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Preface

Climate Change Adaptation from Geotechnical Perspectives is a compilation of
carefully selected and peer-reviewed papers from the 2nd International Conference
on Construction Resources for Environmentally Sustainable Technologies (CREST
2023). This conference, hosted by Kyushu University, Fukuoka, Japan, was held in
Fukuoka International Congress Center, Fukuoka, from November 20 to 22, 2023.
It was co-hosted by the University of Cambridge, International Society for Soil
Mechanics and Foundation Engineering (ISSMGE), Japan Society of Civil Engi-
neers (JSCE), Japanese Geotechnical Society (JGS), The Japan Landslide Society,
ISSMGE Technical Committee 307 (TC307), ISSMGE Technical Committee 215
(TC215), ISSMGE Asian Regional Technical Committee 1 (AsRTC1), ISSMGE
Asian Regional Technical Committee 3 (AsRTC3), International Press-in Associa-
tion (IPA), and Global Society for Smart Geo-Sustainnovation (GLOSS). Further
support to this conference was extended by the Kyushu Regional Development
Bureau, Ministry of Land, Infrastructure, Transport and Tourism, Japan, Fukuoka
Prefecture, Fukuoka City, Consulate General of India Osaka-Kobe, National
Research Institute for Earth Science and Disaster Resilience (NIED), UN-HABITAT
Regional Office for Asia and the Pacific, Fukuoka, Kyushu Branch of Japanese
Geotechnical Society (JGS), The Society of Materials Science Japan (JSMS), Japan
Federation of Construction Contractors (JECC), Japan Civil Engineering Consultants
Association (JCCA), Japan Geotechnical Consultants Association (JGCA), Orga-
nization of Geowaste Technology for a Recycled Based Society, Applied Slope
Engineering Association (ASERG), and the Local Resilience Research Institute
(LRRD).

The principal aim of CREST 2023 was to disseminate knowledge and foster
discussions concerning issues related to natural disasters and disasters associated
with anthropogenic activities. Additionally, it sought to proffer solutions through
the utilization of alternative resources, groundbreaking technologies, and adaptable
disaster mitigation strategies. All these endeavors converged toward the common
objective of establishing a resilient and sustainable society from a geoengineering
perspective. The conference’s themes spanned across a wide range of interdisci-
plinary areas that align with the Sendai Framework for disaster risk reduction (DRR).

XV



XVi Preface

The holistic approach, based on the Sendai Framework for DRR, includes the inte-
gration of disaster risk reduction into development strategies, thereby cultivating
resilience in nations and communities against future disasters. The conference was
centered on the themes of sustainability, the promotion of innovative concepts, and
advancements in the design, construction, and maintenance of geotechnical struc-
tures. All these efforts were geared toward contributing to climate change adaptation
and disaster resilience, in alignment with the Sustainable Development Goals (SDGs)
set forth by the United Nations (UN). The conference aspires to unite scientists,
researchers, engineers, and policymakers from around the world, creating a platform
for robust debate and discussion on these pressing issues.

The proceedings of CREST 2023 are thoughtfully partitioned into five volumes.
This volume encompasses four fundamental issues, namely (i) innovative techniques
toward low carbon footprint, (ii) innovative case studies for sustainable design and
construction, (iii) socio-economic and environmental aspects in sustainable construc-
tion, and (iv) geological and hydrological aspects. Comprising a total of 38 contri-
butions. Each manuscript underwent rigorous reviews, subjected to evaluation by at
least two reviewers chosen from an international panel of experts.

The publication of Climate Change Adaptation from Geotechnical Perspectives
was made possible through the unwavering dedication of the core members of
the technical committee of CREST 2023, along with the contributions of the staff
from the Research Group of Adaptation to Global Geo-Disaster and Environment,
Kyushu University, Japan. The editors extend their heartfelt gratitude to all those who
have played a part in this endeavor. The editors also wish to convey their heartfelt
appreciation to all the reviewers for generously dedicating their time and efforts to
meticulously review the manuscripts, thereby enhancing the overall content.

The editors hold the hope that this book will prove valuable to students,
researchers, professionals, and policymakers. The editors also firmly believe that,
in the years to come, the knowledge encapsulated within this volume will contribute
significantly to the realization of the UN’s Sustainable Development Goals.

Fukuoka, Japan Hemanta Hazarika
Cambridge, UK Stuart Kenneth Haigh
Surathkal, India Babloo Chaudhary
Tokyo, Japan Masanori Murai

Fukuoka, Japan Suman Manandhar
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Abstract The building construction sector is known around the world for its huge
energy consumption with a significant proportion contributed by the building’s oper-
ations phase alone. This encourages us to investigate alternative building materials
in order to reduce the energy consumption of buildings. Foam concrete (FC) is
one such energy-saving material with special attributes such as low density (400-
1850 kg/m?) and excellent insulating characteristics. The main facet of the present
study includes investigations on operational energy cost of typical G + 1 bungalow
located in the Guwahati city (in Northeastern region of India) for different scenarios
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Experimental outcomes indicated that thermal conductivity of AAC block and FC of
density 1000 kg/m® are found to be very much lower than that of conventional clay
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1 Introduction

Over a period of time, building sector has turned out to be major consumer of energy.
A recent survey indicates that the total energy utilization in buildings has reached
40% of the total global demand, surpassing the transportation sector. Further, this
contributes to more than 30% of the worldwide greenhouse gas (GHG) emissions [1].
On a similar note, energy demand of building sector from Indian context accounts
for 33%, with heating and cooling accounting for more than half of this requirement.
It is expected that this energy usage will increase steadily by 8% annually in the
coming years [2]. Moreover, in the present scenario, with the publication of energy-
saving design standards and building energy-saving requirements becoming more
stringent, there is an arduous requirement for energy-efficient solutions to reduce
the operational energy of buildings [3]. In this line studies carried out by various
researchers have showed that the annual energy consumption of building can be
reduced significantly by 27-77% through simpler means of incorporation of better
thermal insulating materials for roof and wall during construction [4, 5]. Numerous
research on energy-efficient structures have demonstrated that walls with thermal
insulation play a significant role in reducing the amount of energy needed for heating
and cooling without relying heavily on mechanical air-conditioning, particularly
during inter-seasonal months [6]. Thermal insulation in walls and roofs not only
leads to a reduction in the size of the required air-conditioning system, but also
reduces the building’s overall operational energy demand, resulting in a decrease
in the annual energy cost and carbon footprint of the buildings. In similar context,
Comakli and Yuksel’s [7] investigations proved that 50% reduction in CO, emissions
can be realized through provision of insulation of optimum thickness for external
wall and through other energy-saving methods. Thus it can be inferred from above
discussion that adopting the right thermal insulation walling system is one of the
effective ways to reduce energy needed for cooling and heating of buildings.
Sustainability being the key trend of construction, in present scenario, various
passive insulation techniques are being developed to produce energy-efficient struc-
tures. One such promising way of achieving energy efficiency is through use of
foamed concrete in construction which is globally accepted as an effective thermal
insulation material. Foamed concrete is a type of cellular concrete with randomly
distributed air voids in the mortar or cement paste with a wide range of density
ranging from 150 to 1800 kg/m? [8, 9]. Owning to its wide range of density, foam
concrete has thermal conductivity values ranging from 0.05 to 0.90 W/mK [8]. This
wide range of density and excellent thermal insulating properties has facilitated the
use of foam concrete predominantly in building sector as a walling material. The
present study evaluates the potential of foam concrete in reduction of operational
energy consumption of G + 1 house with foam concrete as walling material.
Guwabhati (26°10' N, 92°49’ E) the capital of the Indian state of Assam is chosen
as the study location for this research. This urban region is around 262 km? in
size and has a population of approximately 12 lakh people (Census of India, 2011)
expected to reach 21.74 lakh by 2025. The city’s and region’s general climate is warm
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and humid, with wide temperature fluctuations throughout the year, with average
temperatures exceeding 30 °C in the summer and hovering around 10 °C in the winter.
Statistics shows that in the last 40 years, the frequency of hot days and hot nights has
increased, while cold days and cold nights have decreased dramatically [10]. Further,
the prediction reports states that the building energy usage is set to rise in Guwahati
eventually resulting in higher carbon emissions. The above information indicates the
need for adoption of sustainable energy-efficient materials in construction.

Motivated by arduous requirement of prevailing studies in this context, the present
work provides an in-depth investigation into global warming potential and opera-
tional energy cost implications of employing foam concrete with varying densities
(1000-1800 kg/m?) as a walling material for G + 1 bungalow house in Guwahati
taking into account the local climatic condition. Further, comparative analysis of
performance of foam concrete with conventional brick walls materials is also carried
out.

2 Methodology

2.1 Materials and Mix Proportioning

The freshly premade foams produced with Hingot surfactant (6% concentration)
along with Xanthan gum (0.1% dosage) as a foam stabilizer are mixed with the
base mix prepared from Ordinary Portland Cement of 43 grade (conforming to IS
269-2015, specific gravity 3.15) and zone 3 river sand (finer than 300 pm, specific
gravity of 2.65). Three different densities of foam concrete mix, viz. 1800, 1500
and 1000 kg/m? are prepared for this study. The proportioning of the mixes is done
as per the procedure given in ASTM C 796 [11]. As the prescribed procedure in
standard serves proportioning of only cement slurry, hence the mix design procedure
is modified to include the additional component of sand. A constant cement to the sand
ratio of 1:2 by weight is adopted for all the mixes. The water-to-solid ratio is varied
in between 0.25 to 0.35 for densities 1800 kg/m? to 1000 kg/m? correspondingly.
Table 1 provides the mix proportioning details of different foam concrete mixes.

Table 1 Details of mixture proportions per m> of concrete

Mixture |Cement |Sand (kg) | Water (kg) |Foam | W/S* ratio | Foam vol. | Target
(kg) weight (Lit.) density
(kg) (kg/m’)
FC 1000 |246.91 |493.83 234.31 2495 1035 498.98 1000
FC 1500 |384.62 |769.23 333.33 12.55 10.30 250.94 1500
FC 1800 |480.00 |960.00 353.60 640 |0.25 127.90 1800

“W/S Water-to-solid ratio
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2.2 Experimental Test Methodology

In this study, an estimated amount of pre-foamed foam is introduced into the slurry
of mix components added in proper sequence thereafter mixed using a paddle-type
mixer in order to obtain the homogeneous mix with desired density. The fresh density
of mixes is calculated using the standard container of known volume as recommended
by ASTM C796 [11]. To evaluate thermo-mechanical properties of foam concrete,
cubical foam concrete specimens of size 50 mm size are casted. Specimens are then
demolded after 24 h, moist cured for 25 days followed by 3 days of air curing and
finally tested at age of 28 days as prescribed in ASTM C796. Compressive strength
test is carried out in accordance with IS 2250:1981 [12] on compression testing
machine of maximum capacity 500 KN.

Thermal conductivity is determined using transient plane source (TPS) method in
compliance with ISO 22007-2 [13]. Figure 1 shows the set-up of TPS based T.C. kit
for measurement of thermal conductivity. The flexible, 13 mm Kapton-based sensor is
placed between a sliced samples of foam concrete, and electric current is sent through
the spiral heating element of the sensor to heat the specimen samples. By measuring
the current and voltage drop through the spiral sensor over time, the thermal charac-
teristics of the specimens are computed. Thermal conductivity (W/m*k) is assessed
for foam concrete of different densities and other locally available conventional
walling materials like AAC block and standard clay brick for comparative analysis.
This property is further used in the annual energy consumption simulation carried
out using DesignBuilder software.

Source measuring unit (SMU)

Foam concrete sample

TPS spiral sensor ——*

Foam concrete sample

Fig. 1 TPS-based thermal conductivity kit
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2.3 DesignBuilder Methodology for Operational Energy
Analysis

This study focuses on the operational energy cost of a building located in a Guwahati
in Northeast India experiencing hot and humid climate and cold winter. In general,
most of the energy is spent for the cooling operation, and comparatively much lesser
fraction is spent for heating operations as temperature usually does not fall below
a certain threshold level for major part of the winter. Thus, the major consumer of
energy in operational phase of the building are cooling mechanisms, day-to-day light-
ings and other electrical equipment. DesignBuilder software used in this study serves
as a suitable analysis tool for calculation of operational energy cost of the building.
Some of the important modules in DesignBuilder which are worth mentioning are 3D
Modeler, visualization module used to render image, simulation module which uses
EnergyPlus simulations for energy and comfort analysis and HVAC module which
provides a powerful and flexible interface to EnergyPlus HVAC. Figure 2 shows
the schematic representation of methodology adopted for typical energy simulation
modeling for building using DesignBuilder software. Further Fig. 3 represents the
G + 1 bungalow floor plan designed on AutoCAD 2020 to be modeled in Design-
Builder software for operational energy analysis. All the elements of the building
are assigned with the proper layers and with corresponding properties as represented
in Fig. 4. The heating and cooling design sections calculate the equipment required
to meet the coldest and hottest conditions at the chosen site location. The source
of energy for heating and cooling is set accordingly for the Guwahati city which is
predominantly electricity from power grid. Annual energy consumption of buildings
is calculated in the simulation section. Figure 4 provides the cross-sectional repre-
sentation of walling materials (AAC block, foam concrete, clay brick) assigned to
building model.

Addding Model in DesignBuilder Adding Blocks to Model &
Importing 2D-Floor Plan assignment of properties

Building Drawing and Planning -

Assigning construction properties Assigning activity and its
Detailed Makeup of Model of materials to the blocks and corresponding attributes to the
Zones zones

Heating design, Cooling design ‘ - Analysis

Fig. 2 Schematic representation for a typical building modeling in DesignBuilder
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Fig. 4 Cross-sectional representation of walling materials assigned to building model

2.4 Methodology of Estimation of Global Warming Potential
(GWP)

In this study, further the global warming potential (GWP) in terms of CO, emis-
sions is estimated considering the annual energy consumption results obtained from
simulation carried out for different walling materials. The amount of CO, emission
in kilograms for one kWh of electricity produced and distributed by northeastern
grid of India at medium voltage is calculated from the database of the Ecoinvent via
SimaPro software. Ecoinvent is a life cycle inventory (LCI) database that supports a
wide variety of sustainability assessments for more than 18,000 activities over a wide
range of sectors including building and construction. The life cycle inventory data of
the electricity produced and distributed for northeastern grid of India obtained from
Ecoinvent database is used as an input parameter for calculation of CO, emission
using the method of ReCiPe 2016 Midpoint (H) V1.06 available in SimaPro software.
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ReCiPe 2016 Midpoint (H) V1.06 is chosen as it has been demonstrated to have a
greater relationship with environmental flows with relatively low uncertainty [14].
Moreover, in the literature, the midpoint characterization factor for climate change is
reported to be frequently employed for calculating global warming potential (GWP).
Further, Hierarchist (H) perspective is selected for its ability to balance between
the short- and long-term damaging effects [15]. Here it should be noted that this
study limits its scope to the reduction in global warming potential obtained from the
energy savings achieved in heating and cooling due to use of better insulating walling
materials. However, it is to be noted that the proposed analysis does not consider
the energy accounted in the process of production of the walling materials and the
corresponding amount of GWP involved in the production phase. Also the source of
energy used for heating and cooling of spaces is predominantly electricity for urban
areas like Guwabhati in India, and hence, the other sources are not considered for this
study [16].

3 Results and Discussions

3.1 Compressive Strength and Thermal Properties

Figure 5 shows the results of 28 days compressive strength and thermal properties of
the foam concrete of three different design densities, viz. 1000, 1500 and 1800 kg/m?.
In line with observations in other literature, both compressive strength and thermal
conductivity show similar trend with variation in the density of the foam concrete [8,
9]. As expected increase in density of foam concrete resulted in significant improve-
ment in the compressive strength of the foam concrete. The increase in density of foam
concrete from 1000 to 1800 kg/m? resulted in sixfold improvement in compressive
strength from 2.76 to 16.27 MPa, while 2.5 times increment in thermal conductivity
from 0.37 to 0.924 W/mK is observed. This increase in thermal conductivity with
the density of concrete resulted in the decrement of the overall insulating property
of the foam concrete. It is evident from the Fig. 5 that the conventional clay brick
exhibited maximum thermal conductivity, while the lowest thermal conductivity is
noted for AAC block with density 660 kg/m>. The thermal conductivity of brick is
approximately 1.5 times that of foam concrete with design density of 1500 kg/m?
and 2.6 times that of foam concrete with a design density of 1000 kg/m?® and almost
similar to the foam concrete with density of 1800 kg/m?. Further, the lowest thermal
conductivity value (0.37 W/mK) achieved for foam concrete with design density
1000 kg/m? in the present study is nearly 6 times lesser than that of normal concrete
with density around 2400 kg/m® as reported by various researchers [8, 17]. The
above results indicate that the foam concrete can serve as a better thermal insulation
material depending upon its density. Furthermore, the above-mentioned properties of
walling materials will be used as input in the DesignBuilder software for simulating
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Fig. 5 Compressive strength and thermal conductivity of foam concrete

the annual operational energy consumption of G + 1 bungalow in Guwabhati city,
India.

3.2 Operational Energy Analysis and Global Warming
Potential

Table 2 summarizes the energy simulation output of DesignBuilder software for a
typical G + 1 bungalow model in Guwahati. It is evident that all the alternative
materials used in the present study in place of clay brick exhibited lower annual
energy consumption. The increased annual energy consumption of clay brick wall
can be attributed to its higher thermal conductivity value, which allows higher average
thermal transmittance through the structure [18, 19]. Table 2 also provides a detailed
cost estimate considering the annual energy charges incurred by the building utilizing
region-specific costs over the facility’s lifetime. In accordance with BS 7543:2015,
the building’s expected lifespan is assumed as 60 years. The energy costs adopted
in the estimation (IRs. 6.75/kWh for year 2022) pertain to the state of Assam and
conform to LT-IIT housing type. In addition, ten years of financial data are analyzed,
and the average rate of increase in electricity rates is determined to be 6.1% and
used for cost analysis [20]. Results indicate that when compared to clay brick the life
cycle operational energy cost of foam concrete is found to be relatively lower. For
instance, foam concrete with target densities of 1000, 1500 and 1800 kg/m? resulted
in cost savings of Rs. 23,006,421, Rs. 12,44,211 and Rs. 2,68,135, respectively, when
compared to conventional clay brick. The operational energy cost of AAC blocks is
slightly lesser than that of foam concrete with density of 1000 kg/m? as the AAC block
used in this study is less dense than foam concrete. As anticipated and confirmed
by the report, it can be concluded that foam concrete with a lower density can
dramatically cut operational energy costs.
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Table 2 Operational energy cost analysis and reduction in carbon footprint of building with
different walling materials

Blocks | Annual Life cycle | Annual Reduction in | Total reduction in GWP
energy operational | GWP due to | GWP over the life cycle of
consumption | energy cost |operational |compared to building compared to
(kWh) (in%) energy (kg) | clay brick (kg) | clay brick (kg)

AAC 15,188.24 % 13,682.35 | 899.85 53,991.09

block 6,05,66,532

FC 15,608.75 4 14,061.16 | 521.03 31,262.06

1000 6,22,43,410

FC 15,875.12 4 14,301.12 | 281.07 16,864.48

1500 6,33,05,621

FC 16,119.89 T 14,521.62 60.57 3634.39

1800 6,42,81,696

Brick | 16,187.13 3 14,582.20 0.00 0.00

6,45,49,831

From the above Table 2 it can be concluded that the annual energy consumption of
the building with standard clay brick as walling material is highest, and hence, it will
result in the highest amount of global warming potential in terms of CO, emission [7,
21]. From the adopted methodology of ReCiPe 2016 Midpoint (H) V1.06 in SimaPro
software, one kWh of electricity production and distribution resulted in 0.901 kg of
carbon dioxide emission in the atmosphere. Due to significant energy savings, usage
of foam concrete blocks and AAC blocks as an alternative to standard clay brick
would result in sizeable amount of reduction in CO, emissions as represented in
Table 2. The mere use of AAC block as a walling material in place of standard clay
brick would reduce almost 900 kg of CO, emissions yearly and almost 54 tons of
CO, emission reduction over the complete life of building assuming it as 60 years.
On the similar lines, foam concrete with 1000 kg/m? will result in decrease in global
warming potential of 521 kg annually and 31.26 tons of CO, over the complete life
of building. This amount of reduction in CO; is equivalent to the CO; sequestration
resulting from planting 112 mango trees over its life time (assuming 278.3 kg CO,
sequestered by single mango tree) [22].

4 Conclusions

Operational energy demand and its respective cost analysis and reduction in carbon
footprint of a G + 1 residential building are evaluated and subjected to use of different
walling material for climatic conditions of Northeast Indian city of Guwahati. The
house is studied with conventional clay bricks and alternative wall materials (AAC,
FC 1800, FC 1500 and FC 1000). The study reports following conclusions:
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The thermal conductivity of foam concrete is significantly influenced by its
density. The value of thermal conductivity is raised by 2.5 times from 0.37 to
0.924 W/Mk when density of foam concrete is increased from 1000 to 1800 kg/
m’.

Annual energy consumption of G 4 1 building in Guwahati with walling material
as foam concrete with density 1000 kg/m? (15,608.5 kWh) is lesser than that of
conventional clay bricks (16,187.13 kWh), but slightly higher than that of AAC
blocks of density 660 kg/m* (15,188.24 kWh). Taking inflation of 6.1% into
account with current energy rates, it is found that the usage of 1000 kg/m? density
foam concrete will result in a saving of Rs. 23,06,421/- during a 60-year building
lifespan.

By using appropriate insulating material like AAC block and foam concrete
(1000 kg/m?) as walling material, the GWP in terms of CO, emission to the
environment will be reduced by 54 and 36.21 tons, respectively, which is equiv-
alent of planting 194 and 112 mango trees. This GWP can be further decreased
through the use of density of foam concrete lesser than 1000 kg/m? and additional
use of foam concrete for roof insulation.

The above results indicate that foam concrete has the potential to significantly
reduce the building’s operational energy cost and the carbon footprint of building
and thus proves to be an energy-efficient sustainable building material.
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Contribution of Vetiver Grass Towards )
Slope Stability Via Mechanical Root er
Reinforcement

Ujwalkumar D. Patil ®, Myeong-Ho Yeo, Else Demeulenaere,
Daniel Mabagos, and Surya Sarat Chandra Congress

Abstract Soil bioengineering techniques offer an eco-friendly and practically viable
alternative for slope stabilization when compared to traditional techniques. In partic-
ular, the improvement in slope stability is obtained by planting vegetation that
offers an improvement in existing shear strength via mechanical root reinforcement
promoted by the presence of roots along failure surface. This study was aimed at
evaluating the contribution of the root cohesion for vetiver grass (Chrysopogon zizan-
ioides) on slope stabilization in a tropical and mountainous environmental setting.
Various root morphological characteristics of vetiver were obtained experimentally
through field and laboratory testing. In general, the vetiver root system comprises of
mostly fine roots of diameter varying between 0.11 and 2.22 mm and can offer large
tensile strength between 14.4 and 2000 MPa. Results show that the tensile strength
offered by vetiver roots increased with decreasing root diameter and a good power-fit
relationship was obtained between root diameter and tensile strength. Furthermore,
the root morphological characteristics were used with root bundle theory to translate
the tensile strength offered by roots into additional root cohesion. Transient seepage
analysis was performed on bare and vegetated slope to generate degree of saturation
and suction profiles with respect to depth, which were incorporated into a simple infi-
nite slope stability problem to compute the FOS with respect to depth. Analysis of
results show that the FOS of shallow depths with presence of vetiver roots increased
many folds as compared to bare slope, which demonstrated the potential of vetiver
grass in restoration of watersheds along the hill slopes in southern Guam.
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1 Introduction

Rainfall-induced slope failures are a common issue in tropical countries, especially,
the ones which receive heavy rainfall events such as typhoons and storms [1, 2]. Slope
surface protection has become a necessity to prevent further erosion of barren and
already failed hill slopes. In addition, on tropical Islands like Guam the coral life along
the coastal bay gets stressed and smothered due to excessive sedimentation deposited
along reefs from such eroded slopes. Plants/vegetation can provide a cover to the hill
slopes and prevent the direct contact of water with surficial soil, thereby preventing
the dislodging of soil particles. Also, roots tend to draw water via root water uptake
(RWU) from surrounding soil, which increases the suction within root-soil zone and
improve the stability of unsaturated slopes. However, this beneficial hydrological
effect ceases when soil becomes completely saturated during long duration rainfall
because this suction reduces to zero [1]. Thus, for saturated slopes, the slope with
and without vegetation behaves similarly if root reinforcement is neglected. On the
other hand, once the saturated soil mass becomes unstable and starts to slide down
the slope, it activates the tensile strength of roots present across the sliding mass
(Fig. 1a, b).

This results in additional root cohesion along shearing plane, which increases the
shear strength of soil-root matrix. Hence, grass/plants can be used as a slope stabi-
lization treatment method. Thus, for the advancement of such ecological protection
technology and increasing of our understanding of such technology more studies are
encouraged. In particular, the quantification of increase in shear strength due to root
reinforcement by different plants/grass becomes crucial.

Past couple of decades have seen growing popularity of using vetiver grass
(Chrysopogon Zizanioides) in tropical and sub-tropical countries as a strategy to
prevent shallow slope slides and erosion control [3, 4]. Several voluntary commu-
nity drives have taken place to plant vetiver to control erosion in Guam. However,

(a) (b)

Fig. 1 a Exposed root-soil zone after shallow slope failure, b sketch showing root tensile strength
activated from sliding forces in root-soil zone
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there is a scarcity of studies regarding quantification of the improvement in shear
strength provided by the vetiver system, especially on Island of Guam.

Patil et al. [5] conducted transient seepage coupled slope stability analysis using
Acacia tree roots in soils from Ija watershed in Guam and demonstrated its positive
benefits. Current study is inspired by it and uses similar procedures of root testing
and analysis for testing efficacy of vetiver roots in soil from Inarajan watershed in
Guam. This study presents laboratory-based tests on soil samples collected from hill
slopes of Inarajan watershed in southern Guam to characterize it for geotechnical
and hydrological properties. Vetiver grass was grown in nursery using native soil
from Inarajan hill slopes. Tensile strength tests were conducted on 1-year-old root
samples collected from each 5 cm depth below ground surface. Root bundle theory
proposed by Wu et al. [6] was used to estimate the root cohesion by translating
the tensile strength of roots. In addition, soil-water retention curves (SWRC), basic
geotechnical properties and unsaturated permeability as a function of suction were
used to perform transient seepage analysis on an idealized hill slope under a one-
month worth rainfall data using SEEP/W [7, 8]. In particular, the degree of saturation
(Sr) and suction (s) profiles were obtained and then used in a simple infinite slope
stability problem to demonstrate the positive role of vetiver roots in improving factor
of safety (FOS) of hill slopes in Guam.

2 Saturated and Unsaturated Properties of Soil Slope

For hill slope along Fintasa River in Inarajan watershed, Guam was selected for this
study. A case study was conducted on a 1:1 slope ( = 45°) made from a clayey sand
(SC) permeated with vetiver roots.

Soil samples were collected from hill slopes of Inarajan watershed in southern
Guam to perform saturated and unsaturated soil testing. After conducting the sieve,
hydrometer and Atterberg’s limit analysis, the soil was classified as clayey sand
(SC) as per the Unified Soil Classification System (USCS). The field unit weight of
soil was 16 kN/m?, specific gravity (G) was 2.81, saturated hydraulic conductivity
(Ksat) was 0.108 m/day, and saturated volumetric water content (05) was 0.6325. The
consolidated drained direct shear tests on undisturbed samples revealed an effective
cohesion (c”) and effective friction angle (¢”) of 4.6 kPa and 33.1°, respectively. The
soil-water retention curve (SWRC) and its unsaturated parameters using [9] model
are shown in the Inset in Fig. 2. The liquid limit (LL), plastic limit (PL) and hence
the plasticity index (PI) were 65, 30 and 35%, respectively.
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Fig. 2 Soil-water retention 0.8
curve and unsaturated soil O Experimental points
properties —— Fredlund and Xing Fit (1994)

AEV = 1.07 kPa

I
o

Fredlund and Xing (1994)
Parameters

*=1.0871 (kPa)

n= 1.4656

m = 0.3673

Residual VWC = 0.2671

Volumetric water content (%)
o
N

SWRC sample

0.1 1 10 100 1000 10000 100000 1000000
Soil suction, s (kPa)

3 Morphological Characteristics of Vetiver Roots

Vetiver grass is also classified as Chrysopogon zizanioides, which is perennially
grown in tropical and sub-tropical countries [10]. It is tolerant to extreme climate
change events including prolonged drought, flood submergence, frost and fire. It is
also a resilient grass that can tolerate acidity, alkalinity and salinity [3, 4, 10]. Vetiver
roots grow vertically downward and have a fine and dense root structure (Fig. 3b),
which can reach up to 2 to 4 m in depth. It has been used in the past for watershed
restoration in Guam [11]. However, the role of roots in enhancing slope stability has
not been explored, which is the chief motivation for this research study.

Vetiver uprooted from field with a dense root structure can be seen in Fig. 3a.
Due to such fine root structure, it was difficult to uproot it from deeper depth without
breaking roots. Hence, to study the root morphological characteristics, it was grown
in plastic pipes of ~7 cm diameter at the nursery of University of Guam campus
using soil collected from southern Guam. Figure 3b shows the 1.5-year-old vetiver
root system taken out carefully from the plastic pipe. Figure 3c shows the fibrous
vetiver root system of about 65 cm length that was obtained after careful washing.
Root area ratio (RAR) was used to determine the ratio of area occupied by roots on
a certain plane, i.e., at each 5 cm depth of roots using the equation: RAR = (A,/
As) x 100, where A; = sum of the root cross-sectional area at given depth and Aq
= soil sample plan area. Figure 4 illustrates the variation of RAR with respect to
depth. This variation of RAR was best fitted with a power equation with an excellent
regression coefficient of R?> = 0.94. The RAR was maximum near the ground surface
and decreased nonlinearly with increasing depth.
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Fig. 3 a Uprooted vetiver grass grown along slopes in southern Guam; b vetiver grown in native
soil inside PVC pipe; ¢ washed vetiver root system
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The procedure of testing roots and conducting transient seepage coupled slope
stability analysis used in this paper is like the one adopted by Patil et al. [5], in which
they tested role of Acacia tree roots in stabilizing hill slope failures in [ja watershed,
Guam. About 50 roots with varying diameters (d;) were chosen and cut to a length
of 6cm before being tensile tested on a Universal Testing Machine. The ends of the
roots were taped to grasp them inside the jaws and prevent slippage. Tensile force
was applied at a 10mm/min pace, and the maximal tensile force (Fp,x) required to
break the root was measured. Any trial that did not break the root in the middle was
discarded. T, = Fpqe/(11/4)d,2 was used to compute the maximum tensile strength
(T,) given by the root at breakage. The vetiver roots’ maximum tensile strength (T;)



20 U. D. Patil et al.

Fig. 5 Variation of vetiver 2000 S
root tensile strength versus _ Foe O Experimental points
. < oy L o
root diameter E o0l Power-fit model
E '
Z L
~ '
£ '
5 1200
] e
= r \ -1.945
@ O‘Q)o Tl' =459 (droot)
o 800 2_
= e R?=0.95
c L )
2 '
- oo
400 | |
3 >
4 | ° % ap
o.
ol L 1] f*"ﬁﬂﬁu&mm
0 02 04 06 08 1 12 14 16 18 2

Root diameter (mm)

was plotted versus their root diameters, as illustrated in Fig. 5. The tensile strength of
vetiver roots was found to decrease nonlinearly with increasing root diameter (d;). It
was best fit by a power-fit equation T, = 45.9 (d,)~"%4¢ with an excellent correlation
coefficient R? = 0.95.

The value 45.9 is the scale factor, and the value —1.946 is the rate of decrease in
strength (empirical constants). The values of these empirical constants vary between
plant species and hence documenting it is very important. The lowest and highest
values of root diameter and tensile strength were 0.11-2.22 mm and 14.4-2000 MPa
(N/mm?), respectively.

4 Quantitative Modeling of Root Reinforcement

Several researchers have done pioneering work in the quantitative modeling of root
reinforcement [6, 12]. Accordingly, the mobilized tensile resistance in the roots can
be translated into an increase in shear strength in the soil, i.e., the additional cohesion
(cy). In this study, the c; using model proposed by Wu et al. [6], which is dependent
on the root tensile strength, and the root area ratio (RAR) was used in this study
(Eq. 1). It also assumes that all roots are initially perpendicular to the slip surface
and break at the same time.

A,
cr = T,.A—(sin9 + cosOtan{) @))

S

where 0 is the angle of shear distortion in the shear zone, ¢ is the soil friction angle,
(°) and T; is the mobilized tensile strength of roots. The term (sin6 + cosbtand)
accounts for shear distortion, and its value is set at 45°. Figure 6 shows that the value
of ¢, declines with depth and is best fit by a power model with a reasonable coefficient
of correlation (R? = 0.67). Further study took into account the computed c; value for
each 5 cm depth below ground level. A similar procedure of analysis was adopted
by Patil et al. [5] while testing Acacia roots.
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Fig. 6 Estimated root cohesion with respect to depth for vetiver roots

5 Modeling Response of Vegetated Slope
to Rainfall-Induced Infiltration

In 2021, the month of October yielded maximum amount of rainfall in this watershed
of Guam. Hence, 1-month rainfall, relative humidity, wind speed, solar radiation and
air temperature data were collected from an onsite weather station. Also, suitable
vegetation data such as variation of leaf area index versus time; plant limiting factor
versus matric suction; root depth versus time, normalized root density versus normal-
ized root depth; and soil cover fraction versus leaf area index were obtained from Patil
et al. [2]. This climate and vegetation boundary condition were applied on an ideal-
ized 45° hill slope made from soil with properties described previously. Transient
seepage numerical analysis was conducted by employing the finite element-based
program SEEP/W [7, 8]. We considered two case studies. First was case (a): rainfall
applied on bare slope and case (b) rainfall applied on vegetated (i.e., vetiver grass)
slope (Figs. 7 and 8). The results of the SEEP/W 2D transient seepage study were
then used to construct profiles of degree of saturation (Sr) and soil suction (s) with
respect to depth at mid-slope (Figs. 7 and 8). A similar procedure of analysis was
adopted by Patil et al. [5] while testing Acacia roots.

SEEP/W program utilizes modified Richard’s equation and [13, 14] model to
simulate the flow of fluid and root water uptake (RWU). Out of the two case scenarios,
first was bare slope with rainfall, and second was vegetated slope with rainfall consid-
ering the root water uptake (RWU). It can be clearly observed that irrespective of
either case, the Sr increases, and the suction reduces with time as the rainwater infil-
trates the shallow stratum (i.e., top 1-2 m) of hill slope. Both Sr and s reach their
maximum and minimum values, respectively, on 6th day, and hence these profiles
with respect to depth were further used to calculate the factor of safety.
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Fig. 8 Profiles of degree of saturation with depth for cases a and b

6 Example of a Simple Infinite Slope Stability Problem

A simple example was presented to illustrate the positive effect of root cohesion in
improving slope stability. Cecconi et al. [ 15] used unsaturated shear strength equation
of Vanapalli et al. [16] to compute the factor of safety (FOS) for a simple infinite
slope problem, which uses S; and s values with respect to depth. Furthermore, the
FOS was computed by feeding the S; and s profiles from Figs. 7 and 8 into Eq. (2).

2

FOS() = |:1 N S,(z)s(z)} tan¥/ N ¢+ ¢ (2)

yzcos’a | tana  yzcosasina

Similar to studies conducted by Patil et al. [S] on slopes vegetated with Acacia
roots, three different case situations were considered in this research. The first
instance was applying rainfall to a barren slope, the second case involved applying
rainfall to a vetiver vegetated slope while only considering RWU, and the third case
was similar to the second situation but additionally taking vetiver root reinforcement
into account. Results (Fig. 9) of this analysis illustrate the nonlinear variation of
FOS with respect to depth for case 3. Clearly, the FOS was maximum and increased
many folds near surface upon consideration of root tensile strength. Furthermore,
FOS decreased with increasing depth, mostly because of increasing Sr and s, and
decreasing RAR. Three case scenarios were presented in Fig. 9.
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Fig. 9 Variation of the lowest FOS with respect to depth

7 Conclusion

This research records a basic infinite slope stability problem to demonstrate the
beneficial effect of vetiver grass root reinforcement in preventing shallow slides.
The root diameter and tensile strength of vetiver grass grown in local soil from
Guam varied between 0.11-2.22 mm and 14.4—1259 MPa (N/mm?), respectively. The
best fit for the link between root diameter and tensile strength of roots was a power
equation with an excellent correlation coefficient of R> = 0.95. The tensile strength of
roots increased with decreasing the root diameter, which also confirmed the previous
findings. This was attributed to the root chemical content, namely lignin and cellulose
that are function of root diameter and are correlated with root tensile strength. Zhang
et al. [17] reported increase in percentage of cellulose and decrease of lignin content
with increasing root diameter to be the prime cause of reduction in tensile strength.
Thus, thinner roots lead to greater strength. The tensile strength of roots was converted
into aroot cohesion (c;) value, which was calculated for each 5 cm depth below ground
surface. On an idealized hill slope, appropriate climate and vegetation boundary
conditions were applied, and a transient seepage numerical analysis was performed
to obtain S, and s profiles with respect to depth. Finally, the computed values of S,, s
and c; values at different depths were incorporated into a simple infinite slope stability
equation to compute the FOS with respect to depth. Analysis of results shows that
the FOS of shallow depths with presence of vetiver roots increased many folds, and
it decreased nonlinearly with depth. Nonetheless, the presented case studies revealed
the potential of vetiver grass (Chrysopogon zizanioides) as a bioengineering solution
in rehabilitation of hill slopes of Guam.
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and Tadashi Maejima

Abstract Sustainable engineering solutions are the key to future infrastructure
development to address the devastating effects of climate change. Screw pile is a
sustainable, cost-effective, and environmentally friendly piling technique that can be
used more and more in future infrastructure. Therefore, this study aims to understand
the effect of change in penetration to rotation rate on screw pile performance in terms
of installation effort and load-carrying capacity of single-helix screw piles in loose
ground conditions. Steel screw piles having a helix-to-shaft diameter ratio of 2.0 were
installed into the model ground with different penetration rates; however, the rotation
rate was kept the same in all the experiments to achieve different penetration-to-helix
pitch ratios in one rotation. The test results showed that in all cases, the ground
around the installed pile densifies with the highest densification at a penetration-to-
helix pitch ratio of 1.00. The densification zone below the pile tip level is up to 2.5
times the helix diameter, but its trend is gradually decreasing. While comparing the
load-settlement response of screw piles installed with different penetration-to-helix
pitch ratios with no installation case, it is found that all installation ratios showed
higher load-carrying capacity, with the highest for 1.00 penetration-to-helix pitch
ratio.
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1 Introduction

Deep foundations are vital for the safety of future infrastructure as urbanization is
expanding more vertically. Another essential factor that needs to be considered in
future infrastructure is the effect of climate change. That is the reason scientists and
researchers are searching for sustainable engineering solutions. In the case of deep
foundations, a screw pile can be considered one of the sustainable solutions for future
infrastructure. It is a displacement pile consisting of a central steel shaft with one or
more helices attached [1]. This structural arrangement provides tensile, compressive,
lateral, and overturning moment resistance [2, 3]. The well-known advantages of
screw piles are their easiness of installation, no wastage of material, less noise and
vibration, can be used in limited available spaces, removable and reusable, etc. [4-6].

The helix is one of the main components that contribute to the bearing response of
the screw pile; therefore, its strength should be sufficient enough to resist the ground
response. Previous studies highlighted that the deformation or deflection of the helix
reduced the bearing resistance [7-11]. It was also investigated that the pressure
distribution under the screw pile is different from the pipe pile due to the position
of the helix from the pile tip [4, 12]. The bearing performance of the screw pile can
be reduced even with a strong helix, and it is due to the advancement ratio. The
advancement ratio of the screw pile is closely related to the penetration rate, rotation
rate, and helix pitch. Helix pitch is the distance between the leading and tailing cutting
edges. Previous studies indicated that higher performance could be achieved if the
screw pile advances at one pitch penetration per helix rotation, i.e., advancement
ratio [13—15]. Sharif et al. [16] observed that the pressing force required to install the
pile could be reduced up to 96 % if the advancement ratio is reduced; however, this
arrangement will reduce the compressive capacity but increase the tensile capacity.
As limited studies are available to understand the effect of the advancement ratio;
therefore, this study focused on the effect of the advancement ratio on the installation
effort, surrounding ground disturbance and related bearing resistance. A screw pile
with a single helix and a close-end central shaft is used in this research.

2 Methodology

To achieve the set objectives, piles were installed in loose sand under different pene-
tration (S)-to-helix pitch (Py) ratios (S/Py) in a steel cylindrical model container. The
S/Py, ratio varied from 0.25 to 1.25 by changing the penetration rate, i.e., the rota-
tion rate was kept constant. The model ground was checked with the help of a thin
steel needle before and after the installation and pile load test. The difference in the
penetration provided the ground disturbance due to pile installation. The pile load
tests were conducted, and load-settlement curves were compared under different S/
Py, ratios and with reference screw pile response. The reference screw pile was not
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installed in the model ground but was placed in the model ground to eliminate the
installation effect.

3 Testing Equipment and Procedure

The testing was conducted on a model scale (see Fig. 1). A steel container with a
diameter of 1000 mm and a depth of 1130 mm was used to prepare the loose sand
(Toyoura sand, dry) model ground. The helix diameter was restricted to 1/23 times
the diameter of the container so that the effect of rigid boundary on the results could
be eliminated. According to [17], to avoid boundary effects, the model container
should be more than 20 times the radius of the pile. Moreover, [18] used the same
container to study the end-shape effect of steel pipe piles. The relative density of the
Toyoura sand was kept at around 45 %. The steel screw pile having a shaft diameter
(Ds) of 21.7 mm and helix diameter (Dy,) of 43 mm was used in this study. The bottom
end of the central shaft was closed. The pitch of the helix was 19.7 mm. A number of
piles were installed by varying the penetration (S)-to-helix pitch (Py,) ratio from 0.25
to 1.25. To achieve these S/P, ratios, the rotation rate was kept the same (1 rotation
per minute), whereas the penetration rate was varied from 4.9 to 24.9 mm/min. The
disturbance in the surrounding ground was monitored by checking the penetration
load before (PLg) and after (PLy) the pile installation at distances of 1.5, 2.0, and
3.5 Dy, from the centre of the pile through a thin steel needle-connected load cell.
After pile installation, a pile load test was conducted using a penetration rate of 2 mm/
min. For the reference pile, to avoid the installation effect, the ground was prepared
first, then the pile was placed, and then the surrounding ground was prepared.

4 Results and Discussion

4.1 Installation Effort

The installation depth was kept constant in all the tests at 350 mm. The installation
effort comprises installation load (press-in) and torque (rotation). It is observed that
the installation load increases with the increase in the S/Py, ratio, as shown in Fig. 2.
Installation load is highest when the S/Py, ratio is 1.25, and it is lowest when the is S/
Py, ratio 0.25. This is because 70 rotations are required to reach the embedment depth
for S/P, = 0.25, which is more than the S/P,, = 1.25, i.e., 14 rotations. The higher
rotation reduced the installation load effort. At low S/Py, ratios (0.25 and 0.50), the
central pile shaft experienced tension load at greater depth. It might be due to the
upward movement of soil under the screw pile during penetration, as the ground is
also densifying. In the case of installation torque, it is observed that with the increase
in the S/Py, ratio, the installation torque decreases, as shown in Fig. 3. This trend
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Fig. 1 Testing equipment

is due to a lesser number of rotations as the S/Py ratio increases. The screw pile
installed with the S/Py, ratio of 1.0 showed the least installation torque. This might
be due to the less resistance offered by the ground as the soil particles moved along
the slope face of the helix. The higher torque at the S/Py, ratio of 1.25 is because the
soil particles that cannot enter the helix-sloping face generate additional resistance
at the helix edges.

4.2 Surrounding Ground Disturbance

The penetration load was recorded before (PLp) pile installation and after pile instal-
lation (PL,) with the help of a thin steel needle. The thin steel needle is pushed
into the ground with the help of a load cell attached to the penetration system. The
surrounding ground disturbance is presented as a ratio, i.e., PLR = PL,/PLg. When
this ratio exceeds 1, it indicates densification; less than 1 indicates the ground loos-
ening. It is observed from the test results that the surrounding ground densifies in all
the cases in which the pile is installed with different S/P}, ratios, as shown in Fig. 4.
The magnitude of densification increases with the increase in S/Py, ratio, highest for
S/Py, = 1.0. It is also observed that the general trend of densification increases with
depth; however, it gradually decreases below the embedment depth. In addition, the
magnitude of densification gradually decreases as it moves away from the centre of
the pile (refer to Fig. 4). In other words, the influence of ground disturbance due to
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pile installation always fades out around and below the pile, and it can be observed
if monitored the disturbance away from the pile boundary.
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Fig. 4 Ground disturbance with varying S/Pj, ratios a at a distance 1.5 Dy, from the centre of the
pile, b at a distance 2.0 Dy, c at a distance 3.5 Dy,

4.3 Bearing Resistance

The load-settlement response indicates that bearing resistance increases with the
increase in S/Py, ratio, highest for S/P, = 1 as shown in Fig. 5. This increasing trend
is closely related to the ground densification in which densification increases with
the increase in S/Py, ratio, highest for S/P, = 1 (refer to Fig. 4). Moreover, due to
less ground densification in the S/P,, = 1.25 case, a lower axial load is observed than
S/Py, = 1. While comparing the load-settlement curves for installation and without
installation screw piles, it is also observed that in the loose ground, all S/Py, ratios
densify the ground, which ultimately enhances the bearing resistance of the screw
pile. This indicates that any S/P}, ratio can be selected in the practical field as it
enhances the bearing resistance, but it is always preferable to be as close to S/P, =
1.0.
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5 Conclusions

This study focused on the effect of change in penetration to rotation rate on screw
pile performance in loose sand. A single-helix screw pile with a close end is used in
this research. Based on the experimental results, the following conclusions can be
drawn.

e The installation effort in terms of press-in load increases with the increase in
penetration-to-helix pitch ratio (S/Py). This increase is due to the lower number
of rotations as the S/Py, value increases, i.e., less rotation to reach the embedment
depth increases the press-in load. Meanwhile, the installation effort in terms of
torque decreases with the increase in penetration-to-helix pitch ratio (S/Py,). This
decrease is due to the lower number of rotations as the S/P}, value increases.

e The surrounding ground densifies in all the cases with different S/Py, ratios;
however, the highest densification is observed when the pile is installed at S/
Py, = 1.0. An increasing trend of densification is observed up to the embedment
depth, whereas a gradually decreasing trend of densification is observed below
the embedment depth. Moreover, the magnitude of densification decreases as it
moves away from the centre of the screw pile shaft.

e Bearing resistance increases with the increase in the S/P;, ratio, which is closely
related to surrounding ground densification. The highest bearing resistance is
observed at S/Py, = 1.0, which is due to the movement of soil particles along the
sloping face of the helix.

e The comparison in terms of installation and without installation effect indicates
that bearing resistance increases in all the S/Py, ratios; therefore, any S/Py, ratio can
be selected in the practical field. However, to achieve the optimum performance,
it is preferable to be close to S/P, = 1.0.
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Experimental Study on the Bearing )
Capacities of Sheet Pile Foundation Gzt
in Saturated Clay Ground

Xi Xiong, Jiayu Chen, Tatsunori Matsumoto, and Yukihiro Ishihara

Abstract In recent years, offshore wind power has been an important way to
generate renewable energy and reduce the influence of greenhouse effect. The target
of this research is to investigate the bearing capacity characteristics of steel sheet
piles as foundations of offshore wind farms. In this study, a series of experiments
were conducted to investigate the bearing capacity characteristics of a single steel
sheet pile model and a sheet pile group foundation model in a saturated clay ground.
According to experiment results, both single pile and pile group in vertical load test
(VLT) show similar load-settlement behavior, which is related to the mechanical
properties of the overconsolidated clay. Due to the difference in bending rigidity
of sheet pile in the direction of the strong axis and weak axis, pile arrangement of
pile group significantly influenced the horizontal load carried by each pile, and more
effective pile arrangements need to be discussed in future studies.

Keywords Sheet pile - Pile foundation - Load test - Clay ground

1 Introduction

Renewable energy sources are gaining attention to reduce the influence of greenhouse
effect, and offshore wind power is an important way to generate renewable energy.
Recently, the construction of offshore wind turbines is increasing worldwide. The
previous research shows that the time and cost of construction for steel sheet piles
are lower than for pipe piles [1]. To design more economical and safer foundations
for offshore wind power generation facilities, sheet pile foundations could be an
alternative. However, the bearing capacity characteristics of steel sheet piles as the
foundation of offshore wind farms has not been comprehensively clarified.
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Table 1 Physical properties

of K50S50 clay [2] Specific gravity, G 2.653
Saturated density, pgar (Mg/m>) 1.98
Plastic limit, PL (%) 13.6
Liquid limit, LL (%) 33.9
Water content, w (%) 26.2
Void ratio, e 0.703

In this study, a series of experiments were conducted to investigate the penetration
resistance and bearing capacity characteristics of a single steel sheet pile model and
a sheet pile group foundation model in a saturated clay ground.

2 Experiment Description

2.1 Model Ground

The soil used as model ground was Kasaoka clay mixed with silica sand No. 6 in a
weight ratio of 1:1 (K50S50 clay). Table 1 shows the physical properties of the soil.
The model ground was prepared in a cylindrical chamber with a diameter of 420 mm
and a height of 420 mm. A drainage line with a valve was connected to the bottom
of the chamber. The bottom drainage layer was 50 mm thick and compacted to a
uniform relative density of around 81% using silica sand No. 3. For the clay layer,
water was then added to dry K50S50 to obtain a soil slurry with a water content w
of 1.3 times the liquid limit LL. This soil slurry was poured into the soil chamber
to an initial thickness of 370 mm. The soil was then consolidated with a vertical
pressure of up to 100 kPa.

