7 and Table 5.3 summarize the results of the tracer tests. The obtained prediction curves

are analogous to the experimental data.
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Figure 5.6 Data sheet minimizing the residual sum of the squares (SSE) between the predicted data

and the experimental data.
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Figure 5.7 Results of the chloride tracer tests for agent contents of (a) 1%, (b) 5%, and (c) 10%.
Table 5.3 Estimated solute transport parameters.

Agent content Sorption Desorption

(%) K4 (cm’/g) D (cm?¥/s) K4 (cm’/g) D (cm?/s)

1 0.54 2.3x10* 0.081 1.3 x 10

5 27 3.1x10* 0.13 4.3 x10*

10 50 2.5x10* 0.11 54x10*
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5.3 Results
5.3.1 Hydration kinetics

The hydration kinetics of the stabilizing agent was investigated based on Section 5.2.2. Figure 5.8(a) shows
the XRD patterns. Prior to hydration, the MgO peaks were significant, but during hydration, the magnesium
hydroxide [Mg(OH):] peaks were predominant. However, the MgO peak was clearly observed after 27 days.
These results show that the hydration kinetics of this agent is relatively slow, and that not all of the MgO was
immediately hydrated after the 24-hour saturation step. Although this test did not consider or clarify the
individual chemical reactions occurring in the column test, it did reveal the general trend of hydration kinetics.
The pH values after 1, 4, and 27 days were 11.1, 11.7, and 9.89, respectively.

Figure 5.8(b) shows the XRD pattern of the stabilizing agent after the sorption-desorption column
test. This XRD pattern was investigated based on the method described in Section 5.2.2. Peaks for both
Mg(OH), and MgO were detected. These results imply that the MgO contained in this agent is not consumed
immediately. Quartz, kaolin, and feldspar peaks, derived from the silica sand component (refer to Fig. 5.2),

were observed.

[e)
(=)
=i
o
R o g
—_ o0 o o
B N N0 O [=)) o0
g Non-hydrated S 882 = L 82 i
= N e N N N
B £ z £ £ 7
c S g S g S
2 | 1day 2 = 2 2 2
£
4 days N 1
27'daysl T T —— L'JJ' T T %’A T
0 10 20 30 40 50 60 70
20 (CuKa
(a) ( )
12000
@®: Mgo
x A: Mg(OH),
O: MgCO;4
9000 V: CaCO,
m X : Quartz
\8; O: Kaolin
2 6000 - A: Feldspar
2]
c
3 A
£
3000 -
o [ R®
0 T T T
0 10 20 60 70
(b) 26 (CuKa)
Figure 5.8 XRD patterns of the stabilizing agent after (a) hydration tests, and (b) the column test.
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5.3.2 Sorption-desorption column tests

5.3.2.1 Transport parameters

Figure 5.9 shows breakthrough curves obtained from the column tests. The changes in C/Cy were evaluated
with respect to the pore volumes of flow (PVF) during the sorption and desorption phases. The PVF was
calculated by dividing the cumulative volume of the effluent collected during the test by the volume of the
voids in the specimen. Previous research defined the breakthrough point as the concentration in the effluents
where C exceeds 5% of C0. That is, C/Co = 0.05 (Chen et al., 2011; Tor et al., 2009). Breakthroughs occurred
after approximately 1, 20, and 50 PVF when using agent contents of 1, 5, and 10%, respectively. These results
suggest that increasing the agent content can delay the breakthrough.

Table 5.3 summarizes the values for Kq and D obtained during the sorption and desorption phases
using the method described in Section 5.2.4. For the sorption phase, the prediction curve and the experimental
data agreed relatively well, as shown in Fig. 5.9. However, the predictions gave different estimates for the
breakthrough point (C/Cy = 0.05). The predictions indicated that the breakthroughs occurred much later,
namely, after approximately 2, 70, and 130 PVF for agent contents of 1, 5, and 10%, respectively. This means
that the predicted retardation was not observed experimentally. Thus, the obtained K4 may not be a suitable
index for evaluating the sorption performance. For the desorption phase, the predictions and the experimental
data for 1 > C/Cy > 0.4 agreed well, but further modifications will be necessary to improve the agreement.

In terms of pH, all effluents were alkaline, as shown in Fig. 5.10. For an agent content of 1, 5, or
10%, the initial effluents had pH ~11.5. In all cases, the effluent pH decreased as the number of PVFs
increased. The pH > 11 values were higher than the expected values when Mg(OH), was equilibrated with
water. Although the reason is not completely clear, it is possible that this is because of the calcium. Figure
5.8(a) shows that this stabilizing agent contained some calcium oxide (CaO) and calcium carbonate (CaCO3).
Hence, it is possible that the Ca dissolved first, initially increasing the pH value to one higher than the Mg,
and then the Mg dissolved slowly. In addition, the pH values during the hydration tests decreased after 27
days (refer to Section 5.3.1). The higher pH values might be attributed to the calcium contained in the
stabilizing agent. However, additional studies will be necessary to validate this assertion. Considering that
the effluent pH was less than 12, as shown in Fig. 5.10, which is below the isoelectric points of MgO (= pH
12.4) and Mg(OH) (= pH 12) (Parks, 1965), the net potential of the agent’s surface should be positive. It is

assumed that electrostatic attraction attracts fluoride on the surface.
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Figure 5.10 Profile of the effluent pH during sorption phase.

5.3.2.2 Immobilized fraction
The immobilized fraction was calculated from the difference in the cumulative sorbed mass, Ss (mg/g), and
the desorbed mass, Sq (mg/g) (i.e., Ss - Sq), using the obtained breakthrough curves shown in Fig. 5.11. C/Cy
= 0.95 is considered to be the exhaustion point for sorption; it implies that the sorbed fraction is almost
saturated. On the other hand, C/Cy = 0.05 is considered to be the exhaustion point for desorption; it implies
that the desorbed fraction is almost saturated.

The cumulative sorbed mass, Ss was calculated from the data on the sorption phase using Eq. (5.5),
while Sq was determined from the data on the desorption phase using Eq. (5.6). For a better understanding
and a clearer comparison, Fig. 5.11(b) plots Ss and Sq from 0 PVF. Cumulative fluoride sorbed mass S, per

unit mass of soil-agent mixture, was calculated as follows:

5.3 (G=CIV. (5.5)
s=1 m
~CV

S, = d .4 (5.6)
4 dZ -

where Cs and Cg (mg/L) are the instantaneous effluent concentrations during the sorption and desorption
phases, respectively, Vs and Vg (L) are the instantaneous volumes of the effluent collected during the sorption
and desorption phases, respectively, and m (g) is the mass of the soil-agent mixture.

Figure 5.12 shows the profiles of Ss and Sq for agent contents of 1, 5, and 10%. For agent contents
of 1, 5 and 10%, Ss — Sq was estimated as 0.5, 4.0, and 6.0 mg/g, respectively. Considering the values for Ss
and Sy, the desorbed amount was approximately 20% when using an agent content of 1%. A much smaller

percentage of desorbed mass was estimated as the agent content increased.
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54 Discussion
5.4.1 Applicability of one-dimensional advection-dispersion analytical solution

The applicability of a one-dimensional ADE is discussed. For the sorption phase, in terms of the breakthrough
point (C/Cy = 0.05), the predictions show much higher pore volumes than the experiment, as shown in Fig.
5.9. The breakthrough point may be difficult to predict using the one-dimensional ADE when silica sand
amended with this MgO agent is used as the attenuation layer material because the relatively slow chemical
reaction, namely, the fluoride incorporation into the MgQO, is not considered in the ADE. Additionally, the
hydration kinetics of this agent is relatively slow, as shown in Fig. 5.8(a). The MgO peaks are still detected
after 110 days, as shown in Fig. 5.8(b), and the incorporation occurred throughout the entire column sorption-
desorption test. The prediction agrees well with the experimental results (Igarashi and Shimogaki, 1998). The
previous study attributed the main reaction mechanism to reactions such as the ion exchange. However, an
improved analytical method is required for the solute transport on the MgO agent since limitations exist in
the ADE when analyzing the sorption behavior using MgO, particularly in terms of the following two issues.
First of all, the transformation of MgO to Mg(OH), was not taken into account in the aforementioned analysis.
Incorporating the sink-source terms and the time-dependent sorption behavior into the ADE may be
considered, such as is shown in the work conducted by Wang and Liu (2005) on the migration of selenium
on calcareous soils. Second of all, the pH-dependent behavior of Kq was not taken into account in the analysis
presented here. The electrostatic attraction, dependent on the pH and other indices, may be included in the

analysis to consider such pH-dependent behavior.

5.4.2 Evaluation of attenuation layer based on sorption-desorption column test

Figure 5.12 shows that the immobilized fraction can be determined using the sorption-desorption column
tests. The mechanisms of the ion exchanges by Mg(OH), are distinguished between 1) ligand exchange (inner
sphere complexes) and 2) electrostatic interaction (outer-sphere complexes) (Morimoto et al., 2009). The
chemical interaction of the ligand exchange is stronger than that of the electrostatic interaction. Although
these sorption mechanisms are challenging to definitively distinguish, the general trend of the immobilized
fraction or the desorbed fraction can be understood through sorption-desorption column tests. When silica
sand amended with the stabilizing agent of MgO is applied as the attenuation layer material, the sorption and
desorption parameters estimated using the analytical solution of the one-dimensional ADE may provide
unrealistic values. In such a case, the concept using the immobilized fraction, Ss - Sq, may be a suitable index
for evaluating the attenuation layer instead of a solute transport analysis.

A simple evaluation using Ss - Sq under the assumed conditions is discussed. Whether an agent
content of 5% is sufficient for use as an attenuation layer material is considered. For an agent content of 5%,
Ss - S¢ = 4.0 mg/g should be observed in this sorption-desorption column test. If the attenuation layer has a
thickness of 50 and is compacted to achieve ps = 1.4 g/cm’, and if the leachate concentration, Co = 8 mg/L

F", enters the attenuation layer, the required sorbed mass, S (mg/g), for 100 years can be calculated as:

82



S= C;Vi (5.7)

where Vi [= A-It, in which 4 = 1 cm? is a unit area of the attenuation layer, 7 = 500 mm/yr is the constant
infiltration, and ¢ = 100 years] is the volume of the leachate entering the attenuation layer per unit area, and
m (= pa-A-h, where h = 50 cm is the thickness of the attenuation layer) is the mass of the attenuation layer
material.

The required S is assumed to be 0.57 mg/g. This is lower than the immobilized fraction Ss - Sq =
4.0 mg/g. The constant concentration of 8 mg/L F~ is applied in this calculation, but the concentration is 10
times higher than the commonly reported leached value, which is below the limit in Japan regulated under
the SCCL of 0.8 mg/L F. Ito and Katsumi (2020) reported that the concentration of F~ from excavated
materials in Japan rarely exceeds 2—3 mg/L. Judging from this simple assumption, silica sand amended with
this stabilizing agent may be an effective attenuation layer material against fluoride, even if the smaller agent
content of 5% is used.

However, this evaluation has a problem. The MgO agent can immobilize more than 80% of the
fluoride, as shown in Fig. 5.12. However, this value should be examined further. It is well known that fluoride
is removed via two molecular mechanisms: (1) the incorporation of fluoride in Mg(OH),, which grows upon
contact with water (Morishita and Wada, 2013; Sasaki et al., 2011), and (2) the ion exchange, which occurs
on the external surfaces of formed Mg(OH), (Morimoto et al., 2009; Sasaki et al., 2011; Ye et al., 2018; Zhen
et al., 2015). In-field, the soil, agent, and water are mixed and the mixture is then spread on the ground to
construct the attenuation layer (Mo et al., 2020). Therefore, the attenuation layer materials should remain
moist even after construction. This means that the MgO in the attenuation layer materials may be hydrated
before it makes contact with the in-field permeated fluoride. In this situation, the sorption performance may
be overestimated because the sorption mechanism will not occur by incorporation, but fluoride is considered
to be taken up only by the ion exchange at the external surfaces of the agent.

Nishikata et al. (2020) placed this MgO agent in distilled water for a month and conducted batch
tests. The sorption performance of this MgO agent was seen to be affected by hydration, while the diminution
of the sorbed fluoride mass was suppressed within 40% of that before hydration. In this study, the MgO agent
was not immediately hydrated, as seen in Figs. 5.8(a) and (b). The ion exchange as well as the fluoride
incorporation are assumed to occur for at least 110 days, but they should be evaluated for longer periods
when considering hydration kinetics. Previous research reported that the leaching of some geogenic
contaminants from excavated soils was complete within a relatively short period. That is, L/S < 1 (Naka et
al., 2016). An important function of the attenuation layer is to immobilize the contaminants at an early stage.
Considering these issues, this MgO agent holds promise as an attenuation layer material, but further studies
will be necessary to confirm it.

The immobilized fraction can be an index for evaluating the sorption performance of the
attenuation layer, while the fraction due to incorporation by hydration should be carefully examined. To

consider the on-site conditions, future studies should include an investigation of sorption-desorption column
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tests cured for several different periods using specimens mixed with soils, agents, and water.

5.5

Summary and Conclusions

This study evaluated the sorption performance of clean sandy soil amended with a stabilizing agent for use

as an attenuation layer material by means of sorption-desorption column tests. Fluoride was selected as one

of the geogenic toxic chemicals, and MgO was used as the stabilizing agent. The results support the following

conclusions:

1.

In the column sorption tests, breakthroughs (C/Co > 0.05) occurred after approximately 1, 20, and 50
PVF when the agent contents were 1, 5, and 10%, respectively. Hence, increasing the agent content was
seen to delay the breakthrough.

A one-dimensional ADE was employed to model the breakthrough curves from the tests. Using an agent
content of 10% produced a partition coefficient, Kq = 50 L/kg, but the predictions produced unrealistic
estimates for the breakthrough point (C/Co = 0.05). Giving consideration to the chemical reaction, which
depends on time, should improve the solute transport model.

For an agent content of 1% MgO, the percentage of sorbed fluoride mass, Ss, which was desorbed was
approximately 20%. The percentage of desorbed mass was much smaller for higher agent contents.
Sorption-desorption column tests were used to determine the immobilized fraction, Ss - S¢. When an 80-
mg/L fluoride solution was used as the influent in the sorption phase and distilled water was used in the
desorption phase, Ss - Sa = 4.0 mg/g with an agent content of 5% MgO.

According to the XRD patterns, the hydration kinetics of this stabilizing agent was relatively slow.
Peaks of MgO were still observed after 110 days from the start of the column test. These results suggest
that both ion exchange and fluoride incorporation, due to the hydration of MgO, occurred during the
column experiments. Future work on the attenuation layer should include a sorption performance

evaluation, considering the hydration of MgO.
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Chapter 6

Evaluating the Performance of Attenuation Layer Using the

Partition Coefficients Determined from Column Sorption Test

6.1 General remarks

A large amount of excavated soil is generated due to construction work. Excavated soil often contains
geogenic contaminants such as arsenic (As), fluorine(F), and lead (Pb) in a specific concentration exceeding
the environmental standards specified by the Soil Contamination Countermeasures Law (Ministry of
Environment, Japan, 1995; from now on, referred to as SCCL). When the surplus soils are utilized as a
geomaterial for embankment, if a leaching concentration of geogenic contaminant does not meet the
environmental standards, proper measures must be taken to prevent harmful impacts on the surrounding
environment (e.g., Gathuka et al., 2022; Ministry of Land, Infrastructure, and Transport, Japan, 2023). Since
many construction works are ongoing and a large amount of excavated soil is generated, landfill space is
challenging to keep. Further, although the leaching concentration does not meet the environmental standard,
the exceeding is at most several times higher than the SCCL environmental standards (Ito and Katsumi, 2020).
Excavated soils and rocks with geogenic contamination should be considered geomaterials with caring risks
according to the concentration level of geogenic contaminants (Katsumi, 2017).

The attenuation layer method is discussed as one of the countermeasures for excavated soil
containing geogenic toxic chemicals (e.g., Arima et al., 2011; Tatsuhara et al., 2015). In the attenuation layer
method, leachate from surplus soil containing geogenic contaminants permeates through an attenuation layer
that can immobilize contaminants, reducing the environmental impact and draining the pore water with
acceptable levels into groundwater (e.g., Mo et al., 2020; Gathuka et al., 2021). Stabilizing agents, such as
magnesium oxide (MgQO), iron oxide (Fe;03), or layered double hydroxides (LDH), are often mixed with
clean host soil as the attenuation layer. The attenuation layer method is expected to have an advantage in
terms of excellent workability and economics because only the bottom of the embankment needs to be treated.
In addition, a robust earthen structure can be achieved through compaction (Katsumi, 2017).

When designing the attenuation layer, the sorption performance of soil amended with the
stabilizing agent against toxic chemicals that might flow into the layer should be evaluated. In order to
quantitatively evaluate the sorption performance, the partition coefficient Kq (L/kg) is often obtained through
a batch sorption test (e.g., Wang and Liu, 2005; Martinez-Llad¢ et al., 2011). Not only the stabilizing agent
but also when evaluating the sorption performance of natural ground, K4 has been obtained, and advection-

dispersion analysis has been performed to conduct risk assessments to discuss the arrival of contaminants to
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drinking wells. When designing embankment structures, the guidelines for the Soil Countermeasures Act,
revised in March 2019, clearly state that a method for evaluating the fate and transport of contaminants by
conducting advection-dispersion analysis using K4 obtained from batch sorption tests. (Katsumi et al, 2019).

In practice and previous research, when determining Kq, batch sorption tests are mainly conducted
from the viewpoint of simple test protocol and speed (e.g., Nishikata et al., 2022; Itaya and Kuninishi, 2022).
However, the batch sorption test has the following issues. 1) Tests are conducted at a liquid-solid ratio (L/S =
five to several thousand) that is higher than the liquid-solid ratio (usually one or less) in the practical condition
of the attenuation layer. ii) It is not possible to simulate the situation in which pore water permeates into the
ground (e.g., Plassard et al., 2000). iii) Dynamic concentration changes of chemicals (concentration profile)
cannot be observed.

A column sorption test is conducted to overcome these challenges, allowing for more realistic
performance evaluations. In the column sorption test, an inlet is continuously permeated through the soil
specimen. Then, the sorption performance of the material is evaluated based on the concentration profiles of
the toxic chemicals.

Various methods have been proposed to obtain K4 from the breakthrough curve obtained in the
column sorption test. However, there needs to be a clear conclusion or regulation regarding the determining
method. The influence of different calculation methods on the determined K4 value has been evaluated by
column sorption tests using natural soils (Nkedi-Kizza et al., 1987; Igarashi and Shimogaki, 1998). It has
been reported that when the shape of the breakthrough curve was symmetrical, there was no difference in the
determined K4 value, while when it was asymmetrical, there was a difference in the determined Ky value
(Bouchard et al., 1988).

Column sorption tests often obtain asymmetric breakthrough curves. For asymmetric breakthrough
curves, many cases have been reported in which models that fit the numerical solution of the Freundlich-type
advection-dispersion equation were obtained (Nkedi-Kizza et al., 1987; Bouchard et al., 1988; Maraqa et al.,
1998). However, previous studies have only examined specific breakthrough curves obtained through
experiments, and there are only a limited number of cases in which various breakthrough curve shapes have
been comprehensively examined. Also, there are no examples of parametric comparisons of differences in
Kq values determined from breakthrough curves. The determined value of Ky is expected to vary depending
on the degree of asymmetry of the breakthrough curve. Since, in column experiments, the number of tests
that can be investigated and the range of tests are limited, by using numerical experiments to create parametric
asymmetric breakthrough curves and examining the relationship of the obtained Kq values for each Kg
determination method, the characteristics and applicability of each method can be clarified.

As mentioned before, considering that risk assessment using advection-dispersion analysis has
been introduced in the SCCL guidelines and manuals to utilize the excavated soils and rocks with geogenic
contamination, determining the partition coefficient of natural ground or attenuation layer has been
substantial. In particular, the importance of column sorption tests, which enable a more realistic evaluation
of sorption performance, is expected to increase. In the advection-dispersion analysis noted by SCCL, a
simplified Henry model using Ky is used instead of the Freundlich model because the Freundlich model is

complicated. Therefore, it is essential to standardize the method for determining K4 from the breakthrough
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curve obtained from column tests. Furthermore, since Kq can be determined using various methods, it is
imperative to understand the characteristics of each determination method (the magnitude of the obtained Kq)
to ensure the safety of risk assessment and predict the fate and transport of contaminants.

This study obtained asymmetrical breakthrough curves, especially Freundlich-type ones, from the
simulating column sorption tests. Specifically, numerical simulation parametrically created breakthrough
curves, and the partition coefficients were determined. After that, the effects of different Ky-determining
methods on the sorption performance evaluation were investigated. Finally, advection-dispersion analysis
was performed to evaluate the influence of the determined difference in K4 on predicting fate and transporting

contaminants that permeate the attenuation layer.