2.2 Model Foundations

As shown in Fig. 1, a 195 mm long acrylic plate was used to present a sheet pile wall,
hereafter referred to as the single sheet pile model. Table 2 shows the specifications
of the model pile (sheet pile). Strain gauges were attached horizontally and vertically
both on the front and back sides at six cross-sections of the pile to measure the axial
forces and bending moments.

Figure 2 shows the sheet pile group model consisting of 4 sheet piles, which is
the foundation of an offshore wind farm proposed by this paper. In addition to the
horizontal and vertical strain gauges, cross gauges were attached at 30 mm from
the pile head to measure shear resistance. A model square raft with a side length of
100 mm and a thickness of 30 mm was used to fix the heads of 4 piles.
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Though the stiffness of acrylic is smaller than that of steel, it is still much greater
than that of soil. Moreover, the use of acrylic makes it easier to measure strain in
model piles. Therefore, it was reasonable to utilize acrylic for model piles.

2.3 Experimental Equipment

Compression test was conducted using a static loading device (screw jack) to obtain
Young’s modulus and Poisson’s ratio of the model pile (Fig. 3). The same screw jack
was used for the pile penetration test (PPT) and vertical load test (VLT). The vertical
load was measured by a load cell (LC) placed on the pile head. Vertical displacement
of the pile head was measured by a dial gauge (DG).
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Fig. 3 Vertical load
equipment

As shown in Fig. 4, in the horizontal load tests (HLT), due to the low height
of the foundation, a steel rod with sufficient rigidity was fixed at the center of the
model raft. The pile group model was pulled horizontally by a winch from a position
30 mm above the top surface of the raft, and horizontal load was measured with an
LC connected between the rod and the winch. The horizontal displacement of the raft
was measured with a DG on the opposite side connected with the rod. To measure
the angle of deflection of the pile head, an accelerometer (ACC) was mounted on the
top of the loading bar, which was fixed on the raft.
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Fig. 4 Horizontal load equipment
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Piezometers PWP 1-4 were adopted to measure pore water pressures in the model
clay ground. They were set at a horizontal distance of 20 mm from the model piles,
as shown in Figs. 5 and 6. The piezometers were set at a depth of 20 mm from the
ground surface.

2.4 Experimental Procedure

Load tests on two single pile models, SP1 and SP2, were conducted first. PPTs were
first conducted, and the two model piles were penetrated into the model ground one
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Fig. 6 Locations of
piezometers (pile group)

by one (Fig. 5) using the screw jack until the pile embedment length reached 150 mm.
Then, monotonic VLT was conducted on SP1 immediately and on SP2 24 h after
the installation process to investigate the consolidation (set-up) effect on the pile
capacity.

For load tests on the pile group model, the foundation was penetrated into the
model ground to the same depth as that of the single piles. VLT was carried out 24 h
after the installation process. After another 24 h, HLT was carried out considering
that offshore wind farms are subject to large horizontal loads. The horizontal loading
position was on the loading bar and 39 mm above the bottom of the raft (Fig. 4).

3 Experiment Results

3.1 Result of Single Pile

Pile Penetration Test (PPT). Figure 7 shows the relationship between vertical load
P, and settlement (penetration depth of the pile head) w of model piles SP1 and
SP2. It is found that there is no significant difference in the vertical load between
SP1 and SP2 at the end of PPTs. Unfortunately, shaft resistance during PPT was not
successfully obtained due to a technical problem.

Figure 8 shows the relationship between excess pore water pressure py, and pene-
tration depth w. At PWP1, the excess pore water pressure (EPWP) increased signif-
icantly from the start of penetration, reaching a peak of around 3.5 kPa at w was
30 mm, and then decreased. PWP2 and PWP3 also increased from the start of pene-
tration, peaked at w of about 30 mm, and remained almost constant thereafter. The
EPWP remained in the soil surrounding all piles after the penetration processes were
completed. The difference in the tendency of EPWP on either side of the model piles
is thought to be caused by the slight bending of the model pile during penetration. In
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addition, the position of piezometers may be influenced by the ground deformation
during pile penetration, causing discrepancies among them.

Vertical Load Test (VLT). Figure 9 shows the relationship between vertical load
P, and settlement w for SP1 and SP2. Note that w at the end of PPT was zeroed in
VLT.

The yield load P, of SP1 and SP2 was approximately 80 and 140 kN, respectively,
indicating that the bearing capacity of SP2 is significantly superior. The reason is
considered that EPWP generated in PPT had not yet dissipated in the soil around
SP1, and it had a significant influence on the bearing capacity of a sheet pile.
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Figure 10 shows the relationship between the EPWP p,, and the settlement w
during VLT. The EPWP during VLT was much smaller than that during PPT (—0.2—
3.5 kPa), and the difference in different sensors was minor. This is probably because
the EPWP mainly occurred near the pile tip, and for VLT, the pile tip was far away
from the piezometers. Negative EPWP was also observed in some areas due to soil
dilatancy.

3.2 Result of Pile Group

Pile Penetration Test (PPT). Figure 11 shows the vertical load Py, of the sheet pile
group foundation during PPT. The vertical load P,, of sheet pile foundations increased
almost in proportion to the pile head settlement w. P, acting on the pile group at the
end of the PPT is about 120 N. Similar to PPT on single piles, the shaft resistance of
the pile group was not successfully obtained due to a technical problem.

Figure 12 shows the relationship between settlement w and EPWP py, during PPT.
The data of PWP3 was not obtained due to a technical problem. It was found that p,,
increased slightly at first and then decreased gradually to negative values_ It means that
the soil around the piles showed compression behavior and then turned into dilatancy.
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Vertical Load Test (VLT). Figure 13 shows the relationship between the pile
head load Py, pile tip resistance Py, shaft resistance Py, and pile head displacement w
during VLT for the sheet pile group foundation. The pile head load, pile tip resistance,
and shaft resistance increased with increasing pile head settlement and reached a
peak, after which the pile head load and shaft resistance decreased, and the pile tip
resistance was approximately constant. Hence, it is the decrease in shaft resistance
that led to the decrease in pile head load after reaching the peak.

Figure 14 shows the relationship between the pile head settlement w and the
EPWP p,, of the surrounding soil during VLT of the sheet pile group foundation.
In the surrounding soil, negative EPWP was generated at the beginning and positive
EPWP occurred at the end of VLT. Compared to the results of PPT, the behavior of
the soil was reversed, and generated EPWP was smaller.

Horizontal Load Test (HLT). Figure 15 shows the relation between horizontal
displacement u-horizontal load Py. The horizontal load increased with the increase
of horizontal displacement. The maximum horizontal load in the test was around
60 N at u = 15.0 mm. For the load carried by each sheet pile, the horizontal load
of SP3 was initially lower than that of SP4, then increased significantly, and finally
reached almost the same value as that of SP4. SP1 and SP2 increased slowly from the

Fig. 13 Load-settlement Vertical load, P‘_ (N)
behavior during VLT on pile 0 50 100 150 200 250 300 350
group 0 ; T T T T

Settlement, w (mm)
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start of loading and finally reached approximately half of the values of SP3 and SP4.
Therefore, due to the difference in bending rigidity of the sheet piles in the direction
of the strong axis and the weak axis (Table 2), the piles in the direction of the strong
axis could carry much greater horizontal load in the sheet pile group foundation. It
is noted that due to the loading direction, the horizontal resistance of SP3 and SP4 is
almost from the shaft resistance acting on wider lateral surfaces, while that of SP1
and SP2 is from earth pressures acting normally on wider lateral surfaces.

Figure 16 shows the relation between pile head inclination degree 6—horizontal
load Py for sheet pile group foundation. The horizontal load carried by the pile group
increased with the increase in pile inclination degree, which is similar to the relation
between horizontal displacement-horizontal load. The maximum horizontal load in
the test was around 60 N at 6 = 3.5°.

Figure 17 shows the relationship between pile head inclination angle 6—hori-
zontal displacement u of sheet pile group foundation. The relationship between the
pile inclination angle 6 and the horizontal displacement u was almost linear.

Figure 18 shows the bending moment M}, versus depth from the ground surface z
of SP2 in the sheet pile group foundation. Please note the data of bending moments
was obtained at specified horizontal loads as shown in Fig. 16. The bending moments
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were calculated from the strains € obtained from the strain gauges during the HLT. The
bending moments at each point were obtained by subtracting the bending moment at
each point at the beginning of HLT. It was found that the bending moment increased
with the increase in horizontal load. It was found that the largest bending moments
occur at about z = 30 mm.

3.3 Discussion

Comparing Figs. 9 and 13, the load-settlement behavior of single pile SP2 and pile
group is similar during VLT, i.e., vertical load increased with increasing pile head
settlement, reached a peak, and finally decreased gradually. The decrease in pile head
load after reaching the peak was caused by the decrease in shaft resistance, which is
related to the mechanical properties of the overconsolidated clay. For the stress—strain
relation of the overconsolidated clay, the stress decreases with the increase in shear
strain after reaching a peak. However, the pile group requires a larger settlement to
reach the peak vertical load, which should be suitably considered when estimating
the load-settlement behavior of the sheet pile group from that of a single sheet pile.
Moreover, the group efficiency of the proposed sheet pile group subjected to vertical
load is around 0.43, and for the application of the proposed foundation, more effective
pile arrangements need to be discussed in future studies.

4 Conclusion

In this study, a series of load tests was conducted on a single steel sheet pile model
and a sheet pile group foundation model in a saturated clay ground. The following
conclusions were obtained:

Both single pile and pile group in pile penetration tests (PPTs) show that vertical
load P, increases in proportion to the penetration depth w.

In the vertical loading test on single piles, the ultimate vertical load of SP1,
which was tested immediately after the penetration test, was about 60% of that of
SP2, indicating that EPWPs generated during pile installation process significantly
influenced the vertical bearing capacity of the steel sheet piles.

Both single pile SP2 and pile group in vertical load tests (VLTs) show that vertical
load increased with increasing pile head settlement, reached a peak, and finally
decreased gradually. Since the shaft resistance during VLT on pile group decreased
after reaching the peak, while the pile tip resistance was approximately constant, the
decrease in pile head load after reaching the peak was considered to be caused by
the decrease in shaft resistance.

Pile group subjected to vertical load requires a larger settlement to reach the
peak of bearing capacity, which should be suitably considered when estimating the
load-settlement behavior of sheet pile group from that of single sheet pile.
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Due to the difference in bending rigidity of sheet pile in the direction of the strong
axis and week axis, pile arrangement of sheet pile group significantly influenced the
horizontal load carried by each pile, and more effective pile arrangements need to
be discussed in future studies.
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T. T. Safa, D. Mahima, P. K. Jayasree, and K. Balan

Abstract Soil bioengineering is a technique that uses vegetation in engineering
design. Stabilizing slopes using grass roots can be considered as a soft type disaster
mitigation measure for building a sustainable and resilient society from the perspec-
tive of its socio-economic benefits. The applicability of plant roots in slope stability
can be understood by studying its hydrological and mechanical attributes. Hence the
aim of this study is to identify the contribution of these two factors in stabilizing
slopes by considering root—soil interaction. Plant roots act as a structural element
to provide mechanical reinforcement, and when transpiration becomes significant, it
induces soil suction which enhances the soil shear strength and reduces the hydraulic
conductivity. Out of several grass species, vetiver grass (Crysopogon zizanioides) has
various predominant qualities in its availability, faster growth and root biomass which
ensure its use in geotechnical and geo-environmental engineering. Hence, the effect
of vetiver grass roots on soil water retention curves (SWRC), permeability (k) func-
tions and shear strength parameters have been experimentally investigated on lateritic
soil. Thus, this paper focuses on quantifying the root contribution in improving the
shear strength parameters: cohesion and friction angle along with permeability func-
tions and further to develop SWRC to measure soil suction for different root biomass.
Results of this study can be used as a tool for engineers in establishing a sustainable
mitigation measure for a region where the impacts due to landslides are severe and
vulnerabilities are the greatest.
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1 Introduction

The bioengineering techniques are environment-friendly alternative used for slope
protection and stabilization. The use of vegetation to stabilize slopes is a better
alternative to many uneconomic slope improvement techniques. Though it has been
practiced as an environmentally friendly way of stabilizing shallow slopes since
ancient times, thorough investigations inferring the geotechnics involved have not
been properly done. Reinforcement using vegetation is mainly due to its hydraulic
action which is due to water removal and mechanical action by apparent cohesion
and friction angle [1, 2]. Root—soil interaction as well as root content has qualitative
and quantitative effects on soil water retention curve and permeability functions
depending on the type of soil.

The mitigation of shallow landslides in natural and man-made slopes using vege-
tation can be considered as economic and ecological alternative to conventional civil
engineering solutions [3]. Ruiz [4] discussed the role of vegetation in stabilizing
slopes by considering the various components of root—soil interaction. Hydrological
mechanism is influenced by interception by canopy and stem of the vegetation and
affects soil moisture by evapotranspiration. Vegetation has the capability of inducing
suction to the soil mass [5]. This increases soil shear strength but also reduces water
permeability. The reduced permeability results in reduced rainfall infiltration and
hence helps to preserve a greater amount of soil suction in an unsaturated soil slope
[6]. The mechanical effect of vegetation in stabilizing the terrain is due to the root—
soil interaction at the potential shear surface of soil slope. Vegetation increases the
shear strength and pull-out resistance of the terrain [7]. Soil reinforcement by roots is
influenced by factors associated root density and architecture as well as mechanical
characteristics of soil and roots [8].

There are different vegetation types like trees, grass and shrubs which can be
used for slope stabilization. The most commonly used vegetation is vetiver grass
that has the ability to work well in various climatic conditions and protect slopes
from erosion. However, the studies quantifying the effect of grass root on hydro-
mechanical properties of soil are very limited. Present study analyzes the applicability
of using vetiver grass roots in stabilizing laterite soil. This study also gives an idea
about the variation in behavior of a vegetated soil mass with different plant ages.
This can be used as a method to analyze the effectiveness of vetiver grass roots on a
different soil types.

1.1 Objectives

The fundamental objective of the paper is to investigate the effect of vetiver grass
(Crysopogon zizanioides) on hydraulic properties of soil and quantify the effect of
grass roots on the reinforcement of soil by plant roots using laboratory experiments.
The main objectives are:
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To analyze the variation of root biomass in soil with different plant ages.
To study the effect of vetiver grass roots on soil water retention curve.
To evaluate the variation in permeability functions of laterite soil for different root
contents.

e To quantify the effect of root reinforcement on slope stability by finding root
cohesion and apparent friction angle.

2 Materials and Methodology

Laterite soil is present in different parts of Kerala and is encountered in regions of
slope instability. Hence, the effect of vetiver roots on the behavior of laterite soils
was analyzed. The laterite soil used for the study was collected from College of
Engineering Trivandrum Campus, Kerala, India. Table 1 shows the properties of soil
used. Vetiver saplings were planted in tanks filled with laterite soil at a bulk density
1.71 g/cc.

The grasses were grown until reaching a certain age, differing from one to four
months before testing. The spacing was fixed after considering the lateral spread
of the vetiver saplings. The dimensions of the tank and spacing of vetiver saplings
denoted as small rectangular sections are shown in Fig. 1.

The growth of vetiver saplings was monitored for 30, 60, 90 and 120 days. The
test program involved first soaking of the tank containing the specimen for one day to
attain saturation condition, which made the sampling process easier. The specimens
were sampled in a split cylindrical sampler having diameter 0.15 m and height of
0.3 m as shown in Fig. 2.

The experimental program was considered to be conducted in three stages.
The first stage was soil suction measurement followed by permeability test.

Table 1 Properties of soil

collected SIL. no Properties Result

1 Grain size distribution
Gravel fraction (%) 31
Sand fraction (%) 69
Silt fraction (%) 3
Clay fraction (%) 7

2 Liquid limit (%) 35

3 Plastic limit (%) 23

4 Plasticity index (%) 9

5 Specific gravity 2.56

6 Maximum dry density (g/cc) 1.88

7 Optimum moisture content 18

8 Soil classification SW-SC
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Fig. 1 Dimensions of tank and spacing of vetiver samplings

Fig. 2 Sampling of specimen

After conducting the permeability test, the sample is taken for studying the root
morphology. The third set of experiment consisted of direct shear tests. The exper-
imental procedures are performed on soil filled at a known density, and hence the
results obtained are dependent on the density and soil type.

To develop soil water retention curve (SWRC) for different root biomass, the
sampled specimen after each sampling was taken to suction test using point-wise
method. In this technique, incremental measurement of soil suction at different
moisture contents is considered.

After sampling it was possible to begin the testing immediately at the saturated
condition by using two Whatman No. 42 filter papers per sample (2 at sides and 2
at the bottom). To prevent the loss or gain of moisture and obtain a stable tempera-
ture, samples were placed in Styrofoam box after wrapping in PVC plastic film and
aluminum foil as shown in the Fig. 3. The samples were kept in Styrofoam box for
duration of 3—4 days as per [9] for proper moisture balance. The moist filter paper
was then removed from the soil specimen and weighed to one 10-thousandth of a
gram in an analytical weighing machine. The measurement was taken in 3-5 s to
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prevent moisture loss. After finding the suction corresponding to the saturated volu-
metric water content the sample was exposed to air and dried. Water content was
increased by 1% in order to obtain suction at different moisture contents. Drying is
attained with the exposure of sample in air, while wetting is attained by spraying
water into sample. After addition of water to the sample, it was wrapped and cured
till equilibrium of suction is reached. This procedure is repeated for different water
content to obtain required number of points in SWRC. To determine the volumetric
water content for rooted soils a new relationship considering roots is used developed
by Jotisanka and Sirirattanachat [10] given in Eq. 1.

Vi W—-—Wr—-—Ws) 1
R (1)
Vv Vv Yw

0=

where V is total volume, Vw is water volume, W is total weight, Ws is weight of soil
particles, Wr is weight of roots, yw is water unit weight, and 0 is volumetric water
content.

For root content measurement, “root biomass per soil volume”, p;, kg/m> was
determined. The sample was dismantled after sampling, and the moisture content
was determined. After sampling, the roots were washed and passed through sieve of
1 mm size. Roots that passed through sieve were not considered in measuring the
root biomass. Root biomass is obtained as the ratio of total dry weight of root to
volume of the specimen.

To conduct the permeability test, the top portion of the specimens was trimmed
off with knives, surface was leveled, and the specimen was kept undisturbed. The test
procedure was according to [11]. Test was carried out for specimens with different
root biomass during each interval of sampling. To determine the shear strength param-
eters C and ¢, direct shear tests were conducted on bare sample and rooted sample

Fig. 3 Sample preparation for suction measurement
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with different root biomass. The tests were carried out according to IS 2720 Part XII
(1972). Undisturbed samples having the same dimensions of the shear box were cut
out from an extruded specimen keeping the root specimen undisturbed.

3 Results and Discussions

From the detailed methodology adopted as discussed in the previous section, the
following results were obtained for vetiver rooted laterite soil samples for different
ages.

3.1 Soil Water Characteristic Curve

The presence of plant roots in soil directly affects soil hydraulic properties, including
soil water retention. Hence, proper study of SWRC can help in analyzing the effect
of plant roots in soil. Figure 4 shows the SWRC obtained for root—soil matrix with
varying age.

When root density increases, transpiration becomes more effective, and conse-
quently the suction pressure developed in the soil increases. Table 2 shows the varia-
tion of air entry value (AEV) with different root biomass corresponding to different
age of the plant.

As the root biomass increased from 1.7 to 5.4 kg/m? there is significant changes
in the nature of SWRC characteristics. It is observed from the graph that SWRC
corresponding to root biomass of 3.5 and 4.42 kg/m? is steeper than that of lesser
root content. That is for a given amount of moisture absorption, steeper SWRC will
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Fig. 4 Variation of SWCC with different age of vetiver saplings
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Table 2 Variation of air entry value and root biomass with plant age

SI. no Age (days) Root biomass (kg/m3) Air entry value (AEV)
1 0 0 0.7

2 30 1.716 1.3

3 60 35 1.6

4 90 442 2

5 120 54 1.5

induce higher suction. The decrease in saturated volumetric water content from 50 to
40% may be due to the decreased pore sizes of soil mass because of root occupying
the pore spaces. The change in the behavior of SWRC primarily affect the air entry
suction created in the soil. Changes in AEV have significant effect on suction regime,
slope stability and time to failure of slopes during rainfall. The AEV of bare soil is
estimated as 0.7 kPa which further increased up to 2 kPa with increase in root biomass
from 1.7 to 4.42 kg/m>. The increasing trend in AEV is seen only up to the threshold
root biomass beyond which AEV decreased to 1.5 kPa as shown in the graph. A
higher value of AEV represents a slope with greater factor of safety and longer time
for slope failure, which means that vegetated slopes with sufficient quantity of root
biomass can stabilize the slope.

3.2 Permeability

The value of coefficient of permeability k for bare soil sample at 70% of bulk density
was 1.03 x 10~ m/s. As the root content increased and rate of infiltration reduced
the value of k also decreased to 2.87 x 10~ m/s due to decrease in porosity as shown
in Fig. 5.
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Fig. 5 Variation of permeability with root biomass
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The effect of root on permeability is abrupt that with a minor increase of root
content the water flow was blocked. The distribution of macro-pores would be
affected by roots to a greater extend. It is also speculated from the graph that beyond
the threshold root content the rate of decrease in permeability is unnoticeable which
may be because of the decreased effect of soil suction due to root fragmentation.

3.3 Shear Strength

The effect of roots on cohesion and friction angle were determined using direct shear
strength test on specimens with various root biomasses. The peak shear strength
of the specimen increased with increase in root biomass and increase in normal
stresses. Apparent cohesion (C') and apparent angle of internal friction (& ') values
are obtained from maximum shear stress versus normal stress plot. The increase
in apparent cohesion from 7.75 kPa of bare soil to 17.98 kPa for vegetated soil
plays a significant role in increasing the factor of safety of slopes. The net increase
in apparent cohesion is 10.23 kPa for a root content of 5.4 kg/m? which is a good
improvement compared to other method of slope stabilizing techniques. The increase
in C' is not predominant beyond the root content of 4.42 kg/m*® which may be due
to the formation of shrinkage cracks formed due to the presence of extreme root
biomass which may cause a detrimental effect to slope stability (Fig. 6).
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Fig. 6 Variation of apparent cohesion with root biomass and plant age
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When apparent friction angle is considered, no significant variation is noticed
with increase in root biomass in this study as shown in Fig. 7.

When root penetrates through soil, it densifies the soil mass, and this would
increase the angle of internal friction. However, this effect is not noticed here because
of the limitation in the laboratory shear strength test.

4 Conclusion

In this study the effectiveness of vetiver roots in stabilizing lateritic soil slope is inves-
tigated by conducting various laboratory experiments and studying root morphology.
The analysis is carried out based on two aspects of root—soil interaction, viz., hydro-
logical effects and mechanical effects of grass roots on soil reinforcement. Following
conclusions were derived.

e Root biomass has significant effect in deciding the behavior of soil water char-
acteristic curves of vegetated soil, with increase in root biomass SWRC became
steeper and more shifted downward with AEV increasing from 0.7 to 2 kPa.

e When root biomass increased beyond 4.4 kg/m® SWRC shifted upward and
became less steep with decrease in AEV up to 1.5 kPa.

e The additional shear strength provided by vetiver roots increased about three times
with increase in root content from 1.7 to 5.4 kg/m?>.

e The permeability decreased from 1.03 x 10 t02.87 x 1077 m/s, i.e., k decreased
by thousand times, and these are important parameters which predict the suitability
and effectiveness of vetiver grass for shallow slope stabilization.

The rates of increase in matric suction and shear strength are only significant up to
a threshold root concentration beyond which the rate became slightly smaller; hence
for lateritic soil the optimum root biomass is approximately within in the range of
4.42-5.40 kg/m®.
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Influence of Relative Stiffness on Integral | m)
Bridge Design i

Douglas G. Morley, Yazan B. Asia, Gopal S. P. Madabhushi,
Indrasenan Thusyanthan, and Dennis Sakufiwa

Abstract Integral bridges are a low-maintenance form of bridge construction used
worldwide. Their jointless structure eliminates bearing and expansion joint replace-
ment bringing a reduction in lifecycle cost, carbon emissions, and socio-economic
impact from road and rail disruption, therefore offering a resilient infrastructure solu-
tion in the face of a changing climate. By better understanding earth pressure ratch-
eting in the backfill due to repeated thermal movements of the deck, integral bridge
use can increase to greater spans and skews while excessive design conservatism
can be reduced. This paper explores the integral bridge problem and design code
prescriptions before using analytical, numerical, and centrifuge modeling to show
that soil-structure interaction, especially the relative stiffness of soil and structure,
can reduce abutment bending moments by 30% and that this is largely unaccounted
for in the current U.K. design code PD 6694—1. Preliminary results showed a similar
influence of stiffness on seismic response.

Keywords Integral bridges - Soil ratcheting - Cyclic loading

1 Introduction

Bridges attract a significant proportion of national infrastructure maintenance expen-
diture, reported at around 40% in the U.S. [1]. Given the disruption caused by their
maintenance, as well as the material and equipment involved, the improvement of
current practice is central to providing a resilient and sustainable transport network.
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Fig. 1 Integral bridge typology

This is especially true as the environmental threat of climate change grows and the
construction industry seeks to reduce its carbon emissions.

Bridge bearings and expansion joints are particularly troublesome [2]. These
metallic components are susceptible to corrosion that is accelerated by deicing salts,
seizing over time. The integral bridge typology is one that omits these problematic
connections by creating a rigid, portal frame structure—the difference between these
and conventional bridges is shown in Fig. 1. This design was first used in the U.S.
over a century ago and is now used worldwide, extensively so in Europe, Canada, and
Japan, with a number also built in the U.K. in the 50s [3] where they have become a
first choice for moderate spans. As well as attracting low-maintenance and durability
under operational loading, they also offer seismic resilience. The review by Mitoulis
[4] highlights lower abutment rotation during liquefaction, while Choine et al. [5]
spoke of their resistance to unseating and enhanced structural redundancy on account
of deck-abutment fixity.

Integral bridges, however, attract their own maintenance concerns. Without joints
to accommodate thermal movements, the deck interacts directly with the abutments
and retained backfill causing so-called strain ratcheting and settlement, indicated in
Fig. 2, which progresses with daily and annual cycles. A lack of reliable data char-
acterizing these soil-structure interaction (SSI) phenomena fuels material wastage
from design conservatism and is largely the cause of restrictions on spans and skews.
This work explores the integral abutment backfill pressure buildup under thermal
loading, focusing on the influence of soil and structural stiffness. Preliminary results
also comment upon seismic response.

2 Design Prescriptions

Integral bridge design codes vary considerably. Eurocodes are limited in their guid-
ance; hence U.K. design is governed by PD 6694-1 [6], traditionally favoring full-
height abutments and used for deck spans and skews up to 60 m and 30°, respectively.
Swiss and Finnish design typically follow similar limits, while much larger spans
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Fig. 2 Integral bridge backfill ratcheting and settlement concerns

have been used in the U.S. where integral bridges are mostly founded upon piles.
Differences in international codes are to be expected, not least because deck move-
ments are governed by temperature fluctuations of the local climate. However, vari-
ations seen in prescribed earth pressure distributions following backfill strain accu-
mulation, and factors that influence this, have a significant bearing upon abutment
design.

2.1 PD 6694-1: Limit Equilibrium Method

Section 9 and Annex A of PD 66941 [6] provide the current U.K. integral bridge
design guidance. Within PD 6694-1, the limit equilibrium (LE) method provides
the main method of assessing backfill pressures on the abutment and hence bending
moments for structural design, following thermal cycles of the bridge deck. Alongside
the LE method, PD 66941 allows the designer to carry out a more onerous SSI
analysis generally followed when criteria for the LE method are not met.

Clause 9.4 of PD 6694-1 provides Eq. 1 and Fig. 3 setting out the earth pressure
coefficient, K}, and pressure distribution on the abutment following strain ratcheting
due to repeated thermal movements of the bridge deck.

. Cdf/j 0.6
Ki=Ko+ (") Kp (1)

K is taken as the coefficient at rest, Ko, plus some proportion of passive limit
pressure, K ., where this proportion is influenced by the founding soil stiffness, C,
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Fig. 3 PD 66941 lateral /] :
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deck expansion and wall deflection, d/;, and the height of abutment, H . The ratiod L /H
is equivalent shear strain; hence this term reflects that increased lateral straining of
the soil due to abutment movement mobilizes higher resistive earth pressures. This
equation has no dependence on thermal cycles and so describes pressures after a
design life of strain accumulation from soil ratcheting. The superposition of pressure
coefficients, rather than a single term reducing K from the limiting K ., is unusual.
Figure 3 shows the design pressure distribution down the abutment, following K to
abutment mid-height beyond which it decreases to meet Koy H, where y is the unit
weight of the backfill. This agrees with the typical distribution for rigid abutment toe
rotation, with differences expected due to the contribution of abutment flexure and
strain ratcheting.

PD 6694-1 provides these two stipulations for abutments that deflect either in
flexure or rotation. Differences in deflected shape and hence imposed soil straining
in these cases are suggestive of the altered backfill pressure distributions that in fact
exist, with lower pressures expected toward the base of a flexible wall. Therefore,
there is seemingly a disconnect between PD 6694—1 and the SSI mechanism taking
place. This is supported by the experimental work of Wood [7] and Sandberg et al.
[8], with the latter suggesting that PD 6694—1 mischaracterizes the height and K]
value leading to an overestimate of earth pressures and abutment bending moments.
This is agreeable with guidance from the Idaho Transportation Department [9], which
follows the full passive pressure coefficient, K, to H/3, rather than K} to H/2 as
in Fig. 3.

A final doubt in U.K. guidance is the results from England et al. [10], commis-
sioned by the Highways Agency, from which Eq. 1 and Fig. 3 are largely based [11].
These come from small-scale tests performed at 1g with a pinned foundation and an
absence of founding soil. The three centrifuge experiments referenced by PD 66941
alongside this work raise further concern, notably: a discrepancy in results arising
from incorrect stress levels in 1g experiments [12], the impact of using a simplified
pin support on SSI response [13], and the need to model an appropriate foundation
and founding soil [14]. Further testing is required to confirm or alter design guidance.
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3 Relative Soil-Structure Stiffness

Despite little mention in PD 66941, stiffness of the abutment and backfill are seem-
ingly important factors in the determination of soil straining, and hence the earth pres-
sure distribution imposed on an integral abutment following repeated deck thermal
movements. Figure 4 compares the two extreme cases of a stiff and flexible secant
piled wall displaced at the deck, where stiffness is relative to that of the backfill. The
relatively stiff, high flexural rigidity (EI) wall is governed by base rotation, whereas
the flexible, low EI wall bends to remain compatible with the deck expansion. In
the case of rotation, the soil experiences a linearly decreasing lateral straining with
depth, while flexure in the low EI wall sets up a nonlinear decrease reaching O strain
generally at some point above the base. The consequence on the earth pressure coef-
ficient, and hence the horizontal pressures acting on the abutment, is shown in the
figure. Smaller K values toward the base of the flexible wall lead to a favorable
decrease in lateral earth pressures, and hence abutment bending moments, that peak
higher in the wall.

The numerical results of Sandberg et al. [8] agree with these concepts and imply a
reduction in cross-section of around 25% could be achieved by considering relative

Relatively Stiff Abutment

e Eh

=i = Ty
Relatively Flexible Abutment
Eh Ka Kp Tv

High backfil
sifiness

High backil
stiffness

Low backdill
stiffness

Low backfill
stifiness

Fig. 4 Indicative influence of abutment and backfill stiffness on structure and soil response
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stiffness in the pressure distribution, bringing considerable cost and carbon savings.
Similarly, Bloodworth et al. [15] found a 10% reduction in earth pressures between
the most flexible and rigid secant piled walls. The experimental work of Wood [7]
in fact suggests that it is the soil and abutment stiffness, rather than friction angle
as indicated in Clause 9.10.1 of PD 66941, that is dominant in integral abutment
response. The importance of backfill is not only in the abutment deflected shape, but
also in altering the K value mobilized, as indicated in Fig. 4. The results of both
Wood [7] and Sandberg et al. [8] agree that with a higher backfill stiffness a larger
earth pressure coefficient is generated toward the top of the abutment, and also that
there is a lower K value toward the base as the abutment is restrained from moving.

Figure 4 sets out why the design of integral abutments is an SSI problem, influ-
enced by relative stiffness rather than absolute values. To illustrate this point, the
model was simplified ignoring pressure increase lower in the wall due to soil arching
[16] and the absence of a shallow foundation, founding soil, and bridge deck which
all contribute to the boundary restraints and hence deflected shape.

4 Methodology

To examine the influence of relative stiffness, a 9 m tall prototype, 1 m thick, was
chosen to represent a full-height concrete integral abutment on a shallow founda-
tion. Symmetry in the problem permitted only half the bridge to be modeled. This
prototype structure was used for both the thermal and seismic testing.

4.1 Thermal Loading

Thermal deck loading in the numerical and centrifuge models was applied in displace-
ment control, moving the abutment either side of its initial position over 120 cycles,
representing a single peak expansion and contraction per year over the design life of
a bridge. A 40 mm total movement was prescribed (20 mm either side of vertical),
which is the maximum currently permitted in the LE method of PD 6694-1.
Numerical Modeling. The FEA software SWANDYNE was used with the Mohr—
Coulomb V elasto-plastic hardening constitutive model [17] to capture the ratcheting
of earth pressures as strain was accumulated over cycles. A model simulating the pin-
based small-scale experiments of England et al. [10] was validated before moving
onto the prototype. A mesh of 8-noded quad elements was created, shown in Fig. 5,
with material properties given in Table 1. Extreme stiffness values were taken for the
loose and dense backfill to investigate the role of soil stiffness on response. Roller and
pin supports were imposed at the edge and base nodes, respectively. Deck thermal
movements were simulated by prescribing top node displacements in a sinusoidal
function between the 20 mm limits. After testing the prototype conditions, a flexible
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B Interface Element

Fig. 5 Integral abutment numerical (left) and centrifuge (right) model

wall and lowered stiffness backfill were modeled independently to assess their impact
on response.

Centrifuge Modeling. The prototype structure was scaled and tested in the 10 m
diameter Turner beam centrifuge at the Schofield Centre, University of Cambridge
[18]—the complete model is shown in Fig. 5. An enhanced gravity of 60 g was chosen
as the lowest accommodating the model within the strongbox, with plane-strain
conditions assumed over the 12 m prototype wall width. The aluminum abutment
was scaled to a thickness of 12 mm to maintain similitude of flexural stiffness, EI.
Thermal movements were applied using a mechanical actuation system capable of
repeating 0.33 mm increments (20 mm prototype scale) at a maximum force of 12
kN. A clevis connected the actuator to the abutment, preventing moment transfer and
meaning that the influence of moment restraint in the presence of a bridge deck was
not modeled here. Instrumentation included a load cell to record deck axial force,
an LVDT to measure and control bridge deck movements, strain gauges to record
abutment bending moments, a Tekscan sheet to record backfill earth pressures, and
PIV imaging to observe soil and abutment movements. Hoston HN31 silica sand
was poured using air pluviation so that both dense and loose configurations could be
tested to observe the influence of backfill stiffness. Following testing of the prototype,
a flexible wall was modeled.

Table 1 Material properties used in the SWANDYNE model

Soil Abutment | Interface elements
Constitutive model Mohr—Coulomb V hardening model | Elastic Slip element
Elastic modulus 300 MPa (dense) 100 MPa (loose) 30 GPa 300 MPa
Friction angle 40° - 40°
Dilation angle 5° - -
Poisson ratio 0.3 0.2 -
Hardening parameter | 50 - -
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4.2 Seismic Loading

Following thermal loading, similar numerical and centrifuge models were subjected
to seismic input to investigate the dynamic response. The abutment connection at deck
level remained pinned in the numerical model and was supported laterally, without
moment restraint, on the side of the deck in the centrifuge. A 23 m extent of backfill
was sufficient to achieve dynamic absorbent boundaries, with 11 m of founding soil
depth to allow input motion attenuation or amplification. A sinusoidal input motion
with 10 cycles and a PGA of 0.33g was applied. Similarly to the thermal case, in
the numerical analysis a flexible wall was tested alongside the prototype model for
comparison.

5 Results and Discussion

Figures 6 and 7 show the influence of structure and soil stiffness on abutment response
following repeated deck thermal movements. The numerical results of Fig. 6 show
a 30% decrease in peak bending moment acting 1 m higher with the more flexible
wall, on account of lower deflections toward the base. They also show the original
wall to have mobilized a full K, pressure coefficient from the top of abutment until
almost mid-height. It follows that the pressure distribution agrees more with that of
the Idaho DOT than PD 6694—1, with the latter appearing to underestimate both the
height and magnitude of peak pressures. The centrifuge results in Fig. 7 agree with
these numerical findings. Figure 7 also shows that with a decrease in soil stiffness
there is a fall in peak bending moment by around 30% in the numerical and centrifuge
data—this is agreeable with the work of Wood [7] and Sandberg et al. [8]. Finally,
a comparison between the two modeling methods shows the numerical analyses to
over-predict both the height and magnitude of peak bending moments in all cases,
perhaps due to mischaracterization of strain ratcheting in the constitutive model.

Figure 8 shows preliminary results from seismic loading at the peak excitation
amplitude. In agreement with thermal loading, a reduction in abutment stiffness
lowered deflections relative to the base, which increased the height and decreased
the magnitude of lateral pressures—this translated to a 40% reduction in peak bending
moment. A comparison of the centrifuge and numerical results shows a similar
bending moment magnitude, with the latter overestimating the height of the peak
as in the thermal case.

These findings support the discussion throughout the paper, including the
schematic in Fig. 4, on the importance of soil and structural stiffness on inte-
gral abutment design. They also suggest an inflexibility of current design practice,
notably the U.K. design code PD 66941, in capturing the true earth pressure distri-
bution following strain ratcheting. Furthermore, this work justifies the suggestion
from Wood [7] that efficiencies can be made if designers provide the necessary
vertical stiffness and lateral strength of an abutment, without unnecessary lateral
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Fig. 6 Numerical results showing the influence of abutment stiffness on response
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stiffness, which appears to increase applied bending moments. A final observation
from centrifuge testing was the 0.6 m depth and 3 m extent of surface soil loss adjacent
to the abutment following deck thermal movements. These observations stress the
need for careful design and monitoring of the bridge approach with resurfacing when
necessary. Minimizing this would further the durability and resiliency credentials of
the integral bridge typology.
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Fig. 8 Deflection, lateral pressure, and bending moment distribution at peak seismic excitation

6 Conclusion

Integral bridges are a low-maintenance form of bridge construction used worldwide.
By characterizing the SSI mechanism during thermal movements of the deck, espe-
cially the lateral earth pressure distribution following backfill strain ratcheting, this
low-maintenance bridge form can be made applicable for greater spans and skews,
and to last longer, further reducing the operational carbon emissions associated with
transport infrastructure. In doing so, the opportunity also exists to reduce material
wastage through efficiencies, using the influence of relative soil-structure stiffness
to reduce lateral pressures and therefore the abutment bending moments governing
design.

This work has presented the variability of restrictions on global integral bridge
use and critiqued the U.K. design code PD 66941 in its guidance on earth pres-
sure distribution, governed by the K formula. It has highlighted inflexibility of the
LE method to reduce structural demand considering soil-structure stiffness, which
is thought to be of larger significance than friction angle of the backfill. Mischar-
acterizations caused by ubiquity of the design pressure distribution, irrespective of
abutment rotation or flexure, was explored through a schematic showing the influence
of deflected shape on soil response. These points were affirmed with numerical and
centrifuge data. A peak bending moment reduction of 30% was found when abutment
EI was lowered to a quarter of the original, as well as when backfill stiffness was
decreased. Preliminary results from seismic loading also showed a 40% reduction in
peak bending moment when a more flexible wall was used.

Future work should look to investigate integral bridges of different height and
foundation configuration, observing how these influence the earth pressure and
bending moment distribution following ratcheting. Furthermore, a portion of bridge
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deck should be modeled to capture the influence of abutment top restraint and
carry-over moment on response.
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Study on Compaction and Unconfined m
Compressive Strength Characteristics oo
of Magnesium Carbonate Mixed Soils

Navya Ann Eldho and Hailong Wang

Abstract As the global urgency to stem global warming increases, the need to imple-
ment negative emissions technologies grows with it. This study takes into considera-
tion one such proposed desalination brine conversion technology, capable of making
use of its product magnesium oxide (MgO) to mineralize CO, and produce magne-
sium carbonate (MgCOs3). Recognizing the necessity to find feasible applications
for the output non-plastic MgCOs, this paper outlines the study done to evaluate the
performance of MgCOs as a geomaterial by taking into account the material proper-
ties and unconfined compressive strength (g,) characteristics of a clayey soil mixed
with 0-40 wt.% MgCOs. It was found that further addition of MgCOj5 progressively
reduced maximum dry density and increased plastic and liquid limits and optimum
water content. It was also noted that the ¢, of soil mixtures with 10-30 wt.% MgCO;
were much greater than that of pure soil (i.e., 0 wt.% case). The probable reasons
were attributed to the suction effect being lower the pure soil due to the greater than
optimum water content used, and the effect instead being higher in mixtures due to
increase in finer particles.

Keywords Geomaterial + Magnesium carbonate (MgCO3) - Unconfined
compressive strength (g,) + Compaction

1 Introduction

Climate change and global warming are some of the most pressing issues we face
today. Among many other greenhouse gases, carbon dioxide (CO,) emissions due
to human activities is one of the leading causes of this worldwide phenomena. It is
known with high confidence that emissions due to humans activities have caused
up to 1.2 °C global temperature increase from pre-industrial times and that global
warming up to 1.5 °C should be expected between 2030 and 2052 [1]. Although
global warming of 1.5 °C is bound to increase climate change related risks than what
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we experience presently, it is still lower than the consequences of a 2 °C increase [1].
Therefore, according to the 2018 by the Intergovernmental Panel on Climate Change
[1], limiting global warming to 1.5 °C is of utmost importance if we were to avoid
‘unprecedented changes in all aspects of society’ [1]. This would require reducing
global anthropogenic CO, emissions by 45% back to pre-industrial levels by 2030
and reaching net zero emissions by 2050, which is no easy feat considering that the
current reduction requirement is approximately 1-2 billion-ton/yr [2]. Given that the
current reduction average is a mere 160 million mt-ton/yr [2], there is a growing
urgency to develop and implement negative emissions technology capable of CO,
extraction and storage.

Among the many developments aiming to aid achieving these lofty goals is a
promising study in the form of a conversion process proposed by Myers and Nakagaki
[3]. The process entails converting desalination brine into a set of widely used indus-
trial products using entirely electricity-based evaporation and temperature control.
The products, which include gypsum, salt, Glauber’s salt, hydrochloric acid, and
magnesium oxide (MgO), are industrially relevant and hence reduce the demand for
conventional production methods. Most importantly, the product MgO is capable of
direct CO, mineralization to produce magnesium carbonate (MgCO3). This carbon
capture process can prove to be particularly significant as it is said to bring about
4.5 kg-CO,/m>-brine negative emissions [3]. If implemented, this desalination brine
conversion process can bring about 231 Mt-CO,/yr of negative emissions, a figure
which is significant considering that the current requirement is 10’s Gt-CO,/y of
emissions reduction [3]. As a whole, the process also results in a 22.9 kg—COz/m3-
brine reduction when run on conventionally produced electricity and a further 43.9
kg-CO,/m>-brine when using renewables-based electricity [3].

Recognizing the above process’s immense potential to bring about climate change
reduction, it became essential to improve its feasibility by considering potential
applications for the product MgCOj; that is bound to be produced in abundance if
implemented. As a result, this study looks to evaluate the performance of MgCO3 as
a geomaterial by evaluating the characteristics of MgCOs-mixed soils with different
MgCOs; percentages on the basis of their index properties and uniaxial strength
patterns. The primary aims of this study were to obtain the unconfined compressive
strength characteristics of soil mixtures with differing percentages of MgCO; and
then compare them to those shown by pure soil.

2 Test Materials and Procedure

2.1 Test Materials

The two primary materials as shown in Fig. 1 used in this study are commercial clayey
soil (TAC-1) and MgCOj; fine powder. The former is classified as a low liquid limit
clay with a specific gravity of 2.69, while the latter is much finer in size, non-plastic,
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Fig. 2 SEM images of MgCOs3 fine powder

and lightweight with a specific gravity of 2.30. The scanning electron microscopic

(SEM) images of the MgCO; powder are shown in Fig. 2.

The plastic and liquid limit index properties of soil mixtures with 0—40 wt.%
MgCOs3 were evaluated using the standard procedure outlined in JIS A 1205:2009

[4]. The obtained result for each case is illustrated in Table 1.

Compaction characteristics of soil mixtures with 0—40 wt.% MgCO3 were also
evaluated using the standard Proctor compaction test. The soil used for test was firstly
passed through a 4.75 mm sieve to ensure the use of soil of size 4.75 mm or finer.
The mold used for the test had a 9.7 cm diameter and a 12.8 cm height. The soil was

Table 1 Plastic and liquid limits of soil with 0—-40% MgCOs3

MgCO3 percentage (wt.%) 0 10 20 30 40
Plastic limit (wt.%) 28.1 327 38.2 48.9 57.8
Liquid limit (wt.%) 46.6 57.6 63.8 79.1 83.8
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compacted into the mold in three layers. To ensure the compaction uniformity, soil
poured into the mold was adjusted to have an approximate height of 4.6 cm each
layer, 1.0 cm higher than the mold. Every layer was compacted by employing 25
blows using a compacting rammer, which was placed at a 30 cm height.

2.2 Procedure

Uniaxial compression tests were conducted on MgCOj; and soil mixtures by varying
MgCOj; percentage of 0, 10, 20, 30, and 40 wt.%. The soil mixtures for the speci-
mens were made by mixing the soil with the MgCO3 fine powder at each required
percentage. Water was also added in such that the water content corresponded to
the optimum water content of the particular soil mixture. However, for the pure soil
(i-e., 0% MgCO:s3) case, a slightly higher water content, 26%, was used, since at the
beginning, optimum water content was not well defined.

The specimens were then made using these mixtures. At least 4 specimens were
made for each MgCOj3 percentage case having different void ratios corresponding
to compaction degrees in the range of 80-95%. This was ensured by initially setting
a target compaction degree for each specimen and then accordingly determining the
total mass for each specimen.

Once the total mass of each specimen was determined, the specimen was created.
Having dimensions of 10 cm in height and 5 cm in diameter, the specimen was
prepared using a detachable cylindrical mold and by compacting the soil in 10 layers,
each with 1 cm height and 1/10th of the total mass to ensure the uniformity. The
topmost layer of each specimen was slightly trimmed to maintain a flat surface and
ensure a uniform load distribution while undergoing testing. The specimens were
then wrapped in film and sealed in airtight bags (to prevent water loss) for 3—7 days.
In total, 24 specimens were created in this way to be tested.

Thereafter, the specimen was placed in the uniaxial compression testing device
and made to undergo unconfined uniaxial loading at an axial strain rate of 1%/min
until clear signs of failure were observed. The testing device itself has a load cell
and a displacement sensor with solutions of 1.28 kPa and 0.01 mm, respectively, to
measure the axial stress and axial strain, respectively. Examples of specimen with
different MgCO; percentages and those after failure can be seen in Figs. 3 and 4.
After testing, the water content of each specimen was measured.

3 Results and Discussion

The obtained data on the plastic and liquid limits were plotted against their respective
MgCOj; percentage, as seen in Fig. 5. It was deduced that as the MgCO;3 percentage
in the soil mixture increased, both the plastic and liquid limit increased as well.
When the obtained liquid limit values were plotted onto the standard plasticity chart
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Fig. 4 Specimens at failure when having MgCOs3 of a 0 wt.%, b 20 wt.%, ¢ 40 wt.%

typically used to classify clayey and silty soils (Fig. 6), it was observed that further
addition of MgCOj3 transforms the soil mixture from that of low plastic limit clay
(CL) to that of high plastic limit silt (MH). This could be indicative of the water
retention properties of the soil increasing upon increase in MgCO; percentage.

The compaction curves, which show the relationship between dry density and
water content, were plotted graphically for each MgCO; percentage case (Fig. 7).
It was observed that all curves are very flat similar as typical compaction curves
of clayey soils, while it becomes slightly sharp at MgCOj3 of 40 wt.% case. The
maximum density and optimum water content were summarized in Table 2. The
maximum dry densities of the pure soil case were generally much higher than those
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with MgCQOs;. It reduces upon an increase in the MgCOs3 percentage. This can be
attested to the increased addition of the lighter MgCOs particles, as evidenced by its
lower specific gravity in relation to the pure soil.

During the uniaxial compression tests, load and deformation data were collected
and the stress—strain relation and unconfined compressive strength (g,) were calcu-
lated. Firstly, the axial strain and vertical stress relations are shown in Fig. 8 for each
MgCOs; percentage case. It can be seen that for the same MgCO; percentage, g,
increases as D, increases as expected.