6.2 Review of previous studies evaluating sorption parameters
6.2.1 Methods obtaining partition coefficients from breakthrough curves

Several methods have been applied for calculating the partition coefficient Kq using breakthrough curves
obtained from column sorption tests. The first method is to fit the analytical or numerical solution of the
advection-dispersion equation to the breakthrough curve (e.g., Igarashi and Shimogaki, 1998; Wang and Liu,
2005; Martinez-Llado et al., 2011). The second is the area method, which integrates the area of the
breakthrough curve (e.g., Bouchard et al., 1988; Maraqa et al., 1998, 2001; Chotpantarat et al., 2011).
Calculate the amount of sorption and divide by the equilibrium concentration to find Kq4. The third method is
to calculate K4 by making the horizontal axis of the breakthrough curve dimensionless with pore volumes of
flow (PVF) and the vertical axis with relative concentration, C/Cy and calculating the retardation factor, R
from the point of C/Co= 0.5 has also been proposed (Nkedi-Kizza et al., 1987; Bouchard et al., 1988; Maraqa
et al., 1998). The third method is simple compared to the first and second methods.

6.2.2 Henry and Freundlich-type sorption models

Herein, Figure 6.1 presents the two different sorption isotherms. The sorption model includes the Henry type,
which assumes linear sorption, as shown in equation (6.1). A Freundlich-type nonlinear adsorption model is
also shown in equation (6.2). The Henry model has been used to express boron adsorption and desorption in
sandy and loamy soils (Igarashi and Shimogaki, 1998) and has been applied to express boron adsorption and
desorption in low concentration ranges (Gathuka et al. et al., 2021). On the other hand, the Freundlich model
expresses the adsorption and desorption of lead, cadmium, and fluorine in black soil and clayey soil
(Nakamura et al., 2017) and the adsorption and desorption of phthalate in loamy soil (Maraqga et al., 2001).
The different concentration ranges of the contaminants determine the applicability of the model. At higher
concentrations, the Freundlich model tends to be well-fitted. Moreover, it has been shown that the Freundlich

model fits well when the surface of soil particles is heterogeneous (Nkedi-Kizza et al., 1987).
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Here, S is the amount of contaminants taken into the solid phase from the liquid phase (mg/kg), C is the
concentration of contaminants in the solution (equilibrium concentration) (mg/L), and Kr (mg/kg)/(mg /L)",
and n are the coefficients of the Freundlich-type sorption model. K4 and Ky are indicators of the affinity

between contaminants and soil, and higher values indicate higher sorption capacity.

6.2.3 Estimated partition coefficients from asymmetrical breakthrough curves

Many studies show asymmetric breakthrough curves obtained from column sorption tests. When the
breakthrough curve was nearly symmetrical, the area method and the method of calculating the retardation
factor, R, from the point C/Cy = 0.5 obtained approximately the exact value of K4 (Bouchard et al., 1988),
while R was calculated from the point C/Co = 0.5, the value differed by about 30% from K4 calculated by the
area method (Nkedi-Kizza et al., 1987). The breakthrough curve of the column sorption test became
asymmetric because the sorption reaction in the column was non-equilibrium, as well as the nonlinearity of
the sorption behavior. The asymmetric breakthrough curve agreed with the analytical solution of the
advection-dispersion equation, assuming Freundlich-type sorption behavior (Nkedi-Kizza et al., 1987,
Maragqa et al., 2001).

In addition to the shape of the Freundlich model, the asymmetry breakthrough curves have been
reported in which the stabilizing agent of MgO was applied to evaluate fluorine sorption (Kato et al., 2021).
The asymmetry has been pointed out to be the influence of slow chemical reactions, such as precipitation,

not considered in the advection-dispersion equation.
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6.3 Methodologies for determination of partition coefficients from breakthrough
curves using four different ways

6.3.1 Overview of approaches

This study was conducted, as shown in Fig. 6.2. First, column sorption test results were simulated. Numerical
analysis of advection-dispersion analysis parametrically created breakthrough curves. Herein, K, n, and C
were considered as parameters when breakthrough curves are created. Next, partition coefficients, Kq were
determined from the created breakthrough curves using four different methods: a) Area method, b) Fitting
the Henry-type advection-dispersion equation (ADE) to the breakthrough curves, c¢) Fitting the Henry-type
ADE to the breakthrough curves until C/Cy = 0.5, and d) calculate K4 by making the horizontal axis of the
breakthrough curve dimensionless with PVF and the vertical axis with C/Cy and calculating the retardation

factor R from the point of C/Cy = 0.5, as shown in Section 6.2.1.

6.3.2 Theory of numerical analysis

Column sorption tests and contaminant's migration in the attenuation layer were simulated using the
equilibrium sorption model shown in equations (6.1) and (6.2) and the advection-dispersion equation. Solute
transport in column sorption tests was expressed by the one-dimensional advection-dispersion equation (6.3).
For retardation factor R (-) in equation (6.3), equation (6.4) was used when linear sorption was assumed,

while equation (6.5) was used when nonlinear sorption was assumed.

1. Simulating column sorption test results

Numerical simulation parametrically
created breakthrough curves.

J L

2. Determination of partition coefficients, K,
using four different methods

*ADE means that
advection-dispersion
t equation

3. Evaluating travel time when
contaminants leach out from
attenuation layer

a) Area method

Investigating
. which methods
are safe side

a)

[b) Fitting using Henry-type ADE
) Fitting until C/C, = 0.5
[ )

d) Estimate R from point of C/C, = 0.5 ) Ky,

<——  Discussing the characteristics of each method ——

Figure 6.2 Approaches overview of this research.
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Here, ¢ is time (s), D is dispersion coefficient (cm?/s), x is depth (cm), v is the pore water velocity (cm/s), @
is volumetric water content (-), o4 is the dry density of the soil (g/cm?), De is the molecular diffusion
coefficient (cm?/s), and A is the dispersion length (cm). Note that equation (6.6) shows that D in equation
(6.3) can be expressed by a diffusion term (the first term in equation (6.6)) and an advection term (the second
term in equation (6.6)). In this study, diffusion was assumed to be negligibly small compared to advection in
the sandy ground, which was assumed to be used in the attenuation layer method. Therefore, D = 4 X|v| was
assumed.

This study used equation (6.7) as the initial condition when performing numerical analysis on
solute transport. Use the constant flux boundary shown in equation (6.8) for the boundary condition on the
inflow side. In contrast, for the boundary condition on the outflow side, use the concentration gradient = 0 at
L (cm) for the finite length of soil, as shown in equation (6.9) (van Genuchten et al., 1984; Toride et al., 2006).

Herein, Cj is the inflow concentration (mg/L).

C(X’O) =0 (6.7)
—Da—C+vC:vCO (6.8)
ox
oC
(L.1)
=0 6.9
o (6.9)

When analyzed in three dimensions, solute transport in the attenuation layer becomes a realistic but complex
numerical simulation. This study briefly evaluated the relationship between the magnitude of the partition
coefficients obtained from column sorption tests. Also, the travel time for contaminants starting to be
discharged from the attenuation layer was evaluated. Therefore, like the column sorption test, the simulation

for the travel time of the attenuation layer was analyzed using a simple one-dimensional advection-dispersion
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equation. In this study, solute transport analysis was performed using one-dimensional soil moisture, heat,
and solute transport prediction program, HY DRUS-1D (Simunek et al., 2008). In addition to forward analysis,
HYDRUS-1D also has a function that allows inverse estimating parameters by fitting numerical solutions to

a series of plots (experimental data). This inverse analysis function was applied in this study.

6.3.3 Parametrically created breakthrough curves

A column sorption test using a column with a height of 10 cm and an inner diameter of 5 cm was simulated.
Tables 6.1 and 6.2 show the considered parameters in the simulation. Considering permeability, sandy soil is
used as the parent material of the attenuation layer. Since the dispersion length, A, in sandy soil was reported
to be 0.1 to 0.7 cm, this study set it at 0.5 cm (Public Work Research Institute Japan, 2012). The effective
porosity n. was determined to be 0.4 (void ratio, e =0.67). This value corresponds to where the column is
filled with sandy soil by applying the ISO testing protocols (ISO 21268-3, 2019).

Breakthrough curves described by the Freundlich-type numerical solution were simulated using a
parametric study. As shown in Table 6.2, breakthrough curves focused on three parameters based on Kr= 100
(mg/kg)/(mg/L)" and n = 1. Arsenic (As) was assumed to be the target because As is frequently reported
among geogenic contaminants (e.g., Tabelin et al., 2018; Ito and Katsumi, 2020). The conditions of Kr= 100
(mg/kg)/(mg/L)" and n = 1 mean that the effluetn concentration C of the attenuation layer with a layer
thickness of 30 cm exceeds the SCCL environmental standard value for As after 100 years, C = 0.01 mg/L
was confirmed in advance through preliminary analysis (refer to Section 6.3.5). The value of n was
determined based on previous studies' batch sorption test results (sorption isotherms) (Tastuhara et al., 2015;
Nakamura et al., 2017; Mo et al., 2020). The coefficient of the Freundlich model was set to n= 0.4, 0.6, 0.8,
and 1, considering the range of possible values.

The initial concentration of contaminants was also treated as a parameter because shortening the

period of the column test can accelerate the time for a breakthrough by changing the initial concentration Co.

Table 6.1 Fixed parameters in the numerical analysis of creating breakthrough curves
Value Unit
Inner diameter of the column, d 5 cm
Height of the column, 4 10 cm
Soil particle density, ps 2.65 g/cm’
Dry density, pa 1.6 g/cm’
Effective porosity, . 0.40 -
Saturated volumetric water content, & 0.40 -
Flow rate, r 36 mL/h
Dispersion length, 4 0.5 cm
Darcy velocity, K 44 cm/day
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In the column sorption test, the equilibrium concentration C of the effluent approaches the inflow
concentration Co, and finally, C = Cy. Therefore, this study treated Cp in the column test as C. As shown in
Figure 6.3, since the magnitude of the sorption isotherm reversed when C =1 mg/L, C=0.1, 1, and 10 mg/L
were decided as the parameters.

Effluents are collected at arbitrary time intervals in column sorption tests. Therefore, the total
number of plots in the breakthrough curve should vary from test to test. The number of plots of breakthrough
curves was unified in this study. From the breakthrough curve created by numerical analysis, the area where
C/Cy increases from 0.01 to 1 was focused. Then, 20 plots were extracted at equal intervals from the column
test results. A program code using Visual Basic language in Visual Studio 2019 was created to extract 20
plots. The extracted plots were used in Section 6.3.4. The appearance of the created program is shown in
Figure 6.4 and Appendix 1. This program reads the plots of the breakthrough curve created with Hydrus 1D
as input data and extracts 20 plots as outputs. Herein, C/Cy represents the concentration at the top of the

column, where x = 10 cm.