To compare the ¢, among all tested cases, the relations between g, and compaction
degree (D) and void ratio are shown in Figs. 9 and 10, respectively. From Fig. 9,
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Fig. 7 Compaction curves of soil with 0-40% MgCO3

Table 2 Maximum dry density data of soil with 0-40% MgCO3

MgCO3 percentage (%) 0 10 20 30 40
Maximum dry density, p; (g/cm?) 1.453 1.306 1.166 1.077 1.004
Optimum water content (wt. %) 21.1 27.2 30.4 54.6 60.5

it was observed that the g, of the soil mixtures with 10-30 wt.% MgCOj3 generally
tended to be higher than those of pure soil at higher D, (i.e., 87-95%). While MgCOj3
percentage increased to 40 wt.%, g, dropped down to a lower level. From Fig. 10, it
is expected that if all MgCO3 mixtures were compacted to a void ratio comparable to
pure soil case, their g, must be higher than pure soil. One explanation for relatively
lower g, of pure soil case could lie in the use of a higher than optimum water content
for making the pure soil specimens. It is possible that the suction effect in the pure
soil case was reduced as a result, and hence producing lower ¢, values. On the other
hand, it is also possible that since the specimens were in an unsaturated condition, a
complex energy state as a result of suction effect could have been created by the soil
particles, MgCOs particles, pore air, and pore water. This suction effect could have
greatly increased when the much smaller-sized MgCOj3 particles were introduced
to the sample. This is understandable since the introduction of such smaller-sized
particles could have led to an increase in the amount of pores, thus giving way
for greater capillary action and, in turn, a greater suction effect. The increase in
pore number can be seen by increasing void ratio upon further addition of MgCOj3
in Fig. 10. Therefore, further studies in this regard will be hereafter conducted to
confirm this reasoning with greater confidence.
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4 Conclusion

This paper introduced a negative emission technology with the potential to aid global
warming reduction. In order to ensure its feasibility, there is a necessity to consider
potential applications for the product MgCOs5. Therefore, this study aims to evaluate
the performance of MgCOj as a geomaterial by firstly evaluating the characteristics of
MgCOs3-soil mixtures via their general properties and finally examining the strength
properties of the mixtures through a series of uniaxial compression tests. It was firstly
found that the plastic and liquid limit increased upon increase in MgCOj percentage.
In terms of the observed dry density properties, it was found that the pure soil had
the highest dry density, and it constantly reduced upon further increase in MgCOj3
percentage. Finally, it was observed that the g, characteristics of soil mixtures with
10-30 wt.% MgCOs3 were much higher than that of pure soil at high D.. This could
be as a result of the use of a water content higher than the optimum water content
for the pure soil case or due to the increased suction effect arising from the increase
in the pore spaces. From hereafter, it is necessary to conduct Life Cycle Assessment
studies to assess the feasibility of this application, along with further study to confirm
the suction effect theory.
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Sustainable Handling of Soft Soils )
During the Design of Major L
Infrastructure Projects

Martin Tanderup ®, Michael Rosenlund Lodahl®, Kristina Thomassen,
and Lars Bo Ibsen

Abstract This paper investigates whether cement stabilization of weak soft soilsis a
sustainable foundation solution, compared to traditional Danish methods used when
weak soft soils are deemed unfit. Traditionally, a mass exchange, piled foundation,
or pre-consolidation of the soil would be used. The paper is focused on a fictitious
highway construction near Aalborg in Denmark, with a 6-m soft soil deposit below it.
The effects of cement stabilization are investigated by casting specimens consisting
of in-situ soft soil mixed with different cement amounts. Specimens with Aalborg
Portland’s Basis cement and CO,-reduced FutureCem cement were subjected to
oedometer and triaxial tests to determine stiffness and strength. To determine the
CO,; emission from each foundation solution, Life Cycle Assessments (LCAs) are
performed. Based on the experiments performed, it is concluded that 37.5 kg/m?
FutureCem gained a sufficient stiffness increase, why this cement was used in the
LCA. The LCAs showed that cement stabilization could lower the CO, emission
by 85% compared to a mass exchange, 77% for piled foundation, and 58% for pre-
consolidation. Thus, cement stabilization can be a sustainable alternative to conven-
tional soft soil remediations, and it is important to consider multiple solutions for a
project to reduce CO, emissions.

Keywords Cement stabilization + Soft soils + Life cycle assessment - Oedometer
tests
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1 Introduction

One of the largest environmental concerns globally is the emission of carbon dioxide,
CO,. CO, emissions need to be reduced by 45 percent by 2030 from 2010 levels
and reach net-zero emissions by 2050 to limit global warming effects well below
2 °C above pre-industrial levels according to The United Nations’ 13th Sustainable
Development Goal [1]. To reach this goal, all industries need to consider their carbon
footprint.

The carbon footprint also has an increased focus in the geotechnical society.
Multiple solutions can be investigated to incorporate CO, emission considerations
into a geotechnical project. The carbon footprint can be investigated during different
construction stages by performing Life Cycle Assessments, LCAs.

This project seeks to investigate how different foundation solutions for a fictitious
highway construction near Aalborg City affect the carbon footprint. The highway is
planned to be built on top of a soft Holocene gyttja layer, which is associated with
large settlements. Traditional Danish solutions would be a mass exchange, piled
foundation, or pre-consolidation. All of these solutions are however associated with
severe transportation of materials. The project is inspired by the upcoming highway
construction associated with the 3rd fixed link crossing of the Limfjord, which is
expected to begin in 2025.

The hypothesis behind this project is that a solution with cement stabilization
of the gyttja can reduce the carbon footprint compared to the traditional Danish
foundation solutions for highways. When cement stabilization is used, none of the
weak soil needs to be removed and replaced with other materials, because the cement
is added directly on-site by using deep mixing techniques. Another reason cement
stabilization could be beneficial is that the cement manufacturer Aalborg Portland
is located in Aalborg, where the highway project takes place. Furthermore, Aalborg
Portland in 2021 launched their new FutureCem cement, which reduces the CO,
emission of the production by up to 30% compared to other cement types [2].

Cement stabilization of soft soil is not a new technique but has been used in, e.g.,
Sweden and Norway for decades. Mixing cement and other binders into soft soils can
increase the undrained shear strength dramatically and has been proven to increase
the shear strength by a factor of 10 + [3]. The stiffness generally also increases
significantly due to the cementitious bonds formed between the soil particles [4].
The increase in strength and stiffness depends on the soil type, water content, and
binder used.

The LCAs performed in this project will investigate the first construction stages
of the highway construction usually referred to as A1-AS5. These stages cover the
raw material extraction (A1), transport during production (A2), manufacturing (A3),
transport to the construction site (A4), and installation (AS5). The usage and end-of-life
stages are not considered as these are considered comparable for all solutions.
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2 Highway Construction and Soil Conditions

The highway is assumed to be a four-tracked highway placed on top of a soft gyttja
layer. This assumption is based on soil conditions reflecting the current state of
Northern Jutland where Aalborg is located, which is characterized by pockets of soft
soil deposits. The gyttja layer below the highway is challenging because this highly
organic soil type often results in remarkable settlements. Based on Danish highway
guidelines, two lanes including an emergency lane and edge lane result in a pavement
width of 12 m and a road width of 14.5 m including shoulders at each side. The full
highway will therefore be 29 m wide [5]. A section of 200 m is investigated.

The assumed soil conditions for the road section are stated in Table 1. The soil
stratigraphy is based on a geotechnical site investigation from 1992 just outside
of Aalborg city. The strength and water content are based on values from nearby
borehole logs.

Gyttja samples from a site in Aalborg were collected to investigate the stiffness and
strength parameters of cement-stabilized gyttja. The properties of the substitutional
soil used for experiments are seen in Table 2.

The undrained shear strength increases with depth. The values are found from
shear vane tests which are corrected according to Eq. (1) [6]. The plasticity index,
Ip, is determined to be approximately 42% based on plasticity tests.

1.2-Cfv

T 11001-1p (ew < cs) )

Cu

Table 1 General soil conditions expected below the investigated highway section

Depth Soil type Water content [%] Shear vane strength ¢y, [kPa]
0-1 Topsoil - -

1-7 Gyttja 40-100 1040

7-8 Sand - -

8- Clay - 100

Table 2 General soil properties for gyttja used during experiments

‘Water content (%) Organic content (%) Undrained shear strength ¢, (kPa)
65.2 6.3 16-27
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3 Experiments

To investigate the effect of mixing cement into gyttja, seven oedometer, and seven
triaxial tests were performed, where one of each test was conducted on the in-situ
material. The gyttja—cement specimens were cast in pairs and cured for 7 days and
contained either 150 kg/m?, 75 kg/m?, or 37.5 kg/m? Basis or FutureCem cement.

The gyttja—cement mixtures were made by stirring the in-situ material to a
remolded sample, whereafter cement was added to the mix. The mixture was then
cast in a metal cylinder according to the in-situ density and stored in a zip lock back.
Inside the zip lock back, the metal cylinder was wrapped in a wet cloth to obtain
100% humidity.

3.1 Stiffness and Strength Increase Due to Cement
Stabilization

Stiffness. The stiffness increase was investigated by performing seven oedometer
tests: one on the in-situ material and six on gyttja—cement specimens with respectively
Basis and FutureCem cement.

The oedometer load program used for the presented test results is 10 kPa, 20
kPa, 40 kPa, 10 kPa, 20 kPa, 40 kPa, 80 kPa, and 160 kPa load steps. This program
was designed to capture the in-situ stress, which before the tests was assessed to be
approximately 40 kPa. The steps are used to capture the virgin consolidation and
unloading-reloading behavior close to the expected stress level for the road during
service life.

Figure 1 shows the results from the in-situ and FutureCem 37.5 kg/m? test. When
the in-situ material is exposed to a stress of 160 kPa, it undergoes a strain of approx-
imately 18.5%. The specimen mixed with FutureCem, however, only experiences a
strain of approximately 0.5% when exposed to the same load, which is a significant
stiffness increase. The other gyttja—cement specimens with different cement types
and contents experienced a similar stiffness increase; hence, these are not considered.
This is because FutureCem 37.5 kg/m? results in the lowest CO, emission since the
foundation design is considered a settlement issue.

Table 3 shows the stiffness and drainage parameters from the oedometer tests
shown in Fig. 1. The modified compression index, C,., and oedometer modulus,
Eeq, describe the stiffness of the soil. When calculating settlements according to
Danish practice, the modified compression index is usually used [7]. The modified
compression index describes the slope of the graphs in Fig. 1, where a gyttja often
lies between 15 and 50% and a Holocene clay lies between 5 and 25% [8]. Compared
to this, the gyttja—cement specimen is very stiff, and the in-situ specimen behaves
as expected. Furthermore, the coefficient of consolidation, c,, shows no significant
change.
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Fig. 1 Consolidation results from oedometer tests. Left: In-situ material from a cylinder sample
from 3.0 to 3.5 m depth. Right: Cement stabilized specimen with 37.5 kg/m>® FutureCem cement

Table 3 In-situ and gyttja—cement oedometer parameters. Load step 40-160 kPa

Material Load (kPa) ¢y (m2/s) Cee (%) Eoeq (MPa)
In-situ 40 (Reloading) 2.1E — 08 3.7 1.8

80 (Loading) 1.6E — 08 13.8 1.0

160 (Loading) 1.5E — 08 23.5 1.1
Gyttja—cement 40 (Reloading) 6.0E — 08 0.1 50.0

80 (Loading) 2.0E — 08 0.4 30.8

160 (Loading) 4.6E — 08 1.0 26.7

Strength. The increase in undrained shear strength was investigated by performing
seven triaxial tests. However, this was of minor interest since settlements were the
main challenge. The in-situ strength of ~ 19 kPa increased from ~ 73 kPa ranging to

~ 357 kPa.

4 Foundation Solutions

In the following, four different foundation solutions are investigated to assess the
CO, emission from each solution. The solutions are listed below:

Mass exchange: The soft soil is exchanged with sand to avoid settlements.

Piled foundation: Piles are installed to deeper soil layers to avoid settlements.

Pre-consolidation: A surcharge load is placed on the soft soil to increase strength
and decrease future consolidation settlements.

o Cement stabilization: Cement is mixed into the soft soil to reduce settlements.

Each solution is designed based on the same criteria. The criteria are (1) sufficient
undrained and drained bearing capacity in the ultimate limit state and (2) settlements
below 50 mm in the serviceability limit state.
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Table 4 Pavement structure for the investigated highway section, 200 m, A1-A5

Description (Kg CO; equivalent)
Pavement structure Delivery and built-in, transport 50 km ~ 140,600
Soil excavated 4,800 m? topsoil, transport 80 km ~ 121,800
Total 262,400

InfralL.CA is used as the primary tool to investigate the carbon footprint of each
foundation solution. InfralLCA is an LCA program from Vejdirektoratet (The Danish
Road Directorate) which is based on generic EPDs that fit Danish projects [9].
However, some of the data needed are not included in InfralLCA as default. These
data will be added manually based on EPDs from the manufacturer.

In the LCA analysis, only construction stages A1-AS5 are considered. This
accounts for the CO, emission from the extraction of the raw materials until construc-
tion on the site is complete. InfraLCA uses the unit [tkm] for calculating CO, emis-
sions from transport. The km here represents the transport to the site, where a factor
of 1.75 is used to take the trip back into account.

Life Cycle Assessment of Pavement. Table 4 represents LCA calculations for the
pavement structure based on InfraLCA. The pavement structure is assumed to be 1 m
thick and replaces the topsoil. The pavement structure consists of a 0.55 m subgrade,
0.2 m subbase, 0.16 m base course, 0.065 m binder course, and 0.025 m surface
cover. The amount of topsoil excavated is based on two pavement structures of 12 x
1 m. Soil removed between and beside the lanes during construction is assumed to
be re-used.

The soil excavated is transported 80 km to Randers Harbor since this possibly
is polluted. The pavement materials are transported from different gravel pits in a
radius of 50 km. All soil transport in InfralLCA is calculated with the same 26 tons
diesel truck. The LCA result for the pavement structure will be added to each solution
discussed.

4.1 Solution 1: Masse Exchange

One of the typical solutions when encountering soft soils is a mass exchange. The
soft soil is replaced by engineered fill, typically sand. Usually, this method is not
used at greater depths because of the complications and extent when excavating.

If the gyttja is not exchanged, the settlements will be ~ 100 mm at the end of
primary consolidation, which is unacceptable according to the applied criteria. The
settlements are determined by a one-dimensional settlement analysis [7]. The bearing
capacity of the engineered fill is sufficient based on the general bearing capacity
formula [10].

However, if the upper 5 m of the gyttja is exchanged with sand, the settlements
of the last meter of gyttja will be ~ 40 mm which is found acceptable.
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Table 5 Solution 1 carbon footprint for the investigated highway section, 200 m, A1-A5

Description (Kg CO; equivalent)
Soil excavated 47,600 m3 soil, transport 80 km ~ 968,800
Soil built-in 47,600 m? soil, transport 50 km ~ 854,800
Total 1,823,600

__ Pile cap-,_ 1
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Fig. 2 Left: Excavation volume for solution 1 (hatched area), horizontal scale 1:3. Right: Piled
foundation for solution 2, horizontal scale 1:1.5. Measurements in meters

Life Cycle Assessment. The carbon footprint is determined according to Table 5.
The excavation volume is based on the measurements in Fig. 2. The excavation is
assumed to be above the groundwater table and with an excavation slope of 1:3. The
density of the gyttja is set to 1.6 t/m? and the sand/topsoil is set to 2.0 t/m>.

A situation with excavation below the groundwater level would require ground-
water lowering which would likely increase the CO, emission (operation of pumps,
etc.).

4.2 Solution 2: Piled Foundation

Another typical foundation solution for roads on soft soil is a piled foundation.
Piles are installed to stronger soil deposits to ensure bearing capacity and minimize
settlements. The bearing capacity is determined by the skin friction and end-bearing
[10]. The main issue is that the gyttja layer is a weak Holocene deposit and will drag
the pile down when exposed to compressive loads (negative skin friction or drag-
down). To reduce the negative skin friction, the upper 6 m of the piles are covered in
bitumen. The piles are designed to be 16 m long and installed with a center-to-center
distance of 2.4 m. Settlements of the piles are neglected since the pile end is installed
into late glacial deposits of significant strength and stiffness (Table 6).

Life Cycle Assessment. The carbon footprint is determined according to Table 7.
The pile caps are cast as squares according to Fig. 2 and are assumed to need 58.5 kg
reinforcement per pile cap (~ 3.5% of cement volume). Concrete is transported from
Unicon in Aalborg and steel from Poland. Approximately 1670 piles of 16 m are
used for the whole section. The upper 6 m of the piles are covered with bitumen. The
installation time for each pile is determined to be 17.5 min, and the diesel use is 16
L per hour. Piles are delivered from Centrumpzle in Vejle, Denmark.
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Table 6 Solution 2 carbon footprint for the investigated highway section, 200 m, A1-A5

Description (Kg CO; equivalent)
Pile caps 378 m3 concrete, transport 7 km, and 98 ton reinforcement, | ~ 271,800

transport 1160 km
Piles [11] 1,670 piles, transported 180 km ~ 787,000
Installation | 7,840 1 diesel used during installation ~ 26,100
Total 1,084,900

Table 7 Solution 3 carbon footprint for the investigated highway section, 200 m, A1-AS5

Description Kg CO; equivalent
Pre-load 1,626 m? soil, transport 50 km ~ 201,000
Soil excavated 1,626 m? soil, transport 80 km ~ 284,000
Wick drains 16,884 m wick drains, transport 870 km ~ 2,700
Installation 4,498 1 diesel used during installation ~ 4,500
Total 492,200

4.3 Solution 3: Pre-consolidation

Another method used when encountering soft soils is pre-consolidation. Here a load
is placed on top of the soft soil, after which the soil is left to consolidate. When
the degree of consolidation is deemed sufficient, the pre-load is removed, and the
construction can begin. The soil is now over-consolidated for the future service
load (yielding smaller settlements). By using this method, the settlements from the
traffic load will only result in settlements in the over-consolidated stress regime,
yielding significantly smaller settlements compared to the soil left in the normally
consolidated state. The bearing capacity is verified by the general bearing capacity
formula in the case [10].

To avoid large settlements, a pre-load of 40 kPa is placed on the surface. This is
equivalent to 2 m of sand. The consolidation process is deemed sufficiently effective
after 1 year of using wick drains or after 2.5 years without wick drains, as the effective
stresses centrally in the soft deposit at this point exceed the serviceability stresses.

Life Cycle Assessment. The carbon footprint is determined according to Table 7.
The carbon emission is calculated based on a pre-load of 2 x 26 m with a slope
of 1:2, see Fig. 3. Furthermore, wick drains with a length of 7 m and a center-to-
center distance of 1.5 m are installed. These are assumed to be transported from the
Netherlands.
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Fig. 3 Left: Pre-consolidation load for solution 3, horizontal scale 1:3. Right: Cement-stabilized
columns for solution 4, horizontal scale 1:1.5. Measurements in meters

4.4 Solution 4: Cement Stabilization

Cement stabilization is a form of deep soil mixing where a rod with a mixing tool at
the end is pushed through the soil. When the mixing tool reaches a specified depth,
cement is expelled while the rod is withdrawn with the mixing tool rotating. This
results in stabilized columns. The columns are assumed to have a diameter of 0.5 m.

The bearing capacity is investigated by using the general bearing capacity formula
[10]. The strength increase from cement stabilization is calculated as a ratio between
the stabilized and non-stabilized area; hence, it works as an area stabilization [3].

The settlements are based on an elastic-perfect-plastic load model [3]. The load is
distributed by taking the maximum strength of the stabilized columns into account.
The settlements of the stabilized and non-stabilized soil are set to be equal to ensure
that the soil is acting as a stabilized area and deforms as one continuum.

By using 7 columns below each pavement structure with a center-to-center
distance of 2.0 m, the settlements can be reduced from ~ 100 mm to 15 mm. It
was not possible to increase the center-to-center distance further, due to load transfer
effects from the pavement. The design mixture is 37.5 kg/m? FutureCem cement due
to sufficient stiffness and strength increase.

Life Cycle Assessment. The carbon footprint is determined according to Table 8.
Approximately 1,400 columns of 6 m should be installed to ensure reduced settle-
ments. Each column consists of 44 kg FutureCem cement which gives a total mass
of 62 tons. During installation, the machine on average uses 40 L per hour to install
82.5 m an hour. The foundation solution with measurements is seen in Fig. 3.

Table 8 Solution 4 carbon footprint for the investigated highway section, 200 m, A1-AS

Description Kg CO; equivalent
Cement [12] 62 tons FutureCem, transport 15 km ~ 37,200
Installation 4,072 1 diesel used during installation ~ 13,600
Total 50,800
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5 Discussion

Figure 4 shows the total CO, emission from each foundation solution. This includes
the emission from the construction of the pavement structure as well. It can be
concluded that cement stabilization is the solution with the lowest CO, emission.
Compared to mass exchange, cement stabilization reduces emissions by 85%.

The emission from cement stabilization can potentially be reduced even further if
investigations with lower cement amounts and longer curing periods are performed.
Generally, 28 days of curing increases strength and stiffness significantly compared to
7 days [4]. It was, however, evident from the serviceability calculations of solution 4
that the full stiffness of the columns could not be utilized because the center-to-center
design criterion was the load transfer from the pavement to the columns.

Even though everything is not included in these LCAs analysis, it is evident that
a preliminary CO, emission investigation can reveal some major differences in the
choice of foundation solution. The emission ranking in Fig. 4 is unlikely to change
in this project, even if a detailed design is performed. It is however important to be
critical when the preliminary CO, emission is calculated. If highly emissive factors
are excluded, this can have a huge impact on the emission later on. It is therefore
crucial to have an overview of the whole project at the beginning.

One of the things that has a major impact on the results is the mean of transportation
and distance (A4). One of the reasons why cement stabilization has a lower CO,
emission is because the transportation emission is minimal. Solution 1 shows how
CO, emissive transportation is since this solution is ~ 93% transportation according
to InfraLCA. CO, emissions are therefore highly affected by where a project takes
place. New LCAs should be performed on new projects since previous LCAs on the
same solutions do not necessarily reflect the new conditions.
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Fig. 4 Total carbon footprint for all solutions for the highway section, 200 m, A1-A5
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6 Conclusion

It can be concluded that LCAs can give an extra dimension to a project. The carbon
footprint is highly affected by the solution chosen. In this example, cement stabiliza-
tion with 37.5 kg/m?® FutureCem cement increased the stiffness sufficiently to avoid
a large mass exchange, a pre-consolidation, or a piled foundation. Compared to mass
exchange, the carbon footprint is reduced by 85%, pre-consolidation by 77%, and
piled foundation by 58%. Further testing could reduce the CO, emission even further.

Based on this, using cement stabilization on Aalborg gyttja with the innovative
FutureCem cement is proven to reduce CO, emissions significantly. Basis cement
could not reduce the CO; footprint as much due to lower stiffness and larger emission.

Since the CO, emission is much lower for the cement stabilized solution, this
technique could be used to lower the CO, footprint of other infrastructure projects
on other soil types as well, in both Denmark and globally.
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Transient Simulation of Ground Source )
Heat Pump in Tropical Region i
Considering Groundwater Flow

Arif Widiatmojo(® and Youhei Uchida

Abstract Southeast Asian countries have been experiencing rapid economic growth
for decades. As a result, the regional per-capita energy demands are also increasing.
Concerns about regional energy sustainability are growing as most of the electricity
supplies in the region come from fossil fuels. On the other hand, space cooling is
essential to electricity demands. In addition to finding the solution for sustainable
energy generation, the conservation of end-user energy utilization is also an important
consideration. The use of a Ground Source Heat Pump (GSHP) may be a solution
to improve household cooling efficiency in tropical regions. However, study on its
application in such climate conditions is limited. This paper discusses the potential
application of the GSHP system for space cooling, considering regional climate,
ground temperature, and groundwater flow. The numerical simulation evaluates the
performance of the GSHP system for a typical detached office building. The ground
thermal parameters, building thermal properties, and climate conditions were based
on the field data. A year of GSHP cooling was simulated, considering different cases
of groundwater flow velocities. The simulation results indicate that the GSHP system
can provide a 3.66-3.79 average Coefficient of Performance (COP) over a year of
a cooling period in the tropical climate. Furthermore, the results show the effect of
groundwater flow in enhancing the COP over a prolonged time.

Keywords Ground source heat pump - Space cooling + Southeast Asia

1 Introduction

Southeast Asian countries are experiencing economic growth in recent decades. The
demand for space cooling increases as air conditioners and electricity prices become
more affordable for the people in the region. The electricity demand is also increasing,
raising environmental and sustainability concerns because most of the electricity in
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the region comes from fossil fuels. The conventional or typical air conditioner system,
also referred to as Air Source Heat Pump (ASHP), is believed to have reached its full
potential in terms of efficiency. Alternatively, the Ground Source Heat Pump (GSHP)
system can potentially provide higher thermal efficiency than ASHP. Principally, a
GSHP is similar to ASHP, except for its heat sink/source. A GSHP extracts or rejects
heat to the ground. In most four seasons countries, the air temperature fluctuates
depending on the seasons and other weather activities. On the other hand, the average
ground temperature between 15 and 100 m depth is stable around 15-17 °C, providing
a stable heat sink/source regardless of the seasons. The high ground heat capacity
also allows seasonal energy storage between winter and summer.

The application of GSHP in tropical countries faces two main issues: high ground
temperature and the use for cooling with no heating requirement. According to the
research by Yasukawa et al., the average annual ground temperature in Bangkok
falls within the range of ground temperature at 0-50 m depth [1]. On the other
hand, the tropical seasons require no heating, even during the lowest temperature
season. Later studies focused on obtaining thermal efficiency data on GSHP in
Tropical countries have found that despite the abovementioned issues, GSHP
still has potential advantages over conventional ASHP based on the short-term
performance data [2—4]. However, the performance analysis based on the long-term
performance data is yet to be available. The long-term performance analysis is
essential to evaluate the long-term sustainability of the GSHP system, as well as to
estimate the system’s economic feasibility and potential energy saving. As the field
data is limited, this paper attempts to provide an analysis of GSHP performance in
tropical climates based on the transient numerical model.

2 Numerical Model

2.1 Transient Model

To further evaluate the expected performance of GSHP in a more extended period, the
transient model of GSHP cooling of a typical detached office building is simulated
by using TRNSYS 18. TRNSYS is software with modular structures capable of
simulating transient systems. It is used to simulate transient phenomena of coupled
thermal and other energy systems, such as Heating, Ventilation and Air Conditioning
(HVAC). Various GSHP studies have been carried out by using this software [5-8].
The TRNSYS’s dynamic link library structures allow users to develop user-specific
models. In addition, TRNSYS can be coupled with other applications such as
MATLAB, Microsoft Excel, and Engineering Equation Solver (EES).
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2.2 The Moving Line Source (MILS) Analytical Model
Jor Borehole Heat Exchangers (BHE:)

The TRNSYS has a built-in BHE model (Type 557a), which is based on the Duct
Storage (DST) model proposed by Hellstrom [9]. However, the model does not
account for the groundwater velocity. The DST model assumes the combined effect
of heat dispersion and convection of the surrounding ground by the apparent thermal
conductivity. The apparent thermal conductivity is typically measured by the Thermal
Response Test (TRT), considering the Infinite Line Source (ILS) theory. Thus, the
apparent thermal conductivity represents diffusive and convective heat transfer in a
single value. While heat transfer by thermal diffusion and convection are two different
phenomena, failure to account for the convective heat transfer may lead to erroneous
error, especially for the area with high groundwater flow.

In this simulation, an extension of ILS solution referred to as Moving Infinite
Line Source (MILS) analytical model is used. The MILS model is programmed into
MATLAB and coupled to the TRNSYS 18 main software.

According to Diao et al. [ 10] the temperature change at a specific location in a polar
coordinate system, ¢ second after heat extraction/rejection ¢ (Wm™"), is expressed
as:

r? /4Dt
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where n =4D(t — t*)/r?, u(ms~") is the groundwater velocity, D(m?s~")is the thermal
diffusion coefficient proportional to thermal conductivity and inversely proportional
to the ground volumetric heat capacity.

The following equation is introduced by assuming a homogeneous borehole
temperature to obtain a relationship between the borehole temperature and the
average fluid temperature:
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where R;, (mKW™) is the borehole heat resistance. The above analytical solution
is valid under the following assumption:

e The ground is infinite and homogenous.

e The physical and thermal properties of the heat medium (ground) are independent
of time.

e The effect of ground surface temperature is negligible, and the initial ground
temperature is homogeneous.
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The main problem in solving Eq. 1 is that the temperature is calculated based
on the given amount of heat rate, g, at each time step. However, the transient output
from the GSHP model is the temperature and flow rate of heat exchanger fluid. More-
over, the amount of g varies because of the thermal interaction between boreholes.
We proposed a numerical scheme to find the BHE fluid exit temperatures for each
borehole based on the entering fluid temperature.

2.3 Building and GSHP Model

A model of a small-size office building was created and imported into TRN Build.
The building had two floors and a total footprint area of 200 m?. 85.5% of which
(171 m?) was treated as thermal zones. The thermal zones are divided into five main
rooms with a 171 m? footprint area, 85.5% of the total building area. The external
wall heat transfer coefficient was set to 0.386 Wm™2 K~

Figure 1 shows the relative humidity, RH (%), ambient temperature range, and
average ground temperature range in Bangkok city. The ground temperature range
is obtained from the groundwater observation surveys by Yasukawa et al. [1]. Other
parameters to calculate the building’s thermal load are presented in Tables 1 and 2.
An hourly annual Bangkok weather data is used to simulate the influence of ambient
temperature, solar radiation, and humidity on the building cooling load. Further, it
is assumed that the GSHP works 9 h daily from 8 am to 5 pm during weekdays. A
schematic diagram of the model is shown in Fig. 2.

For the GSHP model, the built-in TRNSYS module, Type 919 was used. A GSHP
model with a total of 10.5 kW cooling capacity was used. The GSHP performance
data is obtained from the manufacturer catalog.

A borehole configuration with three different groundwater velocities are consid-
ered, resulting in a total of three cases. Further, it is assumed that the groundwater
flows in the direction parallel to the BHE column (see Fig. 3 and Table 3).

3 Results and Analysis

A standard parameter used to evaluate the heat-pump performance is the coefficient
of performance (COP), which is the total cooling or heating rate ratio to the required
electrical power.

3)

Or _ Or— SWC’ where | ¢ = 1(Cooling)
Wr Wr

COP = — L
& = —1(Heating)
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Fig. 1 Annual data of monthly averaged relative humidity, ambient temperature range and average
(red shade and red line), and ground temperature range in Bangkok (green shade)

Table 1 Building thermal parameters

Parameters

Area Building area: 200 m?
Thermal zone area: 171 m?

Internal heat sources Human, PCs, Lightings, Refrigerator

Heat pump set temp 23 °C

Air exchange rate 0.4 ACH (bedrooms, living room), 0.7 ACH (kitchen)

Table 2 Internal heat sources Parameters Heat load | Quantity | Daily duration

PC 100 W 10 8h
Human (light activity) | 130 W 10 8h
Lighting 5Wm=2 | —1 8h
Refrigerator 90 W 1 24 h

Here, Qg [W] is the heat extraction or rejection rate from/to the ground, Qr [W]
is the rate of heat added to or removed from the building, and W1 [W] is the total
electrical power consumption, such that
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g:rlzl;l:terssimulation Parameter Value Unit
BHE radius 0.08 m
BHE length 50 m
BHE resistance 0.137 mKW~!
Initial ground temperature 27 °C
Ground thermal conductivity 1.82 Wm~! K~!
Ground volumetric heat capacity 2.4 kIm—3 K~!
Fluid volumetric heat capacity 4.18 kIm3 K~
Number of boreholes 24 -
Wr = We + Wr + Wp, “4)

& = 1(Cooling)

& = —1(Heating) ’ ®)

Qr =e(LLWT — EWT)pcV,, Where{

where W, Wg, and Wp are, respectively, the electrical power consumption of the
compressor, fans, and fluid pump; p [kg m—3] is the fluid mass density. While ¢ [J
kg~!' C']and V,, [m® s~!] are the fluid’s specific heat capacity and volumetric flow
rate, respectively.

Table 4 lists the thermal and other simulation parameters. It is noted that the
thermal conductivity is set based on the TRT results and analysis from the previous
study in 2018 [11], while the initial ground temperature is set based on the average
value obtained by Yasukawa et al. [1]. Figure 4 shows the COP of all four cases during
ayear cooling period. All cases indicate less variation of COP during the early period,
followed by declining trends. The declining COP is caused by the thermal build-up
in surrounding BHEs due to the heat rejection. Further examination at the end of the
cooling period shows that the rate of COP decline varies.

Figure 5 explains the reduction of COP between the first month and the last month
of operation. The cases with higher groundwater flow provide less COP reduction
due to convective heat transfer. Further, the average annual COPs are 3.66, 3.71, and
3.79 for Case 1, Case 2, and Case 3, respectively. These results suggest the significant
role of convective heat transfer due to the groundwater flow.

The simulation result also provides information that despite the high ground
temperature, the system can still provide better thermal performance than a regular air
conditioner with typical COP between 2 and 3.5. However, long-term performance
simulation is required to analyze the GSHP performance over a longer period. The
long-term performance estimation is critical to consider whether GSHP is a good
option for investment against the standard air conditioner system.
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Fig. 5 Annual average COP and COP difference between the first and last month of operation

4 Conclusion

In this study, the effect of groundwater flow on the GSHP performance in a tropical
region has been investigated. The numerical model incorporates the transient cooling
demand of a typical detached office building with the analytical model of the borehole
heat exchanger. The results suggest the decline of COP over a year of cooling oper-
ation. However, it is found that the rate of COP reduction between the first and last
month of operation is affected by the groundwater flow. The average annual COPs
are found to be 3.66, 3.71, and 3.79 for Case 1, Case 2, and Case 3, respectively.
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Further, it is necessary to perform long-term simulations to evaluate the long-term
advantages or disadvantages of GSHP over the conventional air conditioner system.
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2D Model Tests of Sheet Pile )
Reinforcement Method for Existing Pile L
Foundations

Takatoshi Sagawa, Tsubasa Ohata, and Hidetoshi Nishioka

Abstract The sheet pile (SP) reinforcement method can be utilized to realize a
sustainable society because it is more economical, environment friendly, and easier
to construct in narrow areas than conventional methods of reinforcing pile founda-
tions. Furthermore, the method can be used as a foundation reinforcement technique.
In this study, static horizontal loading tests were conducted on a model ground using
various separations between the piles and SP. Additionally, we studied the effects of
increasing the overall resisting force of the foundation and the effect of decreasing
the load supported by the existing piles. The results confirmed that when the distance
between the existing piles and SP is small, the SP reinforcement effectively reduces
the cross-sectional forces acting on the existing piles. By contrast, when the sepa-
ration is large, the SP reinforcement effectively increases the bearing capacity of
the entire foundation. Thus, the interaction between the pile and SP perimeter soil
changed when the separation varied, and the reinforcement effect varied with the
separation.

Keywords Pile foundation - Sheet pile reinforcement - Subgrade reaction

1 Introduction

Many older structures do not meet the current seismic performance standards in Japan
and require seismic reinforcement. The 1995 Hyogo-ken Nanbu Earthquake caused
many structures to collapse, resulting in severe damage. Additionally, many structures
were damaged at their foundations, triggering a major change in seismic design
standards. The safety of new railroad structures is necessary to ensure against large
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Fig. 1 Overview of SP e
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seismic motions called L2 earthquake motion. Additionally, for existing structures,
seismic reinforcement work should be prioritized.

However, many structures that were designed based on old design standards before
the Hyogo-ken Nanbu Earthquake still exist. In the case of seismic reinforcement of
existing structures (e.g., piers), priority is given to the reinforcement of the superstruc-
ture frame, and progress in seismic reinforcement of foundations is lagging. Existing
foundations have been reinforced primarily by adding new piles or by strengthening
the surrounding ground. However, the issue with these reinforcement methods is that
reinforcing the structure is extremely challenging while it is in service, and the large
footing requirements make construction impossible when the site is restricted. There-
fore, seismic reinforcement of structural foundations is generally more challenging
to implement from cost and construction standpoints because it is more extensive
than above-ground work, and progress in this area is slow. Therefore, an econom-
ical foundation reinforcement method must be developed that does not significantly
impact existing structures, is easy to install in narrow areas, and is environment
friendly. The sheet pile (SP) reinforcement method (Fig. 1) satisfies these condi-
tions, in which steel SPs are driven into the ground around existing pile foundations
and are integrated with footings.

In Japan, the SP reinforcement method has been developed primarily for seismic
reinforcement, and it can also be used as a general foundation reinforcement tech-
nology in countries with fewer earthquakes. However, there are concerns that disas-
ters such as super typhoons will increase because of climate change caused by global
warming.

The sheet pile reinforcement method is expected to play an active role in
addressing these problems, but a rational method for reinforcement design has not
yet been established.

This study aims to establish a reasonable design method, suitable for the purpose
of reinforcement by varying the spacing between the piles and SPs. Static horizontal
loading experiments were conducted on a model to determine the effects of increasing
the resistance of the foundation and reducing the load acting on the piles. These
experiments include an analysis of the two-dimensional behavior with reference to
previous studies [1, 2]. Additionally, the interaction between the two piles as a group
of piles is discussed based on the ground displacement obtained by image analysis.
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2 Experimental Procedure

2.1 Creation of Ground Model

An aluminum laminate rod apparatus was used for the ground model. Three types of
aluminum rods, each 150 mm long with diameters of 1.5, 2, and 3 mm were mixed
at a weight ratio of 1:1:1 and piled up to 700 mm wide and 430 mm high while
compacted to the unit volume weight of y = 21.8 kN/m?>.

2.2 Model Specifications

Aluminum plates (Young’s modulus E = 73 GPa) were used for the model piles and
model SPs. The model pile had a plate thickness of 1 mm, width of 190 mm, and a
length of 440 mm, while the model SP had a plate thickness of 0.5 mm, width of 200
mm, and a length of 225 mm. The characteristic values of the piles for both models
were obtained using the Chang equation [4] (Eq. 1) from the load—displacement
relationship at 4 mm displacement when the pile and SP were loaded independently.

(1+Beh)’+3
yt=—3Elo,33 (1)
where y, is the horizontal displacement of the loading point, H is the loading load, /
is the section’s secondary moment, and # is the height of the loading point.

Independent loading tests were conducted as preliminary experiments using both
models. The product of the load and displacement at a horizontal displacement of 1
mm, 8L, was obtained from the relationship between load and displacement. There-
fore, BL = 6.29 for the model pile and BL = 4.56 for the model SP. Furthermore,
the condition BL > 3, which is typically applicable to a semi-infinite length pile, was
satisfied.

The characteristic value of the pile, 8 (calculated from Chang equation) was used
to describe the similarity law between the model pile and the model SP, and the ratio
of the value of 1/8 was matched to that of the real structure. The model structure is a
combination of the cast-in-place-pile with a diameter of 1.0 m and the Type-IV steel
sheet pile, and the ratio of the value of 1/8 of the two model pile combinations used
in the experiment is almost equivalent to that of the real structure.

2.3 Model Installation

The apparatus after the installation of the model is shown in Fig. 2a. The model
pile was installed to a depth of 200 mm before being penetrated to the bottom of
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Fig. 2 Overview of loading equipment

the model, and the remaining aluminum rods were piled up to the specified root
penetration length (430 mm). After the stacking of the aluminum rods, the model SP
was penetrated to the prescribed root penetration length / = 215 mm using different
separations of 30, 60, 90, 120, 150, 180, and 210 mm from the pile model for each
experiment.

2.4 Loading Method

An overview of the loading method is shown in Fig. 2b. The model pile and the model
SP were not rigidly connected, and two load cells for the model pile and one load
cell for the model SP were placed on top of each model (10 mm above the ground
surface). The distance between the two models was fixed, and static horizontal loads
in one direction were applied until the displacements were approximately 4 mm, for
both models.

2.5 Test Case

Experiments were conducted in eight cases: two cases of preliminary tests in which
the pile and SP were loaded independently and six cases of primary tests in which
the model pile and model SP were loaded simultaneously with separations from the
model pile of 30, 60, 90, 120, 150, 180, and 210 mm.
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2.6 Measuring Method

During loading, the horizontal displacements of the model pile and model SP at the
loading point height were measured using a laser displacement meter. Load cells
were used to measure the resistance force supported by both the pile and SP. The
total resistance force of the entire foundation was obtained by summing the values
measured by the load cells of the piles and SP.

2.7 Estimation of Ground Reaction Force Distribution

The ground reaction force distribution was estimated using a polynomial approxi-
mation in Microsoft Excel [5]. First, the bending moment distribution was calcu-
lated by multiplying the strain values and the calibration coefficient obtained from
the bending test. The strain values were measured using strain gauges attached to
the model pile at 20 mm intervals. Additionally, the bending moment distribution
was approximated by a sixth-order polynomial equation. Finally, the distribution of
the subgrade reaction force was calculated using the second-order derivative of the
sixth-order polynomial equation with regard to the distance from the pile head.

3 Experimental Results and Discussion

3.1 Experimental Results

The results of the load—displacement relationship of the entire foundation for each
case are shown in Fig. 3, and the figure illustrates the results of the pile-only loading
as a comparison. Figure 4 shows the breakdown of the loads supported by the pile
and SP at a 4 mm displacement. Additionally, Fig. 4 represents the results of the pile
and SP loadings separately for comparison.

The load supported by the pile and SP increased with increasing separation; at
a sufficiently large separation of 210 mm, the interaction between the pile and SP
disappeared and the pile and SP bore approximately the same load as if each had
been loaded independently.

When the separation was < 210 mm, the load capacity of the model pile decreased,
implying that the model piles were reinforced in terms of reducing the cross-sectional
force generated by the model piles. By contrast, the SP burden tended to increase as
the separation distance increased, but the SP burden increased and decreased repeat-
edly after 90 mm of separation, showing no significant change with the separation
distance.
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By contrast, the SP burden, which increased the overall resistance, was equivalent
to the SP loading alone up to 90 mm of separation, then the SP burden decreased
with the separation.

3.2 Ground Reaction Force Distribution

The distribution of ground reaction forces is shown in Fig. 5, in which no significant
difference due to the size of the separation is shown for the seven cases after SP
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Fig. 5 Distribution of subgrade reaction force acting on pile at 4 mm pile head displacement

reinforcement. However, the ground reaction forces acting on the piles in the seven
cases after SP reinforcement reduced more than those for the piles loaded alone
where the ground reaction forces were at a peak (Depth of 30-50 mm). For the 210
mm separation case shown in Figs. 4 and 5, we observed that the load supported by
the piles was equivalent to that of the pile-alone loading case; however, the ground
reaction force was reduced.

3.3 Ground Strain Distribution

To examine the influence of the separation on the reinforcement effect, image analysis
was performed on the model ground using the DippStrain (Detect Co., Ltd.) digital
image correlation method. The results of the analysis are shown in Fig. 6, which
shows the vertical strain distribution in the horizontal direction between 0 and 4 mm
of horizontal displacement and the location of each slip surface estimated from the
strain distribution of the pile and SP loading alone.

From Figs. 4 and 6, we observe that the magnitude of the resisting force of
the entire foundation depends on the area of the zone of influence of the ground
surrounded by the slip surface. For example, with 30 mm separation, the influence
area by SP overlapped the influence area by the piles, which was considered the reason
for the decrease in the SP burden due to the smaller influence area of the foundation
as a whole. By contrast, with 210 mm separation, no significant overlapping was
observed between the active slip surface of the pile and the passive slip surface of
the SP, and the strain was generated in a wide area. Therefore, the resistance force
of the entire foundation was the largest.
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With 60-90 mm of separation, the passive slip surface of the pile passed near
the starting point of the primary active slip surface of the SP, and the model SP
had a positional relationship to suppress the sliding displacement of the passive
slip surface of the pile. Hence, the model SP was positioned in such a way that it
suppressed the sliding displacement on the passive slip surface of the pile. With 150
mm of separation, the passive slip surface of the pile overlapped with the primary
active slip surface of the SP behind the SP, and the passive soil mass of the pile was
reduced.

3.4 Earth Pressure Coefficient and Discussion from Image
Analysis Results

The linear distribution of the ground reaction force near the ground surface was
considered to be the range where the front ground resistance reached the passive
earth pressure state. The coefficient of earth pressure, K, was calculated by dividing
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Table 1 Coefficients of horizontal earth pressure acting on the existing pile

Case Coefficient of horizontal earth | Reduction factor for single pile load
pressure
Single pile load 4.40 1.00
Separation 30 mm 3.07 0.70
Separation 60 mm 2.94 0.67
Separation 90 mm 347 0.79
Separation 120 mm | 3.35 0.76
Separation 150 mm | 3.33 0.76
Separation 180 mm | 3.31 0.75
Separation 210 mm | 4.05 0.92

the slope connecting the two points at depths of 0 and 30 mm by the unit volume
weight, y. The calculated results for each case are listed in Table 1. The results
showed that the value of K, was higher for the cases of pile loading alone and with
210 mm of separation. Figure 6 shows that the area where the pile exerts compressive
action on the ground (indicated by the dotted blue line) is larger in cases where the
coefficient of earth pressure, K, is large for the pile-alone loading and 210 mm
separation.

No clear difference in the coefficient of earth pressure was observed in the cases
with separations between 30 and 180 mm; however, the coefficient of earth pressure
was approximately 30% smaller in these cases.

This indicates that the magnitude of the coefficient of earth pressure acting on the
pile is related to the spreading of the strain distribution in the ground around the pile
due to horizontal loading.

4 Conclusion

This study confirmed that the separation between steel SP and an existing pile
significantly affects the reinforcement effect of the SP reinforcement method.

A larger separation increases the horizontal resistance of the entire foundation
while a smaller separation reduces the cross-sectional forces generated by the piles
and the ground reaction forces acting on the piles.

Image analysis demonstrated that the difference in the effect on the ground caused
by the difference in the separation size is related to the difference in the reinforcement
effect of the entire foundation.
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Abstract With increasing climate change, the sustainability of geotechnical infras-
tructure in cold regions has become a global issue. Phase Change Material (mPCM)
absorbs and releases energy in the form of latent heat under varying ambient temper-
atures. Hence, mPCM is an alternative to stabilizing the temperature regime of an
embankment, and it improves the mechanical performance of soils under freeze—
thaw cycles. This paper aims to investigate the effectiveness of using PCM as a
thermal controller in stabilizing the temperature regime of an embankment. Soils
in seasonally frozen and degrading permafrost regions were selected in this study.
Firstly, the soil temperature in these two regions was analyzed. After that, a compar-
ative analysis of the effectiveness of various mPCM’s was performed based on the
thermogram of the differential scanning calorimetry test. At last, a PCM-soil model
was developed to simulate the thermophysical properties of reinforced soil mixture in
both regions. The results show that mPCM was the most effective in soil temperature
control during its phase transition. The maximum temperature rise in the mPCM soil
layer was 1.4 °C under seasonal freezing conditions. With the presence of mPCM,
a decrease in the maximum seasonal freezing rate and depth was observed. Under
permafrost conditions, the application of mPCM at a depth of 1.2 m led to the reduc-
tion of soil temperature by 1.2 °C. This study demonstrates the thermoregulatory
effects of mPCM on the reduction of the embankment’s temperature and therefore
by the application of mPCM the degradation of permafrost is prevented.
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1 Introduction

Climate change has made the sustainability of man-made structures in permafrost
regions a global issue, with their reduced structural stability having significant
social, economic, and environmental consequences. In recent decades, increased
temperatures of permafrost soils have been recorded worldwide [1], with increased
air temperatures in the Arctic having a strong ongoing effect on the region’s soil
temperatures and, therefore, on the spread of permafrost [2]. In seasonally frozen
regions, soils experience at least one freeze—thaw cycle (F-T) each year. This F-T
cycling can significantly change the soil’s structure, altering its mechanical properties
and thereby decreasing the ground’s bearing capacity for man-made structures [3].
Seasonal freezing and thawing of the soil can produce stress—strain states in embank-
ments, foundations, and other structures that exceed their designed tolerances. The
conditions of F-T cycling also negatively influence other important engineering prop-
erties, such as the water content, soil bearing capacity, and permeability [4]. Thus,
in seasonally frozen regions, engineers must ensure that soil is effectively protected
from freezing, while in permafrost regions, they must ensure the stability and prevent
degradation of frozen soil.

Current subgrade thermal stabilization methods need regular maintenance. An
innovative way to stabilize the temperature regime of soils in cold regions can be
the use of materials that independently accumulate thermal energy. For example,
microencapsulated phase change materials (mPCMs) are latent thermal storage mate-
rials that can store a large amount of thermal energy during their phase changes [5].
mPCMs can stabilize soil temperature by storing and releasing energy during phase
changes [6], resulting in a stable soil temperature range. Due to the property of accu-
mulating latent heat, mPCMs have various uses in building construction, textiles,
solar energy storage, and other industries [7—11]. These materials have great poten-
tial and attract the attention of scientists with the aim of introducing them into various
spheres of human activity that require smoothing out temperature drops or accumu-
lating energy. In laboratory freezing/thawing tests of a soil mixture with different
concentrations of PCM with butyl stearate and paraffin core material, it was revealed
that four main platforms can be distinguished on the temperature curves of samples
containing different PCMs: a solidification phase change period, moisture freezing
period, melting phase change period, and moisture melting period [12]. The first
and third platforms, which are determined by the phase change of PCM materials,
help to reduce the rate of change in soil temperature, fulfilling its main task - soil
temperature regulation within a certain temperature interval. It also was observed
that the unconfined compressive strength of soil treated with pure mPCM increased
with the mPCM content [13]. A previous laboratory study of the thermal behavior of
a silty clay mixture with different contents of mPCMs showed a significant decrease
in the freezing rate of samples with the addition of mPCMs [14]. In particular, the
addition of 2% and 4% mPCM (percentage from the weight of the dry soil) increased
the temperature of silty clay during freezing at the time of the phase change of water
in the soil. It was noted that a higher percentage of additive content resulted in a
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greater decrease in silty clay temperature. When conducting a numerical simula-
tion of a micro-model of a soil cube with added mPCM with a changing external
temperature, it was observed that the amplitude of temperature fluctuations of the
soil mixture significantly decreases when 4% PCMm is added [15]. In addition, it
was reported that the inclusion of mPCM in the soil contributed to a decrease in the
thermal conductivity of the mixture [12, 14, 15]. Determining the thermal properties
of soil is of great practical importance in the field of design, operation, and construc-
tion of motor roads, building foundations, and underground heating networks in cold
regions. Data on the thermal conductivity of soil are important in many engineering
areas [16—18]. In seasonally frozen regions, natural soils are blended with different
materials to reduce frost heave damage and to improve the thermal conductivity of
the soil. For instance, fibers, geotextile materials, Portland cement are added to the
soil to alter the thermal conductivity and to prevent frost heave in road pavements
[4, 19]. However, the use of such additives is limited only by changes in the thermal
conductivity of the soil, while mPCM is capable of accumulating thermal energy.

mPCMs have demonstrated great potential for applications in thermal energy
storage and temperature regulation and have attracted significant interest from
numerous research areas. However, the use of mPCMs for the thermal stabiliza-
tion of embankment soil in cold regions requires further research. Therefore, this
paper assesses the applicability of mPCMs for road construction in cold regions
based on modeling the temperature behavior of embankment soil.

2 Materials and Methods

For this study, the commercially available mPCMs were used. Two types of mPCM
(both white, odorless powders) were selected for their respective phase transition
temperatures of 3 °C and — 2 °C. The mPCMs were transported and stored in a
vacuum container without moisture access. The PCM consists of a core of noctade-
cane paraffin encapsulated in a polymeric shell. Previous studies have reported that
the polymeric shell is robust enough to withstand the mixing process during mixture
preparation. Differential scanning calorimetry (DSC) was used to analyze the thermal
properties of the two types of mPCM. In the temperature range from — 25 °C to 20°C
was only one endothermic peak during the endothermic process, and there was one
exothermic peak during the cooling process for both mPCM materials. Obviously,
the mPCM underwent only one phase change in one vector of the scan temperature
change. The physical and thermal properties of the mPCMs are presented in Table 1.
The soil parameters used for this study are described by Kravchenko et al. [14]. A
Quickline-30 thermal properties analyzer was used to determine the thermal proper-
ties of the soil-mPCM mixture (1% dry weight of the soil) via a testing procedure
described in a previous study [20].
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Table 1 Physical and thermal properties of mPCM

Property mPCM (3°C) mPCM (— 2°C)
Specific gravity (20°C) 0.76 0.78

Mean particle size (micron) 18-22 17-20
Temperature Range (°C) 1.7t04.3 - 09to-3.6
Melting process

Peak temperature (°C) 3.2 - 1.5
Enthalpy (J/g) 166.5 186.5
Thermal Conductivity (W/(m K)) 0.67 0.79

Specific Heat (kJ/kg°C) 2.26 4.02
Crystallization process

Peak temperature (°C) 2.7 —2.6
Enthalpy (J/g) 189.2 2153
Thermal conductivity (W/(m K)) 0.83 2.21

Specific heat (kJ/kg°C) 1.78 2.10

3 Numerical Model

Two regions were chosen for numerical simulations: (1) a section of the Wushu—
Xining roadway on the Qinghai-Tibet Plateau with high-temperature unstable
permafrost and (2) a section of seasonally frozen soils in Central Russia. Material
properties used in the modeling were obtained from laboratory and field experiments
presented in studies by Tai et al. [21, 22] and Liu et al. [3]. The characteristics of
materials used for modeling seasonally frozen soil were presented in a previous
study [23]. Numerical modeling techniques can be used to predict temperature vari-
ations in soils during freezing and thawing. In this study, a numerical model of
heat transfer in an embankment with a soil-mPCM layer was implemented using
COMSOL Multiphysics software.

Figure 1 shows a cross section for two embankments, where cross-section B
includes the mixed soil-mPCM layer. mPCMs with phase change temperatures of
3 °C and — 2 °C were used for the seasonal and permafrost soil models, respectively.
Input parameters for the numerical analysis are presented in Table 2. The thermal
boundary conditions of the numerical models were constant temperatures of 8°C and
— 1°C applied at the bottom of the seasonally frozen and permafrost soil models,
respectively, with the sides of the subgrade set to be adiabatic. For the top boundaries
of the models, temperatures were set equal to the average monthly air temperature of
the respective regions, as presented in Table 2. Table 3 shows the following thermal
properties of the roadbed, soil, and soil-mPCM mixture: the density of the solid parti-
cles p; the specific heat capacities C and the thermal conductivity of the materials A.

Seasonal temperature variation on a highway pavement induces heat transfer in
its embankment. According to Fig. 1, it is assumed that the embankment consists
of horizontal soil layers with different thermal properties. In each layer, the soil
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Table 2 Average monthly air temperature (7, °C)

Month 1 I I v v VI
Tp for seasonally Frozen model - 10 - 12 -2 3 14
Ty for permafrost model — 16 — 18 - 10 0 5
Month viI VIII X X XI XII
Tp for seasonally frozen model 16 16 9 6 -7 -9
Ty for permafrost model 5 6 - -6 — 14
Table 3 Input parameters in numerical analysis
ET? Lithology o, kg/m® | A, W/(mK) |C,Jkg~!°C™!
Seasonally frozen soil | Asphalt 2200 1.10 1400.0
Macadam 2250 0.79 1050.0
Sand-gravel 1800 1.17 1254.2
Silty clay 1400 0.83 1460.2
Silty clay with mPCM | 1400 0.81 1467.0
Soft plastic clay 1620 0.81 2350.0
Sand 1400 0.79 1466.0
Permafrost soil Asphalt 2200 1.10 1400.0
Sand-gravel 1800 1.17 1254.2
Sand 1400 0.79 1466.0
Sand with mPCM 1400 0.75 1490.0

2 ET Embankment type
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is assumed to be a saturated, isotropic porous medium. During the freezing and
thawing processes, three zones can be distinguished in the soil: the unfrozen zone,
consisting of soil particles and water pores; the partially frozen zone, consisting of
soil particles, water pores, and ice pores; and the fully frozen zone, consisting of
soil particles and ice pores. mPCM solid particles mixed into the soil constitute an
additional phase in the porous media. PCM absorb and store energy, changing from
solid to liquid as the outside temperature rises. Also, these materials have the ability
to release previously accumulated energy when the temperature decreases during
the change from a liquid to a solid state [24]. Therefore, depending on the mPCM
phase change temperature, unfrozen or partially frozen zones can be divided into
zones with mPCMs in liquid and solid states, which are connected by the transition
zone of the mPCM. According to the energy conservation law, the heat transfer in
soils can be described by the thermal conduction equation with equivalent thermal
properties. To capture the latent heat released and absorbed during the water—ice
phase transition and the phase transition of the PCM microcapsules, the apparent
heat capacity method was adopted. Also, it is supposed that the thermal properties
of the PCM microcapsules are negligible change due to the phase transition. The
“Phase Change Material” module in COMSOL Multiphysics software provided the
following thermal conduction equation:

oT
'OCW + div(—AgradT) =0 (D

where C is the volumetric heat capacity of the soil and p and \ are the equivalent
density and thermal conductivity of soil. The volumetric heat capacity of the soil
mixture is expressed as

1
C=——-7IC6, +C N S
1+e[ s0s + CpcmsOpcuSpecm
+ CpeuyOpcm(l — Spcm) + Cpe(l = S;) + CieS;] (2)

where Cs, C;, and C,, are the volumetric heat capacities of soil grains, ice (is given
as 2090 kJ/m? °C) and water (is given as 4180 kJ/m? °C), respectively; e is the void
ratio of the soil mixture; Cpcp(s) and Cpepy are the volumetric heat capacities of
the PCM particles in the solid and liquid states, respectively; 6; and Opcy are the
volumetric fraction soil and PCM, respectively; S; and Spcys are the ice saturation
and a function that indicates the state of the PCM particles, respectively. The ice
saturation can be expressed through the mass moisture content w as

Ps
pwe

Si=1-—

w 3)

where p; and p, represent the densities of PCM reinforced soil and water,
respectively. The volumetric fraction of PCM can be estimated as follows:
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Veem
Vot

Opcm = “)
where Vpem and Vi are the volume of PCM particles and the total volume of the
soil mixture, respectively. The indicator function can be estimated as follows:

0, T — Tf,PCM > AT/2
Spem = p(T), =AT/2 <T —Trpcm < AT/2 4)
1, —AT/Q. <T— Tf,PCM

where Trpcym is the freezing temperature of the PCM, AT is a small part of the
transition zone, and p(T) is a cubic polynomial. The heat released during the phase
transition of the PCM particles can be determined as follows:

9Spcm
ot

(6)

Opem = Lrempremes)Oprcm

where L pcy is the latent heat of the phase transition of PCM; ppcwmys) is the density
of solid PCM.

4 Results and Discussions

Figure 2 shows the computed soil temperature at different depths in the seasonally
frozen region. Frost heave and thaw settlement occur mainly at the beginning and
end of the cold season. Therefore, AH;, AH,, and AH3; show the rise of the soil
temperature zero point for external air temperatures of —3 °C, — 5 °C, and — 7 °C for
March, November, and December, respectively. The effect of the inclusion of mPCM
in the composition of the soil is most pronounced in the temperature range of the phase
change of the mPCM. The results of the DSC thermogram showed that the mPCMs
have a phase change temperature range, but not a point temperature, which is usually
specified by the manufacturer. The difference in depth for the zero temperatures are
0.16 m, 0.08 m, and 0.12 m for the March, November, and December temperature
regimes, respectively. From the data on the distribution of soil temperature with
depth in December (— 9 °C), it can be concluded that the mPCM application keeps
the soil temperature far below 0 °C, with a maximum temperature rise of 1.4 °C.
These results confirm that mPCMs can have a positive effect on the thermal field
of embankment soils at the beginning of the cold season. The positive effect of the
mPCM on the soil temperature distribution at 7p = — 3 °C (i.e., at the end of
the cold season) demonstrates the cumulative effect of mixing mPCM into the soil.
At the beginning of the cold period, the mPCM increases the soil temperature as it
approaches the phase change interval of the mPCM, which keeps the soil temperature
far below 0 °C until the end of the cold period. Notably, the mPCM is most useful for
thermal control at its own phase change temperature. This indicates that the mPCM



122 E. Kravchenko and C. W. W. Ng

Fig. 2 Computed results of 0.0 T T T T T T T T T T T T
soil temperature distribution
for seasonally frozen soil 05 -] ] J
i
=
-1.0 4 -
2
5-1.54 E Tt
=4 ES =3
5 S 1 =
wi' ¥ T
-2.0 <
8 — Computed (cross-section A, Mar.)
0— Computed (cross-scction B, Mar.)
-2.5 o —®— Computed (cross-section A, Nov.)
—0— Computed (cross-section B, Nov.)
—h— Computed (cross-section A, Dec.)
N —&— Computed (cross-section B, Dec.)
-3.0 T T T T T T T T

0 9 8 -7 6 -5 4 -3 -2 -1 0 1 2 3 4 5
Temperature (°C)

should be selected for a phase change temperature appropriate for the climate of the
construction region.

Figure 3 shows the simulated soil temperatures of embankments at 120 cm, 160
cm, and 220 cm depth in the permafrost region with and without mPCM inclusion.
At the 120 cm depth, the embankment without mPCM shows seasonal freezing and
thawing of the active layer. In contrast, the 120 cm depth point is approximately in
the middle of the soil layer when the mPCM is present. The effect of the mPCM at
this depth is greatest in the third year of simulating the embankment’s operation. The
difference in soil temperatures at this depth for two cross sections is AT, = 0.88 °C.
During the first two years of the summer months, the effect of the mPCM at this depth
is not significant, potentially because the soil temperature is far below the mPCM’s
phase change temperature. The 160 cm depth point is located under the soil-mPCM
layer in the sand—gravel mixture; notably, this depth is the permafrost table for the
embankment, with and without mPCMs, for the climate of the region under study.
At this depth, the addition of mPCM reduced the soil temperature rise in hot months
by 0.47 °C, 0.97 °C, and 1.25 °C for the first, second, and third years of simulation,
respectively. This demonstrates a cumulative effect from cycle to cycle because of
the absorption and release of accumulated heat by the mPCM. At the 220 cm depth,
there is a smooth time-dependent change in soil temperature. The maximum effect
of mPCMs was recorded during hot periods of the first and second years of the
simulations, with differences in soil temperatures AT, = 0.56 °C and AT}, =
0.37 °C respectively; in March of the third year, the temperature difference A T2320 =
0.46 °C. The effect of mPCM on the temperature fluctuations at the 220 cm depth
did not tend to increase. This can be explained by the large separation between this
monitoring depth point from the soil-PCM layer and the influence of the underlying
layers of permafrost. The results demonstrate the potential of using mPCMs to help
prevent the temperature rise at embankments from degrading permafrost. However,
the decision to use these materials should be based on an analysis of changes to the
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in the permafrost region

permafrost table influenced by climate change and selected for the temperature range
within which thermoregulation is required.

The region of seasonally frozen soil considered in this work is characterized by
deep seasonal freezing of the embankment soils. In the course of this study, on
the basis of monitoring the external temperature and soil temperature at different
depths, the required temperature range was identified, within which temperature
regulation is necessary for the embankment soils in this region. This temperature
range is in good agreement with the paraffin mPCM temperature peaks determined
by the DSC thermogram. The results of modeling the behavior of mPCM in a layer
of the embankment, operated in a seasonally frozen region, confirm the presence of
a cumulative effect of mPCM material in the soil. This effect allows to lower peak
soil temperatures and stabilizing the soil temperature field and reduces the depth of
seasonal freezing. The results also indicate that the mPCM materials are most useful
in thermal control at their own phase change temperature. At the same time, for a
region with degrading permafrost, the use of mPCM in the embankment layer may
become a new way to maintain a negative soil temperature.
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5 Conclusions

PCMs release and absorb latent heat during their phase transitions, which could help
solve problems associated with seasonal freezing and thawing, as well as prevent
the degradation of permafrost soil. From modeling two types of embankments, a
positive effect of a mixed soil-mPCM layer on the soil temperature in a cold region
was demonstrated. The simulations showed how including mPCM in the soil layer
increased the maximum frozen depth during seasonal freezing and thawing. The
maximum temperature increase in the soil-mPCM layer was 1.4 °C, which decreased
the rate and depth of soil freezing in the cold season. Analysis of the tempera-
ture regime in the permafrost embankment showed that the inclusion of mPCM
contributed to smoothing out the peak values of the temperature change amplitudes.
These results indicate how applying an mPCM can improve the soil temperature stabi-
lization during the degradation of permafrost. A cumulative effect of the mPCM on
the ground temperature was observed, which increased from cycle to cycle. Further
studies of mPCMs are needed for these applications, specifically to examine the
morphological features in the soil structure and to identify the cost-effectiveness
of using mPCMs in the construction of subgrade. Commercially available mPCM
should be selected according to the manufacturer’s stated melting point and latent
enthalpy based on local climate data and target temperature for maximum perfor-
mance. In the future, the use of mPCMs could become an effective alternative method
for stabilizing the temperature regimes of soils in cold regions.
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Case Study on Application )
of an Innovative Method of Pulling Out L
the Earth Retaining Pile with Less

Ground Surface Settlement

Michiho Taoka, Yoshinori Fukubayashi, Hiroaki Watanabe,
and Yasuhiko Nishi

Abstract Temporally constructed steel sheet piles to retain the excavated ground
wall at neighboring construction sites have been often left in the ground even after
the backfill at the open-cut was completed. This is because the pull-out of steel sheet
piles causes the non-negligible subsidence of the surrounding ground. In order to
suppress ground deformation caused by the extraction, “A method of pulling out
the earth retaining pile and filling filler at the same time” was developed and has
been applied in more than 530 cases where the surrounding ground deformation
was especially concerned. In this paper, a method of pulling out the earth retaining
pile and filling filler at the same time is introduced, and its application is described.
From the same case, the validity of the prediction of settlement of the surrounding
ground during pull-out of steel sheet pile by the simple method is examined. As
an initial step to develop three-dimensional elasto-plastic finite element method for
evaluating ground deformation during the application of the simultaneous pull-out
filling method, the mechanical properties of the filler are investigated taking curing
period into account through uniaxial compression tests.

Keywords Earth retaining « Pulling out - Simultaneous filling

1 Introduction

When performing the excavation work associated with constructing underground
structures, the pile retaining method utilizing steel sheet piles is used to prevent
the collapse of the surrounding ground and to prevent the impact on surrounding
ground settlement and structures. Once the underground structure is constructed
and the excavation is backfilled, the retaining structure ends its role. Therefore,
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although the removal of the steel sheet piles has been considered, it is known that the
ground loosens and deforms due to the adhesion of sediment to the steel sheet piles
during extraction. Horiuchi and Shimizu measured the subsidence of the surrounding
ground throughout the entire process from the placing of sheet piles to excavation,
installation of structures, and backfilling work until sheet pile withdrawal. As aresult,
it was found that 60—90% of the settlement measured throughout the whole process
occurred during the extraction of the sheet piles [1, 2]. Therefore, there are many
cases in which steel sheet piles are left to remain in consideration of the influence
on the adjacent structures. However, recent increases in the prices of construction
materials, adaptation to a recycling society, and the achievement of SDGs [3] have
made it necessary to pull out and reuse steel sheet piles even in adjacent construction
work.

In order to pull out and reuse steel sheet piles, various measures have been taken to
suppress ground deformation caused by the extraction. For example, Umezaki et al.
[4] have developed a method to apply a liquid coating agent in which a special binder
resin and a water-absorbent polymer are dispersed in an organic solvent in order to
reduce the amount of sediment deposited on the steel sheet pile at the time of sheet
pile extraction. In addition, after pulling out the entire length of the steel sheet pile,
the gaps in the pull-out site are filled with sand, and chemical grouting is carried out.
On the other hand, the newly developed “A method of pulling out the earth retaining
pile and filling filler at the same time [5],” makes it possible to fill simultaneously
the voids caused by pulling out of steel sheet piles with a filler that develops strength
quickly once stagnant, following the extraction of the steel sheet pile. This method
has been adopted mainly in areas where the surrounding ground deformation is a
problem when using the conventional method, and it has been applied to more than
530 cases so far.

The purpose of this study is to develop a quantitative evaluation method of soil
deformation using the finite element method for pull-out of steel sheet piles using
a method of pulling out the earth retaining pile and filling filler at the same time
[5] under various ground and environmental conditions. In this paper, the outline
of the earth retaining member pull-out simultaneous filling method [5] is described,
and the adoption case of this method is shown. Then, the validity of the prediction
of settlement of the surrounding ground during pull-out of steel sheet pile by the
simple method is examined from the construction case. As one of the initial steps
to application of the three-dimensional elasto-plastic finite element method to the
quantitative evaluation of soil deformation during the application of the simultaneous
pull-out filling method [5], the uniaxial compression test results for modeling fillers
are shown. Then, the direction of future research is shown.
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2 Overview of the Method of Pulling Out the Earth
Retaining Pile and Filling Filler at the Same Time

Figure 1 shows the construction procedure for the method of pulling out the earth
retaining pile and filling filler at the same time [5]. In this method, the filler is
injected from the filler pipe installed along the steel sheet pile in advance every time
the steel sheet pile is pulled out 50 cm. The difference from conventionally applied
ground deformation control methods, such as cement bentonite (CB) grouting, is
that it simultaneously injects fillers and fills voids created by withdrawal, rather
than pressuring chemicals into the soil particle voids. Because this newly developed
method injects the fillers from the bottom edge of the sheet pile at the same time as
it is pulled out, there is less time difference between the extraction and filling, and
the settlement of the ground can be reduced. Eventually, the filler reaches the ground
surface due to the negative pressure caused by the extraction. The filler remains in
a liquid state while flowing and hardens as it stays in place and stagnant. Therefore,
even if the gap caused by the extraction of steel sheet piles is filled with the filler in
order from the edge of the steel sheet pile in the ground, it is considered that the filler
will be reached to the ground surface by maintaining the liquid at the place where
the filler is flowing. This filling phenomenon has been verified through full-scale
model tests and field experiments. Photo 1 shows the solidified filler in the shape of
the sheet pile found after removal of ground material in the full-scale model tests.

Filler Tube

' Direction
of Pulling out

L Filler Road

Fig. 1 Construction procedure for simultaneous pull-out of earth retaining members
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Photo 1 Solidified filler in the shape of the sheet pile found after removal of ground material

3 Application of the Simultaneous Pull-Out Filling Method
for Each Retaining Members

The method of pulling out the earth retaining pile and filling filler at the same time is
often applied at neighboring construction work, where the displacement and influence
area of the surrounding ground needs to be controlled. It is also applicable to the
removal of earth retaining structures placed in and around rivers and reservoir aiming
to reduce piping phenomena. In addition, the impermeable filler-hardened walls left
after the earth retaining walls have been removed with this method can prevent
contaminants from leaking into adjacent areas after soil contamination suppression
work.

A case of the application of this method to extracted steel sheet piles at a nearby
the city road in service is shown in this chapter. Firstly, by the simple method, which
is developed empirically, the influence range and settlement at the time of extrac-
tion by the conventional method was estimated and the estimated settlement was
compared with the measured one. The measured settlement was then reported when
the simultaneous pull-out filling method for earth retaining members was adopted at
the same site.

3.1 Estimation of the Range of Influence and Settlement
of Surrounding Ground During Extraction of Steel Sheet
Piles Using the Simple Method

Firstly, the ground deformation was predicted using the current simple method, and
its adaptability was evaluated.
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According to the technical standards for neighboring construction [6], the range
of influence for the ground deformation caused by soil retention and extraction is
defined as the inside of a straight line connecting the bottom edge of the sheet pile to
the ground surface at an angle of (45° + &/2) from the horizontal [7, 8]. However,
Horiuchi and Shimizu [7] reported that this method of prediction underestimated the
settlement of the surrounding ground based on the results of settlement measurement
in several earth retaining construction projects. They also proposed the application of
the relationship diagram between the horizontal distance from the sheet pile and the
amount of ground surface settlement (hereafter, “settlement diagram”) summarized
by Peck [9]. Peck [9] classified the relationship between the excavation depth and
the amount of settlement of the background based on a wider range of actual values
and proposed a settlement diagram categorized with the type of ground and the
stability factor. In the settlement diagram of Peck [9], the relationship between the
dimensionless amount of surface subsidence (S), which is the distance (D) from the
earth retaining wall divided by the excavation depth (H), is shown. Peck’s method
was also proposed in the Standard Specifications for Tunnels as a simple method
for predicting the displacement of the surrounding ground to examine the effect
on the surrounding ground and its structures. Horiuchi and Shimizu [7] proposed a
normalized and organized settlement diagram (hereinafter referred to as a modified
settlement diagram) by dividing by the length of the steel sheet pile in the soil (L)
instead of the excavation depth (H). Modified settlement diagram is classified into
three types according to the type of ground, from region I to region III. Here, region
I is sand and soft-hard clay, region II is very soft clay, region III is extremely soft
clay, and the ground where there is deep clay below the bottom of the excavation is
shown.

3.2 Construction Example

Figure 2 shows the plan view of the site of open-cut construction. A type III steel
sheet pile with a length of 17.5 m in the soil was installed at this site. There were
concerns about the influence on the city road located about 2.5 m away from the sheet
pile when pulling out this steel sheet pile (AA’ cross section in Fig. 2). Therefore,
the settlement at the edge of the city road 12.28 m away from the soil retention due
to pull-out was examined using a modified settlement diagram. This position was
selected in order that the results are compared with the settlement measurements at
this position. A cross section of the earth retaining wall is shown in Fig. 3 along with
the soil types. Because the bearing layer is located at very deep, to be friction pile,
the end of the pile is rooted 8 m into the soft clay layer with an average N value
of 1. The upper layer consists of a sand layer with an average N value of 6 and an
embankment layer with a thickness of 4 m. Since the average N value is less than 10 in
all layers, this was assumed to be soft ground, and a study was carried out using area
II of the modified diagram. As a result, as shown in Fig. 4, the predicted settlement
was 228 mm. The measured settlement at the same distance from the earth retaining
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was 201 mm. The settlement prediction using the modified settlement diagram was,

therefore, considered to be reasonable.

On the other hand, a method of pulling out the earth retaining pile and filling filler
at the same time [5] was adopted in another construction zone across the crossroad.
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The amount of settlement at the same distance from the earth retaining wall was
about 20 mm, confirming the effectiveness of this method.

In this construction case, the simple prediction was reasonably agreed with the
actual settlement. However, if the displacement predicted by the simple method
is considered to affect the surrounding ground, or if the simple method cannot
sufficiently predict it due to complexity at the construction site, it is necessary to
perform numerical analysis to measure the influence, such as generated stress and
deformation, on the surrounding ground and existing structures in detail. There-
fore, the authors have been conducting research to understand the deformation of
the surrounding ground during pull-out by three-dimensional elasto-plastic finite
elements and to quantitatively evaluate the deformation suppression effect of the
pull-out simultaneous filling method. In the next section of this paper, as an initial
step, an attempt in order to understand the mechanical properties of fillers is reported.

4 Basic Initiatives for Development of Ground Deformation
Evaluation Methods for Simultaneous Extraction
and Filling by FEM Analysis

Uniaxial compression tests were carried out to understand the strength characteristics
of the filler. The filler is made by mixing two agents, one is a cementitious accelerator
solution the other an aqueous curing solution. The specimens were cured in a constant
temperature room at 75% humidity and room temperature of 18 °C. The curing times
were 10 min, 30 min, 1 h, 3 h, 24 h, and 3 days. Three specimens were prepared
for each curing time, and the average value was calculated after performing uniaxial
compression tests.
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Fig. 5 Transition of uniaxial 100
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The transition of the uniaxial compressive strength with the curing period is shown
in Fig. 5. Even after 10 min of curing, the uniaxial compressive strength exceeded
10 kN/m?, and the strength increased to 80 kN/m? after three days of curing. This
solidified filler after three days is with a moderate consistency of approximately 4-8
in terms of N-value conversion. It is observed that the uniaxial compressive strength
after 10 min of curing was bit higher than that after 30 min and 1 h of curing. This
might be due to inconsistency of in the stirring time and temperature during the
preparation of the specimen.

Figure 6 shows the stress—strain relationship during uniaxial compression tests for
specimens cured for 30 min, 3 h, and 3 d. After curing for 3 d, the compressive stress
increased remarkably compared to other curing times. The specimens at each curing
time showed linear elastic behavior at the initial stage of loading and yielded up to
2% strain. After that, it demonstrated constant strength. When the strain was more
than 6%, the 3-day cured sample softened. Therefore, it is necessary to consider the
modeling of the filler in the ground, taking into account the curing time.

5 Summary

(1) Through the model and in-situ tests, it was confirmed that the filler was injected
and solidified into the shape of the steel sheet pile.

(2) A modified settlement diagram with reference to Peck’s method was used to
predict the amount of settlement that would occur during withdrawal without
simultaneous filling. The settlement measured in the case presented was close
to the predicted value.

(3) The conventional method and simultaneous filling and pulling out were
conducted in a 300-m-long plot. The settlement on the surrounding ground
was reduced by the adoption of the simultaneous pull-out filling method.
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Fig. 6 Stress—strain
relationship

(4) Uniaxial compression tests of fillers cured for 30 min, 3 h, and 3 d were carried
out to investigate the stress—strain relationship.

Moving forward, we shall examine the reproduction method of pull-out and pull-
out simultaneous filling in terms of three-dimensional elasto-plastic finite element
analysis. Based on data from more than 530 actual construction projects to date, the
results of the calculations are compared with the measured settlement to verify the
validity and applicability of the numerical calculation method.
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Case Studies of Vibration Method )
to Evaluate Residual Tensile Force Gedida
of Ground Anchors
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Abstract In the maintenance of slopes and infrastructures stabilized by ground
anchors, it is important to evaluate the residual tensile force of the anchors. Generally,
a lift-off test is used to measure the residual tensile force. The test is performed by
placing a hydraulic jack on the extra part of the PC steel wire at the anchor head and
loading a tensile force. The measurement principle of the test is clear, and the results
are reliable. However, the test has the following problems: (1) anchors have the risk
of breaking or ejection, so safety equipment is needed to protect operators from the
ejection of anchors, (2) the cost of the test is expensive. To solve these problems,
our group developed a non-destructive and non-loading test method to determine the
residual tensile force by measuring the resonant frequency of the free part of the
wire. We named the new test method “non-lift test”, and we are working toward the
practical application of this method and are conducting measurements to determine
its applicability. We conducted measurement tests on several standards of anchors.
As the results, it is found that the discrepancy between the residual tensile forces
obtained by lift-off and non-lift tests is less than 10%.

Keywords Ground anchor - Residual tensile force - Non-destructive
measurement - Resonant frequency
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1 Introduction

Ground anchoring was introduced to Japan from Europe in the late 1950s and has
now become an indispensable construction method to reinforce infrastructures and
slopes.

In order to stabilize the ground, a number of anchors are installed on a slope.
To maintain the stabilizing function of the anchors, it is necessary that the anchors
are not corroded and maintain residual tensile force within the expected range. In
particular, to maintain the residual tensile force, it is important to inspect the residual
tensile force periodically and to apply tension again or relax the tension as necessary.
Furthermore, the stability of the anchoring slope can be evaluated by investigating
the residual tensile force of some ground anchors and estimating the surface residual
tension distribution of the slope.

Maintenance of ground anchors is often performed in the following order in Japan
[1]. First, check the anchor visually and by hammering at regular inspections. If an
abnormality of the anchor is found by the inspection, detail surveys will be conducted,
which include the appearance survey of the anchor head, the exposure survey of the
anchor head, lift-off test, and so on. Among these surveys, the lift-off test is the
one which measures the residual tensile force of the anchor. The test is performed by
placing a center-hole hydraulic jack on the extra part of the PC steel wire at the anchor
head and loading a tensile force. The measurement principle of the test is clear, and
the results are reliable. The hydraulic jacks for construction have been used for a long
time. But performing the test by using the jacks requires temporary scaffolding and
cranes to carry in and out due to their weight, and in some cases, traffic restriction
on the road, which makes the survey large scale. To solve these problems, a small
and lightweight SAAM jack was developed [2]. By using SAAM jacks, the survey
cost per anchor and the number of tests per day were greatly improved compared to
hydraulic jacks for construction.

Although the development of SAAM jacks has improved efficiency of the test,
the following problems remains in the lift-off test.

e Anchors have the risk of breaking or ejection, so safety equipment is needed to
protect operators from the ejection.

e The test cannot be performed on significantly rusted anchors due to a risk of
rupture of the anchor.

e Anchors in a state of overstrain do not lift off even when loaded to near the
yield tensile force of the tendon. In that case, the residual tensile force cannot be
determined even by the lift-off test.

In order to solve these problems, our group developed a non-destructive and non-
loading test method to determine the residual tensile force by measuring the resonant
frequency of the free part of the tendon [3]. We named the new test method “non-lift
test”, and we are working toward the practical application of this method and are
conducting measurements to confirm its applicability. In this paper, we report the
field measurement results of the non-lift test and compare them with the results of
the lift-off test.
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2 Principle of Non-lift Test

When the free length of tendon vibrates in the lateral direction, two restoring forces
act: one due to bending rigidity and the other due to tensile force. The free length
vibrates like a “beam” when the effect of bending rigidity is large, and vibrates like
a “string” when the effect of bending rigidity is small and the restoring force due
to tensile force is dominant. Shinke et al. proposed relational equations between the
tensile force and the natural frequency [4]. The equations are classified by the value
of the parameter £ defined by Eq. (1).

ENES: (1)

where T is tensile force, L is free length of tendon, E is Young’s modulus, and / is
the moment of inertia.

The £ indicates the influence of the bending rigidity. If £ is sufficiently large, the
effect of bending rigidity is small and the free length vibrates like a string. On the
other hand, when & is small, the effect of bending rigidity increases and the free
length vibrates like a beam.

The equations Shinke et al. proposed are following Eqs. (2)—(4).

When3 <& <17,

T = 4L2f2pc{0 857 — 10 89(2)2} )
. 89(%

When 17 < £ < 100,

T =4L2f2,u{1 —2.2(§) —2(§)2} 3)
When & > 100,
T =4L%f*u 4)

where f is natural frequency, u is line density, and c is defined by Eq. (5).

o= [LL )

Our group confirmed the validity of these equations by conducting small and full-
scale model experiments that allowed direct measurement of free length vibration
[5]. We confirmed that resonant vibration was excited in the tendon by applying
vibration at the extra length of the anchor, and that the resonant frequency could be
measured at the extra length.



140 N. Ogawa et al.

3 Measurement Procedure of Non-lift Test

The non-lift test was performed with a small vibrator and accelerometers attached to
the steel extra length of the anchor head. A schematic diagram of the measurements
is shown in Fig. 1.

We performed the non-lift test by following procedure. First, we place a small
vibrator and accelerometers on the extra part of the wire at the anchor head. The
waveform generated by the vibrator is a sweep waveform whose frequency of a
sinusoidal wave increases continuously with time. The vibration is applied for 60 or
120 s with a frequency increase rate of 1 oct/min or less. In anchors with multiple
steel wires, accelerometers are attached to the vibrated steel wire and the adjacent
steel wires.

Figure 2 shows an example of measurement data and analysis. This is a record that
a steel wire at K-1 anchor in Table 1 described later was vibrated, and the vibration
was received at the adjacent steel wire. The sweep frequency was 0.4 octave from
15 to 21 Hz, and the sweep time was 2 min. The upper right of the figure is the
time history waveform, the lower right is the spectrogram obtained by the running
spectrum analysis, and the lower left is the Fourier spectrum of each time window
during the running spectrum analysis. An isolated peak on the spectrogram at 18.9
Hz was determined as a resonant point, which showed the resonant frequency. For
anchors with multiple steel wires, we measured the resonant frequency for each
vibrated steel wire, and obtained the resonant frequency of the anchor by averaging
over the number of steel wires. We consider the measured resonant frequency as the
natural frequency of the free part of the wire and calculate the residual tensile force
from it by using Egs. (2)-(4). The calculated residual tensile force is expressed as P
in later chapters.

Dedicated measuring
instrument

| Data logger |

Vibrator | Power amplifier |

PC steel | Function generator |

Accelerometer

Bond
length of
tendon

Free length of tendon Extra part

Laptop computer

Anchor head

Fig. 1 Schematic diagram of the ground anchor and the measuring systems for non-lift test
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Fig. 2 An example of analysis to obtain the resonant frequency (18.9 Hz). The data was measured
at K-1 anchor in Table 1 described later

4 Field Test

In order to compare the results of lift-off test and non-lift tests, we performed non-lift
tests on ground anchors that were actually installed.

4.1 Dataset

A total of 28 anchors were investigated on 12 slopes from A to L in Japan, as shown in
Table 1. The tests were performed on the following seven types of anchors; SEEE, KP,
VSL, SHS, FLO, SFL, and EHD. The free lengths ranged from 4.0 to 15.5 m. Lift-off
tests were performed on all anchors, and residual tensile force was determined for
26 of these anchors. Anchors B-3 and B-4 did not “lift off” after 250 kN of tensile
force loading, and no residual tensile force was determined because there was a risk
that the anchor would break if we loaded it any further.

4.2 Result

The residual tensile forces estimated from the non-lift test (P) and measured by the
lift-off test (Pe) are shown in Table 1, and the comparison of Pe and P is shown in
Fig. 3. The relationship between Pe and P is approximately 1:1, and the error of P
with respect to Pe is within & 10% at most. There is no systematic difference in error
due to differences in anchor type or tendon free length.
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Table 1 Results of lift-off test and non-lift test on target anchors

N. Ogawa et al.

Slope | Anchor | Anchor | The free The residual tensile | The residual tensile | Error
number | standard |length of |force measured by | force estimated by | (P-Pe)/
the tendon | lift-off tests Pe (kN) | non-lift tests P (kN) | Pe (%)
(m)
A A-1 SEEE 7.2 321.8 320.0 - 0.6
A2 |FIOUA 195 310.0 306.8 —10
A-3 SEEE 13.1 344.0 3434 4.6
A4 ilOOU 13.1 378.7 356.0 -93
A-5 13.1 376.6 236.0 —55
B B-1 KP5-2 |75 225.0 174.0 4.9
B-2 7.5 172.0 251.0 1.2
B-3 7.5 > 250 284.0 -
B4 8.0 > 250 163.1 -
C C-1 VSLE |55 170.0 251.6 —4.1
c2 |53 40 243.2 195.1 35
D D-1 VSLE 5.5 194.7 281.0 0.2
p2 |53 135 283.6 249.1 0.9
D-3 9.5 253.7 2435 —1.8
D4 15.0 291.4 262.7 —25
E E-1 SHS 13.5 258.0 275.2 —5.6
E2 (853 liss 252.0 259.0 42
E-3 15.5 253.0 246.0 8.8
F F-1 VSLE 10.0 250.0 242.0 3.6
5-4
G G-1 FLOE 6.0 266.0 246.0 —-75
G-2 -3 6.0 265.0 242. — 8.7
H H-1 VSLE 8.0 119.0 126.0 5.9
5-2
I -1 SFL-1 13.0 62.0 57.0 — 8.1
-2 9.0 35.0 36.0 2.9
J J-1 VSLE 4.0 200 185.0 —-175
5-3
K K-1 EHD 9.5 421.0 408.0 —-3.1
K2 | 14.5 386.0 409.0 6.0
L L-1 EHD 10.0 202.0 201.0 - 0.5
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Fig. 3 Comparison of the result of lift-off tests (Pe) and non-lift tests (P)

4.3 Discussion

In B-3 and B-4, where the residual tensile force could not be determined by the lift-
off test, the residual tensile force higher than the maximum load in lift-off test was
estimated by the non-lift test. This method is characterized by its ability to safely
estimate the residual tensile force even for such over-tensioned anchors.

In the example recordings shown in Fig. 2, the resonant points are clearly seen as
sharp spectral peaks. On the other hand, there were data in which multiple peaks
were observed and data in which the resonant point was unclear. In the future,
standardization of the method for reading resonant frequencies will be necessary.

Also, we are studying whether it is possible to measure the residual tensile force
with accuracy that does not cause practical problems even if the test is performed
using a simplified procedure. If the tensile force can be measured in a short time by
improving the procedure, the survey cost will be reduced and more anchors can be
measured. That would facilitate sustainably maintaining infrastructure.
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5 Conclusion

The field applicability experiments have shown that the non-lift test is applicable to
seven types of anchors. We believe that the results of the field application experiments
demonstrate the effectiveness of this test method. We consider that the effectiveness
of this test has been demonstrated because the estimated residual tensile force is
within the range of 10% error.

In the future, in order to disseminate this test method, we believe that itis necessary
to standardize the method of identifying the resonant frequency and improve the test
procedure so that it can be performed in a shorter time.
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Abstract The 2016 Kumamoto Earthquakes destroyed a few highway embankments
of the Kyushu Expressway in the Kumamoto province, located at the saturated, loose
sandy foundation. To reduce the potential risk of earthquake-induced damage, such
as these embankment failures, an innovative low-cost hybrid type reinforcement
was developed, consisting of vertical and inclined piles. This study presents a series
of centrifuge tests modeling the performance of highway embankments subjected to
embankment failure. The sinusoidal wave with a peak shaking amplitude of 0.2 g was
adopted. Several aspects regarding the behaviors of excess generation of pore water
pressure, pile bending moment and embankment settlement under four configurations
were revealed and discussed. The centrifuge test results illustrate the hybrid type
reinforcement with the angle (55°) between the vertical and inclined pile which has
the greater performance during the dynamic loading.
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Keywords Centrifuge tests -+ Embankment settlement - Highway embankment *
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1 Introduction and Background

In the process of an earthquake, saturated loose sand is characterized by a significant
increase in excess pore water pressure, which results in a drastic loss of strength
and stiffness. When the excess pore water pressure reaches the initial effective over-
burden stress, liquefaction occurs, which often results in severe damage. Recently, the
NEXCO report [1] cited an example of a liquefaction-induced embankment failure,
in which a road embankment in the town of Mashiki, Kumamoto region, suffered
severe damage as a result of the 2016 Kumamoto Earthquakes. Previous centrifuge
tests indicate the main reason for road embankment failure is the liquefaction of the
lower saturated loose soil layer [2].

To reduce the potential risk of liquefaction-induced damage, such as these
embankment failures, an innovative low-cost hybrid type reinforcement was devel-
oped [3, 4], consisting of vertical and inclined piles. The vertical piles are used to
suppress the lateral deformation of embankment slope failure, and inclined piles
are installed at the top of vertical piles, fixed to each other, providing an additional
restraining force to the vertical piles against lateral loading, reducing soil movement
due to dynamic loadings. 1 g shaking table tests and 2D numerical analysis with the
model size were produced by Hazarika et al. [3] to examine the effectiveness of this
proposed technique during two different sine waves. Qin et al. [4] continued to inves-
tigate this new countermeasure in the prototype size subjected to the 2016 Kumamoto
Earthquakes using FEM analysis in the two dimensions. This study presents a series
of centrifuge model tests to determine the performance of hybrid type reinforcement
to prevent road embankment failure during earthquake loadings.

2 Experimental Methods

2.1 Experimental Setup and Produces

A series of centrifuge model tests were carried out at DPRI (Disaster Preven-
tion Research Institute), Kyoto University, Japan, using a beam type geotechnical
centrifuge machine, which has an effective radius of 2.5 m. This machine has the
maximum reachable centrifugal acceleration of 200 g for static and 50 g for dynamic
tests. The input motion for the dynamic test was operated using a displacement
control system. Therefore, the calibration test, which has a similar weight to model
tests, was performed using the accelerometer to examine several input motions with
the desired amplitude and frequency. More details about the centrifuge facility at
DPRI were introduced by Ueda et al. [5].
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2.2 Model Description

If conventional scaling laws were applied for the centrifuge model tests, the highway
embankment was too large for the centrifuge machine (arm’s length = 2.5 m).
To model a large-scale prototype subjected to earthquake loadings with current
centrifuge facilities, lai et al. [6] have proposed a generalized scaling law by
combining the existing 1 g scaling scale [7] with the scaling rules of centrifuge
model tests. Tobita et al. [8, 9] validated the generalized scaling law for dry and
saturated sand by conducting a series of centrifuge model tests. The prototype-to-
model ratio (1) was chosen as 120, and the centrifuge tests were carried out in the
gravity field of 40 g. The generalized scaling law (i = 3 and n = 40) was adopted to
determine the various parameters for the earthquake loadings, as shown in Table 1.

The internal dimensions of the rigid soil container, which was used for the tests,
are 550 mm (L) X 162 mm (W) X 400 mm (H). Figure 1 presents the top and
front views of the centrifuge model test (hybrid type reinforcement). The model
foundation consisted of a 70 mm thick loose Toyoura sand layer underlain by a
100 mm thick dense Toyoura sand layer. The lower soil layer was of relative density,
approximately Dr = 90%, assumed as hard strata representing bedrocks. The upper
soil layer was of relative density, around Dr = 60%, which was filled using the sand
raining method to obtain a uniform relative density throughout the depth. After two
sand layers were prepared, centrifuge test models were saturated with viscous fluid,
made by Metolose, to reach a viscosity of 91.2 ¢St following the generalized scaling
laws. It took around 24 h to complete the saturation for each case. The soil used
was a mixture of Toyoura sand and Kaolin clay at 9:1 according to dry weight to
construct the highway embankment after the foundation saturation. The density of

Table 1 Scaling factors (=prototype/model) in physical-model tests

Items Scaling factors for | Scaling factors for Generalized scaling factors
1 g test centrifuge test
Length "w 3 n 40 un 120
Density 1 1 1 1 1 1
Time wb7 2.3 n 40 w75y 91.2
Stress % 3 1 1 % 3
Pore pressure "w 3 1 1 % 3
Displacement w'?d 5.2 n 40 w'dny 207.8
Acceleration 1 1 n~! 0.025 n! 0.025
Frequency w975 1044 n! 0.025 w075 =1 10.011
Permeability wb7 2.3 n 40 w075y 91.2
Viscosity w07 044 n! 0.025 w07 =1 10.011
Bending stiffness | u*> 1403 | »* 2.6 x 10° | u*dp* 3.6 x 10®
Bending moment u? 81 7’ 6.4 x 10* wt 5.2 x 10°




148 C.Qinetal.

Unit: mm (Prototype size in parentheses, Unit: m)
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H: Distance between the top of vertical pile and the bottom of inclined pile
R: Distance between the bottom of the inclined piles

«: Angle between vertical pile and inclined pile

L1: Length of vertical pile

L2: Length of inclined pile

D1: Diameter of vertical pile

S: Spacing between vertical piles

Fig. 1 Centrifuge model test for model and prototype sizes in top and front view (hybrid type
reinforcement)

this soil was 2.0 g/cm® with a water content of 15% using the viscous fluid. The
upper embankment was relatively loose not to disturb the loose sand layer.

Further details about the physical properties of vertical and inclined piles are
shown in Table 2. The configurations of each model test are referred to in Fig. 1 and
Table 3. Centrifuge model tests were conducted for four different configurations of
highway embankment and foundation: (Case 1) unreinforced foundation of embank-
ment, (Case 2) only two rows of vertical piles to support embankment, (Case 3a)
hybrid type reinforcement (angle between the vertical and inclined pile, @ = 45°)
and (Case 3b) hybrid type reinforcement (o = 55°).

Instrumentations for the tests are shown in Fig. 2. Six pore water pressure gauges
(P1-P6) were installed in the loose and dense layers; one sensor (P6) in the free field,
two sensors (P1 and P5) below the toe of the embankment slope and three sensors
(P2, P3 and P4) in the middle line of the embankment. Five accelerometers (A1-AS5)
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Table 2 Physical properties of the aluminum vertical and inclined pile
Property Vertical pile Inclined pile
Outer diameter 10 mm 2 mm
Inner diameter 8 mm -
Length 150 mm 106/131 mm
Young’s modulus 70 GPa 70 GPa
Second moment of area, I 289.8 mm?* 0.8 mm*
Table 3 Test program, Unit: mm (Prototype size in parentheses, Unit: m)
Tests Vertical pile Inclined pile H L2 R o
Case 1 X X - - - -
Case 2 o) X - - - -
Case 3a ) o 75(9) 106(12.7) 110(13.2) 45°
Case 3b ) o) 75(9) 131(15.7) 46(5.5) 55°

were used to record at different locations of the model. An accelerometer (AS5) is
attached to the bottom of the soil container and is used to record the input motion.
Figure 3 displays two piles (piles 1 and 2) at the center of the row instrumented
with the strain gauges to record the bending moments under dynamic loadings. In
addition, soil displacement was obtained by processing the digital images taken in
the front view from a high-speed camera.

2.3 Dynamic Loadings

The sinusoidal acceleration wave was applied at the bottom of the soil container.
The input motion was of acceleration amplitude of 8.0 g (corresponds to 0.2 g in the
prototype scale). Figure 4 illustrates the time history of acceleration, recorded at the

bottom (AS5) in Case 1.

3 Experimental Results

3.1 Excess Pore Water Pressure

Figure 5 shows time histories of excess pore water pressure (EPWP) and the effective
vertical stress for 4 cases in six different locations (P1-P6) during the earthquake
loading. The condition of soil liquefaction is defined as excess pore water pressure
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ratio (Ru = u/c") = 1.0, where u is the excess pore pressure generated under earth-
quake loading and o” is the initial effective vertical stress. An important observation
is that the process of soil liquefaction is initiated in the free field, which occurred
more quickly with a few loading cycles with the increase of the shaking intensity.
It is interesting to note that the dissipation occurred lately after the dynamic load-
ings. It was found that the excess pore water pressures, which were recorded at P1,
P5, and P6, with both positive and negative amplitude, developed in the vicinity
of the ground surface. The negative excess pore water pressure was observed at P2
in Fig. 5 due to the capillarity of the upper unsaturated embankment. In addition,
the soil below the toe of the embankment slope did not reach liquefaction due to
the soil improvement by installing vertical piles. The maximum excess pore water
pressures were observed in the dense layer (P4). The responses (P2 and P3) show
Case 3a and 3b have lower excess pore water pressures during earthquake loading,
demonstrating the reinforcing effect of the hybrid type reinforcement in the middle
line of the embankment.

3.2 Settlement

The vertical deformation of the foundation was analyzed using the DIPP-Motion
cineradiography system with a high-speed camera. The time histories of vertical
deformation, located at the middle point of the upside loose layer, are depicted in
Fig. 6. In the case of the unreinforced embankment, the vertical deformation shows
the most considerable magnitude during the earthquake loading when compared with
the other cases. The rapid increase in vertical deformation in the unreinforced case
(Case 1) is due to soil consolidation and soil displacement induced by liquefaction in
the free field and the area near the toe of the embankment slope. Furthermore, Case
2 has a reduction (approximately 10%) of the vertical deformation compared to the
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Fig. 5 Time histories of excess pore water pressure ratios of ground in 4 cases: (1) P1 and P5 below
the toe of the embankment slope; (2) P2, P3, and P4 in the middle line of the embankment; (3) P6
in the free field

unreinforced case. Additionally, vertical displacement for Cases 3a and 3b decreased
by approximately 55%, indicating the effectiveness of the hybrid type reinforcement
in stabilizing embankment slopes.
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3.3 Bending Moment of Vertical Pile

Figure 7 shows the kinematic bending moment response for two rows of vertical
piles for three cases, where the locations of strain gauges are shown in Fig. 3. The
maximum bending moments for Case 2 were found to occur near the bottom of the
loose layer during the shaking event. Due to the more area reinforced by the inclined
pile, the maximum bending moments for Case 3b recorded at the middle of the loose
layer illustrated the better reinforcing effect of the hybrid type reinforcement (o =
55°).

4 Conclusions

The performance of a highway embankment on the liquefiable ground under cyclic
sine wave loading has been evaluated. Furthermore, a new reinforcement technology
has been developed, which can reduce the damage caused by the failure of the
foundation during earthquakes. Based on the outcome of the centrifuge model test,
the following conclusions can be drawn:
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1. Under the condition that no reinforcement technology is used, the generations
of excess pore water pressure near the saturated free field and near the toe of the
embankment slope cause the soil strength reduction, which leads to excessive
settlement and lateral displacement and instability of the embankment.

2. Since all the reinforcement measures did not provide any reinforcement to the
embankment in the central part (even Case 3b has 5.5 m in the prototype size),
the vertical deformation of 0.1 m in Case 3b was still obtained during earthquake
loadings. From the smaller values in the maximum bending moments in 3b, the
highway embankment reinforced by Case 3b has better stability among the four
cases.

3. The area in the free field is in the stage of liquefaction, and the central area below
the road has excess pore water pressure, resulting in instability of the embankment
and foundation, which can also be observed from the maximum bending moment
during the earthquake loading. However, the embankments improved by hybrid
type reinforcement (Case 3a and 3b) could suppress the development of excess
pore water pressure and reduce the settlement during the earthquake loading.