Table 6.2 Input parameters in the numerical analysis of creating breakthrough curves
Value Unit
Coefficient of Freundlich model, Kr 50, 100, 200 (mg/kg)/(mg/L)"
Coefficient of Freundlich model, n 0.4,0.6,0.8, 1 -
Equilibrium concentration, C 0.1,1, 10 mg/L
200 T T T
—n=06 T
--n=08 e
150 - n = - 1

S (mg/kg)
=
o
T

50 ot -
O0 0.5 1 1.5 2
C (mg/L)
Figure 6.3 An example of that the magnitude of the sorption isotherm reversed when C = 1 mg/L.
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Figure 6.4 A program code written by Visual Basic to extract 20 plots at equal intervals from

breakthrough curves: (a) a part of the program code, (b) an application form to conduct the program.
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6.3.4 Obtaining partition coefficients using four different ways

From breakthrough curves created by the numerical analysis in Section 6.3.3, Kq was obtained using four

different methods. Then, the obtained K4 were compared. An image of the four methods is shown in Fig. 6.5.

a) Kq1: Partition coefficient determined by the area method

Many previous studies have applied the area method (e.g., Maraqa et al., 1998; Chotpantarat et al.,
2011). This method obtains the partition coefficient by calculating the area surrounded by the breakthrough
curve and the Y-axis. In previous studies, R was estimated by calculating the area surrounded by the
breakthrough curve, the Y-axis, and C/Cy = 1, and then K4 was obtained from equation (6.4). In this study,
this method was slightly modified. As shown in Figure 6.5, the amount of sorbed contaminants onto the solid
phase S (mg/kg) is determined by the area surrounded by the breakthrough curve, the Y axis, and C/Cp = 1.
Strictly speaking, the area should be determined by integration. However, for simplicity, S was calculated
using the piecewise quadrature method for the 20 points extracted by forward analysis of advection-

dispersion analysis, as shown in equation (6.10) and Fig. 6.6 a) in this study.

SZ%Z(Cinput _Ci—l)(V; _Vl‘—l) ZHZ(Cinput _Cifl)r(ti _tifl) (6.10)

Here, S is the sorbed amount (mg/kg), M is the mass of the attenuation layer material packed in the column
(kg), and C; is the concentration of effluent sampled No. i (mg/L) (i =1 to 20, where Ci =0 = 0), Ciypu s the
influent concentration to the column (mg/L), and V; is the volume of the effluent No. i (L) (where, V;=0=

0, ;= 0=0), ris the flow rate (L/h).
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Figure 6.5 An image of the four methods obtaining partition coefficients.
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Figure 6.6 An image of the procedure to determine Kq4: a) an example of the piecewise quadrature

method to calculate the sorbed mass of S for Kqi, b) estimating PVF at C/Cp = 0.5 when K4 was calculated.

When performing piecewise quadrature, area No. i was calculated by calculating the midpoint ¢
between the plots of the breakthrough curve. Area was calculated using the length from the midpoint to the
next midpoint. Furthermore, if the pores of the specimen are saturated with water before the column sorption
test, the sorbed amount might be overestimated by one pore volume. Therefore, calculating S from the
breakthrough curve was corrected by subtracting the time for one pore volume (2.2 h in this study) from ¢.
As mentioned in Section 6.2.2, K4 is a coefficient expressing the linear relationship between S and the
equilibrium concentration C (mg/L) of the liquid phase. The K4 value is calculated by dividing S by C, as
shown in equation (6.1). In the column sorption test, the effluent concentration terminates C. In this study,
Kq4 determined by this method was called K41 and compared with partition coefficients determined by other

methods to examine whether K4; was on the safe side.

b) Kq»: Partition coefficient determined by fitting using numerical solution of advection-dispersion equation

The partition coefficient was determined by fitting a Henry-type numerical solution (assuming
linear sorption) to a parametrically created Freundlich-type breakthrough curve (assuming non-linear
sorption). In this study, fitting was performed to minimize the sum of squared residuals of the relative
concentrations of the Freundlich-type and Henry-type numerical solutions (e.g., Hioki and Aoki, 2007). The
partition coefficient obtained using this method was called Kq42. Herein, exact values for the parameters shown

in Table 6.1 were used.

¢) Kq3: Partition coefficient determined by fitting until C/Cp = 0.5

In Section 6.3.4 b), fitting was performed assuming the breakthrough curve plot was obtained until
C/Cp = 1. On the other hand, when the column test period is limited, especially in practice, tests might be
terminated before the breakthrough curve reaches C/Cy = 1, and fitting might be conducted. Therefore, in
this study, a similar operation as in Section 6.3.4 b) was carried out by extracting plots of breakthrough curves
up to the point where C/Cyp = 0.5 and performing inverse analysis. A program code to extract 14 equally

spaced points from the breakthrough curve plot was prepared, and K43 was calculated.
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d) Ka4: Partition coefficient estimated by PVF at C/Co = 0.5

As shown in Fig. 6.5, in the breakthrough curve of the column sorption test, the pore volumes of
flow (PVF) at C/Cyp = 0.5 corresponds to R (Maraqa et al., 1998). Therefore, the partition coefficient can be
calculated from equation (6.4) since R can be obtained. In this study, the partition coefficient determined in
this way is called Kqs. The PVF is the value obtained by dividing the permeated solution's total volume by

the specimen's pore volume, as shown in equation (6.11).

prr=""1 ©6.11)
%

v

Here, » (mL/h) is the flow rate of permeation, ¢ (h) is time, and ¥y (cm?) is the pore volume. 1 PVF means a
permeated water volume equal to the specimen's pore volume. As shown in Fig. 6.6 b), the value of PVF at
C/Co = 0.5 was interpolated by linear approximation of two points before and after C/Cp = 0.5.

When the breakthrough curve reaches C/Cy = 0.5, K4 can be calculated. Therefore, method d) is
simple and has the advantage of shortening the test period. On the other hand, when applying d), the shape
of the breakthrough curve must be point symmetric (Nkedi-Kizaa et al., 1987). Therefore, an unrealistic Kq

might be obtained when d) was applied to the asymmetric Freundlich-type breakthrough curve.

6.3.5 Evaluating travel time when contaminants leach out from attenuation layer

In order to investigate the influence of K4 obtained in Section 6.3.4 on contaminant migration, forward
analysis was performed using obtained K41 to Ka4, and a one-dimensional attenuation layer model analysis
was conducted. As shown in Fig 6.7, the travel time when contaminants reached the bottom of the attenuation
layer was compared. The thickness of the layer was set to 30 cm based on the previous research (Gathuka et
al.,2021). Generally, the attenuation layer is constructed higher than the groundwater level. Strictly speaking,
performing seepage flow and advection-dispersion analysis under unsaturated conditions is necessary.
However, analysis was performed under saturated conditions as a primary study here. The analysis conditions

are shown in Tables 3 and 4.

Initial concentration C, = 0.1 mg/L

I = 450 mm/year x=0cm

Thickness of

pg=1.6g/lcm3 p, =2.65g/cm? attenuation layer
H=30cm
Evaluation point (x = 30 cm) $x=30cm
Figure 6.7 A one-dimensional attenuation layer model assumed in this research.
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Table 6.3 Fixed parameters in the numerical analysis of travel time in the attenuation layer.

Value Unit
Attenuation layer thickness, H 30 cm
Initial concentration of the target contaminants, C 0.1 mg/L
Dispersion length, 4 0.5 cm
Rainfall intensity, P 1500 mm/year
Infiltration to the attenuation layer, / 450 mm/year
Soil particle density, ps 2.65 g/cm’
Dry density, pa 1.6 g/cm®
Effective porosity, 7 0.40 -
Saturated volumetric water content, & 0.40 -
Darcy velocity, K 0.123 cm/day
Table 6.4 Input parameters in the numerical analysis of travel time in the attenuation layer.

Value Unit
Coefficient of Freundlich model, Kr 50, 100, 200 (mg/kg)/(mg/L)"
Coefficient of Freundlich model, n 0.4,0.6,0.8 -
Initial concentration, Cy 0.1 mg/L

The leaching concentration of geogenic contaminants is approximately several times exceeding the
SCCL environmental standards (Ito and Katsumi, 2020). Based on this background, the initial concentration
of contaminants, especially the arsenic concentration C assumed in this study, was set at C = 0.1 mg/L, ten
times higher than the environmental standard. Previous studies evaluated the leaching behavior of geogenic
contaminants using column tests (e.g., Nakamura et al., 2014; Naka et al., 2016). The leaching concentration
of geogenic contaminants had been reported to tend to decrease as the liquid-solid ratio in the test increased,
that is, as the testing duration increased. Therefore, considering the leaching behavior of geogenic
contaminants, the analysis conditions of this study, which continue to provide a constant As concentration of
C =0.1 mg/L, can be on the safe side. For other parameters, the infiltration, /, was set to / = 450 mm/year,
assuming that 30% of the annual rainfall intensity of 1500 mm infiltrates into the attenuation layer.

As the input parameters, Kq1 to Kas obtained from each Ky, n, and C in Section 6.3.4 were used.
This study defined the time when the concentration at the bottom of the attenuation layer reached C = 0.01
mg/L, exceeding the SCCL environmental standard, as the breakthrough time 7 (year). Each breakthrough
time was compared. No difference occurs in the case of n = 1 because of Ky = K. Therefore, n = 0.4, 0.6, and
0.8 were considered. The breakthrough time when using Kq1 was set as 71, Ka» as T2, Kq3 as T3, and Kqs as T4.
When comparing breakthrough times, the breakthrough time obtained by Freundlich-type forward analysis

(numerical solution including Kr and #) assuming nonlinear sorption was used as the standard breakthrough
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time, 7r. For example, if 7>/ Tr < 1, the evaluation of the attenuation layer performance using Kq» obtained

through fitting presents on the safe side.

6.4 Results
6.4.1 Partition coefficients obtained from four different methods

Table 6.5 shows the partition coefficients obtained from four methods (see Section 6.3.4 a) ~ d)). Since the
unit of Kr is long, the unit of “(mg/kg)/(mg/L)"’ is shown at the bottom of Table 6.5. Figure 6.5 shows the
Ko, K3, and Kas to Kq1 ratio for the partition coefficients determined by each method when K¢ = 100
(mg/kg)/(mg/L)". As shown in Fig. 6.8 a), when n = 0.4, the obtained K4, K43, and K4 were in the range of
0.91 to 1.28 times compared to Kqi. As shown in Fig. 6.8 b), when n = 0.6, the range was 0.94 to 1.20 times,
and as shown in Fig. 6.8 ¢), when n = 0.8, it was in the range of 0.96 to 1.06 times. Herein, the results are
compared to the previous research. Breakthrough curves were obtained in column sorption tests using organic
compounds as solutes (Bouchard et al., 1988). The breakthrough curve with a linear sorption model resulted
in Kq/Kq1 values of approximately 1.06 to 1.10. On the other hand, when the breakthrough curve differed
from the linear sorption model, the value of K4/Kaqi was 0.69, which was about 30% smaller than Kg;
(Bouchard et al., 1988). Similarly, the difference between K41 and Kus tended to increase as the value of n
increased, and the nonlinearity increased in this study (see Table 6.5).

As shown in Fig 6.8 d), when n = 1, only K4 was large in the obtained partition coefficients, and
the Kq» ~ Kas were equally 0.95 times smaller. The four partition coefficients did not match even whenn =1,
which is the Henry-type breakthrough curve because the asymmetry occurs in the numerical solution due to
the influence of the degree of dispersion. The previous research obtained the similar result (Bouchard et al.,
1988).

Within the parameters considered in this study, when n = 0.4, 0.6, and 0.8, K4 was the most
conservative compared to other partition coefficients. On the other hand, Kq3 had a larger value compared to
Ka1. The evaluation may be on the dangerous side when the fitting is performed using C/Cyp from 0 to 0.5.

Also, except when n = 1, Kq3 > Kqa.
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Table 6.5

Partition coefficients Kq1, K2, Kg3, and K44 obtained from four different methods.

Case K" n C (mg/L) Ka1 (L/kg) Ko (L/kg) Ka (L/kg) Kaa (L/kg)
1 0.4 316 288 395 309
2 0.6 152 143 181 148
3 0.8 01 84.9 81.0 89.7 81.6
4 1.0 52.8 50.0 50.0 50.3
5| 0.4 79.9 72.5 100 78.2
6 0.6 59.6 55.9 71.1 57.9
7 >0 0.8 : 53.6 512 56.4 51.4
8 1.0 52.8 50.0 50.0 50.2
9 | 0.4 20.7 18.6 25.6 20.1
10 0.6 23.4 21.8 27.5 25
1 0.8 10 34.0 323 35.5 325
12 1.0 52.8 50.0 50.0 50.2
13 0.4 643 584 812 632
14 0.6 304 287 366 297
15 0.8 01 168 162 177 163
16 1.0 105 100 100 100
17 | 0.4 161 147 201 158
18 0.6 119 12 142 116
19 100 0.8 : 106 102 112 102
20 1.0 105 100 100 100
21 0.4 40.4 37.3 51.7 40.0
22 0.6 46.1 43.8 54.9 453
23 0.8 10 66.8 64.4 70.7 64.7
24 1.0 105 100 100 100
25 0.4 1303 1185 1651 1280
26 0.6 607 570 726 592
27 0.8 01 338 323 356 325
28 1.0 210 200 200 201
29 | 0.4 327 296 411 321
30 0.6 238 223 279 232
31 200 0.8 : 213 204 225 205
32 1.0 210 200 200 201
33 | 0.4 80.7 73.0 101 79.1
34 0.6 92.8 87.4 110 90.2
35 0.8 10 135 129 142 129
36 1.0 210 200 200 201

*The unit of Kris (mg/kg)/(mg/L)".
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Figure 6.8 Ratio of partition coefficients obtained when Kr= 100 (mg/kg)/(mg/L)": (a), (b), (c), and

(d) present the cases of n=0.4, 0.6, 0.8, and 1, respectively.

6.4.2 Effects of breakthrough curve shape on partition coefficients

The influence of the shape of the breakthrough curve (Freundlich-type coefficient, K¢ or n) obtained in the
column sorption test on the obtained partition coefficients is discussed. As shown in Table 6.5, the ratio of
partition coefficients was Kr= 50, 100, 200 (mg/kg)/(mg/L)", 0.90 to 1.28 times when n = 0.4, 0.90 to 1.28
times when n = 0.6, and 0.95 to 1.06 times when n = 0.8 were obtained. Therefore, it was confirmed that the
ratio of partition coefficients does not depend on the difference in K.

On the other hand, as shown in Fig. 6.8, the smaller the value of n, the more significant the
difference in K4, making it clear that the difference mainly depends on the value of n. If n = 1, the calculated
four partition coefficients are almost identical, while as the value of n decreases from 1 to 0.8, 0.6, and 0.4,
the shape of the breakthrough curve obtained from the column test gradually four partition coefficients differ
because the shape of breakthrough curves differs from the shape of the numerical solution of the Henry type
advection-dispersion equation. This result was similar to the previous study comparing K41 and K44 (Bouchard
et al., 1988). Similarly, for K and K43 obtained by fitting, the smaller n, the more significant difference

between K4, and Kgs.
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6.4.3 Effects of equilibrium concentration of contaminants on partition coefficients

When obtaining K4 from a column sorption test, due to the limitation of the testing time, a larger initial solute
concentration of C might be applied to make the breakthrough time earlier and shorten the test period.
Therefore, this section summarizes the trends of C and the obtained K.

Focus on Cases 13 to 16 in Table 6.5. Using the same K4 obtaining method and the same Ky and #,
when the C was relatively small at 0.1 mg/L, a more significant partition coefficient was obtained as the n
value was smaller. On the other hand, focusing on Cases 21 to 24 in Table 6.5, when C was 10 mg/L, the
smaller n, the smaller K4 obtained. For example, when K¢= 100 (mg/kg)/(mg/L)", n=0.4, and C=0.1 mg/L,
Ko = 584 L/kg was obtained, while Kq» = 37.3 L/kg was obtained at C = 10 mg/L. As a result, there is a
difference in Kq4 values of approximately 16 times. In the Freundlich-type sorption model, the obtained Kq4
value decreases as the C value increases. Therefore, the obtained K4 depends on the initial concentration.
Regardless of the determination method of Kgy, the partition coefficient value obtained by increasing the
inflow concentration becomes smaller. Therefore, as this study considers, Kq on the safe side is obtained in

the Freundlich-type breakthrough curve as the initial concentration increases during the column sorption test.

6.4.4 Evaluating the performance of attenuation layer using obtained partition
coefficients

Differences in the travel time of contaminants to reach the bottom of the attenuation layer were investigated
using the obtained partition coefficients, as shown in Fig. 6.8. As shown in Section 6.3.5, an advection-
dispersion analysis was performed using Kqi to Kas listed in Table 6.5 using the one-dimensional attenuation
layer model. The partition coefficients obtained in Section 6.4.1 were always the smallest for K4 and the
largest for Kq3. Therefore, for the breakthrough time, 7>, determined by K4, was always the minimum, while
T3, determined by Kg3, was always the maximum.

Mention specific values of breakthrough time, 7 are presented. When Kr= 50 (mg/kg)/(mg/L)" and
n = 0.4, the breakthrough times T¥, 7>, and T3 calculated using Freundlich-type numerical solutions were 314,
245, and 336 years, respectively. When Kr= 50 (mg/kg)/(mg/L)" and n = 0.6, T, T, and T3 were 140, 122,
and 154 years, respectively. When K¢ was doubled, Kr = 100 (mg/kg)/(mg/L)", and n = 0.6, T¢, 7>, and T3
became 283, 244, and 311 years, respectively. The breakthrough time 7' was approximately proportional to
the value of Ki. As Kr increased, T also increased. This study obtained the minimum 7 when Ky = 50
(mg/kg)/(mg/L)" and n = 0.8, and T¥, T», and T3 were 78.8, 69.2, and 76.5 years, respectively.

When a batch sorption test against arsenic was carried out by adding a stabilizing agent of a calcium
carbonate and magnesium oxide composite material to decomposed granite soil at a dry mass ratio of 5%,
the Kr value was 430 (mg/kg)/(mg/ L)", approximately n = 0.6 (Mo et al., 2020). Since the K considered in
this study is smaller than the range of values obtained in sorption tests for stabilizing agents, the Ky values
are likely to be even larger in attenuation layers with stabilizing agents added. Although the knowledge of
column sorption tests using stabilizing agents is insufficient, based on the results of one-dimensional

advection and dispersion analysis in this study, 71 to 74 are estimated to be approximately 500 to 1000 years.
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The difference in travel time for contaminants to reach the bottom of the attenuation layer is
compared. Figure 6.9 shows the results of calculating 7% / Tr, T»/ Tr, and T3 / Tr for each case. Figure 6.9 a)
b) shows the results when n = 0.4, 0.6. Breakthrough time 7' was estimated using K4 calculated in four ways.
When n = 0.4, T was 0.78 to 1.2 times as much as T¢, while when n = 0.6, T'was 0.85 to 1.1 times as much
as Tr. Regardless of the value of Ky, 7>/ Tr < 1, T3/ Tr > 1. Under the analysis conditions assumed this time,
if Kq is obtained by fitting a Henry-type numerical solution to all plots of the breakthrough curve, the
evaluation can be on the safest side. On the other hand, if only plots with C/Cy up to 0.5 are obtained and
fitting is performed, the evaluation can be on the dangerous side. Furthermore, as shown in Fig. 6.9 ¢), when
n = 0.8, T was estimated to be 0.88 to 0.97 times larger than 7¢. When n = 0.8, T»/ T, T3/ Tr < 1. The risk

assessment is safe, regardless of which partition coefficient is used.
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Figure 6.9 Ratio of the breakthrough time (71/ T¥, 7>/ Tr T3/ T¥, and T4/ T¥): (a), (b), and (c) present

the cases of n = 0.4, 0.6, and 0.8, respectively.
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6.5 Discussion
6.5.1 Characteristics of four different methods obtaining partition coefficients

In this study, when K4 was obtained using the four methods from the Freundlich-type breakthrough curves,
partition coefficients of 0.91 to 1.27 times were obtained, and the difference was within 40%. The smallest
partition coefficient, K42, was obtained through fitting. Suppose a column sorption experiment is conducted,
and a breakthrough curve that fits the Freundlich-type numerical solution is obtained. In that case, it is
desirable to evaluate the performance of the attenuation layer using Kq> calculated by fitting the Henry-type
numerical solution.

On the other hand, if the breakthrough curve is obtained only up to the point C/Cp = 0.5, when
calculating the partition coefficients by fitting, as in the case where Kg3 is approximately 30% larger than Kq;
and K4, a significant value of the partition coefficient is obtained. Therefore, the risk assessment could be
on the dangerous side. In such cases, it is desirable to use K44, which obtains the retardation factor, R, from
the point of C/Cyp= 0.5, to evaluate the performance of the attenuation layer because the method can be simply
conducted. The difference between K41, determined by the area method, and K44, determined by R from the
C/Co = 0.5 point of the breakthrough curve, remains within 10%. Therefore, K41 and Kq4 are almost the same

regardless of the method.