The stability of the embankment and foundation could be better improved by
hybrid type reinforcement (o = 55°). To explore the better reinforcing effect of this
developing method, we need to continue a progressive study; for example, inclined
piles should reinforce more areas. Studies are clarifying the seismic performance of
the proposed technology using FEM analysis in three dimensions.
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Abstract Kathmandu Clay, also called the black clay, found near the sub-surface of
the valley sediments, incorporating with its low strength and high compressibility. In
this research, the vertical bearing capacity of strip footing on Kathmandu Clay was
analyzed using Mohr—Coulomb soil model both in drained and undrained conditions
through finite elements. The analyses were focused on the failure patterns of the
footing for both drained and undrained conditions. The failure analyses showed a
varying degree of effects of the friction angle of the soil both in drained and undrained
conditions. The results were further compared with Vesic’s and Prandtl’s methods
of evaluating bearing capacities. Hence, obtained results of simulated failure plane
and the conventional one preceded by Prandtl show a good agreement between each
other and validated the results.
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1 Introduction

Black Clay of Kathmandu which is also named as Kathmandu Clay is one of the most
problematic soils known which is distributed at the central part of the Kathmandu
Valley fed with lacustrine deposit. It is found in different parts of the valley at
different depths and in varying thickness. In this research, the main objective has
been set up to evaluate the bearing capacity of this black clay of Kathmandu Valley
using Vesic’s conventional method and compare with numerical analysis using FEM.
The research on black clay at this location is very limited and constructions have
been carried out in ad hoc basis. Few literatures such as Khadka [1], Danai, and
Acharya (the fine soil at Kupondol in the Kathmandu Valley consists of 75% silt
and 25% clay) [2] can be delineated in order to understand the behaviors of this
clay. According the Khada [1], the undrained shear strength of clay seemed to be
increased with depth. Further, it is mentioned that the bearing capacity of soil from
different parts of Kathmandu Valley were as low as 50 kPa in context to Danai and
Acharya [2]. With these limitations, this study is intended to focus on the evaluation
of bearing behaviors of shallow foundation on black clay of Kathmandu Valley by
both conventional and numerical methods respectively using displacement method
with axisymmetric model in PLAXIS 2D.

Usually, the bearing capacity of shallow foundations is computed by using
several existing most popular theories elucidated by Terzaghi [3], Meyerhof [4],
and Skempton [5]. The bearing capacity was first developed for a strip footing where
the length of the footing is very long compared to its breadth. The methods were
later modified to accommodate different shapes of footings with shape factors by
many authors such as Meyerhof [6]; Hansen [7]; Vesic [8]. The bearing capacity
with Vesic’s formula is calculated with the equation:

qu = cNesedeic + qNysqadgig +0.5 By Ny s, d, i, (D

where ¢, is the bearing capacity, c is the cohesion, ¢ is the uniformly distributed
surcharge acting as the overburden soil at the level of the base of the foundation, c is
the cohesion, B is the foundation width, y is the unit weight of the soil, N, N, and
N, are the bearing capacity factors which depend on the friction angle of the soil ¢,
84> Sc, 8, are the shape factors which depend on the shape of the foundation, iy, i,
i, are inclination factors for the load inclined at an angle to the vertical, and d, d.,
d, are the depth factors. For a strip footing with purely vertical loading, the shape
factors and the inclination factors are equal to unity.

Proceeding, there is an extensive literature regarding the numerical analyses of
the bearing capacity of foundations by pioneer researchers such as Taiebat and Carter
[9, 10], Salgado [11], Gourvenec and Randolph [12], and Gourvenec et al. [13]. The
introduction of the finite element methods for the calculation of bearing capacity
has allowed the comparison of the obtained results with the predictions from the
conventional methods. Griffith [14] concluded that the finite element method can be
used to predict the bearing capacity of surface footing with satisfactory results. The
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study of bearing capacity with finite elements has been extended to soils with multiple
layers in accordance with Burd and Frydman [15, 16], Merifield and Nguyen [17].
Vilas and Moniuddin [18] found fair comparison between the results from the finite
element method and Terzaghi’s method for the bearing capacity of square footings.
Conte et al. [19] performed analysis of failure mechanism of footings using finite
element analyses. Prandtl type failure mechanism was found with slip surface starting
at the edges of the foundation and a wedge-shaped zone below the foundation. Li et al.
[20] showed that shear plane for uniform soils is symmetrical. The failure initially is
developed at the bottom corners of the foundation which develops downward until a
weak layer of soil is encountered.

2 Method of Research

2.1 Material Properties

In order to evaluate the bearing behaviors of the black clay (Kathmandu Clay),
a total of four samples were extracted from the western part of the Kathmandu
Valley. Samples T1 and T2 were collected from Tokha and samples D1 and D2 were
collected from Dhapasi site. Four undisturbed samples were extracted using Shelby
tube with internal diameter 90 mm and tube thickness 2.0 mm from 2.0 m depth,
and subsequently extruded the samples and tested in the geotechnical laboratory.
The results of index properties of the samples are listed in Table 1. The grain size
analyses showed that silt represents predominate portion of the black clay (Table 1
and Fig. 1). Soil parameters such as modulus, physical and strength parameters used
for the finite element analyses for the Mohr—Coulomb soil modeling are summarized
in Table 2. For the model analyses, oedometer elastic modulus was obtained from
the oedometer test, and the shear strength parameters of the soils were obtained from
direct shear test.

Table 1 Summary of the index properties of black clay

Soil | NMC | Grain size distribution Atterberg limits Bulk Specific
(%) |Sand, |Clay, |Silt,(%) |LL(%) |PL(%) |PI(%) |density |gravity
%) | (%) glec

D1 | 51.75 5.44 8 86.56 64.03 48.47 15.06 |1.638 2.60
D2 |53.61 4.78 8 87.22 55.04 45.45 9.89 | 1.624 2.60
T1 23.65 2736 |12 60.64 36.65 21.08 15.58 1.969 2.57
T2 25.16 1.46 |25 73.58 65.27 34.13 31.03 1.916 2.55
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Fig. 1 Grain size distribution curve from four different sites
Table 2 Summary of the physical properties and strength parameters of black clay
Parameters | T1 T2 D1 D2 Units
Soil type Mohr—Coulomb | Mohr—Coulomb | Mohr—Coulomb | Mohr—Coulomb
criterion
Unsaturated | 19.69 19.16 16.38 16.24 kN/m?
unit weight
(Ybulk)
Saturated 19.74 19.63 17.26 17.13 kN/m?
unit weight
(Ysat)
Elastic 5058 6428 5058 5000 kN/m?
modulus
(Eoed)
Poisson’s 0.3 0.3 0.3 0.3
ratio (v)
Cohesion 6.87 20.72 12.09 10.72 kN/m?
(©
Friction 22.39 21.70 25.2 26.76
angle (¢)
Angle of 0 0 0 0
dilation ({r)

2.2 Model Description

To obtain the ultimate vertical bearing resistance, the footing is subjected to a single
vertical load under two-dimensional finite element analysis. A strip foundation of
2.0 m width is kept at different depths (0 m, 1.0 m, and 2.0 m). The vertical load
was subjected to increase until complete failure occurs which was characterized by
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Hm

Fig. 2 Model geometry for undrained (left) and drained (right) analyses

the load—displacement curve. The analysis showed that the displacement increases
rapidly without significant increase in load. Both drained and undrained analyses
were performed to analyze gradual and rapid load bearing capacity failures. The
effect of the ground water is not considered in the analysis since it was assumed that
the water table would encounter in deeper part where the zone of influence of the
footing would not meet to represent the effects. The model geometry was chosen such
that the boundaries do not affect the analyses as shown in Fig. 2. The model geometry
of 14 m x 6 m was chosen for undrained analysis, while the model geometry of 18
m x 8 m was chosen for drained analyses. This is because the failure surface tends
to reach deeper in drained analyses in comparison to undrained condition.

3 Results of Analyses

Bearing capacity of strip footing was calculated by using FEM and conventional
Vesic’s method for different depths. The analyses with FEM included both drained
and undrained analyses for each black clay. Undrained analyses were carried out
assuming conditions of rapid loading with no time of drainage. Figure 3 shows the
comparison of the bearing capacity calculated from conventional Vesic’s method to
the results obtained from FEM. The results obtained from FEM for drained conditions
are lower than the values predicted by Vesic’s method. Also, the comparison is
made between the ultimate capacity of the soil at drained and undrained conditions.
The results showed that the sample D2 has the highest bearing capacity in drained
condition while the sample T2 has the highest load carrying capacity in undrained
condition.

Table 3 shows the comparison of bearing capacities obtained at 2 m depth in
drained and undrained conditions in PLAXIS 2D. It is clear that in drained conditions,
the bearing capacity of the soil with high friction angle is higher with compared to the
bearing capacity with low friction angle. However, in undrained condition, soils with
higher cohesion have received more load bearing capacity regardless of the value of
friction angle which is clarified by the values corresponding to D2 and T2. Soils of
D1 and D2 show high load bearing capacity despite having low cohesion and unit
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Table 3 Bearing capacity at 2.0 m depth obtained from PLAXIS 2D

Soil Sample Unit weight (kN/ Friction Cohesion Bearing capacity
m?) angle (°) (kN/m?) (PLAXIS)
Yunsat Vsat Drained Undrained
D1 16.38 17.26 25.2 12.09 936.82 227.26
D2 16.24 17.13 26.76 10.72 1035 217
T1 19.69 19.74 22.39 6.87 690.47 185
T2 19.16 19.63 21.71 20.72 927.50 320.97

weight. Whereas, in case of undrained analyses, both D1 and D2 govern low bearing
capacities compared to T2 which has high cohesion value.

The settlement of the foundations must not exceed the allowable settlement value.
Hence, the bearing pressure at the allowable settlement value must be calculated.
Bearing capacity of the isolated strip footings in drained conditions was calculated
using the prescribed settlements of 25 mm and 40 mm in different D/B ratios. The
effect of ground water table was not taken into consideration in this analysis. The
comparisons of the bearing pressures obtained from the failure criteria and settlement
criteria from PLAXIS 2D is shown in Table 4. The least value of the bearing pressure
obtained is taken to be the actual bearing capacity of the foundation. T2 shows the
highest bearing capacity while D1 has the lowest bearing pressure.
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Table 4 Bearing capacity obtained from failure criteria and settlement criteria

Soil sample D/B Bearing capacity (kPa)
Failure Criteria Settlement criteria
25 mm 40 mm
Tl 0.0 239.5 40.85 60.97
0.5 443.1 50.55 73.42
1.0 690.0 64.25 93.25
T2 0.0 454.48 253.69 344.87
0.5 679.50 318.06 429.37
1.0 941.25 318.06 503
)| 0.0 389.68 40.01 57.61
0.5 646.0 49.77 77.41
1.0 927.68 63.02 98.27
D2 0.0 391.58 38.25 55.99
0.5 707.25 49.25 77.41
1.0 1035.25 64.21 99

3.1 Load Settlement Curves

With reference to elastic-perfectly plastic model of Mohr—Coulomb, as load
increases, the soil under the foundation deforms elastically. Once it crosses its elastic
limit, it behaves as a perfectly plastic material where large deformation occurs at
constant pressure. This is the ultimate load bearing capacity of the soil as shown in
Fig. 4.

Figure 5 represents the deformation—load relationship in drained condition. The
curves show that as depth of the foundation increases, less deformation occur at
same pressure. As the material is drained, more settlement is allowed, compared to
undrained conditions, before total collapse of the soil occurs. The curves for drained
models resemble the load settlement curve subject to local shear failure.

4 Conclusions

The research was carried out for the determination of shallow bearing capacities
of black clay (Kathmandu Clay) using conventional Vesic’s method and compared
with FEM using PLAXIS. Through the study, following specific conclusions can be
drawn in detail.

i. The bearing capacities calculated by conventional Vesic’s method obtain higher
values compared with results obtained by FEM. The ultimate load bearing
capacity tends to increase as the depth of the footing increases.
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Fig. 4 Load settlement curve for a T1, b T2, ¢ D1, d D2 in undrained conditions

ii.

iii.

iv.

The trend of increase in bearing capacity with depth is similar in drained condi-
tions for both Vesic’s method and the FEM. It is observed that the bearing
capacity evaluation of the clay can be performed by FEM very effectively.
The value of load bearing capacity in undrained conditions obtained from
PLAXIS is lower compared to the drained analysis. This implies that in case of
constructions that require rapid loading with no time of drainage in clays, the
undrained bearing capacity should be considered.

The drained analyses revealed the higher role of ¢. The bearing capacity
obtained from settlement analysis was found to be lower than the bearing
pressure obtained from failure criteria. T2 shows higher bearing capacity with
compared to other soil. This may be caused due to the higher modulus of elas-
ticity. The results show that the bearing capacity obtained from the settlement
analysis is more realistic and practical.

The load settlement curve of undrained analyses has a characteristic sharp rise
in load with little deformation followed by a perfectly plastic stage where
large deformation occurs with little change in the load. This is a character-
istic curve obtained in a Mohr—Coulomb soil which assumes the material as
elastic-perfectly plastic.
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Fig. 5 Load settlement curve for a T1, b T2, ¢ D1, d D2 in drained conditions

vi. The amount of deformation is also dependent upon the elastic modulus of the
soil. Higher the value of the elastic modulus, lesser the deformation will occur.
The load—deformation curve for drained analyses does not show large perfectly
plastic stage. The curve shows more or less linear relationship of load and
settlement in this case indicating that the soil is in elastic state until failure
occurs.
vii. With increasing D/B ratio, the amount of deformation tends to be lesser for the
same load applied. Therefore, it can be concluded that deeper the foundation,
lesser will be the settlement under the similar loading condition.
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Abstract Inrecent years, disasters caused by torrential rains and floods that exceed
the planned scale are occurring in Japan due to climatic change. In response to it,
Japan has been improving and reinforcing existing infrastructure to withstand more
severe disasters. For example, in river projects, widening river width through channel
excavation to increase flow capacity, and in road projects, lane widening and rein-
forcement of existing embankments to enhance the traffic network during disasters
are occurring. At these project sites, there is concern that artificial topographic modi-
fication (changes in stress conditions due to excavation and embankment), which was
conducted as a countermeasure, will affect potential weak surfaces in the ground,
which, combined with the effects of increased rainfall caused by climate change, will
destabilize the existing slopes and cause new slope changes (Kaneko in A collection
of papers from the China Branch of Geotechnical Society, pp.161-168, 2018). In
this wise, the demand for the assessment of landslide slope stability associated with
increased rainfall caused by climate change and artificial modification is increasing;
in this study, we examined a method for the assessment of landslide slope stability
that takes into account the change in the strength of the slip surface associated with
increased rainfall and artificial modification targeting a landslide area near a planned
site for excavation of a river channel.
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1 Introduction

In addition to the occurrence of new landslide disasters caused by rainfall increased
due to climate change, there are landslides occurred that have stabilized due to
the implementation of countermeasures and have changed in the past and are now
inactive. Landslide reactivation is feared. To predict and assess the risk of slope
instability associated with increased rainfall properly, it is necessary to estimate the
increase and distribution of pore water pressure on slopes associated with increased
rainfall accurately. However, pore water pressure on slopes is often determined based
on groundwater level observation data in Japan, and if there is no record of heavy
rainfall during the observation period, it may not be possible to estimate properly
the pore water pressure for increased rainfall. Therefore, in this study, we examined
a method for estimating the increase in pore water pressure due to rainfall above the
observed rainfall in a landslide facing a river using seepage flow analysis.

In Japan, road widening (excavation) and river widening to prevent river flooding
are being promoted as measures to create a country resilient to climate change. It is
often accompanied by excavation and embankment modification, which causes the
stress state of the slope to change, the strength of the slip surface to decrease due
to the progress of displacement and water absorption expansion, and the slope to
become unstable. Therefore, in this study, a method for setting slip surface strength
considering water absorption expansion by indoor shear test and a method for slope
stability evaluation by 3D stability analysis were investigated.

2 Outline of the Target Landslide

2.1 Outline of the Landslide

In the target area, when a landslide occurred in Block B (length 126 m, width 138
m) shown in Fig. 1 during the construction to widen the river in the past, the head
soil removal work was conducted. In the adjacent Block A (length 380 m, width
295 m), no landslide deformation was observed in visual and field observations, but
two water collecting wells were installed to improve safety and maintain stability.
However, the widening of the river was required to increase the water flow of the
river, and the countermeasure was pending issue.

As shown in Fig. 2, Block A of the landslide shows a characteristic landslide
topography in which the bedrock of the monoclinal structure (cuesta landform) bent
in the middle and rose at the end. Since the crushing of the bedrock consisting of the
landslide mass was localized, differentiation of the landslide block was not approved,
and no clear deformation was observed in the field monitoring, it is now considered
to be a primary landslide in an inactive condition. The geology of the subject area
consists of Neogene Miocene tuff (mudstone, tuff, and alternating layers of tuffaceous
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Fig. 1 Bird’s-eye view of
topography

Fig. 2 Schematic
cross-sectional view

Fig. 3 Topographic shadow
diagram

sandstone and mudstone) distributed with north—south strike and gentle west-dipping
monoclinic structure in the west area and steep cliffs in the east area, and the direction
of the movement is 25° oblique to the river direction (Figs. 3 and 4).
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Fig. 4 Excavation plan for landslide terminus

2.2 Recognition of Slip Surfaces

A geological survey was conducted to identify the geologic stratigraphy and the
inclination direction of the geologic boundary, and the clay layer was extracted as
a slip surface. Then, based on the presence or absence of mirror skin and striations,
and the inclination angle, the slip surface was defined by the method shown in Photo
1 and Fig. 5.

A cross-sectional view of the landslide is shown in Fig. 5. The slip surface was
estimated to slope down to the riverside from the head to the bend and to ride up to the
riverside from the bend to the riverside. At the foot of the landslide, an unconsolidated
sand and gravel layer of the old riverbed was observed directly under the moving
soil mass, and from its distribution range, the amount of movement caused by the
landslide was estimated to be 80 m or more. On the other hand, since the crushing
of the mobile soil mass was limited along the slip surface from the bend to the head,
the majority of the mobile soil mass was massive bedrock with few cracks, and no
subsurface movement was confirmed by dynamic monitoring, it was presumed to be
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Photo 1 Slickensides and striations

No striations are seen on the clay
soft surface

No movement of the hanging wall
mass along the soft surface.
—Determined to be clay resulting
from weathering or alteration.

Striations develop on the soft clay
surface, and their direction is
parallel to the dip direction of the
surface.

Striations are developed on the soft cla;
surface, and their direction is not parallel]
to the dip direction of the surface.

Dip direction of the soft _ Direction of
clay surface striations

Stations on the soft
clay surface

These features indicate that the
hanging wall mass slips down by
gravity force along the soft clay’
surface. It can be determined to be
the surface resulting from landslide
movement.

Direction

Dip direction of the soft
of striations

clay surface

Stations are seen on
the soft clay surface

It indicates that hanging wall masses

move along the clay surface, but is

not a sliding surface since it is not
arallel to the direction of gravity
orce. —Judged to be a fault plane

Fig. 5 Conceptual diagram of landslide surface certification

a primary slip caused by external factors such as an earthquake with large movement,
and it was judged to be in a state of arrested movement at present (Fig. 6).

3 Slip Surface Strength from Cyclic Box-Shear Tests

3.1 Test Conditions

In this study, the following innovations were used to determine the strength of the
slip surface in cyclic one-sided shear tests.

Fragile areas around the slip surface were crushed and slurried, and the specimens
(6 cm diameter and 2 cm high) were compacted under a pressure equivalent to the
thickness of the overburden. The specimens were then unloaded at a load equivalent
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Elevation

Head~Bend area

Existing water colle

Distance (m)

Fig. 6 Schematic diagram of landslide cross-section

to the height of the river excavation (10 m), dried at 60 °C for 24 h, and subjected to
shear tests after water absorption. The residual strength was determined as the fully
softened strength when recompacted by residual soil or when the slip surface was
completely separated due to high shear displacement [2]. For comparison, shear tests
were also carried out at natural water content.

3.2 Tests Results

The shear strength of several specimens was compared under natural water content
conditions and underwater absorption and dewatering conditions. The test results in
underwater absorption and dewatering conditions showed that the shear resistance
angle ® decreased by 1° to 2° due to the increased saturation state caused by water
absorption. The variation in both the fully softened strength and residual strength
was reduced because the saturation state became constant due to water absorption.
Based on the test averages of all 15 sample’s underwater absorption and dewatering
conditions, the degrees were set as follows: fully softened strength: ¢ = 21.8 (kN/
m?), ¢ = 15.2°; residual strength: ¢ = 0.0 (kN/m?), ¢ = 13.8° (Table 1).

3.3 Slip Surface Strength Zoning

In the practice of stability assessment of landslide slopes in Japan, shear strength (c,
®) of the slip surface for 2D stability analysis using the limit equilibrium method is
rarely obtained from soil tests. The adhesion force (c) is obtained from the maximum
thickness of the landslide soil mass, and the shear resistance angle @ is set by back-
calculating the initial safety factor Fs = 0.95 to 1.05 from the existing topography
depending on the situation. However, since the properties and strength are expected
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Table 1 Repeated cyclic box-shear tests results

Statistics Forced water absorption state
Fully softened strength Residual strength
Cohesion | Angle of shear resistance | Cohesion | Angle of shear resistance
c(kN/m?) | ¢(°) c(kN/m?) | ¢(°)

Maximum value | 50.9 27.2 0.0 247

Minimum value | 0.0 10.9 0.0 10.6

Median value 17.2 14.2 0.0 13.0

Average value 21.8 15.2 0.0 13.8

Number of test | 15 15

to differ depending on the location of the slip surface of the landslide in question, and
there is concern that the strength may decrease with excavation, zoning according to
soil test results and the properties of the slip surface [3] is appropriate.

Definitions of Shear Strength Obtained from Soil Tests

Fully softened strength. It is the peak strength obtained by regular consolidation
from kneading and recompressing clay and the strength of an active slip surface in
which rocks and clays were destroyed by an initial landslide and released from the
effects of previous consolidation or reconsolidated by overburden loads for some
time after activity was stopped.

Residual strength. This is the minimum shear strength when a large shear displace-
ment has been applied, and a residual condition has been reached, such as when a
slickenside is formed on the slip surface.

Slip Surface Strength Zoning Results

From the head to the bend in the landslide mass, the slip surface is straight and
completely clayed by the large shear displacement during the initial landslide. The
strength of the slip is judged to be equivalent to “residual strength” because a slick-
enside and striations are observed. The area from the bend to the end of the landslide
shows hard clay mixed with gravel, which indicates that the moving soil mass rode up
on the immovable ground and riverbed during the initial landslide and was crushed
and clayed, and then reconsolidated by soil overburden load or horizontal compres-
sive force. Although slickensides and striations are recognized in some parts, no clear
separation surface is recognized as a whole, and therefore, its strength is judged to
be equivalent to “full softened strength” (Fig. 7 and Tables 2 and 3).

3D stability analysis [4] was used to determine the factor of safety of the landslide
slope at the highest observed water level. For the case of total residual strength, Fs
= 0.93, which is inconsistent with the absence of landslide movement in Block A.
For the total complete softening strength, Fs = 1.34, which is inconsistent with the
situation where Block B collapsed due to past river channel excavation and Block A
has no margin. Compared to the safety factor when the strength is set by the inverse
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Fig. 7 Planar and longitudinal sectional maps of slip surface strength

method, the safety factor is the same for the current topography and before the past
excavation, but the safety factor is calculated as 10% lower for the future excavation
plan due to zoning. It is considered that the zoning set the slip surface strength at
the time of excavation to the full softening strength and excavated the area of higher
resistance, resulting in a greater degree of reduction in the safety factor. From the
above, it is judged that the strength setting by zoning is an appropriate method that
reflects the local landslide conditions.

4 Slope Stability Assessment for Inexperienced Heavy
Rainfall

4.1 Prediction of Groundwater Level by Quasi-3D Seepage
Flow Analysis

Since the landslide in question consists of three permeable zones: the slip surface
(impermeable layer), the moving soil mass (permeable layer), and the existing catch-
ment well (highly permeable layer), a quasi-3D seepage flow analysis [5] was applied,
which reduced calculation labor while considering the 3D extent of the aquifer and
the multiple aquifers. The predictive model was determined by setting the hydraulic
conductivity and porosity based on the results of field permeability tests conducted
for each formation and then fitting the hydraulic conductivity within the range of the
test values so that the error between the calculated and observed water levels during
actual rainfall would be within & 3 m. The model was then finalized (Figs. 8 and 9).

4.2 Evaluation of Slope Stability During Heavy Rainfall

The rainfall waveforms input to the seepage flow analysis were stretched from
existing observation waveforms to an arbitrarily set maximum daily rainfall, and
rainfall probabilities were calculated using the widely used “Iwai equation” (Fig. 10)
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Table 3 Safety factor based on 3D stability analysis
Safety factor based on three-dimensional stability
analysis
Setting method for | Before 1983 Current Future Remarks
the strength of the | the river topography excavation
sliding surface channel (After 1983 (Plan)
excavation excavation)
Zoning by the both | 1.37 100% |1.07 100% | 0.67 100% | Highest observed
strength (adopted) groundwater level
(Equivalent to 1/60th
probability
precipitation)
Residual strength | 1.23 | 90% | 0.93 87% 0.58 [87% |c=0kN/m?¢=
all 13.8°
Fully softened 1.69 | 123% |1.34 125% | 0.85 127% |c=21.8N/m? ¢ =
strength all 15.2°
Inverse calculation | 1.38 101% | 1.05 98% 0.74 110% | ¢ =25kN/m? ¢ =
method (at current 11.22°
topography, Fs =
1.05)
Impermeable Analysis area
boundary
(mountain ridge)
ﬁ_; Impermeable
2 bour}daljy
Rainfall infiltration (mountain ridge)

boundary
(ground surface)

Impermeable
boundary
(mountain ridge) f

Landslide block

(Block B)

Boundary
fixed water level

Landslide block
(Block A)

050 ©

'.PDU E;ﬂ's;ué'g, (the river water level)
L

',sahzsldfod‘w]wm

Fig. 8 Schematic diagram of the seepage flow analysis model
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Fig. 9 Comparison of predicted and measured groundwater levels

[6]. Based on this rainfall waveform, groundwater levels were predicted by quasi-
3D seepage flow analysis, and stability was evaluated by 3D stability analysis. This
resulted in a predicted critical daily rainfall of 224.7 mm (1/350), which was sufficient
to maintain stability (Fig. 11).

The slip factor of safety for existing slopes (Table 4) showed a significant degree
of decrease with increasing rainfall, reflecting the increase in the groundwater level
of the landslide soil mass as rainfall increases. On the other hand, the safety factor
was less than 1.0 in the river widening plan to improve the flow capacity of the river,
as shown in Table 3. Therefore, sediment removal works with a safety factor of Fs
= 1.05 or higher were considered, and the results of rainfall and safety factors are
shown in Table 4. Since most of the landslide soil mass was removed (Fig. 12) and
there was little room for the groundwater table to rise, it was determined that there
was an upper limit to the decrease in the factor of safety with increasing rainfall and
that the stability of the slope could be improved.
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Table 4 Safety rate during heavy rain

Case Collector | Safety factor(Fs)
well 176mm/  |[192mm/  |[209mm/ | 233mm/ | 338 mm/
day(1/60) day(1/100) | day(1/200) |day(1/500) |day(1/
25,000)
Existing 2 wells 1.070 1.013 1.009 0.987 0.941
slope (Existing) | (Observed
water level)
River Ignore - 1.064 1.058 1.051 1.033
widening | effects
and Earth
removal
work
countermeasure againstlandslide .
earth removal work Elevation
i (m)
I}Xustufg__ water collection wells
planned excovation line 50.00

existing topography

river

B Excavation area
[] londslide mass
Hl unsettled bedrock

o HWL TRA784 .
drainage bop i

| | | | | |
400 320 300 290 200 150
Distance (m}

100 50 0

Fig. 12 Landslide prevention work for river widening

5 Conclusion

Several methods based on 2D analysis have been proposed for predicting the stability
of landslide slopes with increased rainfall [7], but there are few established examples
of 3D analysis combining seepage flow analysis and slope stability analysis. The
quasi-3D seepage flow analysis and 3D stability analysis techniques presented in
this report were put to practical use in the 1990s and are used, for example, in tunnel
construction for the prediction of groundwater impacts associated with excavation
and the evaluation of tunnel entrance slope stability. In this study, quasi-3D seepage
flow analysis and 3D stability analysis were combined to predict the stability of
landslide slopes with increasing rainfall. As the geological composition and distri-
bution of slip surfaces in the target area were well known, modeling of the geological
formations and parameter fitting using observation data were relatively easy. Future
case studies will be conducted in different regions to clarify the scope and limitations
of the methodology used in this study and to explore its application to a wide range
of slope hazard assessments for increased rainfall due to climate change.
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Efficient Construction of Groundwater m
Level Observation Holes for Monitoring L
of Slope Disasters

Yoshikazu Ochi and Atsushi Sonoda

Abstract Slope disasters caused by heavy rain are triggered by an increase in pore
water pressure due to a rise in groundwater level. Therefore, by understanding the
relationship between rainfall on the slope and rise in the groundwater level, the signs
of a disaster are monitored in order to detect the possibility of slope disasters. For
general groundwater level monitoring, a observation hole with a water level meter
installed in the drilling hole is used. However, the installation of the observation hole
by drilling requires procedures such as bringing in the machine and drilling by the
boring machine, and due to budgetary concerns, it is often limited to implementation
at several representative points. Therefore general method, even when the area where
there is arisk of landslides blocks or surface collapse is wide, it is difficult to grasp the
whole picture because the observation results are predicted from limited information.
Instead of drilling, we will introduce a method of making a observation hole by
inserting a @10 mm water level meter into the screw weight sounding test hole.
The screw weight sounding test is a test that can evaluate the hardness, tightness,
and soil layer composition of the ground by measuring the number of rotations at
the time of penetration, and can penetrate up to about 10 m. The work efficiency
is good and it is possible to install at multiple locations in a day. The observation
hole was installed on the slope using this method and the groundwater level rise was
observed, it was confirmed that the groundwater level was formed near the surface
layer in conjunction with the rainfall.

Keywords Water level gauge - Slope disaster - Groundwater
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1 Introduction

In recent years, heavy rainfall exceeding 150 mm per day has occurred frequently in
Japan due to the development of linear rainfall belts. In Japan, where there are many
slopes such as mountains, heavy rains cause slope disasters, and the current situation
is that the lives of local residents are threatened.

Slope disasters such as landslides and slope failures caused by heavy rainfall
are triggered by an increase in pore water pressure due to a rise in groundwater
level. Therefore, by grasping the relationship between rainfall and groundwater level
fluctuations on slopes, we monitor signs of disaster occurrence in order to detect the
possibility of slope disaster occurrence in advance.

In the event of a disaster, prompt emergency response is required to prevent further
disasters from occurring. There are a wide variety of emergency response methods,
and appropriate methods are selected to ensure stability on slopes in accordance with
the factors and triggers of disaster occurrence. There are various factors that cause
slope disasters, such as topographic alteration, load increase, water level rise, and
earthquakes. Therefore, when considering countermeasures, it is necessary to grasp
in detail the predisposing factors and triggers of disaster occurrence on the target
slope through site reconnaissance in advance. Among various factors, groundwater
level fluctuations are difficult to visually observe and estimate, so monitoring using
installed observation equipment is necessary. However, the installation of the obser-
vation equipment requires pre-drilling with a boring machine, which takes several
days. Therefore, there is currently a time lag between the occurrence of a disaster
and the completion of installation of observation instruments for groundwater level
monitoring. Therefore, in this presentation, we will introduce an efficient method
of installing a groundwater level observation instrument that can be installed in less
than half the time of the conventional method.

2 The Conventional Groundwater Level Monitoring
Method

2.1 Installation Method of Groundwater Level Observation
Hole Instrument

Common groundwater level monitoring uses observation holes with water level gauge
installed in boreholes. However, installation of observation holes by drilling requires
procedures such as carrying in a machine and drilling by machine. Therefore, in the
general method, even if the range of landslide block or surface failure is large, the
whole picture is assumed from the observation results predicted based on limited
information. Therefore, instead of drilling a hole, we introduce a method of making
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a water level observation hole by inserting a ¢ 10 mm water level gauge into a screw
weight sounding test hole.

2.2 Specifications of the Water Level Gauge

The water level gauge used is the JSTA series manufactured by Soksho Giken Co.,
Ltd. This water level gauge can be installed in a PVC pipe VP13, which has an outer
diameter of 18 mm and an inner diameter of 13 mm [1]. In addition, depending on
the specifications of the loggers to be connected, it is possible to build monitoring
system, and it is also possible to set an alarm to be issued when the water level
exceeds the reference level.

2.3  Groundwater Level Meter Installation

The screw weight sounding test can estimate the hardness and softness of the ground,
the degree of compaction, and the composition of the soil layer by measuring the
number of revolutions during penetration [2]. In addition, since this test can be
conducted at multiple locations in one day, it is possible to install groundwater level
observation holes more efficiently than drilling. Therefore, it is possible to measure
the depth of unstable layers that are in danger of collapsing at the same time as
drilling water level observation holes (Fig. 1).

3 On-Site Observation

3.1 Observation Site

The observation site is Asakura City, Fukuoka Prefecture, Japan. In July 2017, short-
term torrential rain occurred frequently in the area, causing a serious slope disaster
(Fig. 2). The heavy rainfall in this area was caused by the development of linear
rainfall belts, and accumulated precipitation in 9 h exceeding 700 mm was recorded
at many points in the city [3]. On the collapsed slope, a groundwater level obser-
vation hole was installed by the method introduced above (Fig. 3), and rainfall and
groundwater level fluctuation were monitored.
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o

Screw weight sounding { Insert PVC pipe (VP13)

Fig. 3 Installation groundwater observation hole

3.2 Monitoring Results

The monitoring results are shown in Fig. 4. As a result of monitoring, the ground-
water level in normal times is deeper than the bottom of the hole, but when there
was a rainfall of 250 mm or more on July 6, 2020, the water level inside the hole
was confirmed. It was confirmed that the same trend as the water level observation
hole installed by the conventional method of drilling by mechanical boring can be
obtained.

This conventional installation method takes about half day to install the drilling
method by screw weight sounding test.
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Fig. 4 The monitoring results

4 Conclusion

The water level observation hole installation method using a ¢10mm water level
gauge introduced this time is a method that can be installed more quickly than the
drilling method using a boring machine. Because of penetration by screw weight
sounding, it is not suitable for deep drilling, but it is possible to install several meters
near the surface layer, and it is possible to install multiple places in a day.

In the field observation, it was confirmed that the groundwater level was formed
near the surface layer in conjunction with rainfall as in the conventional method.
However, since this method requires manual excavation, it may be difficult to excavate
hard strata and uses a time consuming manually driven drill. Although machine
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operated drill has excellent penetrating ability, the most of sites are difficult access
and this limits the use of a machine operated drill.
Therefore, please consider adopting it based on the situation such as the local

geology.
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Evaluation Case of Characteristics m
for Improved Soil by Elastic Wave L
Velocity Test

Takaaki Ariki

Abstract In Japan, quality inspection of ground improvement is based on strength
to confirm the required performance. Since strength is the target, the testing method is
limited to unconfined compression test, and there is no alternative testing method, nor
is there a clearly defined method for analyzing the factors that may cause the lack of
required performance. Because of this, there is a problem of economic sustainability,
such as re-executing a series of work from core sampling to testing. Therefore, we
decided to study a method to deal with this problem by adding criteria such as
defect factors to the inspection target. The purpose of this paper is to collect basic
data for analyzing the factors that cause variations in strength and defects in quality
inspections, as well as for analyzing and evaluating the results of such analysis
and evaluation methods. The results of elastic wave velocity and needle penetration
tests, in addition to unconfined compression test, on core specimens taken from
the improved ground were briefly analyzed. The results indicated that one of the
factors causing the variation in unconfined compression strength was the occupancy
of voids and clods on the shear surface, which could be analyzed by the elastic wave
velocity test. The correlation between unconfined compression strength and elastic
wave velocity was also obtained, which could be used to estimate the unconfined
compression strength. These results may suggest that the elastic wave velocity test
is an effective alternative method to the unconfined compression test.

Keywords Ground improvement - Core of improved soil + Elastic wave velocity
test + Unconfined compression test

1 Introduction

The inspection target of quality inspection of improved ground in Japan is defined
as the unconfined compression strength of cores taken by all-core sampling satis-
fying the required performance [1, 2]. Confirmation that the inspection target in
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quality inspection satisfies the required performance, which is a quality standard,
is an indispensable item in construction management. On the other hand, there is
no alternative method or method to identify the cause in cases where the required
performance is not satisfied. Therefore, if the required performance is not satisfied,
the entire process from core sampling to testing must be repeated, thereby causing a
problem in terms of economic sustainability. The reason for not being able to clearly
establish a method for identifying the cause of defects in ground improvement is that
there are many factors that may cause variations in strength and defects to ground
improvement, and it may be difficult to identify the main cause of the variations
and defects. However, if the evaluation criteria for defect factors could be added to
the inspection target, the repetitive works could be avoided, and thus, the problem of
economic sustainability would be solved. The purpose of this study is to collect basic
data for analyzing the factors that cause variations and defects of strength in quality
inspections, as well as the methods for evaluating such variations and defects. In
addition to unconfined compression test, elastic wave velocity test and needle pene-
tration test were conducted on core specimens taken from the improved ground to
conduct a simplified analysis of the factors causing the defects.

2 Testing Method of Elastic Wave Velocity

2.1 Elastic Wave Measuring System

There are two methods [3, 4] for laboratory elastic wave velocity tests in the Japanese
Geotechnical Engineering Society (JGS) standard. In the elastic wave velocity
test using a Bender Element (BE) for improved soil [3], Ismail and Rammah [5]
mentioned that the specimen was disturbed because a trench was dug to insert the
BE, and that the inserted BE was significantly affected by inequality of stress inside
the specimen. To solve this problem, the test apparatus shown in Fig. 1 is designed
to directly contact and hold the oscillator and receiver to the upper- and lower-end
surfaces of the specimen, as in the elastic wave velocity test [4], in which the BE is
not inserted into the specimen. The load applied to clamp the specimen between the
oscillator and the receiver can be set by measuring it with a load cell attached to the
loading axis.

As shown in Fig. 1, the measuring system including this test apparatus consists
of a function generator that generates and transmits the input waveform, a bipolar
power supply that amplifies the generated waveform, and a digital oscilloscope that
measures the input wave and the received wave. A thickness vibrator and a thickness-
slip vibrator are built into the oscillator and receiver, each of which corresponds to
the oscillation and reception of P- and S-waves, respectively.
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Fig. 1 Elastic wave measuring system

2.2 Testing Method

The specimen clamping pressure for elastic wave measurement was set at 6 kN/m?
(40 N of load) and adjusted so that it did not change during the series of tests. The
input waveform was a one-wavelength sine wave with an amplitude of &3 V and a
frequency range of 7 frequencies between 1 and 100 kHz using a function generator.
The amplitude of this waveform was amplified to &= 75 V via a bipolar power supply
at the time of input to the specimen. To help identify the initial rise of the received
wave, two phases of the input wave at the same frequency were used: 0 deg. and 180
deg. The S-wave was measured after the P-wave was measured.

2.3 Calculation Method for Elastic Wave Velocity

Figure 2 shows a schematic diagram of the input and received waves measured by the
elastic wave measuring system and the method of obtaining the travel time. In this
paper, the start-to-start method, which takes the difference between the input wave’s
rise time (point S in Fig. 2) and the received time (point R in Fig. 2), is used in the
time domain method to obtain the travel time of the elastic wave. The travel time
was determined by averaging the travel times of the initial rise of the received wave
obtained by the method of crossing the forward and reverse phases. The elastic wave
velocity was obtained by substituting the length of the specimen, the travel time of
the initial rise, and the delay time of the entire measuring system into Eq. (1).

v = L/(At; — Aty), (D
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Fig. 2 Schematic diagram of the time domain method redrawn to [6]

where, v: velocity of elastic wave [m/s], L: length of specimen [m], Aty: travel time
of initial rise by start-to-start method [s], Azq: delay time of the entire measuring
system [s].

2.4 Specimens for the Tests

In this paper, the five core specimens taken by all-core sampling with an outer
diameter of 116 mm from the improved by the high-pressure jet mixing method
were used. The parallelism of the end faces was checked when each specimen was
installed in the test apparatus. Those that did not ensure parallelism were shaved with
a straight edge so that parallelism was ensured. As exemplified in Fig. 3, remaining
voids and clods can be seen even after cutting and mixing by the high-pressure jet
mixing method. In addition, wood chips and shells that had been mixed in were also
confirmed. Table 1 summarizes the physical properties of the core specimens used
in the tests.

3 Testing Results

3.1 Elastic Wave Velocity Test

An example of the received waveforms corresponding to the input waveforms of
each frequency is shown in Fig. 4. As exemplified in Fig. 2, the rise time of the input
wave is represented as 0 s. Note that the input waveforms are omitted from Fig. 4.
The travel time of the received wave by the start-to-start method shown in Eq. (1) is
represented in Fig. 4 as the average value obtained by the crossing method, where
the input waveforms are in forward and reverse phases. These averaged travel times
are indicated by dotted line in each figure.
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Fig. 3 Core specimen No.3 taken from improved by the high-pressure jet mixing method

Table 1 Physical properties of core specimen used in the tests

Core specimen No 1 2 3 4 5
Diameter [mm] 91.39 91.31 91.38 91.27 91.36
Length [mm] 178.17 180.86 178.78 178.61 179.18
Wet density [g/cm?] 1.440 1.424 1.401 1.382 1.422
Dry density [g/cm?] 0.819 0.852 0.840 0.805 0.812
‘Water content [%] 75.7 67.2 66.8 71.6 75.1

3.2 Unconfined Compression Test and Needle Penetration
Test

Unconfined compression test [7] and needle penetration test [8] of the cores were
conducted in accordance with the test methods of the respective JGS standards.
The unconfined compression test was conducted at a compression rate of 1%/min
until the applied load was reduced to 2/3 of the maximum compressive stress. Needle
penetration test was conducted at a penetration rate of 2 mm/min until the penetration
reached 10 mm, using the desktop type. The positions of the needle penetration test
were set as shown in Fig. 5a for the upper- and lower-end faces of the core, and the
needle penetration gradient was the harmonic mean of 42 measuring points for one
specimen.

The test results of the five core specimens taken from all-core sampling No.3
(AC-3) in this paper are shown in Fig. 6. For comparison, the depth distributions of
the unconfined compression test results and the results of needle penetration test of
the other core specimens of AC-3 and the core specimens taken from AC-1 and AC-2
in different holes of the same improved ground as AC-3 are also shown in Fig. 6. The
test positions for the portable type of needle penetration test were set as shown in
Fig. 5b, and the needle penetration gradient was the harmonic mean of 12 measuring
points for one specimen.
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Fig. 6 Depth distribution of unconfined compression strength and needle penetration gradient

The trends of unconfined compression strength and needle penetration gradient in
the depth direction shown in Fig. 6 were generally similar. The unconfined compres-
sion strength of this paper and the test results of other core specimens in AC-3
were generally equivalent. Although there seems to be a correlation between uncon-
fined compression strength and needle penetration gradient, it might be inferred that
there are some areas where the variation is large. The needle penetration gradient
is obtained as the average gradient up to 10 mm penetration and is then a local
penetration resistance force. As shown in the frequency distribution in Fig. 7, the
individual needle penetration gradients are generally the same except for extremely
small measuring points such as the clods. The needle penetration gradient of core
specimen No. 1 is smaller than that of the other specimens. On the other hand, the
unconfined compression strength is the average compression strength of the spec-
imen or the shear resistance at the shear or failure surface. It would be possible to
evaluate the correlation between unconfined compression strength and needle pene-
tration gradient for a uniform specimen, but it would be difficult to consider the effect
for a core specimen with voids or clods.
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3.3 Observation of Core Specimens

For the five core specimens shown in Table 1, observations were conducted on the
end and side surfaces of the specimens before testing and on the shear or failure
surfaces after the unconfined compression test. An example of a shear or failure
surface observed is shown in Fig. 8. The voids and clods that were not cutting and
mixed were observed in the shear or failure surface, and these areas are indicated
by the red circles in Fig. 8. Table 2 shows the percentage of voids and clods in the
projecting cross-sectional area of the end, side, and shear surface of the specimen.
Occupancy was estimated for each of the upper- and lower-end faces of the specimen,
with the occupancy being the larger value.

3.4 Consideration of Testing Results

This section mainly considers the relationship between unconfined compression
strength and elastic wave velocity, as well as the relationship between voids and
clods occupancy. The relationship between elastic wave velocity and unconfined
compression strength at an input frequency of 10 kHz is shown in Fig. 9, where
the test results obtained from the uniform laboratory-mixed specimens are used as
a reference to compare the general trend. The laboratory-mixed specimens were
prepared by blending a mixed sample of Toyoura sand and Kaolin with blast furnace
cement type B. The laboratory-mixed specimens were tested in the similar method
as the core specimens. Figure 9 shows the test results of a laboratory-mixed uniform
specimen as a comparative example. The relationship between elastic wave velocity
and unconfined compression strength of the core specimens is close to that of the
laboratory-mixed specimens, so it is indicated that there is a correlation between the
two.

Figure 10a shows the relationship between the voids and clods occupancy and
the unconfined compression strength shown in Table 2, and Fig. 10b shows the
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Fig. 10 Relationship between occupancies of voids and clods of the core specimens

relationship between the voids and clods occupancy on the shear surface and the
elastic wave velocity. As shown in Fig. 10a, the unconfined compression strength
clearly decreases with increasing voids and clods occupancy on the shear surface.
This is assumed to be because the unconfined compression strength is caused by the
shear resistance force at the shear surface or the cracking surface. The failure mode
of the core specimens was observed as shear or crack failure. On the other hand,
as shown in Fig. 10b, both P- and S-wave velocities tended to decrease when the
occupancy of voids and clods exceeded about 20%.

These results provide a possibility of estimating the unconfined compression
strength and the internal condition of the specimen by measuring the elastic wave
velocity. These estimation results may contribute to the analysis of the causes of
variation in unconfined compression strength.

4 Conclusion

The purpose of this paper is to collect basic data for analyzing the factors that cause
variations and defects in the strength of individual core specimens in quality inspec-
tions, as well as for analyzing and evaluating the results of such analyses. Using
core specimens taken from improved ground, needle penetration and elastic wave
velocity tests were conducted in addition to the unconfined compression test, which
is the usual evaluation method, to conduct a simple analysis of the factors that affect
the failure of the specimens.

The results indicate that one of the factors influencing the variation in unconfined
compression strength is the occupancy of voids and clods on the shear surface.
Also, there was a correlation between the elastic wave velocity and the unconfined
compression strength. Furthermore, the elastic wave velocity tended to decrease
as the voids and clods occupancy on the shear surface increased. Therefore, it is
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expected that the elastic wave velocity test can be used as an alternative method
to the unconfined compression test and that the factors affecting the variation of
unconfined compression strength can be analyzed.

To confirm these trends, it will be necessary to accumulate test results using
specimens in various conditions.
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Groundwater Control Measures for Deep | M)
Excavation of Bangkok MRT L

Pastsakorn Kitiyodom, Woraphon Wiriyatharakij, and Anucha Yamchoo

Abstract Over the past few years, Mass Rapid Transit (MRT) Projects have been
implemented in Bangkok as part of a master plan for the city and its surrounding
areas. However, the underground construction of the MRT in Bangkok has become
increasingly complicated due to the effects of the groundwater rebound in underlaid
sand layers, which has posed a significant challenge in designing and building under-
ground structures. Most of underground structures in the MRT projects are located
deeper than the piezometric profile within the sand aquifer, which is currently at
approximately 13 m deep from the ground level, making them vulnerable to hydraulic
uplift and piping failures. Depending on factors such as station configuration, exca-
vation level, and soil strata at the site, various methods including diaphragm cut-off
wall, staged excavation, blanket grouting, and dewatering have been considered on
a site-by-site basis and presented in this paper. This paper focuses on groundwater
control measures for the MRT Blue Line Extension Project Contract 2 and the MRT
Orange Line East Project Contract E1 and E2 and aims to serve as a reference for
practitioners in the construction industry who are involved in deep excavation work
with high groundwater pressure.

Keywords Deep excavation + MRT station + Groundwater + Grouting

1 Introduction

The implementation of construction projects in Bangkok has become increasingly
complex, particularly in the design and construction of underground structures due
to the rebound of piezometric pressure in the underlaid sand aquifer. This paper aims
to report on a groundwater control method adopted in the MRT projects.
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1.1 Background of the Projects

The MRT Blue Line Extension has been implemented by the Mass Rapid Transit
Authority of Thailand (MRTA) as part of the government’s policy to develop a
comprehensive mass electric train system network to enhance the quality of life
of Bangkok’s residents. The major components of MRT Blue Line Extension Project
Contract 2 comprise approximately 2.6 km of infrastructure, including two under-
ground stations, intervention shaft, cut-and-cover tunnel and twin bored tunnels.
Construction was completed in 2018.

The MRT Orange Line East Project Contract E1 and E2 comprises approximately
9.73 km of infrastructure, including seven underground stations, a cut-and-cover
tunnel, ventilation and intervention shafts, depot accesses, and twin bored tunnels.
Construction began in 2017 and was completed in 2022.

The construction of both Blue Line Extension and Orange Line East involved
deep excavation that utilizes a diaphragm wall as a retaining structure through the
top-down construction method. The foundation system of the deep station excavation
consisted of the diaphragm walls, base slab, and bored piles or barrettes. Ensuring
the economical design without compromising safety is of utmost importance and can
be achieved through a well-designed concept of deep excavation works and effective
groundwater control methods.