6.5.2 Relationship between obtained partition coefficients and breakthrough time

If the breakthrough curve obtained from the column sorption experiment fits a Freundlich-type numerical
solution and the degree of nonlinearity is large, such as when the value of n is 0.4 or 0.6, it is on the safe side
when evaluated using K4, while using K43 was on the dangerous side. Therefore, when n < 0.6, it is desirable
to perform the column sorption test up to C/Cy = 1 and obtain Kq» by fitting. On the other hand, if n > 0.8,
the column sorption test can be ended at C/Cy = 0.5, and the evaluation using K4 is on the safe side. When n
> (.8, there is much room to choose the method of obtaining K¢ depending on the test implementation
situation.

This paragraph discusses why the magnitude relationship between 7>/ Tr, T3/ Tr, and 1 differs
when n values are 0.4, 0.6, and 0.8. The reason is the difference in shape between the numerical solution of
the Freundlich-type and Henry-type advection-dispersion equation. The Henry type has a point-symmetrical
shape, while the Freundlich type depends on C. Therefore, the Freundlich is a model in which the sorption
performance is high as C is small, while the sorption performance decreases rapidly as C increases (Nkedi-
Kizza et al., 1987). As shown in Fig. 6.9, this tendency becomes more noticeable as n, which affects
nonlinearity among Freundlich-type coefficients, becomes smaller. The Freundlich-type numerical solution
under the condition of C' = 0.1 mg/L can ensure longer until a breakthrough (C > 0.01 mg/L) occurs than the
Henry-type. However, once C increases, sorption performance rapidly disappears. Therefore, the results
regarding the magnitude of T were obtained under the criteria assumed in this study, "Breakthrough time, T
is the time when C = 0.01 mg/L," and if the criteria changes, the breakthrough time must change. It should

be noted that relationships change depending on the concentration levels.
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6.5.3 Effects of differences in Freundlich-type parameters

This paragraph focuses on the sorption model, especially the differences in the Freundlich-type coefficients
Kr and n. n is an index indicating the heterogeneity of the adsorption performance of soil and adsorption
materials (Sposito, 1980). In this study, the smaller n in the breakthrough curve, the more significant
differences in the partition coefficients obtained by the four methods. This is because the smaller n becomes,
the more asymmetrical the shape of the breakthrough curve becomes. Therefore, the more heterogeneity in
the sorption performance of soils or stabilizing agents, the more care must be taken in obtaining the partition
coefficient. In particular, if the fitting is performed before all breakthrough curve plots are obtained, the
evaluation can be dangerous when n = 0.4, 0.6, as in 73 in Fig. 6.9 a) b). This is likely because the shape of
the Freundlich-type numerical solution differs significantly from the Henry-type numerical solution due to

the influence of the heterogeneity of the soil and stabilizing agent.

6.5.4 Future works

In this study, the discussion proceeded on the assumption that the breakthrough curve obtained from column
sorption experiments has an asymmetric shape, especially when a Freundlich-type numerical solution can
express it. However, as mentioned in Section 6.2.3, when the influence of reactions not considered in the
advection-dispersion equation (e.g., reactions other than adsorption/desorption) is significant, an asymmetric
breakthrough curve different from the Freundlich equation is obtained, as reported in the previous research
(Kato et al., 2021). In particular, some stabilizing agents applied in the attenuation layer have slow chemical
kinetics against contaminants, and column tests are assumed to be conducted in non-equilibrium conditions.
Therefore, further discussion is required regarding the method for obtaining Kg.

In this analysis, arsenic was assumed to be the target contaminant. The SCCL environmental
standard values for other heavy metals such as selenium, lead, and cadmium are C = 0.01 mg/L, the same as
arsenic. Therefore, the concentrations of these four chemicals leaching from excavated soils are expected to
be approximately the same so that the present findings can be applied to geogenic selenium, lead, and
cadmium. On the other hand, the SCCL environmental standard values for fluorine and boron are C = 0.8
and 1 mg/L, respectively. Since the leaching concentration of geogenic contaminants is often approximately
2 to 3 times exceeding the SCCL environmental standard (Ito and Katsumi, 2020), the leaching concentration
of fluorine and boron is expected to exceed C =1 mg/L. As shown in Fig. 6.3, when n changes, the magnitude
of the Freundlich-type sorption isotherm changes around C = 1 mg/L. Therefore, fluorine and boron might
be inconsistent with the trends considered in this analysis. In addition, for simplicity, an advection-dispersion
analysis was carried out under the condition that a constant leaching concentration flows into the attenuation
layer. However, it has been reported that, in reality, the leaching of geogenic contaminants does not usually
continue at a constant concentration but often decreases (e.g., Nakamura et al., 2014; Naka et al., 2016). In
the future, the results of column leaching tests should be combined with numerical analysis under conditions

where the initial concentration changes over time to design the attenuation layer closer to reality.
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6.6 Summary and Conclusions

In this study, breakthrough curves according to the Freundlich model were created parametrically using a

numerical solution of the advection-dispersion equation. Then, four methods obtained the partition

coefficient from the resulting breakthrough curves. The obtained partition coefficients were compared to
examine the effects of differences in the determining method, differences in the Freundlich-type coefficients

Ky, n, and differences in the initial concentration C when performing the sorption test. Furthermore, using the

obtained partition coefficients, the travel time of contaminants was simulated when the contaminant reached

the bottom of the 30-cm attenuation layer and determined the partition coefficient for evaluating a safe
attenuation layer. The results support the following conclusions:

1. The partition coefficients were within a maximum difference of 40% for the four determination methods.

2. In the case of a breakthrough curve following a Freundlich-type model, fitting all plots where the
relative concentration changes from 0 to 1 was safe. On the other hand, when fitting only to the plot
where the relative concentration changes from 0 to 0.5, a larger partition coefficient will be obtained,
resulting in a dangerous evaluation.

3. When obtaining the partition coefficient from the Freundlich-type breakthrough curve, since n
determines the shape of the sorption model, the smaller », the more significant the difference in the
obtained partition coefficients.

4. The Freundlich-type breakthrough curve is concentration-dependent. Therefore, the lower the
concentration, the higher the sorption performance, and the higher partition coefficient obtained. If a
column sorption experiment is performed with a higher concentration of geogenic contaminants than
expected in the field, a smaller partition coefficient can be obtained, resulting in a safer performance
evaluation.

5. By performing a column sorption test until the relative concentration reaches 1, obtaining the partition
coefficient through the fitting, and performing a one-dimensional advection-dispersion analysis, the

evaluation is on the safer side than the numerical analysis that inputs Freundlich-type coefficients.
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Chapter 7

Practical Implications

71 Proposal to determine leaching concentrations of geogenic contaminants

Chapter 3 conducted the batch leaching tests focusing on temperature effect, leaching kinetics, and shaking
conditions. As for the temperature effect, the results imply that the impact of the temperature on the leaching
behavior is not so significant. Considering the results, if a solute transport analysis is conducted to predict
the risks of geogenic contamination to the surrounding ground to utilize excavated materials as geomaterial
and to assess the effectiveness of the countermeasures (e.g., Tabelin et al., 2014), the leaching concentrations
of geogenic contaminants could be up to five times higher than the regulatory limit under elevated
temperatures. For this reason, leachate concentrations several times the regulatory limit are enough to account
for in the analysis.

Leaching kinetics is revealed to be one of the crucial parameters. In previous studies, the leaching
of toxic metals and metalloids occurs mainly via the dissolution of the minerals in the rocks or the desorption
from the soil particles (Tabelin et al., 2018). The dissertation indicates that geogenic arsenic and boron
leaching is more significant through the dissolution of the minerals by combining temperature-changing
batch leaching tests and zeta potential analysis. Since the leaching reaction of geogenic contaminants might
not be equilibrium at less than 24 hours of soil-water contact because the dissolution of minerals takes time,
batch leaching tests of more than 24 hours are recommended to obtain the equilibrium concentrations, Ceq. If
batch tests are finished under non-equilibrium conditions, the obtained concentration might be dangerous.
Although the leaching concentration of geogenic contaminants is not as high as that of anthropological
contamination (Katsumi 2017, Ito and Katsumi, 2020), the equilibrium should be carefully examined to
prevent soil-groundwater contamination without realizing it. If batch leaching tests cannot be conducted due
to the limitation of testing time and a 6-hours batch test is conducted, the equilibrium concentration should
be estimated higher than the 6-hours test.

Shaking conditions are also essential parameters. Since unrealistic leaching behavior was obtained
under shaking conditions, the leaching behavior should be evaluated under nonshaking conditions. This
dissertation implies that the friability of the natural soils is considered to give such an unrealistic prediction.
When the excavated soils are applied for the leaching tests, the gentle shaking test or nonshaking test should
be suitable.

This chapter illustrates the proposal to determine leaching concentrations of geogenic contaminants,

considering the findings obtained in this research. When the testing time is enough, batch leaching tests under
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the longer soil-water contact time are recommended because the burden of the leaching concentration should
not be underestimated. Similar to the results of Chapter 3, the leaching concentration of iron (Fe) and sulfide
ion (SO4>) from rocks obtained in the mine were not equilibrium even for 100 hours (Igarashi et al., 2002).
The leaching concentration of As from rocks containing pyrite might not be equilibrium for short testing time.
Therefore, when the testing time is insufficient, and a 6-hour batch leaching test is conducted, the
concentration should be assumed to be several times higher. Also, since the friability of the specimen might
affect the leaching behavior, the shaking condition should be further discussed. The nonshaking condition
might be suitable for the leaching test using friable excavated rock materials, while the time for equilibrium
might be longer than the shaking condition. As explained in the first paragraph, since temperature effects are
not supposed to be significant, when the excavated soils might be utilized under temperature fraction
especially supposed to be higher temperature (e.g., 40°C), leaching concentration obtained under room
temperature (20°C) should be considered several times higher to safely evaluate the burden of the leaching
concentration of the toxic chemicals.

Chapter 4 performed column leaching tests to discuss the interpretation of concentration profiles.
Since the concentration trends of the readily soluble chemicals, such as selenium (Se), provided a
monotonous decrease, showed a maximum value of approximately 0 PVF, and showed half of the maximum
value of less than 1 PVF, their leaching was considered to diminish immediately. On the other hand, arsenic
(As) and fluorine (F) concentrations showed initial increases and consequent decreases. Therefore, their
leaching continued after 10 PVF. Since monotonous decreasing leaching contaminants show a maximum
concentration of approximately 0 PVF, a more realistic risk analysis can be carried out to obtain the maximum
concentration, Cmax, from column leaching tests. Column tests should be carried out at least 2 PVF when the
trends in concentrations are investigated.

This dissertation proposes to conduct the column leaching tests regardless of the time limitation.
Since column leaching tests can screen whether the leaching diminishes immediately or not, even in short
testing time, column tests should be conducted for precise evaluation. Suppose the contaminants are readily
soluble chemicals since long-term countermeasures might not be required. In that case, countermeasures such
as the active geocomposite (e.g., Zhang et al., 2023) can be suitable, and the excavated soils can be utilized.
The utilization should be carefully discussed, considering the concentrations of geogenic contaminants that
might leach for a long time. Since the leaching concentration of such chemicals is difficult to determine in
column tests, this dissertation proposes to use the equilibrium concentration, Ceq, as one index obtained from

the batch tests to design the attenuation layer.

7.2 Evaluating sorption performance of the attenuation layer

Sorption-desorption column tests describe in Chapter 5 showed that since breakthroughs (C/Cy > 0.05)
occurred after approximately 1, 20, and 50 PVF for stabilizing agent contents of 1, 5, and 10%, respectively,
the amendment using the stabilizing agent can be one effective countermeasures against geogenic

contamination, as shown in the previous studies (e.g., Morishita and Wada, 2013; Itaya and Kuninishi, 2020;
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Mo et al., 2020; Gathuka et al., 2021; Nishikata et al., 2022). However, when the one-dimensional advection-
dispersion equation modelled the breakthrough curves obtained from the column sorption tests, the
predictions gave unrealistic estimates, especially for the breakthrough point where C/Co = 0.05. These results
have a crucial meaning for the design of the attenuation layer. If the sorption performance of the stabilizing
agent or soil materials by batch tests, since results are arranged by sorption isotherms regardless of the
mechanisms of the chemical reactions between soil-water-chemicals, as shown in Fig. 6.1, the breakthrough
point must be predicted by the model following the conventional advection-dispersion analysis, as shown in
Chapter 6. However, this dissertation elucidated that the breakthrough curves for the soil amended with the
stabilizing agent might be difficult to be predicted by the conventional analytical model due to the reactivity
of the stabilizing agent. When the sorption performance of the soil materials is evaluated, the breakthrough
curves are well predicted because the significant sorption mechanism is considered a relatively quick reaction,
such as the adsorption onto the surface of the soil particle (e.g., Igarashi and Shimogaki 1998; Wang and Liu,
2005; Martinez-Llado et al., 2011). Soil is the natural origin material and has weathered over many years,
while the stabilizing agent is the artificially manufactured material. The reactivity of the stabilizing agent is
enhanced against contamination (Wada and Morishita, 2013). When the risk assessment, such as the
advection-dispersion analysis, is conducted, the difference must be carefully considered. Until now, in the
ground improvement field where the stabilizing agent is mixed with soil, the agent is usually added to
enhance the stiffness of the soft clay, the resilience against liquefaction, etc. Therefore, fewer studies focus
on the soil's seepage and solute transport, as amended with the stabilizing agent. As a future work, the
improved solute transport model should be established.

Since the model has yet to be established, the practical solution is to investigate the possibility
where geogenic contaminants once stabilized in the attenuation layer are released and mix in a safe amount
of stabilizing agent. Chapter 5 presented that, for the 1% agent content, approximately 20% of the sorbed
mass, Ss, was desorbed, but the percentage of desorbed mass, Sy, was much smaller for the higher agent
contents. The difference between the sorbed and desorbed masses was the immobilized fraction, Ss - Sg. For
the 5% agent content, Ss - Sq = 4.0 mg/g, and most fluoride was immobilized in the soil-agent mixture.
Considering the results mentioned above, the immobilized fraction, Ss - Sg, obtained from the sorption-
desorption column tests can be one index for the design of the attenuation layer.

In Chapter 6, towards the discussion of the design of the attenuation layer, breakthrough curves,
which are assumed to be obtained from column sorption tests, are simulated using numerical analysis. Four
different methods to obtain partition coefficients, Kq, from breakthrough curves were investigated to discuss
the evaluation of the attenuation layer. As a result of the numerical analysis using the advection-dispersion
equation, Ky values were determined within approximately 40% differences. The partition coefficient, K,
obtained using inverse analysis to fit the numerical solution provided the lowest determination. As a result,
Chapter 6 suggests that when Kj is determined from column sorption test results, inverse analysis (fitting)
from 0 < C/Cy < 1 is the best way for the breakthrough curves described by the Freundlich-type sorption
model. However, the applicability of the breakthrough curves, such as those obtained from Chapter 5, has
yet to be clarified.

Findings from Chapters 5 and 6 imply the difficultness of the attenuation layer design. Although
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the schematic diagram of the attenuation layer seems simple, as shown in Figs. 4.10 and 5.1, the fate and
transport of the geogenic contaminants are complicated due to the limitation of the solute transport model for
the soil amended with the stabilizing agent. Also, since the reactivity of the stabilizing agent might affect the
attenuation layer's hydraulic performance and physical properties, the geotechnical aspects should be further
studied. Further, considering the leaching behavior of geogenic contaminants shown in Chapters 3 and 4, the
leaching concentration should be changed over time. Therefore, the boundary condition of the initial
concentration, Co, should be considered the dynamic parameter. To summarize, the attenuation layer is a
simple method, but the design is complex and imperfect. When the countermeasures against geogenic
contaminated soils are considered, proper countermeasures, including the full containment or just compaction
described in Section 2.3.1 (e.g., Wasaki and Yamawaki, 2012) should be discussed considering the levels of
the leaching concentration, the surrounding environment, and the stability of the embankment. Mutual
considerations for utilizing excavated soils with geogenic contamination with environmental safety are

discussed below.

7.3 Linkage among considerations towards material recycling of excavated soils
and rocks with geogenic contamination

Figure 7.1 illustrates mutual relations between contents obtained in each chapter. As explained above, since
column leaching tests with even short testing time (e.g., up to 2 PVF) can categorize the leaching behavior
of geogenic contaminants, this dissertation highly recommends carrying out the column leaching test. As
shown in Chapter 4, when the purpose of the column test is to determine the readily soluble chemicals, a
smaller specimen scale than that regulated in the international standard (ISO 21268-3, 2019) can be applied.
Considering the specimen saturation step, the column leaching test can be terminated within two days.
Therefore, although testing time is really limited under onsite conditions, this 2-day duration for the column
tests may be acceptable.

After the column leaching test, readily soluble chemicals are categorized, as shown in Fig. 7.1.
Since the leaching behavior of non-readily soluble chemicals is difficult to predict, this dissertation proposes
to conduct nonshaking batch tests with different soil-water contact time because of equilibrium concentration,
Ceq should be obtained to design the countermeasures. As mentioned in Section 7.1, longer soil-water contact
time is preferable because the leaching reaction of geogenic contaminants from natural soils is supposed to
be relatively slow. On the other hand, for the readily soluble chemicals, since the maximum concentration,
Chmax 1s obtained from the column mentioned above, the leaching test can be applied because the chemical
reaction of the readily soluble chemical is considered to be immediately equilibrium. Therefore, the step of
batch leaching tests can be skipped.

Two countermeasures are considered in this dissertation regarding utilizing excavated soils with
geogenic contamination with readily soluble chemicals. The countermeasures should be selected depending
on the space of the stockyard and time limitations. If enough stockyard space and time are available onsite,

pre-washing the excavated soils using rainfall or sprayed groundwater is one possible countermeasure. Since
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the readily soluble chemicals leach out immediately up to 2 PVF if leached water is collected at the stockyard,
the excavated soils might be utilized as the clean soils. On the other hand, if the space of the stockyard and
time are limited, countermeasures that perform the sorption performance against the target contaminants
should be installed beneath the excavated soils. Since the readily soluble chemicals leach out immediately,
the short-term countermeasures are enough. Herein, methods such as the active geocomposite (e.g., Zhang et
al., 2023) or the attenuation layer are promising ways in terms of workability and economics.

The leaching mass, S, should be calculated to estimate the leaching burden and design the
countermeasures for non-readily soluble chemicals. Using obtained Ceq and L/S, S is calculated as shown in
Fig. 7.1. Herein, L/S is decided based on the seepage expected to infiltrate the embankment during the
embankment in use and the amount of excavated soils. When the leaching burden is expected to be high,
appropriate countermeasures such as geomembrane or clay liner should be applied to prevent soil-ground
water contamination because Chapters 5 and 6 elucidated how the design of the attenuation layer is complex.
Although using excavated soils with geogenic contamination should proceed more, environmental safety
should also be considered. On the other hand, when the leaching concentration is not significant, simple
countermeasures such as the attenuation layer or using sorption performance of the original ground can be
promising, considering workability and economics.

Figure 7.1 mentions a high or low leaching burden, but the criteria for which concentration is high
have yet to be established. The leaching concentration of geogenic contaminants is affected by the type of
earthen materials (e.g., soils, rocks), contained minerals (e.g., pyrite, calcite), the environment of the site (e.g.,
infiltration, weathering, redox condition) and so on (e.g., Tabelin et al., 2018; Tang et al., 2023). Towards the
design of the way utilizing excavated soils and rocks with geogenic contamination, the applicability of the
attenuation layer and other countermeasures should be further discussed from the perspective of

geoenvironmental engineering and geology, geotechnical engineering, and so on.
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Chapter 8

Conclusions and Future Directions

8.1 Conclusions

This dissertation presents various issues of the utilization of excavated soils with geogenic contamination.
Towards fulfilling material recycling of the excavated soils with geogenic contamination, both evaluate the
contaminants' leaching behavior and the countermeasures' performance.

In Chapter 1, this dissertation's objectives and contents were explained in conjunction with general
information related to this research. The general information includes fundamentals of material recycling of
surplus soils with geogenic contamination, a simple overview of the problem of geogenic contamination and
the attenuation layer method.

Chapter 2 presents a literature review regarding soil utilization, evaluating the leaching behavior
of geogenic contaminants and countermeasures against geogenic contamination. The current status of soil
utilization in Japan was explained, and material recycling was emphasized. Regarding the leaching behavior
of geogenic contaminants, various testing methods and parameters that previous research focused on were
presented. The characteristics of the attenuation layer method were mainly explained for the countermeasures,
and how to currently evaluate the sorption performance was shown.

In Chapter 3, The leaching behavior of arsenic and boron is evaluated through two types of
excavated rocks with geogenic contamination under different temperatures. Excavated rocks with geogenic
contamination are expected to be usable for embankments after appropriate countermeasures have been taken
against the risks brought about by geogenic contamination. The leaching behavior might change because of
changes in the ground temperature. However, the effects of temperature on the leaching behavior of such
rocks have not been well examined. Herein, batch leaching tests at temperatures between 5 and 60°C were
performed under shaking and nonshaking conditions. Mudstone and shale rock were crushed into particles
smaller than 2 mm, which were required for the tests. The tests were carried out for durations ranging from
6 h to 15 days because changes in leaching kinetics also require careful evaluation.