2 Geological Condition of Bangkok Subsoil

2.1 Geology

Bangkok city is in a low-lying area known as the Chao Phraya plain, where the
subsoil profile is consistent across different parts of the city. The existing ground
elevations range from 0 to 2 m above mean sea level and are composed of marine
deposits. The subsoil profile typically consists of up to 3 m of made ground, followed
by alayer of Bangkok Soft Clay that ranges from 10 to 15 m thick with its undrained
shear strength of about 10-25 kPa. Between the soft clay and the underlying stiff
clay, a layer of medium stiff clay measuring 2—4 m thick can be observed with its
undrained shear strength of about 25-50 kPa. Further down, alternating layers of
stiff to hard clay with its undrained shear strength range from 50-200 kPa and dense
to very dense sand with its SPT-N value range from 20-50 are found. The geological
profile of the MRT Blue Line Extension Contract 2 and MRT Orange Line Contract
El and E2 can be seen in Figs. 1, 2 and 3, respectively.
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2.2 Hydrology

Starting in the 1970s, Bangkok has experienced land subsidence due to the extraction
of water from the upper and lower confined sandy layers (First and Second Sand
strata). This lowering of the groundwater table has led to significant and ongoing
consolidation settlement throughout the metropolitan area [1].

As a result, measures have been taken to control groundwater extraction within
urban areas, starting with the implementation and enforcement of the Groundwater
Act in Bangkok. Mitigation measures have included the expansion of tap water
supply and strict enforcement of groundwater laws, which have led to a reduction in
groundwater use.

The Department of Groundwater Resources has been continuously monitoring
groundwater levels at various locations, and the data collected indicates that the
groundwater piezometric levels in the sand layer have been increasing over time.

The rebound of groundwater has successfully addressed the serious issue of land
subsidence in Bangkok. However, this has the potential to cause adverse effects on
existing structures and ongoing underground construction works. It should be noted
that the piezometric pressures within the first sand layer and below are still showing
a slight recovery in groundwater pressure when compared to data recorded in the
past.

During the design and construction stages of MRT Blue Line Extension Project,
piezometric pressure in sand layer was observed at approximately 15 m below ground
level with gradually rising up from time to time.

Consequently, during construction of MRT Orange Line East Project, the variation
of piezometric profile with depth was observed as shown in Fig. 4. The proposed
short-term design piezometric profile, at 12.9 m depth below ground level, was
intended to provide a conservative estimate of the groundwater pressures that could
potentially affect the construction of underground structures during the project’s
duration. This allows for proper design and implementation of groundwater control
measures to prevent any adverse effects on the construction. It is important to note
that the piezometric profile may continue to change over time, and regular monitoring
and adjustments to the groundwater control measures may be necessary to ensure
the safety and stability of the underground structures.

In the long term, it is expected that the piezometric pressures will continue to
recover due to the control of groundwater extraction. Therefore, the design of under-
ground structures should consider the full hydrostatic piezometric pressure profile
from the ground level. This will ensure the safety of underground structures in long
term.
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3 Stability of Excavation Base

3.1 Base Failure Due to Groundwater Pressure

To facilitate the deep excavation works in Bangkok subsoil, diaphragm wall (D-wall)
as embedded earth retaining structure is known as one of the most suitable solutions
[2]. Groundwater control is a critical aspect of excavation work, since the stations
and intervention shafts are often situated below the piezometric level of the sand
aquifer. Groundwater control measures are implemented to prevent piping/boiling in
sands and blow-out in clays, which can lead to instability. Another mode of failures
is also taken into consideration to ensure that the excavation base remains stable.

Hydraulic Uplift Stability (Blow-out Failure). In cases where there is a permeable
layer under an impermeable layer below the excavation surface, the permeable layer
can be lifted by the high groundwater pressure, as shown in Fig. 5. If the water
pressure at the bottom of the clay layer exceeds the weight of the overburden soil,
the bottom of the excavation may “blow out.” The factor of safety can be determined
using a basic weight balance equation, as follows:
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Fig. 5 Schematic figure for

hydraulic uplift stability A 4

Impermeable Layer

I 'i 'i“l ‘I Permeable Layer

FS = yH/ U, (D

where y; is total unit weight of overburden soil, H; is thickness of overburden soil
layer above sand aquifer, and U is groundwater pressure in sand aquifer. A usually
applied minimum FS is 1.2.

4 Groundwater Control Measures

This section describes the possible methods to control base instability issue for deep
excavation in Bangkok subsoil condition.

4.1 Staged Excavation Approach

The staged excavation approach involves dividing excavation works for the base
slab level in small areas. The small-sized excavation area is bounded by a higher
soil surcharge and a concrete slab around the perimeter. This method improves the
stability of the excavated soil base against "blow-out" by increasing the side shear
resistance of the soil along the perimeter.

The excavation at BS13 Itsaraphap Station during the MRT Blue Line Exten-
sion Contract 2 Project also encountered issues related to uplift stability at the
base. To address this, a modified staged excavation approach was implemented. The
staged excavation works were successfully completed without any problems related
to uplift stability. Moreover, three-dimensional analysis by finite element software
was performed to verify the behavior of staged excavation approach [3].

To address the hydraulic uplift stability issue during the excavation works for MRT
Orange Line East OR19 Hua Mak Station, preventive measures have been taken due
to the marginal deficiency of factor of safety against hydraulic uplift stability. The
proposed solution is to conduct a staged excavation approach.

An extensive soil investigation program was conducted at OR19 Station, which
revealed the presence of a 2nd stiff clay layer with a thickness ranging from 2 to 7m
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Fig. 6 Staged excavation sequences for OR19 Station

throughout the station. This layer was considered to be an impermeable layer and
served as a barrier for the staged excavation works.

The stability of the excavation works at OR19 is critical, and several alterna-
tives have been considered to ensure safety during construction. The chosen method
involved carefully strip excavating starting from the first section with an adjacent
safety berm that is 4m high. The excavation was conducted step by step, as shown
in Fig. 6, to ensure stability throughout the process.

The proposed modifications to the excavation sequences have resulted in a higher
factor of safety for all excavation stages, exceeding the required minimum value. The
analysis of stability showed that the proposed sequences are safe for the construction
of OR19. However, it is crucial to monitor and control the piezometric pressure in
the 2nd Sand Layer before beginning any excavation activities.

4.2 Extension of Unreinforced D-wall

When constructing structural D-walls in a thick sand layer, excavating in sand with
high piezometric pressure can be dangerous. In this scenario, if a stiff clay layer
(impermeable layer) is present below the sand layer, the diaphragm wall toe level
can be extended to penetrate into those impermeable layers (2nd stiff clay or 3rd stiff
clay) to cut off groundwater pressure inside the excavation area. Deep well pumps can
be used to control the groundwater level inside the excavation area during excavation.
This technique can improve the factor of safety against hydraulic uplift failure.
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Reference has been made to Orange Line East OR15 station; most of the final
excavation level (25 m depth) was located in thick 1st/2nd sand layer with high
piezometric pressure. Therefore, groundwater control measure was applied to ensure
the stability of the excavation and safety during the construction. Various groundwater
control measures were considered based on design and construction requirements.
The extension of unreinforced D-wall was selected as this method can be performed
simultaneously with the structural D-wall construction. The D-wall was extended to
the impermeable 3rd stiff clay layer below the sand layer. However, as the depth of the
3rd stiff clay layer varies, the toe level of the extended D-wall also differs accordingly.
A schematic of the extended D-wall and toe levels is presented in Fig. 7.
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Fig. 7 Station OR15 cross-section with extension of D-wall for groundwater cut-off
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4.3 Tube-A-Manchette Grouting

The Tube-A-Manchette (TAM) method is an effective chemical grouting technique
that can be used to decrease the permeability of the sand layer. TAM grouting can be
implemented in either a blanket arrangement or a D-wall joint grout arrangement,
which serves as a waterproof barrier in the excavation area.

To reduce potential leakage at the joint of the D-wall panels, ground treatment
by TAM grouting is applied to the outer joints of the D-wall panels. After the TAM
grouting is completed, a pump test and dewatering scheme are conducted to ensure
that the amount of groundwater in the sand layer is within a safe range.

Additional grouting is prepared in case it is needed during the excavation. Struc-
tural and ground movements are monitored to prevent any damage to the station or
nearby structures.

Reference has been made to BS12 main station box of Blue Line Extension Project
where the TAM grout was adopted in blanket arrangement. A 4 m thick TAM grout
covering the area more than 5000 m? was performed in 2nd sand layer at depth of
approximately 53 m from ground. Construction was successfully completed without
any adverse event during excavation (Fig. 8).

Fig. 8 Tube-A-Manchette (TAM) grouting operation at BS12 station box
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Fig. 9 Jet grouting in blanket arrangement at BS12 TBM arrival shaft

4.4 Jet Grouting

When deep excavations are to be made in thick sand layers and high piezometric
pressures are present, it may not be safe to excavate in such conditions. To ensure
safety, jet grouting can be utilized to create a watertight barrier around the excavation
area. The thickness of the jet grout block is determined by checking for punching
shear, shear stress, and bending stress. High-pressure cement grouting is used to
improve the strength and water-tightness of the soil, which also aid in the design of
the diaphragm wall.

At the TBM arrival shaft at BS12 Station of Blue Line Extension Project, jet
grouting in blanket arrangement with thickness of 11.45 m was conducted for ground-
water control purpose. A large 3.2 m diameter with a total of 28 nos. of overlapping jet
grout columns was formed as a watertight barrier to ensure stability against hydraulic
uplift and piping as shown in Fig. 9.

Table 1 provides a summary of the groundwater control methods that were imple-
mented for the MRT Blue Line Extension Project Contract 2 and MRT Orange Line
Project Contract E1 and E2. The selection of an appropriate method was based on
careful consideration of both the design and construction aspects of the project.
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Table 1 Summary of groundwater control method adopted for MRT blue line extension project
contract 2 and MRT orange line project contract E1 and E2

Project Station No | Groundwater control method adopted
MRT blue line extension BS12 TAM blanket grouting (station box)
project contract 2 Station Jet grouting (TBM arrival shaft)
BS13 Staged Excavation
Station
MRT orange line project OR13 Not required due to shallow excavation
contract E1 and E2 Station
OR14 Not required due to shallow excavation
Station
OR15 Extension of unreinforced D-wall coupled with
Station TAM grouting at D-wall joint
OR16 Extension of unreinforced D-wall coupled with
Station TAM grouting at D-wall joint
OR17 Extension of unreinforced D-wall coupled with
Station TAM grouting at D-wall joint
OR18 Extension of unreinforced D-wall coupled with
Station TAM grouting at D-wall joint
OR19 Staged Excavation
Station

5 Conclusion

The design and construction of underground structures for the MRT project in
Bangkok face significant challenges related to the resurgence of piezometric pressure
in sand layers. However, valuable lessons have been learned from the completion of
previous MRT projects, which can be applied to the planning and construction of the
MRT Orange Line East. This paper provides a brief overview of various methods
for managing groundwater during construction and outlines the groundwater control
measures employed for the MRT Blue Line Extension and MRT Orange Line East
Project. Given the situation of rising groundwater, it is anticipated that these measures
will be crucial for the success of the underground construction works in Bangkok’s
MRT system.
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Influence of Nano-Clay )
on Microstructure and Mechanical Cestte
Properties of Fiber-Reinforced Cement

Mortar at Elevated Temperature

S. Kiran, Sadath Ali Khan Zai, Mallikarjun. A. Indi, and Amruth.R. Naik

Abstract A detailed experimental studies on use of cement as partial replacement
with ground granulated blast furnace slag along with nano-clay and polypropylene
fibers to improve bonding properties and shrinkage properties of cement mortar
at elevated temperature were carried out in the Department of Civil Engineering,
Bangalore University, Bangalore, Karnataka, India. The testing specimens casted
and tested as per IS specifications, cubes (70.6 mm), cylinders (100 mm diameter
and 200 mm height), prisms (160 mm length, 40 mm width, and 40 mm depth), with
cement mortar mix 1:3, and polypropylene fibers (0.25% by weight of cement) all
the test specimens are subjected to at elevated temperature varying from 200, 400,
600 and 800 °C, respectively. Retention time of 2 h is considered in the oven with
respect to temperature and then strength properties at normal temperature as well as
at elevated temperature were studied. The test results show that there is significant
resistance in the strength properties can be resisted up to 400 °C then decrease in
strength with rise of temperature. Scanning electron microscope and EDX were
considered for morphology and mineral composition of modified cement mortar at
normal temperature and elevated temperatures.

Keywords Nano-clay - Polypropylene fibers (PPF) - Elevated temperature

1 Introduction

Homogeneous cement mortar can be made by mixing the proper amounts of cement,
sand, and water. Mortar is a working substance that hardens and is used to fill spaces
between building materials like stones, bricks, and concrete masonry units, bind them
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together, distribute their weight evenly, and adorn masonry walls with beautiful colors
or patterns. There are significant energy and environmental losses as a result of the
massive amounts of raw materials and natural resources needed to produce cement
and concrete. A large amount of carbon dioxide, a naturally occurring greenhouse
gas, is also released during this process. Modifications and improvements to the
current concrete production methods are needed to address these environmental and
cost issues. This has led to researchers in the field of concrete engineering and
technology researching into and identifying various by-product materials. This can
be used in place of the constituent parts for preparing cement mortar and concrete
at high temperatures. Due to their unique physical and chemical characteristics,
nanoparticles are receiving more and more attention and are being used in numerous
fields to develop novel materials with cutting-edge functionality.

2 Literature Review

The compressive strength, flexural strength, and [1] tensile strength of mortar were
increased by 11%, 5%, and 9%, respectively, by 2% optimized nano-clay by weight of
cement. The mortar also had water binder ratios of 0.55 and cube specimens of 50 mm
that were water cured for 7 and 28 days. Images created utilizing replacement will
be more homogeneous and denser when seen using a scanning electron microscope
(SEM) [2]. OPC 43 was substituted in cement mortar with varying concentrations,
from 0.5 to 2% by cement weight, and it had positive effects on the mortar’s durability
and mechanical properties, CM 1:3 water-cured mixture having a 0.40 water-to-
cement ratio. In a mortar cube of 50 mm for compressive strength and 85 mm*50 mm
for durability parameters, 1.5% of nano-silica and 2% of nano-clay increased the
compressive and split tensile strengths, superior strength, permeability, and resistance
to the control mix [3]. Strength and microstructure of cement mortar using nano-clay
by replacement are 0%, 1%, 3%, and 5% by weight of cement with OPC, the cube
specimen of 50 mm, flexural prism of 40¥40*160 mm casted and water cured for 28
and 90 days, the compressive strength and flexural strength enhancement is 15.2%
and 30%, respectively. The improvement in the residual strength up to 5% use of
nano-clay when it is subjected to elevated temperature. SEM and X-ray diffraction
(XRD) results prove that stable structure matrix even after the mortar is exposed to
250 °C. The results also point to a greater production of CSH gel, which improves
residual strength even at high temperatures [4]. Cube specimens of 70.6 mm with
8, 10, 12, 14 and 16 molar concentrations of sodium hydroxide and sodium silicate
are used, together with 10% GGBS, over a range of temperatures between 600 and
900 °C, the cubes are cured with water for 3, 7 and 28 days, geopolymer mortar
utilizing M Sand has gained higher strength compared to geopolymer mortar using
natural sand, and oven curing is the most effective technique of curing geopolymer
concrete. The improvement in compressive strength for 28 days is 6.6% at 8 molar
concentration [5]. Mechanical properties of cement mortar with polypropylene fibers
of 1% and nano-materials 3% by weight of cement, CM 1:3 of 50 mm cube specimens
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are cast for 3, 7 and 28 days. Improvement in compressive strength is marginal for all
curing periods, but tensile strength is greater with the addition of 1% fibers. However,
increasing the fiber content tends to cluster and to generate more micro-defects in
the mortar matrix, and curing in microwaves further deteriorates in the properties.

3 Research Significance

The research work signifies the investigation on optimization of nano-clay, GGBS
in cement mortar mix 1:3 to obtain maximum compressive strength to be used in
different construction practices, the main focus of this studies are to study the hard-
ened properties of mortar such as compressive, split tensile, flexural strength at
normal and elevated temperature and also to analyze the surface morphology Scan-
ning electron microscope (SEM), are performed for Mix 1 (Cement 100% + M Sand
100%), Mix 2 (Cement 70% + M Sand 100% + 30% GGBS), Mix 3 (Cement 67%
+ M Sand 100% + 30% GGBS + 3% nano-clay) and Mix 4 (Cement 67% + M Sand
100% + 3% nano-clay 4+ 30% GGBS 4 0.25% PPF) under consideration for actual
applications, sustainable with long term performance even after subjected to elevated
temperature of 800 °C when mixed with nano-clay; with experimental studies, it is
evident that there may be increase in strength, and also, it will increase service life
of mortar which in turn lead economic aspect consideration.

4 Materials

In this present research investigation Ordinary Portland Cement (OPC- 43 Grade)
Ramco cement, manufactured sand (M Sand) passes through a 4.75 mm sieve and
retained on 150 (zone II), nano-clay (1nm-200nm) (Montmorillonite), ground gran-
ulated blast furnace pulverized slag of specific gravity 2.38, polypropylene (Recron
3s 6mm), and water (ordinary potable water) were used with cement mortar 1:3.

5 Test Specimens

For the experimental program, there are four different mixes with series of 900 testing
specimens out of which 300 number of cubes (70.6 mm), 300 number of cylinders
(100 mm diameter and 200 mm height), 300 number of prisms (160 mm length,
40 mm width, and 40 mm depth), with cement mortar mix 1:3, and polypropylene
fibers (0.25% by weight of cement). Further to study the surface morphology of
the cement mortar, The final mixes used in the main experimental program are as
follows:
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Mix 1 = (Cement 30% + River Sand 70%)

Mix 2 = (Cement 29.925% + 0.075% PPF + M Sand 70%)

Mix 3 = (Cement 20.925% + 0.075% PPF + 9% GGBS + M Sand 70%)

Mix 4 = (Cement 20.025% + 0.075% PPF 4 9% GGBS + 0.9% Nano clay +
M Sand 70%).

6 Test Program

The experimental investigation involves the determination of mechanical properties
of cement mortar for mixes: Mix 1 (control mix), Mix 2, Mix 3 and Mix 4 for flexural,
compressive, and split tensile strength for 3, 7, 28, 56, and 90 days, and the outcomes
are summarized.

Mixing nano-powder with cement as blended composite. Dry mixing of fine aggre-
gate and PPF, water is added and mixed until to homogeneous mix. The test samples
are casted, molded, cured, and exposed to elevated temperature for 200, 400, 600
and 800 °C.

7 Results and Discussions

Hardened properties of cement mortar

Compressive Strength (Table 1)

From experimental results, it is clear that for 28 days, increase in compressive
strength for Mix 1, Mix 2, Mix 3, and Mix 4 from 26° to 400 °C is 23.37%, 26.16%,
21.72%, and 35.34%, respectively. It is also noticed that from 600 to 800 °C, the
strength is reduced by 63.28%, 64.34%, 65.67%, and 66.41%, respectively (Table 1
and Fig. 1).

It is found that for 28 days, increase in split tensile strength for Mix 1, Mix 2,
Mix 3, and Mix 4 from 26° to 400 °C is 14.19%, 10.97%, 15.35%, and 16.67%,
respectively. It is also observed that from 600 to 800 °C, the strength is reduced by
76.33%, 71.58%, 72.25%, and 74.67%, respectively (Table 2 and Fig. 2).

Table 1 Average compressive strength (N/mm?) of Mix 1 to Mix 4 at elevated temperature

Mixes Mix 1 Mix 2 Mix 3 Mix 4
Temp

26° 47.36 54.27 60.66 67.51
200° 48.85 64.73 72.81 82.42
400° 58.43 68.47 78.84 91.37
600° 35.16 40.06 43.56 47.19
800° 17.39 19.35 20.82 22.67
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Fig. 1 Comparison of compressive strength of all mixes at elevated temperature

Table 2 Average split tensile strength (N/mm?) of Mix 1 to Mix 4 at elevated temperature
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Mixes Mix 1 Mix 2 Mix 3 Mix 4
Temp

26° 4.86 5.56 5.73 7.62
200° 5.32 6.13 6.39 8.55
400° 5.55 6.17 6.61 8.89
600° 3.15 35 3.53 4.53
800° 1.15 1.58 1.59 1.93
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Fig. 2 Comparison of split tensile strength of all mixes at elevated temperature

It is noticed that for 28 days, increase in flexural strength for Mix 1, Mix 2, Mix 3,
and Mix 4 from 26 t0 400 "Cis 17.75%, 18.24%, 18.99%, and 21.19%, respectively. It
is also observed that from 600 to 800 “C, the strength decreased by 68.22%, 64.80%,
67.52%, and 68.40%, respectively (Table 3 and Fig. 3).
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Table 3 Average flexural strength (N/mm?) of Mix 1 to Mix 4 at elevated temperature

Mixes Mix 1 Mix 2 Mix 3 Mix 4
Temp

26° 5.35 6.25 8.53 10.38
200° 6.08 7.13 9.78 12.02
400° 6.3 7.39 10.15 12.58
600° 3.65 4.25 5.66 6.83
800° 1.7 22 2717 3.28
Fig. 3 Comparison of 28 days Average Flexure Strength of all Mixes

flexural strength of all mixes
at elevated temperature 12
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8 Microstructure Analysis

Scanning electron microscope is an instrument used to examine the morphology of
the solid samples, which prepares images of a sample by scanning the top surface
with a focused beam of electrons, and it gives magnification with greater depth. The
test is performed in BMS College of Engineering Bull Temple Road, Basavanagudi,
Bengaluru 560,019. The SEM images have magnification of 10X for 200, 400, 600
and 800 "C.

From Fig. 4 S-E-M images, the inclusion of nano-clay increases the compactness
and less pore present in SEM images; thus, the strength is increased, and the presence
of polypropylene fibers prevents the development of cracks. The development of more
Calcium Silicate Hydrate (C-S-H) Gel is obtained from the hydration of cement and
is observed in Mix 4 (Fig. 5) which leads to improvement of transition zone bonding
of cement slurry between the nano-clay, GGBS, and PPF; moreover, the cracks
propagation is also less because of the polypropylene fibers. Even though the fibers
will melt at higher temperature, it creates a gel-like structure, covers the pore to make
the structure hard, fills the gaps between the particles. Consequently, the modified
cement mortar of Mix 4 gives overall effective compactness in the contribution of
strength and is more as compared to the other mixes under considerations.
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Fig. 4 SEM images of normal and elevated temperature of mix 4 with 10X magnification
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Fig. 5 EDX images of mix 4

9 Conclusion

e The incremental increase in compressive strength from 26 to 400 °C for MIX 1 to
MIX 4 ranges between 20 to 35% for 28 days which indicates that with increasing
temperature up to 400 "C, there is more improvement in the compressive strength
behavior. Beyond 400 °C up to 800 “C, the strength reduced between 60 to 70%.

e For 28 days, the increase in the split tensile strength from MIX 1 to MIX 4 ranges
between 10 to 20% for 26" to 400 C; above that, there is decrement in strength
from 600 to 800 ‘C is about 64 to 69%.



220 S. Kiran et al.

¢ From the experimental results, it is proved that the increase in flexural strength for
28 days from 26" to 400 °C for MIX 1 to MIX 4 ranges from 17 to 22%, and after
that, for 600 to 800 “C, the strength decreased between the ranges of 64—70%.

e From SEM and EDX analysis for MIX 4, it is evident that the maximum percentage
of calcium and silicate shows the possibility of more C-S-H Gel production and
hence enhancement in the strength @ 400 °C as compared with MIX 1.

e The higher deformation temperature makes the grain size larger and dislocation
density decreases. Hence, strength increases.

e The free water starts evaporating rapidly. In the temperature ranges from 100
to 400 "C, dehydration of ettringite takes place followed by decomposition of
gypsum.

e The decrease in strength when the temperature reaches 400 “C; the chemically
bound water starts evaporating; thus, the strength decreases above 400 “C.
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Predicting Hydro-Thermal Environment )
Characteristics in Underground Spaces L
of a Tumulus Mound

Mai Sawada @, Sumire Tani, and Mamoru Mimura

Abstract Cultural properties, such as mural paintings in underground spaces, are
sensitive to hydro-thermal environments. Heat transfer analysis is useful for eluci-
dating the mechanism behind the environment-induced deterioration of cultural prop-
erties and developing countermeasures. This study measured the temperature in the
stone chamber of a tumulus mound for 500 days and validated the numerical simu-
lation of heat transfer in the tumulus mound using the response factor method. The
numerically predicted temperature values were almost consistent with the measured
values. However, a numerical model that does not consider the solar radiation effects
causes minor deviations from the measured values in the high-temperature period.
In addition to temperature prediction, the water vapor transfer and dew condensation
on the stone surfaces were calculated. The results indicated that the faces where
dew condensation occurred varied seasonally. A larger amount of dew is generated
on the ceiling that is not covered with soil compared with other faces, which indi-
cates that excavation of the tumulus mound for exhibition of the stone chamber can
promote dew condensation and damage the stone surfaces. The heat transfer analysis
conducted in this study is useful for developing measures to sustainably control the
hydro-thermal environment in the stone chamber to achieve a good balance between
preservation and exhibition.

Keywords Heat transfer analysis + Dew condensation - Field monitoring
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1 Introduction

Mural paintings and other cultural properties have existed for more than a millen-
nium to date in stable hydro-thermal environments in underground spaces or caves.
Changes in the hydro-thermal environments upset the balance in the physicochem-
ical and biological systems in underground spaces, which cause serious deterioration
in the cultural properties. For example, inside the Takamatsuzuka Tumulus in Nara,
Japan, the temperature in the stone chamber was significantly affected by annual and
daily changes in atmospheric temperature due to the excavation of the tumulus mound
after its discovery in 1972. In addition, the annual mean temperature has increased
by 1 °C over the 30 years since 1972 owing to global warming [1]. These artificial
and natural thermal environment changes activated the propagation of fungi on mural
paintings in the stone chamber. Damage to the mural paintings became serious, and
the stone chamber was finally dismantled in 2007 to repair the mural paintings in a
museum [2]. Moisture-related phenomena promoted by temperature variations, such
as dew condensation, salt crystallization, and freeze—thaw cycles, also damage mural
paintings and stones [3].

To elucidate the mechanism behind such damages caused by hydro-thermal envi-
ronment changes and develop countermeasures, predicting the temperature that
cultural properties experience is the first and most important task to accomplish.
Li et al. [4] numerically simulated the temperature in the stone chamber of the
Takamatsuzuka Tumulus for three years from 1972 using three-dimensional hydro-
thermal coupled analysis. They estimated the amount of dew condensation on the
stone surfaces, as well as the temperature, and concluded that it was preferable to
keep the temperature difference in the whole chamber at less than 4 °C to protect
the mural paintings against dew condensation. Using air conditioners or cooling
pipes is effective in controlling the temperature in underground spaces; however, it is
limited by the cost of system installation and maintenance. Sawada and Mimura [5]
focused on using soil covers with high heat insulation, which could be a low-cost,
widely applicable, and sustainable countermeasure. They numerically investigated
the influence of density, degree of saturation, and thickness of the soil cover on the
temperature in the stone chamber using the response factor method. The numerical
model was validated by comparing the calculated and measured annual temperature
variations in the Takamatsuzuka Tumulus. However, the measured values obtained
at several-week intervals yielded only a rough validation, despite the deteriorations
occurring in stone chambers being very sensitive to temperature. Therefore, a more
accurate validation using temperature monitoring data obtained at smaller intervals
is necessary.

This study aims to obtain high-quality temperature monitoring data in an under-
ground space and validate the heat transfer analysis using the response factor method.
The temperature was measured every hour for 500 days in the stone chamber and
mound of the Nakaoyama Tumulus in Nara, Japan, and the results were compared
with the numerically predicted values. Furthermore, water vapor transfer and dew
condensation on the stone surfaces, which can cause deterioration in the stones, were
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estimated based on the calculated temperature. The tumulus mound is planned to be
partially excavated in the future for the exhibition of the stone chamber. Predicting the
temperature and dew condensation will be useful for evaluating the influence of future
excavation on the hydro-thermal environment in the stone chamber and developing
measures to achieve a good balance between preservation and exhibition.

2 Methodology

2.1 Heat Transfer Analysis

The heat transfer analysis using the response factor method [6] is schematically
shown in Fig. 1. The response factor method uses a theoretical solution for one-
dimensional heat flows through multi-layered walls. This method is advantageous
when calculating costs compared to approximate solutions, although it cannot be used
for hydro-thermal coupled analysis. The one-dimensional heat flow through multi-
layered walls for a triangle-shaped unit temperature is referred to as the response
factor. The response factor for the heat transfer to the outside or inside of the wall can
be theoretically obtained, which is governed by the thickness and thermal properties
of each layer comprising the wall. The unsteady ambient temperature variation can
be expressed by the superposition of triangles with various heights; thus, the heat
flow through the wall can be obtained by the superposition of the response factor
for each triangle-shaped temperature change. The heat flow inside the wall after 7 s
from the start, namely ¢ (¢) is expressed as follows:

q(t) =Y f(t— jAng(jAD), 1)
j=0
Inside Outside

Ambient temperature

Heat transmission )
2 ; 3
2 T
5 <~ -1t — g
2 — -t = &
'_

P Time Time

At At

Multi-layered wall

Fig. 1 Concept of heat transfer analysis using the response factor method
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Fig. 2 Cross-sectional view of the tumulus and measurement points

where f(r — jAr) is the height of a triangle that arises after r — j At s from the start
and ¢, (j At) is the heat transmission at j At s after the triangle occurrence.

The total heat inflow to a room through six faces (i.e., the four sidewalls, ceiling,
and floor) is calculated by adding the heat flow transmitted through each face. The
total heat outflow is calculated in the same manner. The temperature of the room can
be determined by assuming that the total heat inflow and outflow are maintained at
an equilibrium.

Figure 2 shows a cross-sectional view of the Nakaoyama Tumulus [7]. The stone
chamber consisted of four tuff sidewalls, a granite ceiling, and a granodiorite floor.
The stone chamber with inner dimensions of 0.9 m x 0.9 m x 1.3 m is covered
with soil, while the top of the stone chamber is exposed. Figure 3 shows the numer-
ical models of the multi-layered walls surrounding the stone chamber used for heat
transfer analysis. The thickness of the soil layers adjacent to the sidewalls was deter-
mined by reading the approximate distance between the sidewalls and mound surface,
as shown in Fig. 2. The temperature at the bottom of the model at a depth of 10 m
remains constant throughout the year (namely isothermal layer), which is generally
equal to the annual mean air temperature [8]. The heat transfer layer between the
atmosphere and soil or stone layer transmits heat through radiation and convection.
The heat capacity was zero, and the coefficient of heat transfer was 9 and 23 W/
m?K on the inside and outside of the wall, respectively [9]. The ambient temperature
measured at the Nara Observatory of the Japan Meteorological Agency was used for
analysis [10]. The effects of water transfer, namely evaporation and rainfall infiltra-
tion, solar radiation and nocturnal radiation were not considered because temperature
variation caused by these factors can cancel out when annual soil-atmosphere heat
balance is maintained.

2.2 Thermal Properties

The thermal diffusivity of the soil was measured using the cylindrical method [11].
The tumulus mound soil with a natural water content of 28.46% was compacted at
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the equivalent dry density of the mound (i.e., 1.2 g/cm?) in cylindrical aluminum
holders 33 cm in length and 5 cm in diameter. Thermocouples were installed at the
center of the specimens. Then, the specimens were soaked in a constant-temperature
water bath (30 °C). The thermal diffusivity was inversely calculated using the theo-
retical solution for the heat conduction in an infinite cylinder and measured center
temperature.

The measured thermal diffusivity was 0.32 mm?/s. The volumetric heat capacity
of the soil was determined as 2402 kJ/m>K based on the specific heat of quartz
(0.84 kJ/kgK) and water (4.18 kJ/kgK) [8]. The thermal conductivity of the soil was
0.77 W/mK, which was estimated using the relationship between thermal diffusivity
and volumetric heat capacity. The thermal diffusivity, volumetric heat capacity, and
thermal conductivity of the stone were determined as 0.88 mm?/s, 2900 kJ/m3K,
and 2.56 W/mK, respectively, by referencing an earlier study based on the thermal
properties of saturated tuff stones used in stone chambers [12].

2.3 Temperature Monitoring

To validate the heat transfer analysis, the temperature in the tumulus mound and
stone chamber was measured for 500 days from March 27, 2021, to August 8, 2022.
The thermocouples (Points A to D) and thermo-hygrometer (Point E) were installed
at the measurement points shown in Fig. 2 when the tumulus was excavated for
archeological investigations. The thermocouples at Points C and D were attached to
the stone surfaces using aluminum tape. The thermocouples and thermo-hygrometer
were connected to the data loggers fixed on the mound surface. The measurement
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Fig. 4 Comparison between the measured and calculated temperature values at Point B

interval was set to an hour. Temperature monitoring was started when the tumulus
mound was reburied after the investigation.

3 Results and Discussions

3.1 Validity of Soil Thermal Properties

The validity of the mound soil thermal properties was assessed by comparing the
measured ground temperature and numerically simulated temperature values at Point
B. One-dimensional heat flow between Point A at a depth of 0.5 m, where the
temperature was measured, and isothermal layer at a depth of 10 m was calculated
using the finite difference method. The temperature at the isothermal layer was set
to the annual mean air temperature determined in 2021 (16.16 °C).

Figure 4 shows a comparison between the measured and calculated tempera-
tures at Point B. The calculated temperature was higher than the measured values
during the first two months because the initial ground temperature was assumed to be
uniform. However, the calculated temperature is consistent with the measured values
for the rest of the period, although the datum of the calculated temperature is slightly
low because the assumed temperature at the isothermal layer can be lower than the
actual value. This indicates that the experimentally obtained thermal properties of
the mound soil can be used for the heat transfer analysis.

3.2 Temperature in Underground Stone Chamber

In the heat transfer analysis using the response factor method to predict the tempera-
ture at Point E in the stone chamber, the calculation period must be sufficiently long
to reduce the influence of the tentative ground temperature distribution provided as
the initial condition. Thus, the calculation was performed over 20 years from August
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9, 2002, to August 8, 2022. Accordingly, the results for the last five years, where
the initial condition has little impact on the results, were discussed. The time step
was set to 24 h because the temperature in the underground stone chamber was not
sensitive to the daily ambient temperature variation. Then, the temperature values of
the ceiling, sidewalls, and floor during the five years were calculated using the finite
difference method.

Figure 5 compares the measured and calculated temperatures at Points C, D, and
E for 500 days from the start of temperature monitoring. The measurement at Point
E was interrupted after the 70th day from the start because the thermo-hygrometer
stopped working owing to dew condensation on the sensor; however, the temperature
at the other points was successfully obtained. The calculated temperature was nearly
consistent with the measured values on the ceiling and floor, which agreed well with
each other, particularly during the low-temperature period. The average deviation
from the measured value was 6.7% on the ceiling and 3.8% on the floor throughout
the 500 days. However, the difference between the measured and calculated values
was relatively large during the first several days and high-temperature period. This
initial difference can be attributed to the excavation of the tumulus mound. The stone
chamber was exposed to the atmosphere just before the tumulus mound was reburied
and temperature monitoring started, which might have increased the temperature in
the stone chamber during the first several days. The difference in the high-temperature
period can be owing to the numerical model that does not consider the effects of solar
radiation, which increases the heat inflow into the ground, particularly in the summer.

3.3 Water Vapor Transfer and Dew Condensation

The relative humidity measured at Point E increased to 100% over two days from
the start and remained constant until the thermo-hygrometer stopped working. This
indicates that the vapor pressure in the stone chamber was always fully saturated,
and dew condensation occurred when the surface temperature of the stones was
slightly lower than that of the atmosphere. Dew condensation on each stone surface,
namely g, was calculated using Eq. (2), which expresses water vapor transfer in the
atmosphere [9].

qv = a/(fr — fuw)- )

Here, o’ is the moisture transfer coefficient (i.e., 16.7 g/m?>h mmHg), £, is the atmo-
spheric water vapor pressure in the stone chamber, and f,, is the water vapor pressure
on the stone surface. The f, and f,, were estimated using Goff—Gratach’s equation,
which depicts the experimentally obtained relationship between the ambient temper-
ature and saturated water vapor pressure. Dew is generated on the stone surface when
fw is lower than f,., whereas water evaporates from the stone surface when f,, is
higher than f,.
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Figure 6 shows the amount of dew condensation per unit area on the ceiling,
sidewalls, and floor during the five years between 2017 and 2022. The faces where
dew condensation occurred varied seasonally. Dew was generated on the ceiling
from October to April, when the ceiling was cooled down by the outdoor ambient
air. During the rest of the year, when the temperature of the ceiling was relatively high,
dew was generated on the sidewalls and floor, where the surface temperature was
slightly affected by the outdoor ambient temperature variation. Dew condensation
was significant on the ceiling compared to other faces because the ceiling that was not
covered with soil was easily affected by the outdoor ambient temperature variation.
This indicates that the excavation of the tumulus mound for exhibition of the stone
chamber increases the temperature difference in the stone chamber, which results in
dew condensation and evaporation on the stone surfaces.
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4 Conclusions

This study numerically predicted the temperature in an underground stone chamber
using the response factor method; subsequently, the prediction results were validated
by comparison with the measured values. The calculated temperature was nearly
consistent with the measured values; the average deviations from the measured
values were 6.7% on the ceiling and 3.8% on the floor throughout the 500 days.
However, the deviation was relatively large during the high-temperature period. This
can be attributed to the numerical model, which does not consider the effects of solar
radiation. This setback must be addressed for a more accurate prediction.

Furthermore, water vapor transfer and dew condensation in the stone chamber
were predicted based on the measurements, indicating that the water vapor pressure
in the stone chamber remained saturated. The results indicated that the faces where
dew condensation occurred varied seasonally. A larger amount of dew was gener-
ated on the ceiling that was not covered with soil, which indicates that excavation
of the tumulus mound for exhibition can promote dew condensation and damage
stone surfaces. The heat transfer analysis validated in this study is useful for devel-
oping methods for controlling the hydro-thermal environment in stone chambers to
achieve a good balance between preservation and exhibition. Additional calculations
are underway to evaluate the influence of future excavation on the hydro-thermal
environment in the stone chamber and effectiveness of countermeasures using soil
covers.
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on Soft Clay from Construction Control oo
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Abstract The stability of an embankment during and after construction is mainly
dependent on the displacements under the embankment. There are numerous studies
on the detrimental effect on the behavior of the proposed embankment or adjacent
structures around the embankment. Different ground treatment techniques are imple-
mented, and concurrent ground instruments are also deployed to control immense
effects such as huge displacements and the collapse of embankments. Matsuo et al.
(1977) proposed a stability chart to control the failure of the embankment based on
the settlements at the center and lateral deformations at the toe of the embankment.
The present study analyzed the data provided by different case studies on embank-
ments and found the displacements using finite element software PLAXIS 2D. The
lateral displacements and settlements obtained from PLAXIS 2D are plotted in the
Matsuo stability chart to know the factor of safety at each stage of construction.
Hence, the prior prediction of failure of the embankment can be possible with the
Matsuo plot by observing the displacements. The lateral displacements and settle-
ments from finite element analysis (FEA) are compared with the parameter obtained
from the experimental, numerical, and observational methods existing in the case
histories.
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1 Introduction

In the last few decades, the growth of urbanization has significantly larger worldwide
and there is a necessity to develop infrastructure in critical site conditions. The devel-
opment of urbanization leads to the building of new communication infrastructure in
coastal regions, where the soft soil deposits are encountered. Construction of embank-
ments in such soils is a very difficult task due to unfavorable geotechnical conditions
such as low shear strength and high compressibility. The most difficult problem
is a prediction of failure during the construction of an embankment on soft clay.
The observational methods stipulate (Peck 1969) many benefits over conventional
design methods, including potential savings in time or cost and greater safety assur-
ance. There are different theoretical approaches available to evaluate the stability of
an embankment, but the selection of the method of approach has a great impact on the
stability of the embankment. Leroueil (2001) reviewed different empirical methods
of approach to evaluate the stability of an embankment. These conventional methods
are based on the properties of foundation soil and embankment soil. Bejjerum (1973)
evaluated the fundamental properties of soft clays and the correlation between plas-
ticity index and undrained shear strength and their implication for practical design
procedures. The process of data monitoring and careful review during the construc-
tion of an embankment play a significant role in the prediction of the failure of an
embankment. The measured data of vertical and lateral displacements may not be
a reliable approach for the prediction of failure. Failure can happen without any
warning based on simple displacement data. Matsuo [5] proposed a construction
control chart based on the combination of vertical and lateral displacements which is
the most suitable approach to predict the failure of embankments on the soft ground
during construction. Because it clearly demonstrates that the process of displace-
ment in construction progress in failure cases is approaching the failure criteria line
although differences in the geometrical and mechanical properties of the embank-
ment soil and soft clay layer thickness. There is a tendency to be distant from this
curve in non-failure cases. Three case studies are discussed in the present study which
includes the performance of embankments during construction and the prediction of
failure using approach. Wu et al. (2019) described the application of instrumenta-
tion monitoring and applied the Matsuo approach for monitoring the stability of the
embankment. Chin (2005) presents guidelines for the design of embankments by
various methods as well as construction control of embankment stability based on
the Matsuo approach. Finite element analysis of PLAXIS 2D software is chosen with
plain strain conditions to simulate the actual conditions. Further, the material model
is considered as Mohr—Coulomb for the foundation and the embankment soil with
the variation of drainage conditions such as undrained and drained, respectively. The
soil parameters for the foundation and embankment soil include bulk unit weight
(y), undrained shear strength (S,,), undrained modulus of elasticity (E,) for soft clay,
drained modulus of elasticity (E) for embankment soil, Poisson’s ratio (v), and coef-
ficient of lateral earth pressure (k() which are tabulated in Table 1 for embankment
soil and foundation soil. The observed field data is compared with the result obtained
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Table 1 Soil parameters for embankment soil and foundation soil in FEA
Name of the | Depth (m) Unit Undrained | Poisson’s | Undrained | Effective | Ky
embankment weight | Young’s ratio (v) | shear friction
of modulus strength angle, ¢
soil,y E, (MPa) (kPa) S, ©)
(kKN/
m3)
Kurashiki 0.0-0.4 18 2.4 0.3 0 30 0.5
0.4-6.3 16 3.6 0.495 19.6 0 0.55
6.3—40 18 4.5 0.3 1 30 0.5
Embankment | 18 5.0 0.3 1 32 0.5
fill
Muar 0.0-2.0 15.5 | 8.7 0.495 35.0 0 0.8
2.0-5.0 145 | 1.8 0.495 8.0 0 0.8
5.0—10.0 15 4.1 0.495 18.0 0 0.8
10.0-20.0 155 |4.4 0.495 22.0 0 0.8
20.0—40.0 18 35 0.495 13.2 37 0.39
Embankment |20 5.1 0.3 14 31 0.48
fill
St. Alban 0.0-0.3 17.0 |10.0 0.3 0 28 0.53
0.3-3.0 14.4 4.0 0.495 10 0 0.75
3.0-6.0 16.5 | 6.0 0.495 15 0 0.75
6.0—-9.7 17.5 | 8.0 0.495 20 0 0.75
9.7-25.0 19.0 |30.0 0.3 5.0 32 0.47
Embankment | 18.5 |20 0.3 5 44 0.30
fill

from the FEA. The FEA result is used to find the factor of safety of the embankment
utilizing the Matsuo construction control chart which is shown in Fig. 1.

2 Case Studies

2.1 Case 1: Kurashiki Trial Embankment

The Ministry’s Okayama office for Highway Construction built an instrumented trial
embankment in Kurashiki, Japan, to assess its performance. The trail embankment
was built on typical soft ground with a rate of construction 0.1 m/day in 57 days
to a height of 5.0 m and a base width of 22 m. The plan and elevation of the trial
embankment are shown in Fig. 2. The measured data in terms of lateral displace-
ments and settlements of the Kurashiki trial embankment was provided by Mochizuki
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Fig. 1 Matsuo’s Stability 4.0
chart Ref [5]
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et al. (1980). Shibata and Sekiguchi (1982) performed a detailed elasto visco-plastic
analysis for assessing deformations of the same embankment and compared it with
the measured values of Mochizuki et al. (1980). Later, Saichi and Kamei (1996)
analyzed deformations based on soil parameters estimated from the plasticity index
as well as permeability. The foundation of the Kurashiki trial embankment consists
of a 0.4 m thick of sand which was placed on the original ground surface one year
before the construction of the embankment. A soft alluvial clay deposit of 5.9 m thick
underlain by sand extended up to a depth of 33.4 m. The undrained shear strength
of the foundation area with respect to the depth shown in Fig. 3. In the present case,
FEA is performed in undrained conditions, and the soil parameters considered in the
analysis are given in Table 1.

2.2 Case 2: Muar Trial Embankment

The Malaysian Muar trial embankment was located at the Muar flat in the valley of
the Muar River. The west coast of peninsular Malaysia constitutes a coastal plain
of 10-20 m soft clay deposits and has low shear strength. Consequently, there were
frequent instability problems during the construction of the embankment. A large
full-scale trial embankment was constructed with proper instrumentation to examine
the detailed behavior of clayey soil. The Muar embankment was constructed in 100
days with a rate of construction of 0.4 m/week, and subsequent data was recorded.
The geometry of the searchers and engineers to predict the deformations of the
embankment prior to its construction. The “Class A” (Lambe 1973) predictions of
the embankment is shown in Fig. 4. The Malaysian highway authority (MHA) invited
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Fig. 3 Soil profile for Kurashiki embankment Ref. [8]

re-performed in different approaches to predict the failure height of the embankment
which is compared with the actual failure height of 5.4 m. An international sympo-
sium was held by MHA on “Trial embankment on Malaysian Marine clays” in
November 1989, the predictions and the observed data are well documented in the
proceedings. The prediction of failure height is in the range of 3.0-5.0 m which was



236 M. Bhanuchitra et al.

0 40 5
o - [}
2 Crust ::e L
wy | e | b
G sott i i
g ey |Le——ay S JBY ossvernesfeld Tests 19
1 i "o u alab Test B41
=880t = — o, «lab Test BH2 )
A0 | ua . 13 h
10 doy e ".'E; w |
12 _‘.:—_,:g_‘_ | '-,'z : 1
14 =t 5ed ‘ f : = T
= e ! 2 Mainfil 3 :
RN [ 1 Jf) R S— - , LA Eh I 7
18— ‘e » Berm - |
20 Sond -| By . 1 - |
i 55
0 %0 100 Vane Shear Strenath s, (kPa) I |
Water content, e |

Fig. 4 Soil profile and geometry of Muar embankment Ref. [6]

determined by different analyses such as limit equilibrium (Brand 1990), centrifuge
model test (Nakase and Takemura 1989), finite element method of total and effec-
tive stress analysis (Poulos et al. 1991), and CRISP program of modified cam clay
method (Balasubramaniam 1992) were performed. Qu et al. (2007) mentioned the
difference in results of 2D and 3D finite element analysis which are compared with
the measured data. The soil profile of the test site consists of a weathered crust of
2.0 m thick underlined by 5.0 m thick of very soft clay followed by 8 m thick of soft
clay. The lower clay layer is overly a 0.5 m thick peat, 3.5 m sandy clay, and then
dense sand. The actual field and laboratory test results are shown in Fig. 4. In the
present analysis, the 20 m clay deposit is divided into four layers, and the properties
are tabulated in Table 1.

2.3 Case 3: Saint Alban Test Embankment

A large portion of eastern Canada is covered by Champlain-sensitive clay deposits.
Laval University’s geotechnical group conducted a research program to investigate
the failure conditions of a test embankment by observing the magnitude and rate
of settlement of the structure. Four test embankments were built in Saint Alban,
Quebec. One of the embankments was built up to the point of failure, and the geom-
etry of the test embankment is depicted in Fig. 5. Deformations were measured up
to the embankment’s failure by installing deformation measuring instruments. The
expected height of the embankment was 4.6 m, but the failure occurred at 3.89 m.
The detailed results of the report presented by LaRochelle et al. [4]. The effect of
strength anisotropy (Zdravkovic et al. 2002) on embankment behavior and the 3D
effects using elastoplastic analysis (Guangfeng Qu et al. 2007) were also investi-
gated. A detailed geotechnical investigation was carried out, and laboratory tests
were performed on the soil sample. The soil profile is composed of a 1.8 m thick
weathered clay crust below topsoil of a surface of 0.3 m. The crust layer is underlain
by an 8.0 m thick, soft marine clay layer, which is followed by a soft sensitive clayey
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Fig. 5 Plan view and cross section of Saint Alban test embankment Ref. [4]

silt layer between 9.7 and 13.7 m depth. A dense fine to medium sand deposit was
found in lower depths from 13.7 to 24.4 m.

3 Results and Discussion

The measured settlements and lateral displacements from the field data and predicted
from FEA for the embankments in all the three cases at each stage of construction are
depicted in Figs. 6 and 7. The settlements are measured and predicted at the center
of the embankment for all three cases. The lateral displacements are measured and
predicted at the toe of the embankment for Kurashiki and Muar cases whereas in
the case of St Alban lateral displacements are measured at the R6 location which is
shown in Fig. 5. The present study compares measured and predicted results, as well
as previous studies by different authors for the same case histories.
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Fig. 6 Settlement at the center of the embankment for three case studies
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Fig. 7 Lateral displacements at the toe of the embankment for three case studies

3.1 Settlements

Case 1: Kurashiki Trial Embankment The settlements were plotted based on both
measured and predicted values until the end of embankment construction, which
was up to a height of 5.0 m. Shibata and Sekiguchi [8] used the FEA with drained
parameters to predict the settlements and these are underestimated when compared
to measured values and which are presented in Fig. 6. The difference may be due
to the consideration of drained parameters during the staged construction of the
embankment.