After conducting the nonshaking tests for 15 days at 40°C, the mudstone sample leached arsenic
and boron at concentrations of ~0.7 mg/L and ~1.0 mg/L, respectively. The arsenic and boron concentrations
were about 20 and 40% higher than those of the sample leached at a temperature of 20°C. Elevated
temperatures were seen to increase the leaching kinetics of the toxic elements. For the shale rock sample, the
leaching rate for arsenic was 7.7 x 10°%/h at 40°C, which was approximately 2.5 times greater than the value

at 30°C. The nonshaking tests showed higher leaching amounts of arsenic and boron than the shaking tests,
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especially at elevated temperatures. As unrealistic estimations should be avoided, nonshaking tests are
suggested. Moreover, nonshaking tests lasting longer than 6 h are necessary due to the relatively slow
dissolution of minerals.

In Chapter 4, up-flow column percolation tests were conducted to discuss the rigor interpretations
and the engineering applications, adequate descriptions of which have been limited. Two types of marine
sediments were tested using the two different sizes of columns (¢ 5 cmx 4 10 or 30 cm) with a flow rate of
12 or 36 mL/h. Trends in concentrations with pore volumes of flow (PVF) were examined.

As a result of column leaching tests, since the concentration trends of selenium provided a
monotonous decrease and showed the maximum value of approximately 0 PVF, and showed half of the
maximum value less than 1 PVF, their leaching was considered to diminish immediately. On the other hand,
arsenic and fluorine concentrations showed initial increases and consequent decreases, therefore their
leaching continued after 10 PVF. Since monotonous decreasing leaching contaminants show the maximum
concentration of approximately 0 PVF, a more realistic risk analysis can be conducted to obtain the maximum
concentration from column tests. To investigate the trends in concentrations, column tests should be carried
out at least 2 PVF.

In Chapter 5, sorption-desorption column tests using acrylic columns (¢ 5 cm x & 10 cm) were
employed to evaluate the sorption performance of an attenuation layer against geogenic contamination. The
attenuation layer material was silica sand amended with 1, 5, or 10% of a stabilizing agent. The main
component of the agent was magnesium oxide. The sorption behavior of the materials was determined by a
fluoride solution (Co = 80 mg/L F), while the desorption behavior was determined by distilled water.

As a result of sorption-desorption column tests, breakthroughs (C/Co > 0.05) occurred after
approximately 1, 20, and 50 PVF for stabilizing agent contents of 1, 5, and 10%, respectively. The one-
dimensional advection-dispersion equation modelled the breakthrough curves obtained from the tests. The
predictions gave unrealistic estimates, especially for the breakthrough point where C/Co = 0.05. For the 1%
agent content, approximately 20% of the sorbed mass, Ss, was desorbed, but the percentage of desorbed mass,
S4, was much smaller for the higher agent contents. The difference between the sorbed and desorbed masses
was defined as the immobilized fraction, Ss - Sq. For the 5% agent content, Ss - Sq = 4.0 mg/g. The results
suggest that when silica sand is amended with magnesium oxide as an agent, the mixture can immobilize the
fluoride in the attenuation layer.

In Chapter 6, towards the discussing the design of the attenuation layer, breakthrough curves which
are assumed to be obtained from column sorption tests are simulated using numerical analysis. Four different
methods to obtain partition coefficients from breakthrough curves are discussed to investigate the evaluation
of attenuation layer. The one-dimensional advection-dispersion analysis was conducted considering
attenuation layer of 30 cm thickness using these obtained partition coefficients, Kq.

As a result of the numerical analysis using advection-dispersion equation, K4 values were
determined within approximately 40% differences. The partition coefficient, Kq obtained using inverse
analysis to fit numerical solution provided the lowest determination, and earlier breakthrough than the
parameters determined by Freundlich parameters.

In Chapter 7, the interpretation of results was described, taking into consideration practical
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implications. Based on the findings obtained from Chapters 3 and 4, one consideration of determining
leaching concentrations of geogenic contaminants was presented. Herein, the combination of the short-term
column leaching tests up to liquid-to-solid ratio (L/S) of 2 and nonshaking batch leaching tests were proposed
to categorize whether the leaching behavior were judged as the readily soluble chemical and investigate the
equilibrium concentration. Also, the limitation of conventional risk assessment using the advection-
dispersion analysis is shown based on the findings obtained from Chapter 5. Considering the difficulty of
predicting breakthrough curves of soil amended with the stabilizing agent, immobilized fraction can be one
of the indices for the attenuation layer design. Based on the results in Chapters 5 and 6, this dissertation stated
that the applicability of the attenuation layer should be carefully discussed. In this chapter, mutual relations

between the results were finally discussed.

8.2 Future directions

Herein, the issues regarding evaluating leaching behavior, performance of the attenuation layer, and earthen
cover are presented. Also, since future work on the utilization of excavated soils with geogenic contamination
soils should be extended from the geoenvironmental engineering field, the issues regarding geotechnical
aspects and regulatory science are mentioned.

Regarding the leaching behavior of geogenic contaminants, first of all, further research simulating
the reality is required. Chapter 3 evaluated the leaching behavior under a liquid-to-solid ratio of 10. If the
conditions of the liquid-to-solid ratio differ, the equilibrium concentration might be affected. Tests under
small liquid-to-solid ratio closer to the in-situ condition are necessary. In addition, the effect of the friability
of rocks should be evaluated to simulate the leaching behavior more precisely. Pre-crushing of the specimen
is considered as one way. Although the effect of temperature, soil-water contact time, and shaking conditions
were investigated in this dissertation, some parameters still need to be well investigated. As explained in
Chapter 2, since the leaching behavior of several contaminants, such as arsenic or selenium, is affected by
the redox conditions because their chemical species changes, the leaching test simulating the redox condition
is necessary. Also, the scale effects of the leaching tests should be investigated. Chapter 4 compared the
difference in height of 10 and 30 cm, which was not significant in this study. However, since the final goal is
to discuss the utilization of excavated soils with geogenic contamination as geomaterials for the embankment,
the scale effect between lab-scale test (e.g., 30 cm) and practical condition (e.g., 5 m) should be investigated.
The on-site embankment tests and the embankment monitoring (already exist) are desirable to be conducted.
In this dissertation, batch leaching tests were conducted in Chapter 3, while column tests were conducted in
Chapter 4. As a direction of evaluating the behavior of geogenic contaminants, although a complex protocol
test such as a column leaching test can obtain more information than a simple test such as a batch test, only
a short-term batch test can be conducted in some construction sites due to the time limitation. The relation
between the batch test (closed-type test) and the column test (flowthrough-type test) should be elucidated for
the practical field. In the future, simple parameters obtained from batch tests are expected to predict the

concentration profiles of column tests. In addition, the number of investigations needs to be increased.
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Chapters 3 and 4 discussed the leaching behavior using two different excavated earthen materials, but the
samples should be increased to obtain a generalized finding.

Issues regarding the sorption performance of the attenuation layer are presented here. First, the
sorption testing methods should be standardized. Currently, each material company will conduct the sorption
test so that its stabilizing can perform the highest sorption performance. Namely, the batch testing conditions,
such as liquid-to-solid ratios, agent-water contact time, and specimen preparation ways differ. Also, various
flow rates, scale of the column, and mixing ratios are applied in the column tests. Therefore, when the
attenuation layer is designed, constructors have difficulty selecting the stabilizing agent because the sorption
performance of the stabilizing agent is difficult to compare. This background prevents the spread of the
attenuation layer method. Second, the results of column sorption tests using stabilizing agents should be
accumulated. As mentioned in Chapter 5, the breakthrough curves using the reactive stabilizing agent are
challenging to predict using the conventional advection-dispersion equations. In order to establish the solute
transport model accounting for the soil-water-chemical reaction where the stabilizing agent is mixed, the
parameters such as column heights, initial concentrations, and types of the stabilizing agent should be
investigated in the column sorption tests. Third, the competition of the sorption reaction should be carefully
examined. Since natural soils and rocks contain not only geogenic contaminants but also other elements (e.g.,
sodium (Na), magnesium (Mg), potassium (K), calcium (Ca), and sulfide (S)), as shown in Chapter 3, the
sorption performance should be evaluated using the solution which contains not only the target contaminants
but also other significant ions for closer evaluation to reality. One possible way is sorption tests using the
leachate of the leaching tests. Fourth, since a slight amount of the stabilizing agent is mixed with the parent
material, how to mix the stabilizing agent homogeneously should be investigated to increase the
geoenvironmental reliability of the attenuation layer.

The function of the earthen cover should be featured. As shown in the schematic diagrams of the
attenuation layer method, the cover soil layer is usually considered to be installed. Since the covered soil
layer is well compacted to prevent infiltration to the embankment, most rainfall can be considered not to
seepage into the embankment. However, the current leaching tests are conducted with a relatively sizeable
liquid-to-solid ratio. Further, since embankments have a relatively steep slope (e.g., 30°) and greening, some
rainfall can be the surface flow and does not permeate the embankment. Therefore, contaminants are easier
to leach from the solid (soil), and a very conservatively high leaching burden might be estimated because of
this testing condition. Towards a more realistic design of the attenuation layer, the function of the cover layer
preventing the infiltration should be more attention for the utilization of the surplus soils.

Geotechnical aspects must be discussed, such as evaluating the hydraulic performance and physical
properties of the embankment and the attenuation layer. As shown in Chapter 7, the impact of the stabilizing
agent's reactiveness on the solute transport analysis prediction was pointed out. This impact may influence
the hydraulic conductivity and strength of the attenuation layer and embankments. If the stabilizing agent
hydrates, the ground may be stiff. The hydraulic conductivity of the attenuation layer may decrease, and the
embankment becomes weak because the saturation degree increases. Further, if pore water containing
geogenic contaminants cannot permeate into the attenuation layer, the pore water may leach out from the side

of the embankment. Also, the degree of compaction should be discussed because the state of compaction
124



affects both the stability and permeability of the embankment. Geotechnical aspects should be considered in
the design of the attenuation layer to ensure both environmental safety and stability of the earth's structure.
Finally, the necessity of both laboratory and regulatory science is presented here. When the risk
communication achieves the consensus to use excavated soils with geogenic contamination that slightly
exceed the environmental standard regulated by SCCL, the use of the excavated soils with geogenic
contamination can proceed. A mature, comprehensive understanding of geogenic contamination from
perspectives such as geology, law, social study, and geotechnical, geoenvironmental, and environmental

engineering is expected.
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