3.2 Case 2: Muar Trial Embankment

The predicted settlements agree with measured settlements at the initial stage and
at the end of construction, as the embankment height increases the settlements are
decreases in comparison to the measured settlements. The comparison of predicted
and measured settlements as well as by Poulos et al. (1991), and Qu et al. (2007)
predictions using FEM analysis are shown in Fig. 6. The actual failure height of the
Muar embankment is 5.4 m, and the predicted failure height in the present study
is 5.0 m. The comparison made with Poulos et al. (1991), and Qu et al. (2007)
predictions, it should be noted that the failure heights differ by 3.6 m and 4.0 m,
respectively. The difference in the analysis is due to the inclusion of soil parameters,
specifically the variation of undrained modulus (E,) in the present and previous
predictions. Poulos et al. (1991) considered E, as 190 S, and Qu et al. (2007)
reported it as 8.0 MPa. The E, considered in the present analysis is calculated using
the parameters of the plasticity index (PI) and the over-consolidation ratio (OCR) [1].
Based on the field and laboratory investigation data, the PI is assumed to be greater
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than or equal to 50 and the OCR is assumed to be 1, (Balasubramaniam 2007). Hence,
E, is considered as 230 to 250S,, where S, is the selected undrained shear strength.

3.3 Case 3: Saint Alban Trial Embankment

The predicted and measured settlements, as well as predictions by Qu et al. (2007),
are shown in Fig. 6. The difference in the settlement plot between the present and
previous studies is caused by differences in the value of the undrained modulus of
elasticity. The observed value of E,/S, from Champlain clay block samples is less
than 500 (La Rochelle 1970), and for cemented clays in the eastern Canada region is
in the range of 300 to 600. Based on these observations, the undrained modulus of
elasticity considered in the present study is 400 times S,, whereas Qu et al. (2007)
reported a value of 25 MPa. Hence, the difference in the settlements is 20 mm higher
when compared to the present study.

3.4 Lateral Displacement

3.4.1 Case 1: Kurashiki Trial Embankment

The in situ lateral displacements were measured using inclinometer tubes located
on both sides of the embankment and are compared to the FEA results, which show
less displacements at the initial stage of construction. The difference in the lateral
displacements from measured and FEA is negligible when the embankment height
increases which is depicted in Fig. 7.

3.5 Case 2: Muar Trial Embankment

The comparison of measured and predicted lateral displacements is shown in Fig. 7.
The prediction by Poulos et al. (1991) is compared with the present study for a height
of 3.6 m which shows 30 mm higher when compared with the present study. The
difference is due to the assumption of a lower modulus of elasticity in the analysis.

3.6 Case 3: Saint Alban Trial Embankment

The lateral displacements were measured at a location of R6, as shown in Fig. 3.
The comparison of measured and predicted values is shown in Fig. 7, which shows
14 mm more than the measured values. The lateral displacement at the toe of the
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embankment is also shown in Fig. 7 as significantly greater than predicted the at
R6 location. Hence, the gauge R6 is located outside the failure region the lateral
displacements are less in both measured and predicted.

3.7 Matsuo Construction Control Chart

Matsuo’s stability chart plots the ratio of lateral displacement by settlement at the
center of the embankment as abscissa and settlement beneath the center of the
embankment as ordinate. The predicted (solid line) and measured results (dashed
line) for the current case studies are plotted in Matsuo’s chart shown in Fig. 8,
except for case 3 (St Alban), where the measured results are not plotted due to the
non-existence of lateral displacements at the toe of the embankment. According to
Matsuo’s construction control chart, the failure is indicated by the points moving
away from the center and toward the top. The factor of safety of the Kurashiki
embankment is estimated as 1.4 from the chart, and it is agreed to the field condition
that the failure did not occur during construction. In the case of the Muar trial embank-
ment, the control chart shows that the deformations are accelerating, moving toward
the top, and approaching failure with a safety factor of 1.15. In comparison with the
actual site situation, the embankment failed under additional loading such that the
height of the embankment was 5.4 m. Hence, the Matsuo chart provided a reasonable
agreement with the site situation. The safety factor for the Saint Alban embankment
computed from the chart is in the range of 1.6-1.5, but there is some deviation from
the actual site condition because the embankment failed during construction.
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Fig. 8 Matsuo’s construction control chart (Ref. Figure 1) for three cases
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4 Conclusions

The measured performance of embankment case histories is compared to the
predicted values based on FEA. The findings of this study are summarized as follows.

1.

2.

The settlements from FEA are comparable with the measured values of case
studies.

When comparing previous predictions to the current study, the assumption of
undrained modulus of elasticity (E,) has a significant influence on vertical and
lateral displacements to obtain acceptable results.

Failure prediction is possible using the construction control chart, which provides
a clear warning before failure based on the factor of safety.

A detailed evaluation of additional case studies in the selection of soil parameters
for FEA is required to predict failure from Matsuo’s construction control chart.
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Abstract Itis well known that muddy rocks such as mudstone and shale are suscep-
tible to degradation over time, as symbolized by slaking, which can cause problems
in the maintenance and management of earthwork structures such as cut slopes. In
addition to the chemical properties of the clay minerals contained in the mudstone,
which have been shown in many previous studies, the accelerated deterioration may
be due to the effects of heavy rainfall, earthquakes, and stress release during and
after construction. However, while there are cut slope faces with similar mudstone
distribution that have achieved long-term stability without any measures, there are
also cases in which the cut slopes have collapsed over time. Against this background,
the authors have been conducting research on “classification of mudstone susceptible
to deterioration using physical and chemical properties,” “effect of stress release on
shear strength of mudstone discontinuities, “and” evaluation of the soundness of cut
slope surfaces” for mudstones distributed in Miyazaki. This paper presents the phys-
ical and chemical properties and unconfined compression strength of mudstones,
summarizes the relationships among them, and proposes a classification method of
mudstones susceptible to degradation that reflects these results and discusses its
usefulness.
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1 Introduction

1.1 Current Status of Research on Degradation of Muddy
Rock

Previous studies on the correlation between physical and chemical properties of rocks
and degradation include a study by Murakami (2000) on the relationship between
physical properties of rock materials and slaking properties, which identified natural
water content ratio and rate of increase in water absorption as physical properties
that are highly correlated with slaking properties. In addition, a study by Wang et al.
[16] on the evaluation of Miyazaki mudstone weathering degree focusing on Ignition
loss shows that the existing slaking tests are highly correlated with each other and
are both valid tests and finds that the pore ratio and water absorption rate each have
a good relationship with Ignition loss values.

Regarding chemical weathering, there are many previous studies attributed to
swelling clay minerals such as smectite, as well as a study by Chigira [9], who clarified
the weathering mechanism of mudstones of the Pleistocene Haizume Formation.
According to this study, the mechanism of chemical weathering is that pyrite is
oxidized and lost in the oxidation front to form sulfuric acid, and chlorite is converted
to smectite.

Furthermore, some studies [2] have developed the weathering characteristics into
the evaluation of cut slope stability.

On the other hand, there is no established classification method for muddy rocks
susceptible to deterioration, and even now, in civil engineering projects in areas
where muddy rocks are distributed, these issues are taken into account by engineers
in their experience during the investigation and design phases. In addition, various
countermeasure methods are used in the construction phase.

1.2 Civil Engineering Problems and Issues Caused by Muddy
Rocks

With the increase in the number of large civil engineering projects involving muddy
rock, civil engineering problems caused by muddy rock are also emerging. In partic-
ular, most of the cut slope construction problems that the author often comes in
contact with in the course of his work are considered to be collapses. In cut-and-fill
surfaces, the kind of degradation that is the focus of this paper occurs over time,
i.e., the cut-and-fill process causes stress release and slaking due to rainfall and other
factors, resulting in rapid deterioration of the muddy rock. This results in the collapse
of the cut slope. It is believed that the influence of swelling clay minerals such as
smectite, which induce the slaking phenomenon, is prominent in the muddy rock
that exhibits this slaking phenomenon. Muddy rocks are generally soft, high water
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content rocks that tend to soften and become clayey at depth, and are also prone to
long-term deterioration (so-called weathering). The deterioration of mudstone over
time is a characteristic of mudstone, and it is very important to establish a classi-
fication method of mudstone susceptible to deterioration based on its physical and
chemical properties in order to deal with the problems associated with construction
of cut slope.

2 Investigation of Laboratory and in Situ Tests
for Classification of Degradable Muddy Rock Samples

2.1 Muddy Rock Samples

Geological classification. The Cenozoic Paleogene and Neogene Muddy Rocks of the
Kyushu area are relatively coherently distributed in northern, northwestern, central,
and southern Kyushu. In this study, Muddy Rocks of the Miyazaki Group, which
are also treated in the study by Wang [16], are targeted. Figure 1 shows a map of
sampling locations.

In geological terms, mudstone is classified into mud, mudstone, shale, slate, crys-
talline schist, and gneiss in descending order of metamorphic grade, with metamor-
phic rocks generally being those that are more metamorphic than crystalline schist.
In this study, mudstone and shale, which are relatively less metamorphic, are the
main targets, and some sandstone is also treated to confirm the differences in phys-
ical and chemical properties between mudstone and shale. On the other hand, from
a geotechnical engineering viewpoint, there are classifications such as soft rock,
medium-hard rock, and hard rock based on the hardness of the rock fragments, as
well as classifications based on the fracture intervals that develop in the rock. Based
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Fig. 1 Distribution map of Tertiary strata around Miyazaki and sampling locations
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Fig. 2 Distribution Outcrops from which Muddy Rock samples were collected. (Left: Mudstone,
Right: Shale)

on the above, the geotechnical classification of mudstone and shale used in this study
is defined as follows: mudstone is defined as having few cracks (no cracks within 10
cm) in the outcrop, and shale is defined as having relatively many cracks (cracks at
intervals of several centimeters) (Fig. 2).

Classification of unweathered and weathered Muddy Rocks. Groundmass has
undergone weathering over a long period of geologic time. Chigira [9] classified the
weathering zones of mudstone by chemical composition and other factors and noted
that the chemical composition, pH, and porosity of the groundmass changed markedly
between the unweathered and weathered zones. According to this classification, a
zone with a pH of 7.7 & 0.3 and a porosity of 41.4 + 4% is defined as an unweathered
zone, and a zone where iron oxide FeO3 and H, O is acquired, the pH becomes acidic,
and the porosity increases is defined as a weathered zone.

In addition to the above classification, it is also necessary to consider the weath-
ering of the ground immediately after the cut in the cut slope where degradable muddy
stone is distributed. Figure 3 shows an example of the physical weathering classi-
fication by Taga et al. [7]. This corresponds to @ in Fig. 3. Next, when the ground
is excavated, the excavation surface is disturbed by heavy machinery and blasting,
and its strength is reduced by swelling due to stress release. This is included in @ in
Fig. 3. This process ends relatively early, but what continues indefinitely is the so-
called secondary weathering caused by repeated dry and wet weathering and freezing
and thawing. This is shown in Fig. 3 ®. The susceptibility to deterioration in this
study refers to this secondary weathering.

2.2 Laboratory and in Situ Tests Conducted to Classify
Muddy Rock Susceptible to Degradation

With reference to the aforementioned research results on the degradation of muddy
rocks, we examined laboratory and in situ test items for classification of muddy rocks
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Fig. 3 Conceptual diagram of weathering and loosening deterioration [7]

susceptible to degradation, focusing on the fact that the results can be obtained in a
relatively short period of time and in a simple manner.

First, as laboratory tests, a slaking test and an ignition loss test were conducted to
define the susceptibility to degradation. In addition, physical tests were conducted
to determine the density, particle size, and liquid/plastic limit of soil particles, which
are correlated with the natural water content and rate of increase in water absorption,
which are considered to have a high correlation with slaking characteristics based on
previous studies, and X-ray diffraction analysis to determine the presence of swelling
clay minerals. In situ needle penetration tests were also conducted to obtain in situ
test values that provide an indication of unconfined compression strength.

The laboratory and in situ tests conducted in this study can be organized in order
of simplicity as follows: needle penetration test, density test of soil particles, water
content ratio test, grain size test, liquid and plastic limit test, ignition loss test, water
absorption test, X-ray diffraction analysis, and slaking test.

3 Physical and Chemical Properties of Muddy Rocks
Susceptible to Degradation

3.1 Physical and Chemical Properties and Unconfined
Compression Strength of Muddy Rocks

Table 1 lists the physical properties by sample, and Table 2 lists the physical properties
by rock type. For mudstone and shale, the density of soil particles p; is slightly
larger in shale, and the natural water content ratio W,,, effective porosity, and water
absorption ratio Q are higher in mudstone. The ignition loss test values L;, which
indicate the degree of rock weathering, are all small, ranging from L; = 4.1 to 5.0%.
The slaking index, which suggests degradation characteristics, varied from 1 to 4 for
the mudstone and 1 to 3 for the shale.

Next, Table 3 and Fig. 4 show the results of X-ray diffraction analysis. All of the
samples contain trace amounts of the swelling clay minerals chlorite and smectite,
indicating that in the weathered mudstone Mi3-2(Ms) the smectite content increases
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with the disappearance of chlorite. The degree of weathering, W,, determined by
X-ray diffraction intensities of meta-haloysite and plagioclase, yielded small values
of W, £2.4% (1) [14].

Wa = Lnn /Ui + 1) x 100 (D

Wd: Weathering Degree (%)

Imh: X-ray Diffraction Intensity of Meta-Haloysite

Ipl: X-ray Diffraction Intensity of Plagioclase

In addition, Fig. 5 shows the unconfined compression strength, gu, obtained from
laboratory unconfined compression tests and needle penetration tests for each rock
type. According to these tests, the unweathered mudstone has qu = 782 to 7400 kN/
m?, while the unweathered shale has higher qu = 7750 to 18,200 kN/m?, which is
consistent with the geological classification of mudstones into mudstone and shale,
in order of increasing metamorphic grade. On the other hand, the gu values of both
rock types decreased significantly as weathering progressed. The ratios of unconfined
compression test values to needle penetration test values ranged from 0.46 to 1.13
for unweathered mudstone, 0.65 to 1.35 for unweathered shale, and 1.73 for weakly
weathered shale.

3.2 Relationship Between Physical and Chemical Properties
and Susceptibility to Deterioration

This section discusses the relationship between the physical and chemical properties
of mudstones and their susceptibility to degradation.

Since the degradation in this study mainly refers to secondary weathering caused
by repeated dry and wet weathering, the slaking index, which is synonymous with
secondary weathering, is used as a classification index for the susceptibility to degra-
dation. A slaking index of 0 to 3 was defined as resistant to degradation, and a
slaking index of 4 was defined as susceptible to degradation. For this reason, each
characteristic value in the correlation chart shown below is organized by slaking
index.

Figure 6 shows some correlograms of characteristic values that have a marked
tendency to deteriorate. The figure indicates that the natural water content Wh,
water absorption Q, effective porosity, degree of weathering Wd, ignition loss Li,
and uniaxial compressive strength qu are strongly correlated with the susceptibility
to deterioration.
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4 Conclusion

In this study, physical and chemical properties were determined for Cenozoic Pale-
ogene and Neogene mudstones. Mudstones with a slaking index = 4 were defined
as mudstones prone to degradation, and the mudstones prone to degradation were
classified by looking at the correlation between the obtained property values. Based
on these results, we proposed laboratory and in situ test items for classification of
mudstone susceptible to degradation, emphasizing the simplicity of obtaining the
results. These results can be summarized as follows.

(1) The geotechnical classification method of mudstone and shale, which focuses on
the fracture spacing that occurs when exposed, is consistent with the geological
classification of mudstone and shale according to their metamorphic grade.
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Physical and chemical properties that are highly correlated with the suscepti-
bility of mudstone to degradation include natural water content ratio Wn, water
absorption Q, effective porosity, degree of weathering Wd, Ignition loss Li, and
unconfined compression strength qu

Muddy rock with natural water content Wn =6.0% and water absorption Q
>8.0% may be susceptible to degradation.

Muddy rock with weathering degree Wd=1.3 and natural water content Wn
26.0% may be easily degraded.

Muddy rock with soil particle density ps < 2.72g/cm? and effective porosity
217% may be easily degraded.

Muddy rock with natural water content Wn = 6.0% and effective porosity =17%
may be easily degraded.

Muddy rock with natural water content Wn = 6.0% and uniaxial compressive
strength gu < 5000 kN/m? may be easily deteriorated.

Mudstones susceptible to degradation include chlorite and smectite, which are
universally swelling clay minerals.

Natural water content ratio test, soil particle density test, water absorption test,
effective porosity test, Ignition los test, uniaxial compression test, needle pene-
tration test, and X-ray diffraction analysis are effective methods to classify
mudstones susceptible to degradation.
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Yuka Sakoda, Atsushi Mohri, Yoshiaki Kikuchi, Shohei Noda,
Tetsuo Okuno, Hirokazu Sugiyama, and Kiyoshi Fukutake

Abstract Over the years, several marine structures with pile foundations have been
proposed. Typically, such structures are repeatedly subjected to horizontal loading
along numerous directions and at various load levels under the effects of waves or
winds. However, the current Japanese design method examines these structures at
the maximum load of virgin loading and rarely considers the deformation change
of the pile owing to repeated loading. In this study, repeated horizontal loading
experiments were conducted on single piles to examine the deformation behavior of
such piles with respect to the loading directions and the preceding repeated loading.
The maximum load was fixed, the minimum load was varied in each experimental
case, and the unloading ratio (= minimum horizontal load/maximum horizontal load)
was varied. Consequently, in the positive ratio, the increase in the ground surface
displacement corresponded with the increase in the number of cycles. However, in
the negative ratio, unexpected changes were observed in the behavior of the piles
during monotonic loading. The results of the ground surface displacement and the
bending moment distributions in the two-stage loading experiments, with regard to
the behavior of piles subjected to preceding repeated loading demonstrated that, the
considerable attention should be paid to the behavior of piles at the maximum load
level when subjected to repetitive actions at different load levels. In particular, when
the preceding load was smaller, the effect of the preceding load was negligible.
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1 Introduction

Several marine structures with pile foundations have been proposed over the years,
and such structures are subjected to repeated horizontal loads in numerous directions
and at various load levels under the effects of waves or winds. However, the current
Japanese design method examines these structures at the maximum load of virgin
loading and rarely considers the deformation change of the pile caused by repeated
loading. Notably, Single Pile Structure (SPS) [1-4] has been proposed as examples
for considering repeated loading in Japan. This is designed to make use of the property
that piles are easy to deflect, sand a part of the energy absorbed at the berthing is
shared by the pile, resulting in significant pile deformation. To establish a design
method for SPS, studies have examined the behavior of single piles under repeated
horizontal loads and that of single piles under large deformations such as the ground
becoming plastic [1, 2]. Additionally, previous studies [3, 4] have revealed that the
behavior of single piles differs depending on whether repeated loads act as virgin
loads or elastic load levels. However, the behavior of piles when subjected to repeated
horizontal loads has not been completely studied.

This study investigated the deformation behavior of single piles subjected to
repeated horizontal loads from multiple directions. The following two items were
examined: (1) The effect of unloading load level on deformation behavior of pile
(Series 1), and (2) the effect of the preceding repeated load level on pile behavior
during subsequent repeated loading (Series 2). First, when horizontal loads are
applied repeatedly to the pile, we must consider the conditions where the load returns
to zero after one load cycle, a second load acts before returning to 0, and repeated
loads are applied while the load is applied in the opposite direction. Secondly, in a
storm, the size of the waves gradually increases, upon reaching a peak in the middle
of the storm, and then gradually decreases. To simplify this, if a small, repeated
load is initially applied followed by larger repeated loads, it is necessary to consider
how the effect of the earlier repeated loads would be generated. In contrast, after the
wave peak has passed, the piles are subjected to smaller repeated loads; therefore,
it is necessary to consider the behavior of the piles in this case. The experimental
conditions for Series 2 are based on these issues.

Each series of experiments were carried out at different pile embedment lengths,
and the effect of the pile embedment length was studied. This paper describes the
results of repeated loading experiments on a long pile with sufficiently long pile
embedment length.
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2 Experiment Qutline

2.1 Experimental Equipment

The experiments were conducted using different steel sand boxes in Series 1 and 2.
Dry Tohoku silica sand #5 (ps = 2.640 Mg/m3, emax = 0.818, emin = 0.522, and D5,
= 0.567 mm) was used, and the model ground was prepared using the air pluviation
method. The steel sand box used in Series 1 was 1580 mm long, 800 mm high, and
400 mm wide, and a 600 mm thick ground layer was created (Fig. 1). The steel sand
box used in Series 2 was 1200 mm long, 600 mm high, and 400 mm wide, was and
a 500 mm thick ground layer was created.

A steel plate (750 mm long, 40 mm wide, 2.3 mm thick, SS400 and E = 2.05
x 10° N/mm?) was used as the model of the single piles and installed in the center
of a steel sand box with an embedment length of 500 and 600 mm. The piles were
subjected to static horizontal loading at a height of 4+ 50 mm from the ground surface
using displacement control (displacement rate of 4 mm/min at the loading point).
The load at the loading point and the horizontal displacements at three points on
the pile were measured during the experiments. Strain gauges were attached to both
sides of the piles at 25 and 20 mm intervals in the ground and the air, respectively,
to measure the bending strains.

In the case of repeated loading, the behavior of the piles presumably differs owing
to different loading cycles. In particular, in saturated grounds, such as underwater,
it is assumed that if the loading is applied at relatively fast cycles, the excess pore
water pressure will rise, and the piles will continue to be loaded before they dissipate
in time. However, as the experiments was conducted on dry sand ground in the first
step of this study, it was not possible to assume changes in the excess pore water
pressure in the surrounding ground due to repeated loading, so the loading speed was
set to be relatively slow and satisfactory for quasi-static conditions.

In these experiments, the soil layer thickness differed for different steel sand
boxes, however, the length of embedment of a pile was equal in both series, ensuring
that the length of embedment was sufficient for long piles.

Fig.1 Schematic diagram [ L

aser DT
of the experimental model ‘ Load cell ©
setup

Displacement

transducer D, = 65%

S
S/
f/' \Stee] piles 4

1580 unit: mm
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2.2 Experimental Conditions

Figure 2 shows an image of the time history of the loads from the repeated loading
experiments for Series 1 and 2. In Series 1, the maximum load was fixed at 70 N and
the minimum load was varied in each experimental case (Fig. 2a). Here, the unloading
ratio o (= minimum horizontal load/maximum horizontal load) was considered as
the ratio of the minimum and maximum horizontal loads and was varied between
0.5 to —1. Table 1 shows the experimental cases. In these experiments, the number
of repeated loadings was set to 10. In Series 2, the experiments were carried out at
different levels of repeated maximum loading in two stages, with the unloading ratio
o fixed at O (Fig. 2b). That is, 10 cycles of repeated loading were performed at a load
level that was B times the repeated maximum load in the second stage, followed by
another 10 cycles of repeated loading in the second stage. 8 was selected between
—2 and 2, as given in Table 2. In the case of 8 = 0, there was no loading in the first
stage, and the load was repeatedly applied for 10 cycles at the maximum load level
of the second stage. In the case of 8 = 1, only the second stage of repeated loading
was repeated for 20 cycles.

3 Examination Method

The bending moment on the pile was measured using strain gauges, and the bending
moment distribution was obtained using the third-order smoothed spline function
[3], the deflection distribution was calculated by integrating the bending moment
second order and dividing by the flexural rigidity EI of the pile.

Additionally, the coefficient of the subgrade reaction was obtained from the pile
head load—displacement relationship at the initial loading, based on the subgrade
reaction model of the PHRI method of the type S model [5].

0.5
p=ks-x-y ey
(] 2 -
Constant First stage Second stage
k|
= 2
z e ®
= - e
g g 2
) 8o
g 0 2 %
E g3
= E
@ 3
Variable 2
£
-80 2
Time Time
a) Series 1 b) Series 2

Fig. 2 Time history
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Table 1 Details of the experimental cases in Series 1
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Case | Unloading | Maximum Minimum Relative Coefficient of
ratio o horizontal load | horizontal load | density (%) subgrade reaction kg
N) N) (KN/m?*)
1-a 0.5 70 35 67 8000
1-b 0 70 0 74 8600
1-c —-0.3 70 —-21 Measurement | 9800
failure
1-d —0.5 70 =35 67 9500
1-e —0.6 70 —42 65 9200
1-f -0.8 70 —56 56 9400
1-g -1 70 -70 67 9200
Table 2 Details of the experimental cases in Series 2
Case | B with respect to the | Load levels of | Load levels of | Relative | Coefficient of
second stage loading | the first stage | the second density |subgrade reaction kg
load (N) stage (N) (%) (kKN/m3-3)
2-a -2 —60 30 82 9500
2-b —-1.5 —45 30 79 9000
2-c -1 -70 70 82 13,000
2-d -0.8 —56 70 81 12,000
2-e -0.5 =35 70 77 13,000
2-f -0.2 —14 70 82 12,000
2-g-1 |0 0 30 80 10,000
2-g-2 |0 0 30 77 15,000
2-g-3 |0 0 30 85 13,000
2-h-1 |0 0 70 74 8600
2-h-2 |0 0 70 78 12,000
2-i 0.1 7 70 78 9200
2-j-1 0.2 14 70 66 8500
2-j-2 0.2 6 30 83 12,000
2-k 0.3 21 70 66 9000
2-1-1 |05 35 70 63 8000
2-1-2 |05 15 30 84 11,000
2-m-1 | 0.8 56 70 63 8000
2-m-2 | 0.8 24 30 86 12,000
2-n-1 |1 30 30 77 15,000
2-n-2 |1 30 30 85 13,000
2-0 1.2 36 30 76 15,000
2-p 1.5 45 30 79 15,000
2-q 2 60 30 81 18,000
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where p is the subgrade reaction per unit area (KN/m?), ks is the coefficient of the
subgrade reaction in the type S model (kN/m3?), x is the depth from the ground
surface (m), and y is the pile deflection at each depth (m).

4 Examination Results

4.1 Effect of Unloading Load Level on Deformation
Behavior of Pile (Series 1)

Figure 3 shows a representative example of the relationship between the loading load
and the ground surface displacement for Series 1. The degree of change in the ground
surface displacement of the pile at the maximum load as the number of loading cycles
increased depends on the unloading ratio o. The degree of change increased when
the unloading ratio a was between 0.5 and —0.5 and decreased when the unloading
ratio o was —1.

80 80
70 + 70
g 60 - g 60 -
= 50r 2 50F
= S
o 40+ o 40
i g
S 30+ -§ 30+
,S] 20+ —— Experiment results = 20+
—— PHRI method of type S mode] —— Experiment results
10+ k= 9000(kN/ni") 10 +/ ——PHRI method of type S mode]
0 ’ 0 / k,= 8600(kN/ni)
0 5 10 15 20 25 0 5 10 15 20 25
Ground surface displacement (mm) Ground surface displacement (mm)
a) Case 1-a (a=0.5) b) Case 1-b (0.=0)
80 80
—— Experiment results 60 -
60 - —— PHRI method of type S modget,
k = 9500(kN/nt*) g 40 |
2 x| < 20|
=] &
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Fig. 3 Relationship between the loading load and the ground surface displacement (Series 1)
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Figure 4 shows the relationship between the ground surface displacement ratio
(Yon/y01) and the cycles at maximum load. The ground surface displacement ratio
is calculated by dividing the displacement yg, at the nth maximum load by the
displacement yg; at the monotonic loading (1st cycle). As shown in Fig. 4, when
the unloading ratio o was 0.5 and 0, the ground surface displacement increased as
the number of cycles increased, and the growth rate from yg; was almost the same.
In contrast, when o was negative, the growth rate from yq; decreased as a decreased.
For all unloading ratios «, the rate of change of the displacement ratio (yon/yo1) per
repetition decreased as the number of cycles increased. Accordingly, Fig. 5 shows
the relationship between the ground surface displacement ratio at the 10th cycle
maximum load (yo10/yo1) and the unloading ratio a. As seen in the figure, when « is
greater than 0, (yg10/yvo1) 1s hardly affected by a. However, when « is negative, (yp10/
yo1) changes with ¢, and decreases to (yo10/v01) = 0.8 for « = —1. This indicates
that if a pile is subjected to positive and negative horizontal loads during one loading
cycle, the greater or lesser negative unloading ratio « affects the elongation of the
pile displacement, whereas if a pile is not unloaded negatively, « has no effect on
the elongation of the horizontal displacement of the pile.

Figure 6 shows the bending moment distribution at the 10th cycle maximum
load in the experiment for all unloading ratios . For reference, the bending moment
distribution at the 1st cycle maximum load is shown as a dashed line. The results show
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Fig. 6 Bending moment 100 -
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that the bending moment distribution in the 10th cycle from a depth of approximately
—100 mm to —300 mm, which is the maximum bending moment generation depth
Immax varies as o varies, and is different from the bending moment distribution in the
1st cycle. The changes in the ground surface displacement due to repeated loading,
as shown in Figs. 4 and 5, are due to changes in the bending moment distribution in
this section, thereby indicating that the deflection behavior of the pile changes from
relatively deep sections owing to the difference in the unloading ratio «.

As shown in Fig. 6, the maximum bending moment changes as a changes. Figure 7
shows the ratio of the maximum bending moment at the maximum load for each
repeated loading with reference to the maximum bending moment in the Ist cycle
(M maxn/M max1)- It can be seen that the maximum bending moment owing to repeated
loading changes slightly at the 2nd cycle, but then hardly changes at all.
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4.2 Effect of the Preceding Repeated Load Level on Pile
Behavior During Subsequent Repeated Loading
(Series 2)

We examined the effect of the preceding repeated loading on the subsequent repeated
loading. As given in Table 2, when |B| is large, the second repeated load level
is different from when |B| is small owing to the convenience of the experimental
equipment. However, when the effect of such a change in the repeated load level in the
second stage was examined, particularly with regard to the displacement elongation
trend, there was little difference in the elongation of the displacement as the number
of repeated loading cycles increased. The fact that the influence of the load level in
the second stage can be neglected by taking appropriate ratios for comparison even
at different load levels can be attributed to the fact that the conditions of the piles
used to satisfy the conditions for the long piles.

Figure 8 shows the relationship between the loading load and the ground surface
displacement for the cases § = 0.5, 2, and —2. In the case of 8 = 0.5, as shown in
Fig. 8a, the maximum displacement at the maximum load in the repeated loading of
the first stage increased as the repeated load increased; however, that of the second
stage was largely unaffected by the repeated loading of the first stage. Conversely, in
the case of 8 = 2, as shown in Fig. 8b, the maximum displacement at the maximum
load in the repeated loading of the second stage was strongly influenced by the
maximum displacement in the first stage and was smaller than the maximum displace-
ment in the first stage at the maximum load, thereby indicating elastic behavior. In the
case of B = —2, as shown in Fig. 8c, the ground surface displacement was negative
at the first maximum load of the second stage owing to the repeated load level of the
first stage. The subsequent repeated loading resulted in a positive movement of the
ground surface displacement; however, the overall, positive displacement was small.
These loading load-ground surface displacement relationships indicate differences
in the displacement of the second stage for different values of 8. Figure 9 shows how
the surface displacement at the maximum load in the second stage varies with 3,
the vertical axis denoting the ground surface displacement ratio (Yopa/yoo1) and the
ground surface displacement (yog,) at the nth (1 < n < 10) maximum load loading
during the repeated loading of the second stage after the repeated loading of the
first stage at each B divided by the ground surface displacement (yg;) at the first
maximum load during the second stage at 8 = 0. As shown in Fig. 9, when |B| < 1,
(Yogn/Yoo1) does not depend significantly on 8, and when | 8| > 1, (yopa/yoo1) depends
on B. In addition, when 8 > 1, (yogn/yo01) decreases with repeated loading, whereas
when B < —1, (yon/Yo01) increases with repeated loading.

Figure 10 shows the results of focusing on the ground surface displacement ratio
(Yog1/yoo1) at the first maximum load of the second stage owing to different values
of B. As shown in Fig. 10, the ground surface displacement ratio increases as
increases. However, for 8 < —1 and B > 1, (yog1/yo01) changes significantly with 3,
whereas for |B]<1, (yog1/yoo1) is almost constant, between 0.95 and 1.17. However,
when 8 < —1, the influence of the preceding repeated load reduces the ground surface
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displacement owing to the repeated loading of the second stage, with the effect being
greater for smaller 8. When $ > 1, a much larger ground surface displacement is
achieved owing to the repeated loading of the second stage compared to that for 8 =0.

Figure 11 shows the growth of the ground surface displacement when the second
stage load was applied repeatedly for 10 cycles. The vertical axis denotes the change
in the ground surface displacement of the 10th and 1st maximum loads of the second
stage (Yog10—yog1) divided by the ground surface displacement at the first maximum
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load in the second stage at § = 0 (ygo;). As in Fig. 10, for |8| < 1, the change
in (yog1o—Yop1)/(yoo1) with a change in § is small. For 8 < —1, the change is in the
direction of the increase in the displacement owing to repeated loading, whereas for
B > 1, the change is in the direction of the decrease in the displacement.

Therefore, if | 8|<1, the ground surface displacement at maximum load during the
repeated loading of the second stage is hardly affected by the preceding repeated
loading, even if it is affected by it. However, when |8|>1, it remains strongly influ-
enced by the first stage. Additionally, the effect of repeated loading on the maximum
load level is pronounced for piles subjected to repeated horizontal loads at different
load levels. When it is subjected to the repetitive action of different load levels, most
attention should be paid to the behavior of piles at the maximum load level. In partic-
ular, when the preceding load is smaller, the influence of the preceding load is hardly
noticeable, and when it is greater, the overall behavior is strongly influenced by the
repetitive loading of the preceding maximum load; however, the repetitive loading of
the subsequent load slightly decreases the influence of the maximum load repetition.
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5 Conclusions

In this study, we conducted repeated horizontal loading experiments on single piles
to examine their deformation behavior with respect to the loading directions and the
preceding repeated loading. The conclusions of this study are as follows: (1) The
effect of unloading load level on deformation behavior of pile: When the unloading
ratio o (= minimum load/maximum load) was positive, the amount of increase in
the ground surface displacement as the number of cycles increased was generally the
same. However, in the negative range of the unloading ratio o, the manner in which
the ground surface displacement increased depended on a. The bending moment at
the shallow part up to the depth at which the maximum bending moment genera-
tion depth /max showed little change in the bending moment distribution owing to
repeated loading, and the maximum bending moment remained almost unchanged
even after repeated loading without being affected by the change in «. The change
in the bending moment in the depth direction was influenced by the degree of the
subgrade reaction, and the difference in the subgrade reaction generated from a depth
of approximately /max to I, which could be the reason why the elongation of the
displacement of the pile at the maximum load during repeated loading differed for
different «. (2) The effect of the preceding repeated load level on pile behavior during
subsequent repeated loading: The results of the ground surface displacement and
bending moment distributions, with regard to the behavior of piles when subjected
to preceding repeated loading, indicate that most attention should be paid to the
behavior at the maximum load level when subjected to repetitive action at different
load levels. In particular, it was found that when the preceding load was smaller, the
influence of the preceding load was hardly noticeable. When the preceding load was
greater, the overall behavior was strongly influenced by the repetitive loading of the
preceding maximum load; however, that of the subsequent load slightly decreased
the influence of the maximum load repetition.
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Hikaru Mouri, Takahiro Sato, Toshifumi Mukunoki, and Jun Otani

Abstract River levees are used for not only flood control, but also for flood inunda-
tion. In recent years, river floods caused by short duration torrential rains and large
typhoons have occurred in Japan. The principle that river dikes must be constructed
using only soil is still followed. This is due to the availability of materials, the fact
that the structure does not deteriorate, and the ease of restoration if the structure fails.
Meanwhile, the entire function of a continuous dike can be lost when a localized weak
point causes a breakout. In this study, an experimental apparatus was developed to
investigate the formation of “localized” water channels at the boundary between
unsaturated soil and steel sheet piles in a river dike, which is caused by the fluctu-
ation of water level in the river due to rainfall. A seepage test was performed using
the experimental apparatus, and the results confirmed that the permeability increased
with the penetration of the steel sheet piles. In addition, an analysis of CT images
showed an increase or decrease in the pore space in the model ground. Changes in
the modeled unsaturated ground was successfully visualized using a X-CT scanner.
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1 Introduction

1.1 Background and Objectives

River levees are used for not only flood control, but also for flood inundation. In recent
years, river floods caused by short duration torrential rains and large typhoons have
occurred in Japan. The principle that river dikes must be constructed using only soil
is still followed. This is due to the availability of materials, the fact that the structure
does not deteriorate, and the ease of restoration if the structure fails. Meanwhile,
the entire function of a continuous dike can be lost when a localized weak point
causes a breakout. It is generally believed that most dike failures are caused by water
overtopping river dikes. Based on soil mechanics, localized weakness is caused by
three main factors [1]. The first is the overtopping of the dike, as shown in Fig. 1.
The pattern shows dike failure caused by river water overtopping the dike and soil
scouring inside the dike when the water level in the river increases due to rainfall, etc.
The second type of dike failure is shown in Fig. 2 [2, 3]. This pattern occurs when the
river water level increases due to rainfall and an increase in the infiltration surface of
the dike, resulting in the fluidization of the soil in the dike. The third is dike failure
caused by erosion, as shown in Fig. 3 [4]. This pattern is caused by the scouring
of soil on the outer side of the river dike due to repeated increase and decrease of
the river water level over many years in addition to abrupt heavy rainfall. Although
cross-sectional expansion, drainage, and surface covering methods have been used
to strengthen dikes against such weaknesses, dike breaching due to flooding remains
rampant.

fracture surface

(a) Before failure (b) After failure

Fig. 1 River dike breakage due to overtopping

Infiltration surface fracture surface

e |

Fy

v

=2t
(a) Before failure (b) After failure

Fig. 2 River dike breakage due to seepage
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(a) Before failure (b) After failure

Fig. 3 River dike breakage due to erosion

Several countermeasures using steel sheet piles have been proposed for reinforcing
soil structures and have been shown to be highly effective in preventing seepage
failure and liquefaction at the model test level. The safety of a dike is enhanced
significantly by the continuous construction of steel sheet pile walls to prevent base
leakage, seepage, and erosion, as well as to prevent local weaknesses in the soil that
may occur due to insufficient geotechnical information. However, questions arise
regarding the current dike reinforcement technology using steel sheet piles, including
the deterioration of members due to long-term use, the compatibility between the
members and the ground inside the dike, which is subject to deformation due to the
unequal settlement of the foundation ground caused by an elevated dike, and repair
works after a disaster occurs.

The purpose of this study is to address these questions and to propose a steel
sheet pile method for strengthening river dikes. As shown in Fig. 4, an experimental
apparatus was developed for the case where steel sheet piles are driven into the
shoulder of a dike, with emphasis on whether water channels are formed by the
repetition of seepage and drainage at the boundary between the unsaturated ground
and the steel sheet piles in the dike due to fluctuations in the river water table caused
by rainfall. First, we conducted a one-way seepage test to clarify the behavior of the
sheet pile boundary when a foreign object such as a steel sheet pile is penetrated into
unsaturated soil. Additionally, we used micro-focused X-ray computed tomography
(-focused X-ray CT hereinafter) scanner to evaluate the possibility that fine grains
and air bubbles, which are constituents of soil and water, are involved in the formation
of localized water channels, including piping.

steel sheet pile

flood disaster - --------~-

normal times

Fig. 4 Questions regarding long-term use of steel sheet pile construction methods
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2 QOutline of Experiment

2.1 Development of Experimental Apparatus

Acrylic soil tanks manufactured using rigid material were used in the preliminary
experiments. The soil tanks were placed under an overburden pressure but not under a
lateral pressure during the experiment. Because the sides of the tank are fixed surfaces,
the behavior of the soil in the ground differs from its actual behavior due to the effect
of the side walls. Using p-focused X-ray CT to clarify soil-water interactions in
dikes renders it difficult to conduct experiments where the ground depth is assumed
due to the limited size of the soil tanks and the overburden pressure. We developed
a model pile penetration—permeation apparatus that can apply pressure isotopically
to the model ground without the effects of the side walls of the soil tank and can
conduct experiments assuming the ground depth.

The triaxial compression apparatus measures stress based on water placed in a
triaxial pressure chamber and an isotropic pressure applied to the specimen from a
state in which pressure is applied to the water. By applying a confining pressure to the
model ground, the test was conducted under conditions similar to actual conditions,
which overcomes the disadvantages of conventional shear and compression tests. We
considered the possibility of adapting this mechanism to a model pile penetration—
permeability experiment apparatus.

A schematic illustration and photograph of the newly developed model pile pene-
tration—permeability experimental apparatus is shown in Fig. 5. The specimen used
for the apparatus was prepared using a rubber sleeve such that the specimen can
deform laterally and be isostatically pressurized using air pressure. This allows the
effects of the rigid lateral walls of the specimen to be disregarded and model tests
with conditions similar to actual ground conditions to be conducted.

3 Model Experiment to Clarify Interaction Between Soil
and Steel Sheet Piles

i-Focused X-Ray CT System

X-ray CT allows the density distribution of a material to be visualized via the
absorbing X-ray beam coefficient. In other words, the density changes before and
after a mechanical or hydraulic test with erosion can be visualized as digital images.
In this study, the p-focused X-ray CT scanner (XT H 320, Nikon) installed at the
Kumamoto University in 2021 was used. Figure 6 shows photographs of the entire
scanner and the X-ray shield room. The X-ray CT scanner uses Nikon’s unique micro
X-ray source to enable high-resolution and high-definition inspections and analyses
of large aluminum components and high-density metal components. Furthermore,
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Fig. 6 Photographs of the X-ray CT scanner and shield room

the CT scanner allows noncontact and nondestructive inspections, unlike conven-
tional cutting inspection, thus significantly reducing the inspection cost and time.
The specifications of the CT scanner are shown in Table 1. The maximum power was
320 W, the scan area was ¢ 300 mm, the maximum sample weight was 100 kg, and
the detector was a flat panel detector.
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current study Maximum voltage 225/320 kV (standard)
Maximum power 225 W (225 kV reflection type)
225 W (320 kV reflection type)
Imaging area ¢300 mm
Mountable workpiece size | ¢300 x H600 mm
Maximum sample weight 100 kg

Experimental Procedures

Figure 7 shows a conceptual diagram and photographs of the newly developed exper-
imental apparatus. We first used Kumamoto silica sand and a mixture of silt and
Kumamoto silica sand to learn about the behavior of the ground around sheet piles
when foreign objects such as sheet piles are penetrated into unsaturated ground.
Kumamoto silica sand sieved with a grain size of 1 to 2 mm was used in the exper-
iment. The fine-grain content of the mixed sand was 10%, which was determined
by referring to the literature [2]. The mixed sand was mixed with 5% iron powder
by weight as a marker for X-ray CT imaging. Subsequently, image analysis was
performed to elucidate seepage flow. The particle parameters of the mixed sand are
shown in Table 2, and the grain size distribution graph is shown in Fig. 8.
The following procedures were performed in the experiments.

(1) The specimens were prepared in a dry state using the vibratory method, and the
mixed sand layer was sandwiched in between the coarse-grained layers. This
allows the movement of fine grains to be visualized when observing the inside
of the specimen using X-ray CT by separating the coarse grain and mixed sand
layers.

(2) Water with a pore volume (V) of 738.2 cm® was flowed in the specimen. This
ground condition was defined as the initial state in this study.

(3) Water with a volume of 0.5 V was allowed to percolate vertically upward
multiple times until a steady state was achieved based on the measurement
of the outflow volume.

(4) The seepage test was terminated at the steady state, i.e., when a constant flow
rate was confirmed, and the steel sheet piles were penetrated using an automatic
loading device. In this experiment, a U-shaped model steel sheet pile with sides
measuring 20 mm and a thickness of 3 mm, as shown in Fig. 9, was used.
The penetrating speed was set to 10 mm/min, and the penetration length was
170 mm.

(5) Water with a volume of 0.5 V was infiltrated multiple times from one direction.
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Fig. 7 Conceptual diagram of the experimental apparatus

Table 2 Soil particle parameters
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4 Results and Discussion

4.1 Change in Flow Quantity

Figure 10 shows the change in flow quantity based on the current experiment. The
flow quantity was almost twice higher after steel sheet pile penetration as compared
with before penetration. This indicates that the penetration of the model sheet pile
into the ground may have caused flow localization and formed water channels at the
boundary between the member and ground. Herein, flow localization refers to an
increase in the pore space due to the dispersion of fine grains, as well as an increase
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Fig. 8 Grain size 100
distribution graph
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Fig. 9 Sheet pile geometry
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in the area where water can pass through after the penetration of the model sheet
pile. However, evaluating this flow localization qualitatively and quantitatively via
seepage tests is difficult; therefore, a comparison with CT images must be performed.

S Evaluation of Specimen Behavior Based on X-Ray CT
Images

Figure 10 shows a profile of flow volume at each pore volume. After the penetration
of the sheet pile, the flow volume increased significantly. We defined the x- and y-
axes as shown in Fig. 11 herein. Figure 12 shows a CT image in the x—z axis plane
and Fig. 13 shows its zoomed-in version. The CT image shows no significant change
from step A to step B before sheet pile penetration. Meanwhile, from step B to step
C, the penetration of the steel sheet pile pulled in the entire ground, thus causing the
gap between the sheet pile and unsaturated ground on the aperture side to increase
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Fig. 10 Change in flow quantity

Steel sheet pile

[Before penetration of model steel sheet pile] After penetration of model steel sheet pile

Fig. 11 Definition of x- and y-axes

from step C to step D. This indicates that fine grains may have been transferred
from the vicinity of the boundary between the sheet pile and unsaturated ground. A
comparison of the CT images from step B to step D shows that the change in the
pore structure of the specimen on the aperture side of the steel sheet pile is more
significant than that on the back side. However, whether this phenomenon is caused
by the shape of the sheet pile must be elucidated.

Figure 14 shows a CT image in the y—z plane and Fig. 15 shows its zoomed-in
version. Similar to the image in the x—z plane, no significant pore space change was
observed from step A to step B, and the entire ground was pulled in by the penetration
of the sheet pile from step B to step C. From step C to step D, the gap in the area
surrounded by the steel sheet pile increased.

Fine grains and water or the presence/absence of fine-grain runoff and water
channel formation were difficult to distinguish based on the CT images shown in
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Fig. 14 Cross-sectional CT image in y—z plane
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Fig. 15 Zoomed-in CT image in y—z plane

Fig. 15. We plan to investigate the presence or absence of fine-grain outflow and water
channel formation via image analysis. The distance between the X-ray irradiation
source and the specimen can be reduced such that image analysis can be performed
more effectively via multilevel processing.

6 Summary

In this study, an experimental apparatus was developed to investigate the formation
of water channels at the boundary between unsaturated soil and steel sheet piles in
a river dike, which is caused by the fluctuation of water level in the river due to
rainfall. A seepage test was performed using the experimental apparatus, and the
results confirmed that the permeability increased with the penetration of the steel
sheet piles. In addition, an analysis of CT images showed an increase or decrease
in the pore space in the model ground. Changes in the modeled unsaturated ground
was successfully visualized using a w-CT scanner. Future experiments should be
conducted under conditions similar to those of the actual site. Additionally, we intend
to investigate the effects of the shape of the sheet piles and the number of permeations
on the amount of fine-grained runoff and the average permeability.
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Development of Ground Freezing )
Method Using Natural Refrigerants L
and Its Application

Kosuke Maejima, Hiroshi Soma, and Yuta Shioya

Abstract This paper presents a newly developed ground freezing method in Japan.
Instead of HCFC or HFCs, it uses NH; and CO, for freezing; both are natural
refrigerants. Thanks to the use of natural refrigerants, the new method (CO, freezing
method) is not only good for the environment but also more effective in ground
freezing than the conventional method. The two fundamental experiments conducted
to verify the effectiveness of the ground freezing by natural refrigerants, and the
outlines and the results are shown in this paper. Moreover, the application of the CO,
freezing method is also shown. The application was ground improvement work for
shield tunneling at a depth of about 66 m, and the first use of newly developed flat-
shaped perforated freezing pipes. Finally, the most recent experiment is introduced.
It was a long-distance pumping experiment of CO, refrigerant, and its purpose was
to expand the scope of application to respond to social demands in Japan for use of a
great depth underground. The result proved that CO, refrigerant could be circulated
in the distance of 1500 m from the plant to the freezing area, instead of about the
typical 100 m.

Keywords Artificial ground freezing - Natural refrigerant + Shield tunneling

1 Introduction

Nowadays the tendency to use a great depth underground is increasing in Japan
because available public spaces are getting less, especially in urban areas. By a
Japanese statute, ‘a great depth underground’ is defined as ‘a depth of 40 m or more
below’. At such depth, there is a high risk of groundwater flooding occurring during
construction work such as shield tunneling, therefore ground improvement is needed.
However, general ground improvement using cement may not be adopted because
ground and/or construction conditions are very difficult at such great depths. In such
case, a ground freezing method is utilized.
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The ground freezing method is a technique for freezing the soil and uses two types
of refrigerants. The primary refrigerant cools the secondary refrigerant in the plant,
and the secondary refrigerant is circulated in the freezing pipes placed in the ground
improvement area, then the soil is frozen. The frozen soil cuts off water perfectly
and the strength of frozen soil is much higher than that of a soil cement column.
Although the ground freezing method seems very useful, the conventional method
has a huge problem. It uses CFCs (HCFC) or CFCs alternative (HFCs) as the primary
refrigerant (the secondary refrigerant is CaCl, aqueous solution). HCFC and HFCs
are regarded as greenhouse gases; therefore, their use must be avoided.

This paper presents a newly developed ground freezing method (CO,; freezing
method) in Japan, which uses natural refrigerants instead of HCFC or HFCs. It uses
NH; as the primary refrigerant and CO, as the secondary refrigerant with some
advantages over the conventional one. The outline of the CO, freezing method is
shown in Chap. 2. In this paper, some experiments and application are also shown.
Chapter 3 shows two fundamental experiments of the CO, freezing method, and
Chap. 4 shows its application in ground improvement for shield tunneling. Chapter 5
introduces the most recent experiment. To respond to social demands to use a great
depth underground, a refrigerant needed to be circulated in longer pipes, and then the
experiment conducted to verify its possible use. The result shows that CO, refrigerant
can be circulated in the distance of 1500 m from the plant to the freezing area, instead
of about the typical 100 m.

2 Outline of Ground Freezing Method Using Natural
Refrigerants

2.1 Characteristics of the System

The CO, freezing method uses NH3 as the primary refrigerant and CO, as the
secondary refrigerant; both are natural refrigerants (Table 1). Instead of HCFC or
HFCs, using natural refrigerants is not only good for the environment but also more
efficient to make the frozen soil. Liquefied CO; is circulated in the freezing pipe and
deprives the heat of the soil, then a part of CO, is gradually vaporized and returned
to the refrigerator in a gas—liquid mixed phase (Fig. 1). In other words, while the
conventional method uses only the sensible heat of CaCl, brine for freezing, the
CO; freezing method uses the latent heat of the vaporization of CO, as well as the
sensible heat. By using the latent heat, the heat exchange rate per unit flow rate of
the CO,; freezing method increases to 60 times the conventional method.

In addition, the properties of liquefied CO, are more suitable for freezing than
that of CaCl,. Liquefied CO, is cooled to —45 °C by maintaining its pressure about
0.8 MPa in the refrigerator, while CaCl, aqueous solution is cooled to —30 °C, hence
the CO, freezing method can make frozen soil more quickly than a conventional one;
in short, the ground freezing construction period will be shortened.
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Table 1 Comparison of refrigerants between conventional method and CO, freezing method

Conventional method

CO, freezing method

Primary refrigerant HCFC/HFCs NH3
Secondary refrigerant CaCl; Brine CO,
Fig. 1 Schematic diagram Cco, NH;
of ground freezing method (Mixed with Gas) Water
using natural refrigerants g )
ompressor
Circulation
pump
Cooling Tower
(i) Co,
(Liquid) CO, Condenser
Liquefier
Depriving the heat from
the ground by latent heat of
vaporization of CO, .(-45°C)
W N\

2.2 Equipment

The equipment of the CO, freezing method is superior to that of the conventional
method. As the kinematic viscosity of liquefied CO, is about 1/90 of that of CaCl,
brine, the freezing pipe can be much smaller, and the pumping flow rate can be lower.
Figure 2 is a newly developed freezing pipe. It is a flat-shaped perforated pipe made
of aluminum, the thickness of which is about 5 mm; therefore, it is easy to install in
the ground by human power (Fig. 3). Moreover, it can be made to a designed length,
and thus it can be used without welding, while conventional pipes must be welded
at construction sites.

As well as the pipe, the refrigerator was also improved (Fig. 4). Since its size is
about half that of the conventional one, it can be installed in the shield tunnel and
the width is narrow enough not to stop the other construction works. Thanks to this
point, the construction period will be shorter still.

In addition, reducing the flow rate leads to decreased power consumption; it is
about 60% of the conventional one. For the ground freezing method, its cost greatly
depends on the power consumption, hence the CO, freezing method will reduce not
only the construction period but also the cost.
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Fig. 2 Flat-shaped
perforated freezing pipe

Fig. 3 Installing freezing
pipe by human power

Fig. 4 Refrigerator in shield
tunnel

Conventional size
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3 Fundamental Experiments

3.1 Small-Scale Soil Tank Experiment

To prove the freezing ability of natural refrigerants, two fundamental experiments
were conducted [1]. The outlines and the results of them are discussed below.

The first experiment was a small-scale soil tank experiment, which was conducted
in comparison with the conventional method. Table 2 shows the experimental cases,
and Fig. 5 shows the schematic diagram. Case 1 was the conventional method, and
Case 5 was the totally new method. The simulated soil was saturated sand. To verify
the freezing ability of the flat-shaped perforated pipe, there were three types: a double
pipe (the conventional method), one flat pipe, or two flat pipes in the guide pipe filled
with water (the new methods). Each flow rate depended on the pump’s maximum
rate. In each case, the period of circulating the refrigerant was 7 days, then the frozen
soil was excavated, and its size was measured.

The result is shown in Figs. 6, 7, 8, and the rightmost column of Table 2. The
totally new method (Case 5) made the largest frozen soil at the fastest speed. In
addition, its power consumption was lower than that of the conventional one (Case
1). Thus, the result validated that the CO, freezing method was more efficient than
the conventional one.

Table 2 Experimental cases

Case | Freezing pipe | Refrigerant | Refrigerant’s Flow rate (L/min) | Frozen soil’s
temperature (°C) diameter (the
result) (mm)
1 Double pipe CaCl, -30 50 810
2 Double pipe CO, -30 10 850
3 One flat pipe CO, -30 1 640
4 Two flat pipes | CO» -30 2 700
5 Two flat pipes | CO2 —45 2 1050
Fig. 5 Schematic diagram flat freezing pipe
of experiment water / guide pipe
3
*

e ™ O ©

One flat pipe Two flat pipes Double pipe
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Fig. 6 Excavated frozen soil

Fig. 7 Radius of frozen 350
soil-time relationships (one
flat pipe type (case 3) took a
long time to fill with water;
therefore, the start of
circulation was delayed)
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3.2 Simulated Pit Experiment

Following the soil tank experiment, the simulated pit experiment was conducted. It
was a full-scale experiment, and its purpose was to test flat freezing pipes with two
types of installation: one was two flat pipes in the guide pipe (the center of Fig. 5),
and the other was flat pipes attached to the sheet pipe walls (Fig. 9). The latter was
expected to be more efficient in ground freezing by using a flat-shaped freezing pipe.

The two types of freezing pipes were placed in the simulated pit (5 x 5 x 5 m),
and then it was filled with saturated sand (Fig. 10). The ground freezing’s parameters
were determined by the result of the soil tank experiment: CO, temperature was —
45 °C, and flow rate was 2 L/min. The period of circulation was 28 days, and then
the frozen soils were excavated.

Fig. 9 Attached flat pipes
on steel sheet pile

Fig. 10 Plan view of the soil \
tank

I
At

\

7

(A A W A

T

“ f
b7 ]
— « O two flat pipes in the guide pipe

B attached flat freezing pipe
AT o 7 U7\ ® temperature measuring pipe

S O, VOO s O o, YOO (.
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I.?A 1

/

Fig. 11 Excavated frozen soils (left—guide pipe type, right—attached type)

The excavated frozen soils are shown in Fig. 11. The half thickness (radius) of
the frozen soil of the guide pipe type was 1.31 m, and that of the attached type was
0.8 m. Both were almost planned sizes, and the result validated that the attached flat
freezing pipes could be effective.

4 Application for Shield Tunneling

As a part of the construction of the sewage treatment facility in Japan, the CO,
freezing method was adopted for ground improvement for shield tunneling to connect
the arrival shaft [2]. The construction depth was about 66 m below ground level and
the groundwater pressure was very high (about 0.65 MPa), which required not only
the shield but also the frozen soil for cutting off water. It was the first work to apply
the CO, freezing method by the attached flat freezing pipes.

Figure 12 is the schematic diagram of the project. The ground freezing area was
divided into three areas; the first and second frozen soils were made at the cross-
passage area intersecting the shaft walls to prevent the leakage of groundwater, and
the third was made inside the arrival shaft area to prevent the first and second from
melting by the following heat input work.

Thanks to the flat shape, it was very easy to attach the freezing pipes to the shield
tunnel walls by adhesive; therefore, the preparing work time was much shorter than
before (Fig. 13). The period for making frozen soils of the designed sizes was 8 days,
and the period of maintaining them was 29 days. With the frozen soil by the attached
flat freezing pipes, shield tunneling to the arrival shaft was accomplished.
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5 Long-Distance Pumping Experiment

5.1 Outline of the Experiment

In recent years in Japan, with an increasing number of projects using a great depth
underground, construction work is getting more and more difficult; one of the reasons
is that existing structures on/under the ground are complexly combined. So that the
CO,; freezing method can be applied to such cases, its pipe length must be much
longer to detour the existing structures.

The long-distance pumping experiment was planned to verify the possibility of
circulating CO, refrigerant in the distance of 1500 m from the plant to the freezing
area, instead of about the typical 100 m. Differing from CacCl, brine, liquefied CO,
refrigerant is gradually vaporized during pumping; therefore, it had not been circu-
lated in such a long pipe. The pipes were divided into three sections lengthwise: send-
pipe, freezing pipe, and return-pipe. Both the send-pipe and return-pipe consisted of
main pipes 1450 m long and branch pipes (Fig. 14). They were connected to three
types of flat freezing pipes on the ground: case 1-one pipe 50 m long, case 2—one
pipe 50 m long, which is bent every 5 m, case 3—connecting 60 pipes 0.8 m long
(Figs. 15, 16 and 17).

Fig. 14 Main pipes (two sets of 264 pipes of 5.5 m)
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Fig. 15 Placing 50 m long
freezing pipe

Fig. 16 Freezing pipe bent
every 5 m

Fig. 17 Connecting freezing
pipes
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Fig. 18 Frosted pipe from each case (left—case 1, center—case 2, right—case 3)

During circulation of CO, refrigerant, the pressures in each pipe were measured.
Whether CO; at a certain temperature is liquid or gas depends on its pressure; lique-
fied CO, at —45 °C vaporizes at the pressure below 0.8 MPa [3]. If the proportion
of gas in CO,; refrigerant becomes large, it cannot be pumped in the pipe, hence the
experiment was conducted while controlling CO, pressure to be 0.8 MPa.

5.2 Result

In each case, CO, refrigerant was successfully circulated at —45 °C in the distance
of 1500 m (Fig. 18). The measured pressures were maintained above 0.8 MPa and
there was almost no difference between the three cases. This result means that the
bends of the pipe or the connecting sockets hardly affected pumping; therefore, when
the attached flat freezing pipes are needed for ground freezing, they can be placed in
various ways depending on the construction-related conditions: bending, connecting,
or a combination.

6 Conclusions

This paper showed the characteristics of the ground freezing method using natural
refrigerants (CO; freezing method) through the experiments and its application. The
CO, freezing method do not use HCFC or HFCs as a refrigerant, hence it can be
regarded as a technique for a sustainable society. This paper also showed that the CO,
freezing method is not only good for the environment but also more effective than
the conventional method by using natural refrigerants. Moreover, the long-distance
pumping experiment proved that this method could circulate CO, refrigerant in the
distance of 1500 m from the plant to the freezing area, which should expand the
scope of application of the method. The method will contribute to the efficiency of
construction projects in a great depth underground.
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Estimation of Inundation Mitigation )
Potential Due to Time Variability L
in Japan

Sora Maruta and Seiki Kawagoe

Abstract Climate change has led to an increase in precipitation and the number of
rivers exceeding their flood levels in all regions of Japan. It is pointed out that the
amount of precipitation and the frequency of flooding will continue to increase in
the future, and there is concern that the number of disasters that cannot be prevented
simply by improving river channels will increase. In recent years, basin-based flood
control measures have been promoted in Japan to reduce flood damage throughout
the entire basin, and estimating the effect of water storage outside the river channel
can help in the planning of basin-based flood control measures. In this study, data
on off-channel water storage capacity for paddy fields, parks, and school reservoirs
were collected on a national scale, and their functions were evaluated. In Fukushima
Prefecture, the contribution of internal and external water storage was determined
in consideration of future population changes, and priority areas were selected for
countermeasures.

Keywords Watershed management - Off-channel storage - Storage effectiveness

1 Introduction

It has been confirmed that the amount of precipitation and the number of rivers
exceeding the flood risk level have increased due to climate change [1]. From 1976
to 1985, the average number of annual rainfall events of 50 mm or more per hour was
174, while from 2010 to 2019, the average was 251, an increase of about 1.4 times.
This trend is similar for rainfall events of 80 mm or more per hour and 100 mm or more
per hour [2]. According to the IPCC Sixth Assessment Report (Intergovernmental
Panel on Climate Change AR®6), it is unequivocal that human influence has warmed
the atmosphere, ocean and land, and extreme events are expected to increase in
magnitude and frequency as the warming progresses [3]. In recent years, it has
been promoting watershed flood control, in which all stakeholders work together to
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prevent flood damage by considering the entire watershed from the catchment area
to the inundation zone as a whole in Japan. In 2021, the Law on Basin Flood Control
[4] will come into effect, which outlines measures to prevent flooding as much as
possible, to reduce the damage target, to mitigate damage, and to quickly restore and
reconstruct the area, in addition to strengthening the planning and system for basin
flood control. In order to prevent flooding as much as possible, it is important to
understand the amount of storage in the river basin in addition to the in-channel flow
rate. In a study on off-channel storage, Shimura calculated the storage effect of paddy
fields for the whole of Japan, covering an area of 3.17 million m* of paddy fields
in 1975 [5]. Assuming that all paddy fields in Japan have been maintained and that
the waterlogging depth standard for paddy fields is uniformly 0.30 m throughout the
country, he showed that the storage capacity is approximately 9 billion m?. For flood
inundation analysis including off-channel storage, Kawaike et al. (2018) conducted a
flood inundation simulation in the Nakahama sewage treatment plant in Osaka City,
including off-channel storage in residential areas, schools, and parks, and mentioned
the calculation of maximum inundation depth and inundation reduction effects [6].
Although there are analyses that calculate storage in paddy fields throughout Japan
or that anticipate off-channel storage effects for specific areas, there is no established
method for calculating off-channel storage and evaluating its functional for the entire
country.

Therefore, in this study, we compiled data on off-channel storage on a national
scale and evaluated its function. Based on the data, we attempted to understand the
changes in water storage contribution due to demographic changes in Fukushima
Prefecture, and to select priority areas for countermeasures.

2 Data and Methods

2.1 Analysis Methods

Three options were selected as the target off-channel storage: paddy fields, parks,
and schools. The water storage potentials of these options were determined on a
watershed basis, and water storage potential maps were created for the entire country.
It was calculated the maximum hourly precipitation over the whole of Japan. Then,
it was estimated the hourly precipitation reduction effect due to storage by taking the
ratio of the maximum hourly precipitation to the storage potential. In addition, the
contribution of internal and external water storage due to climate change and social
environmental change was evaluated for Fukushima Prefecture using population data
according to socio-economic scenarios.
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2.2 Land Structures and Facilities Condition

The concept for estimating paddy storage was based on Shimura [5]. The storage
volume was obtained from the area of paddy fields and the depth of waterlogging.
Because storage varies depending on the topographical structure, paddy fields were
classified into three categories: plain areas, sloping areas, and alluvial fan areas, and
the storage volume was calculated after setting the waterlogging depth standard for
each. As a general paddy field, the upper width was set to 0.40 m, the lower width to
0.60 m, and the height to 0.30 m, based on the Ministry of Agriculture, Forestry and
Fisheries of Japan’s Land Improvement Project Planning and Design Standards [7].
The verification by Masumoto [8] also indicates that plain areas serve as a ground that
can actively store floodwaters [8]. Therefore, 0.30 m was set as the standard depth
of flooding, and 0.27 m was set as the possible storage depth by subtracting 0.03 m
of the required depth of flooding for the heading period from the standard depth of
flooding of 0.30 m. Here, the heading period refers to the time when 40-50% of the
ears have emerged in the ear-forming crop. This is the time of year when they need the
most water. In sloping area, the same level of storage as on plain cannot be expected
because the water circulation on sloping land is faster than on plain. Hayase et al.
[9] conducted an evaluation of the flood prevention and mitigation functions of rice
paddy dams in sloping paddy fields and confirmed that the maximum flooding depth
was 0.19 m [9]. Onishi et al. [10] evaluated the storage characteristics of paddy fields
on sloping terrain based on actual measurements, and found that the waterlogging
depths ranged from 0.11 to 0.20 m [10]. Therefore, the sloping area was assumed to
have a waterlogging depth standard of 0.10 m, which is lower than that of plain areas.
The possible storage height was set at 0.7 m, which was obtained by subtracting the
required waterlogging depth of 0.03 m for the heading period. The alluvial fan area is
included in the sloping paddy field, but it is not included in the depopulated area, and
the paddy fields are actively maintained for paddy cultivation. Thus, it is expected
to store more water than the sloping paddy field. Therefore, the waterlogging depth
standard was set at 0.20 m, and the possible storage height was set at 0.17 m after
subtracting the required waterlogging depth of 0.03 m for the heading period.

How to storage in parks and schools can be classified into two main types: surface
storage by excavating the parcel surface, installing impervious walls around the
parcel, or raising the wall surface with fill, etc., and installation of underground
rainwater harvesting tanks. Because both storage methods involve storage on a
single fixed flat surface, they were not classified according to topography, as was
the case with paddy fields storage. According to the guidelines of the Japan Rain-
water Harvesting and Infiltration Technology Association [11], the possible storage
height in a park is 0.30 m. Kawaike et al. [6] calculated the storage area to be 60%
of the total area of parks and schoolyards, and the possible storage height to be 0.30
m. Based on these results, the storage area was set to 60% of the total park area and
schoolyard area, and the possible storage height was calculated to be 0.30 m.
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2.3 Weather Condition

Maximum hourly precipitation for entire Japan was estimated based on data from the
Japan Meteorological Agency’s AMeDAS database of maximum hourly precipitation
and mean temperature (warm season normal, analysis period: 1991-2021) for 871
stations. Regression lines and coefficient of determination values were calculated
using the least-squares method (Egs. 1 and 2).

If the regression line is y = ax + b, then

T =D —) 0

Dot (i = x)?
b=5—ax 2)

where n: total number of bivariate data (x, y), x;: warm season mean temperature at
each location (analysis period 1991-2021), y;: maximum hourly precipitation at each
location, x : mean value of warm season mean temperature, y " maximum hourly
precipitation at each location.

By fitting a regression line to the mean temperature of the warm season normal of
the 2010 mesh climate values, they were estimated maximum hourly precipitation
with a spatial resolution of 1 x 1 km covering all of Japan, confirming the regional
nature of rainfall. Warm season mean temperatures are set from April to November,
when the coefficient of determination with maximum hourly precipitation is the
highest.

2.4 Population Data According to Socio-Economic Scenarios

In order to understand the effects of climate change in the future, it is common to
use scenarios that assume future conditions. Special Report on Emission Scenarios
(SRES) has been used in studies on the costs of global greenhouse gas emission
reduction measures and the effects of climate change on ecosystems and human
society. However, SRES does not reflect the increase in economic power of emerging
countries such as China and India because the base year is 1990. Also, it does not
explicitly take into account emission reduction measures. In response to these issues,
the IPCC Fifth Assessment Report (ARS) developed and adopted the Representative
Concentration Pathways scenario (RCPs). It is an emission scenario corresponding
to future greenhouse gas concentrations. It is characterized based on the magnitude
of the impact of greenhouse gas concentrations on the increase in radiative forcing,
with four scenarios: RCP8.5, RCP6.0, RCP4.5, and RCP2.6. It is pointed that climate
change impacts vary with population and socio-economic changes in addition to those
due to greenhouse gas concentrations considered in the RCPs scenarios. The IPCC
ARG adopts a scenario that combines the RCPs scenario used in the AR5 and the
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Shared Socio-Economic Pathways scenario (SSPs), which assumes future trends in
socio-economic development. The SSPs scenarios divide the world into five regions,
and five scenarios, SSP1 to SSP5. These scenarios are set according to the two axes
of difficulty of climate change mitigation measures and adaptation measures.

Since this study is conducted in Japan, it is used the Japanese SSPs scenario in
this study, which is a downscaled version of the global SSPs scenario developed in
the IPCC ARG6. The Japanese SSPs is consistent with the global SSPs and is based on
the description by O’Neill et al. [12] in the global SSPs scenario. We selected SSP1
(sustainable) for RCP2.6 and SSPS5 (fossil fuel dependent) for RCP8.5, following the
highest priority key scenarios of O’Neill et al. [12]. We used population data based
on the Japanese SSPs narrative scenario developed from the procedure of Chen et al.
[13]. In order to determine only the effects of climate change, we set a status quo
fixed scenario in which the current social conditions are assumed to continue until
the year 2100. In this study, the year 2015 was used as the base year. It was classified
into three periods; 2050 (base year), 2050, and 2100.

3 Results

3.1 Storage Potential Map

The nationwide storage volume was about 3.68 billion m* for paddy fields, 340
million m? for parks, and 0.55 billion m? for schools. In the case of paddy fields
storage, the estimated volume was 9 billion m? in Shimura [5], but in this study it
was about 3.68 billion m? nationwide, a significant decrease of about 5 billion m3
(Fig. 1a). There are many areas where the storage volume exceeds 10,000 m?, with
the western Hokkaido, Tohoku, Kanto, and Hokuriku regions in particular having
high potential. On the other hand, the eastern part of Hokkaido and the Seto Inland
Sea side of the Chugoku region had low potential. The total storage capacity of the
park was about 340 million m?, which is small compared to paddy field storage due
to its area (Fig. 1b). However, in metropolitan areas such as the Tokyo, Chukyo, and
Kansai areas, the storage volume was expected to exceed 10,000 m>. The storage
volume in schools was found to be about 0.5 billion m?, which is not as large as that
of paddy fields and parks (Fig. 1c), but in the Tokyo metropolitan area, the storage
volume was over 10,000 m3, and the storage volume was uniform throughout the
country. The areas with large total storage capacity (i.e., paddy fields, parks, and
schools) were generally located in the northern part of Japan, with storage exceeding
1 million m3, especially in western Hokkaido, Tohoku, Hokuriku, and Kanto regions.
On the other hand, the areas with low storage potential were located on the Seto Inland
Sea side of Chugoku region (Fig. 1d). The temporal resolution was added to the total
storage potential map to obtain the spatiotemporal storage effect, and it was found
that the storage effect by off-channel storage is high in western Hokkaido, Tohoku,
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Fig. 1 Spatially located potential map (m3). a represents the paddy storage, b the park storage,
¢ the school storage, and d the total storage potential

Hokuriku, and Kanto regions, while the effect is not so great in the Inland Sea side
of Chugoku region (Fig. 2).

3.2 Analysis Results for Fukushima Prefecture

In Fukushima Prefecture, we attempted to identify priority areas for countermeasures
based on the total reservoir volume and social changes in population. Figure 3 shows
the distribution of total storage volume in Fukushima.

As of 2015, 33.9% of the watersheds had no population, while the remaining
66.1% of the watersheds had a population of approximately 1.7 million. In terms
of population trends over time, the proportion of watersheds with no population did
not change for both SSP1 and SSP5. Basically, it is indicated that watersheds with
a population distribution as of 2015 tended to increase or decrease in population.
Therefore, it was not possible to determine the contribution of water storage that
changes depending on the unpopulated area. The basin population in Fukushima
Prefecture showed a decreasing trend in both SSP1 and SSP5, but there was almost
no difference in the basin population among the social change scenarios.

When the society is under SSP1, the total population of Fukushima Prefecture
in 2015 will decrease from about 1.7 million to about 1.1 million in 2050 and to
about 440,000 in 2100 (Fig. 4a). When the population in 2015 is set as 100%, the
population of SSP1 will decrease to 64.2% of the total population in 2050 and to
25.7% in 2100 (Fig. 5a). Based on these population decline rates, off-channel storage
in areas where the population decline rate is less than 35.8% in 2050, i.e., where the
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Fig. 3 Total storage volume in Fukushima prefecture (m?)

population decline is relatively small, is expected to contribute to water storage to
mitigate damage from internal flooding. On the other hand, off-channel storage in
watersheds with a high rate of population decline or no population contributes to
water storage for reducing external water. Similarly, it can be considered when the
society transitions in SSP5.
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In SSP1 and SSP5, there are some areas where the population increases in 2050.
Although the population decreases in all watersheds in 2100, these watersheds are
likely to have a significant investment effect on the storage options.

4 Consideration

It was determined the amount and distribution of off-channel storage for paddy fields
storage, park storage, and school storage throughout Japan by developing a database
of off-channel storage on a national scale. By fitting maximum hourly precipitation,
into total storage potential, we were also able to determine the effect of reducing
hourly precipitation throughout Japan. In the case of paddy field storage, Shimura’s
estimate of 9 billion m* of storage [5] was significantly reduced to approximately
3.68 billion m* in this study. This is due to the decrease in the area of paddy fields in
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Japan. Comparing the area of paddy fields in 1975 used by Shimura (1982) with the
area of paddy fields in 2016 used in this study, the area decreased by approximately
600,000 ha. Shimura (1982) used a uniform nationwide waterlogging depth standard
of 0.30 m. In this study, paddy fields were divided into plain areas, sloping areas,
and alluvial fan areas, and waterlogging depths were set at 0.30, 0.10, and 0.20
m. For these reasons, we consider that the estimation was significantly reduced.
Paddy field storage is the largest off-channel storage potential of the three storage
options considered in this study, and is expected to be effective in many watersheds
if implemented in society.

In areas with low storage effectiveness, it is required development of other storage
options and measures to increase the storage effectiveness of paddy fields, parks, and
schools. In order to do so, it is necessary to understand the land structures that can
be used as off-channel storage options in the area and to establish the conditions for
such options. In addition, it is possible to increase the depth of waterlogging in parks
and schools depending on their development.

The priority areas for off-channel storage in Fukushima Prefecture are watersheds
where the population will temporarily increase in 2050 for both SSP1 and SSP5.
However, since the storage capacity of these watersheds is almost nonexistent at
present, it is necessary to strengthen measures for off-channel storage. In this case,
it is necessary to take into account the decrease in population in 2100.

5 Conclusions

In this study, we developed data on the intrinsic water storage capacity outside the
river channel of a national scale, which can be used for basin flood control planning,
and evaluated the function of this capacity. Based on the data, priority areas were
selected in Fukushima Prefecture. The results are as follows:

(1) We selected three off-channel storage options (paddy, park, and school), and
determined each potential. We also estimated the hourly precipitation reduction
effect due to storage.

(2) The storage potential of paddy fields storage is about 3.68 billion m? nationwide,
and it is the most effective storage method for off-channel storage.

(3) The storage potential of parks and schools was not as large as that of paddy
fields, but these have the effectiveness in metropolitan areas such as the Tokyo,
Chukyo, and Kansai areas.

(4) Spatial off-channel storage was effective in the western Hokkaido, Tohoku,
Hokuriku, and Kanto regions, where the total storage volume was large,
consistent with watersheds with high storage effectiveness.

(5) It was found that the areas where off-channel storage is vulnerable and where
the consideration of countermeasures is prioritized are on the Seto Inland Sea
side of the Chugoku region. In particular, Hiroshima and Yamaguchi prefectures
were the priority areas for watershed flood control.
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(6) In Fukushima Prefecture, there are watersheds where the population of both
SSP1 and SSP5 will increase in 2050. However, since the population will
decrease in all watersheds by 2100, it is necessary to develop countermeasures
that take future operations into consideration.

In the future, in areas where off-channel storage effectiveness is insufficient, it
will be necessary to examine and verify the effectiveness of storage options other
than the three targeted in this study. In addition, the potential map created does not
take the discharge process into account, which may result in an underestimation of
the storage effect. Therefore, it is necessary to examine the storage effect by adding
drainage processes such as drainage ditches and sewage systems in paddy fields.
Furthermore, it is necessary to consider adaptation measures to climate change by
adding climatic conditions throughout Japan.
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Abstract In this study, we evaluated the erosion control performance and vegetation
of natural vegetation recovery promotion-type mat incorporated with soil algae (BSC
mat). The tests were conducted by applying rainfall of 50, 100, and 150 mm/h to the
slope for 30 min, respectively, and evaluating the ratio of soil loss in the unprotected
soil to that in the soil covered by it (soil loss ratio: SLR). The results showed that the
SLR was 192, indicating that it had a higher erosion prevention function compared
to the unprotected soil. In addition, we observed the vegetation by natural invasion
and measured soil loss on an outdoor embankment slope in the field test. The number
of invasive plants in the mat was about 2.5 times higher than that in the unprotected
slope, and the plants were established evenly in the whole area, unlike the unprotected
slope where vegetation was found only in the eroded area. The amount of soil loss
in the BSC mat plots was less than 1/4500. It was indicated that the mat formed
vegetation faster and better than the unprotected soil, and that the amount of soil loss
was also suppressed.

Keywords Erosion control - Soil loss - Natural vegetation recovery promotion

N. Kohno (<) - A. Matsumoto

Research and Development Division in Sales Department, Takino Filter Inc., 904-16 Hayama 2
Chome, Kudamatsu-Shi, Yamaguchi 744-0061, Japan

e-mail: kouno@takino.co.jp

M. Tomisaka
Okinawa Branch Office, Engineering Department, Nippon Koei Co., Ltd., Kohtoku Building 2F,
3-5-1, Tsubogawa, Naha-Shi, Okinawa 900-0025, Japan

T. Ozeki
Environment Department, Nippon Koei Co., Ltd., 5-4, Kojimachi, Chiyoda-Ku, Tokyo 102-8539,
Japan

K. Araki
Department of Civil Engineering and Architecture, National Institute of Technology, Tokuyama
College, Gakuendai, Shunan-Shi, Yamaguchi 745-8585, Japan

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 309
H. Hazarika et al. (eds.), Climate Change Adaptation from Geotechnical Perspectives,
Lecture Notes in Civil Engineering 447, https://doi.org/10.1007/978-981-99-9215-7_28


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-9215-7_28&domain=pdf
http://orcid.org/0000-0003-2973-6049
http://orcid.org/0000-0002-2029-6086
mailto:kouno@takino.co.jp
https://doi.org/10.1007/978-981-99-9215-7_28

310 N. Kohno et al.

1 Introduction

In recent years, landslides have become more frequent and severe due to climate
change and other factors. To prevent such landslides, concrete shotcrete, structures
such as slope frame work, and vegetation are commonly used to protect slopes.
Vegetation is effective as a countermeasure against global warming because it can
be expected to absorb and fix CO, through the use of plants such as trees. In the field
of revegetation, there is an increasing demand for the use of plants that are native to
the region, especially local strains (a group of native species that share a common
genotype in a certain region), in consideration of the conservation of biodiversity and
local ecosystems [1]. In this background, attention is being paid to natural invasion
promotion methods for revegetation through the establishment of seeds that naturally
fly to the area. The “BSC method” has been developed to make a biological soil crust
(BSC) with cyanobacteria, green algae, filamentous fungi, lichens, and bryophytes
form, which appear at the beginning of vegetation succession, and promote natural
invasion by applying soil algae along with fertilizers to the bare ground surface [2].
The soil algae used in the BSC method are not classified as non-native species because
they are globally distributed, do not interbreed with native species due to asexual
reproduction, and thus are considered to have no impact on the natural environment
[2]. In Okinawa Prefecture, the BSC method was found to be effective in preventing
red soil runoff [3]. The effectiveness of the BSC method has also been confirmed
not only in Japan but also in overseas countries such as Nepal. However, the BSC
method is basically applied under environmental conditions (ground environment,
water environment, weather conditions, etc.) in which ordinary revegetation work
can be applied, but because it takes time for the BSC to form after application, there
was a problem that the materials sprayed by heavy rainfall and the other events are
run off. To solve this problem, the “BSC mat” was developed by incorporating soil
algae into the erosion control mat. This is the mat that promotes natural invasion by
utilizing the advantages of both materials. In this paper, both the field test and the
small-scale rainfall test according to ASTM standard were conducted to investigate
the slope protection effect by BSC mat.

2 Field Test

2.1 Test Method

A 7 m long embankment with a slope of 30° was constructed on a southwest-facing
slope at the site of National Institute of Technology, Tokuyama College in Shunan-shi,
Yamaguchi, using the decomposed granite soil. Table 1 shows the physical properties
of the soil used. Wooden boards were placed at 90 cm intervals on the soil to create
a total of six plots. The test began on May 28, 2021, with unprotected soil as the
control plot and two plots each of erosion control mat A and BSC mat as the test plot.
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Table 1 Physical properties

of soil Soil particle density Ps g/em? 2.648
Maximum dry density Pmax g/em? 2.002
Optimum moisture content Wopt % 6.1
Mean particle size D5 mm 1.1
Uniformity coefficient U. - 214
Initial void ratio €o - 0.448

Picture 1 shows the installation of the test mats, and Fig. 1 shows the structure of the
test mats. The erosion control mat A and BSC mat are composed of polyethylene
netting and polyester non-woven fabric. The thickness of both mats is approximately
10 mm. Natural vegetation was observed on the left side of the test plot, while the right
side was cured with blue sheets, and no natural vegetation was observed. Containers
were placed at the lower end of each plot to measure the amount of sediment that is
flowed out due to rainfall. The growth of soil algae and natural vegetation invading
from the surrounding area were also investigated.

Unprotected Erosion BSCmat 1 Unprotected Erosion  BSC mat 2
soil 1 control mat soil 2 control mat
Al A2

Picture 1 Installation status of test products

——————— Net e e == Net
Non-woven fabric Non-woven fabric
e OgO® O 0 Soi ..
oil algae, Fertilizer
0% 0% o© 0% &
Base cloth
a) Erosion control mat b) BSC mat

Fig. 1 Structure of test products
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2.2 Test Result

Erosion control. Rainfall on June 3—4, six days after start of the test, caused the
collapse of unprotected soil_1. Rainfall began around noon on June 3 and intensified
during the night, peaking at 32.0 mm per hour at 3:00 a.m. on June 4 and continuing
until early afternoon. The accumulated rainfall from the beginning of the rainfall
was 137.5 mm. The collapse of bare ground_1 occurred at 2:04 a.m. on the 4th. The
collapse of bare ground_1 occurred from the center of the slope, and the amount of
sediment flowed out exceeded 18 kg. On the other hand, no slope deformation was
observed in the test site. The average sediment discharge was only 31.6 and 1.4 g for
the erosion control mat A and BSC mat, respectively, supporting the high erosion
control effectiveness of the mats immediately after installation. Unprotected soil _
2 collapsed due to the heavy rainfall from July 7 to 9, when the total rainfall was
162.9 mm over the three days. About 9 kg of soil was discharged from unprotected
soil_2 at 18:00 on July 7, and unprotected soil_2 was considered to have collapsed
at this point. Figure 2 shows the amount of sediment discharged from the control
and test areas. Unprotected soil_1 shows the amount of sediment discharged until
June 4, when it collapsed. The slope condition is shown in Picture 2. Compared to
the collapsed unprotected soil, the erosion control mat A and BSC mats in the test
area showed no significant deformation, and the amount of sediment discharge was
small. In particular, the average sediment discharge of the BSC mat was less than 1/
4500 of the unprotected soil average, confirming its high erosion prevention effect.

Vegetation. Figure 3 shows the vegetation coverage during the five-month period.
The number and species of invasive plants in the control and test areas were surveyed
in early November, five months after installation. The slope conditions during the
first five months after installation are shown in Fig. 3, the number of invasive plants in
Fig. 4, and the number of plant species in Fig. 5, respectively. As shown in Picture 3,
almost no vegetation was observed until two months after installation, and the number
of plants gradually increased from three months after installation. The vegetation
coverage of the BSC mats at 5 months after installation was relatively higher than
that of the unprotected soil and erosion control mat A (Fig. 3, Picture 3). In particular,
the vegetation coverage of the BSC mats increased from September to October,
although the fact that the precipitation in October was very low (0.7 mm), making it
difficult for vegetation from the surrounding area to invade and grow. The number
of invasive plants was about 2.5 times greater than that of unprotected soil, and
woody plants (mallotus bark) were the only species found in the test area on BSC
mat_1. It is confirmed that plants native to the area surrounding the test slope had
invaded the BSC mats, and that natural vegetation had been established. The reason
for the large number of invasive plant species in unprotected soil_1 may be due to the
invasion from the slope on the left side of the slope. The vegetation in the unprotected
soil is biased toward areas where the slope has become loose and soil hardness
has decreased, such as soil failure scars, whereas the vegetation in the BSC mats
showed relatively unbiased plant establishment throughout the entire area. Although
the evaluation method [4] for the natural vegetation recovery method defines the



Evaluation of the Erosion Control Performance and Vegetation ... 313

o 30,000
S 20,000 |18:300
é ’ 13,427
s 10,000 -
Q
£
3 e NN N N
[}
2 80 |
° 60 +
E 40k
g 20 +
< 0
. A A g2 \ g’
ps \/ - P’/ f&\/ -
%0\ 6%Q\ %&P* X & ,‘(\‘b‘
« «\ < C
) e ‘0@0@ 0&0\ &0\ o7 oo
\S‘\Q \BQQ %'\000 oé\oﬁ\
DS CHERE S

Unprotected Erosion BSCmat 1 Unprotected Erosion  BSC mat 2

soil 1 control mat soil 2 control mat
Al A2

Picture 2 Collapsed state (July 7, 2021)

evaluation at six months after construction, the evaluation was conducted at five
months after installation because rainfall is scarce after November and plant invasion
also decreases due to lower temperatures.

BSC formation. Observation of the BSC mats at 17 days after the start of the
test showed that soil algae (green algae) had grown widely on the non-woven fabric,
and the mats were generally green in color. When the BSC mat was turned over
and the back of the mat was observed after five months, it was confirmed that soil
algae were distributed over the entire area, although the concentration was different.
Microscopic observation of soil samples taken from the back of the BSC mats showed
that the soil particles were covered by soil algae. This situation was not observed in
the unprotected soil and erosion control mat A. It was considered that BSC formation
by soil algae had progressed in the BSC mat test area.
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Fig. 3 Vegetation coverage

3 Bench-Scale Rainfall Test
3.1 Test Method

In this paper, bench-scale rainfall tests were conducted in accordance with the Amer-
ican Society for Testing and Materials (ASTM) standards, which are developed and
published by ASTM International (formerly known as the American Society for
Testing and Materials), an American standards organization. Although ASTM stan-
dards are voluntary, they are widely accepted internationally and are used as standards
for regulations in many countries around the world. Based on the bench-scale rainfall
test (ASTM D7101) in the ASTM standard, the modified rainfall test apparatus of
National Institute of Technology, Tokuyama College, was used.

The tests were conducted with rainfall intensities of 50, 100, and 150 mm/h applied
to the slopes every 30 min and evaluated by the ratio of soil loss in the control area
(unprotected soil) to soil loss in the test area (covered with erosion control material),
that is soil loss ratio (SLR). Tests were conducted on unprotected soil (control plot)
and on erosion control mats B and C and BSC mats (test plots). The erosion control
mats B and C have the same structure as erosion control mat A shown in Fig. 1 and
are composed of a polyethylene net and a non-woven fabric made of polyester fiber.
The thickness of both mats is approximately 4—7 mm. The soil used in the test were
the same as those used in the field test. An outline of the test apparatus is shown
in Fig. 6. The ASTM D7101 test apparatus has three lanes, and three soil cores are
placed in one rainfall event, but the used test apparatus has two lanes and two soil
cores are placed. Therefore, the test is repeated two times for one rainfall event, that
is, four soil cores are used in one rainfall event. The test procedure was as follows.

Soil with an optimum moisture content of 2% was compacted into a soil core at
a degree of compaction Dc = 90 &£ 3%. The test apparatus with two soil cores was
set up on a 3:1 (horizontal: vertical) slope (18.43°). The control plot (unprotected
soil) was subjected to a rainfall intensity of 50 mm/h, and runoff water was collected
for 5 min in the collection buckets placed at the end of each slope. This process was
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repeated until 30 min, so that six runoff water samples were collected for one lane.
A series of operations was conducted twice. Rainfall intensities of 100 and 150 mm/
h were applied in the same way. The collected runoff water samples in the collection
buckets were settled over night, the supernatants were discharged, dried with dry
oven, and the total sediment runoff mass (average cumulative sediment runoff mass)
was calculated. The test areas were set up under the following conditions. Erosion
control mats B and C: After the soil cores were placed, erosion control mats B and
C were laid over the whole lanes. BSC mats: The soil cores, on which the BSC
mats had been placed, were placed in the outdoor greenhouse for 4 weeks to allow
the formation of crusts in the soil cores. The soil cores, on which the crusts had
been formed, were placed, and then the BSC mats were laid over the whole lanes.
The rainfall tests for test plots were conducted by the same procedures as the control
plots. For the test plots, the obtained average cumulative sediment runoff values were
corrected for the mass per unit area of the BSC mats, erosion control mat B and C,
respectively. The value of average cumulative sediment runoff of the unprotected soil
divided by average cumulative sediment runoff obtained in the test plots was defined
as the soil loss ratio (SLR) for each rainfall intensity. The SLR was calculated from the
corrected sediment runoff obtained from the regression curves based on the measured
values of each rainfall intensity and sediment runoff.
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3.2 Test Result

The amount of sediment runoff from the BSC mats was corrected for the presence
of organic matter, such as soil algae, by measuring the loss on ignition (Table 2).
The amount of sediment runoff and SLR are shown in Table 3. It shows that the
amount of sediment runoff in the test plot was extremely small compared to the
unprotected soil in the control plot. The average SLR of the BSC mats was higher at
192, compared to 128 and 68 for the erosion control mats B and C. This is considered
to be presumably due to the increased erosion prevention effect of BSC formation.
In addition, the average SLR of American-made erosion control mats ranged from
5.0 to 14.0 according to the results of tests conducted in the U.S. to the same way [5].
Therefore, it is indicated that the SLR of the BSC mats is extremely high. Appearance
of runoff water samples showed that the turbidity of the BSC mats was lower than
that of the unprotected soil (Picture 4). As shown in Table 2, the sediment runoff
of the BSC mats may include soil algae and fertilizers that were flown out from the
BSC mats placed on the top of the test apparatus during the test, so the values in
Table 3 show corrected ones.

Table 2 Analyzed result of ignition loss

Category Ignition loss (%)
Mat Debris etc 9.1
BSC layer (BSC + Fertilizer) Algae
Fertilizer Dissolution 335
Suspension 57.4
Soil particle

Table 3 Amount of runoff sediment and SLR

Rainfall Amount of runoff sediment (g) SLR
ihr;tensity (mm/ | conrol plot Test plot
Unprotected soil | Erosion BSC mat | Erosion BSC mat

control mat control mat
B C B C

50 88.6 0.9 1.6 0.8 105 50 106

100 203.2 1.5 1.7 1.1 127 66 177

150 465.9 3.1 5.8 1.6 152 87 294

Mean - - - - 128 68 192
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4 Summary

In this paper, field and bench-scale rainfall tests were conducted to investigate the
effectiveness of BSC mats in protecting slopes. The results of the tests are as follows.

The number of invasive plants in the BSC mats was approximately 2.5 times
that of unprotected slopes, and the vegetation was evenly distributed throughout the
slope, unlike bare slopes where vegetation was observed only in the eroded areas.
The average sediment runoff of the BSC mats in the field test was less than 1/4500 of
the average one in the unprotected soil. The average soil loss ratio (SLR) of the BSC
mats was 192, indicating that the mats have a high erosion prevention function. In
the field test, the BSC mats formed vegetation faster and better than the unprotected
soil, and the amount of sediment runoff was also reduced. In the bench-scale rainfall
tests, the high erosion prevention effect of the BSC mats was also confirmed. As
indicated by these test results, the BSC mats are more effective in protecting slope
surfaces than general erosion control mats. In order to improve the invasion ability
of vegetation with BSC mats, we are planning to study the specifications of nets to
improve the trapping of flying seeds. In this small-scale rainfall test, the slope was set
to 18.43° in accordance with ASTM D7101, which is a very gentle slope compared
to typical slope gradients in Japan [4]. When the slope gradient was varied in the
test of the same standard, it was shown that the sediment runoff of the test sample
increased as the slope became steeper [6]. Based on this, it is necessary to consider
the selection of test conditions that match the slopes of embankment and cut slopes
in Japan.
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Roles of Coarser-Grained Soil Layers )
in Capillary Barrier System L
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Abstract Water diversion occurring at the interface between finer- and coarser-
grained soil layers is referred to as capillary barriers, which are used for soil covers
to restrict water infiltration into waste facilities and improve slope stability. However,
methods for selecting optimum soils for capillary barriers have not been established.
This study aims to develop measures to select optimum soils for capillary barriers
by focusing on the roles of coarser-grained soil layers. Water diversion occurring at
the bottom of a sandy soil layer exposed to the atmosphere, which corresponds to a
capillary barrier when the pore spaces of the underlying coarser-grained soil layer
are infinitely large, is investigated via rainfall tests and numerical simulations. The
results reveal that the porewater pressure at the soil-atmosphere interface where water
diversion occurred is close to or less than the air entry value but remains negative.
This indicates that the negative porewater pressure is a key component for the water
diversion at the soil-atmosphere interface, thus providing a novel perspective on
the mechanism of capillary barriers. Capillary barriers can be caused by negative
porewater pressure generated at non-contact zones between finer- and coarser-grained
soil layers. Essentially, the role of coarser-grained soils can make a soil-atmosphere
interface by installing spaces under the finer-grained soil layer. This study is useful
for reconsidering the mechanism of capillary barriers and developing reasonable
measures to select optimum soils.
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1 Introduction

Unsaturated seepage flow restricted at the interface between finer- and coarser-
grained soil layers is referred to as a capillary barrier. Water is diverted by the
capillary barrier and flows downward when the soil layer interface is inclined, as
shown in Fig. 1a. Capillary barriers are used for soil covers in toxic waste facilities
to reduce contaminated water by restricting water infiltration into the facilities. Addi-
tionally, soil covers with capillary barriers are useful for preventing rainfall-induced
slope failures.

Water diversion by a capillary barrier is explained using the difference in perme-
ability between finer- and coarser-grained soils [1]. In unsaturated conditions, soil
permeability significantly decreases as the degree of saturation decreases because
air-filled pores are nonconductive channels to the water flow. Thus, at the soil layer
interface where a capillary barrier is formed, the permeability of the coarser-grained
soil with low water retention remains lower than that of the finer-grained soil when
the matric suction is higher than the intersection, as shown in Fig. 1b. Theoretical
and empirical equations were proposed and validated by rainfall tests that measure
the length of capillary barriers to quantify the water diversion capacity of capillary
barriers. The distance from the upstream end to the breakthrough point of a capil-
lary barrier was estimated using the coefficients of permeability and water retention
curves of finer- and coarser-grained soils, rainfall intensity, and slope of the inclined
layer [2, 3]. Seepage flow analysis using finite element (FE) method was performed,
and the usefulness of capillary barriers for stability improvement of slopes was inves-
tigated to evaluate water diversion capacity under a natural climate with unsteady
rainfall [4, 5].

Numerous earlier studies have reported that the water diversion capacity of capil-
lary barriers is significantly affected by the hydraulic properties of the finer- and
coarser-grained soils, and it is improved when the soils with contrasting hydraulic
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Fig. 1 Water diversion by capillary barriers
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properties are used. However, methods for selecting optimum soils for capillary
barriers have not been established. This study focused on the roles of coarser-grained
soil layers in the capillary barrier system. The water retention of coarser-grained soils
must be minimized to maximize the water diversion capacity of capillary barriers
when the permeability-based mechanism shown in Fig. 1b is adopted. Essentially,
coarser-grained soils with larger pore spaces are more effective. Thus, the water diver-
sion occurring at the bottom of a sandy soil layer exposed to atmosphere was investi-
gated using physical model tests that simulate rainfall infiltration, which corresponds
to a capillary barrier when the pore spaces of the underlying coarser-grained soil layer
are infinitely large. Furthermore, the experimental results of the rainfall tests were
numerically simulated to elucidate the boundary conditions at the soil-atmosphere
interface where water diversion occurred. This study provides a novel perspective to
the mechanism of capillary barriers and is useful for developing reasonable measures
to select optimum soils for capillary barriers.

2 Materials and Methods

2.1 Rainfall Test

Figure 2 shows a schematic view of the rainfall test. A sandy soil (sand: 88.8%, silt:
7.4%, and clay: 3.8%) with a natural water content of 11.4% was compacted at a dry
density of 1.74 g/cm?® on the shelf installed in the soil box. The height of the shelf was
20 cm from the bottom of the soil box. A metal shelf plate with densely arranged holes
with a diameter of 1 cm was placed on the shelf, which did not restrict seepage water
from the soil model. However, the right end part with a length of 10 cm supported by
a plastic plate attached to the soil box was impermeable. A polyester mesh with an
opening of 512 wm was lined on the plate to prevent the soil from falling through the
holes. The soil was compacted layer by layer until the total thickness became 15 or
30 cm. The thickness of each layer was 5 cm. Six moisture sensors (EC-5, METER,
Inc.) were installed at the points shown in Fig. 2.

After the completion of soil compaction, the soil box was tilted at 5° or 10°.
Artificial rainfall at a constant rainfall intensity was applied to the soil layer for 24 h.
The rainfall intensity was set at 4 or § mm/h by varying the water head in the rainfall
simulator set above the soil box. The soil box had two outlets at the downstream edge.
The upper outlet collected diverted water at the bottom of the soil model, whereas
the lower outlet collected seepage water from the soil model. The drainage from each
outlet was measured using electric scales during a test. After a 24 h-rainfall test, the
soil was quickly removed from the box and water content was measured at the nine
points using oven-dry method, as shown in Fig. 2. Table 1 lists the test conditions.
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Fig. 2 Schematic view of rainfall test

Table 1 Test conditions

Case 1 Case 2 Case 3 Case 4
Soil thickness (cm) 30 15 30 30
Slope (°) 10 10 5 10
Rainfall intensity (mm/h)” 4(54) 4 (4.7) 4 (4.5) 8(9.8)

“Values in parenthesis represent measured rainfall intensity

2.2 Seepage Flow Analysis

Rainfall tests were numerically simulated using the FE code AC-UNSAF2D [6],
which implements Richard’s equation. Figure 3 shows an FE model of the soil model,
and Fig. 4 presents the results of the water retention test for the tested soil. Matric
suction was controlled using the hanging column method and pressure plate method
within a range of 10 mH,O. The apparatus and procedure of the water retention test
are presented by Sawada et al. [7] in detail. The water retention curve was expressed
using the van Genuchten model [8]. The parameters, o and n, were determined to
numerically simulate the measured moisture distribution in the soil model assuming
that matric suction varies between the main drying and wetting curves during the
rainfall test. The coefficient of permeability in the saturated condition was set to
1.18 x 107* m/s, and the coefficient of permeability in unsaturated conditions was
estimated using the Mualem model [9].

A seepage boundary condition, which is a combination of constant flux and head
boundaries, was applied to the bottom surface of the soil model divided into Zones
A and B. The boundary condition works as a zero-flux boundary (i.e., impermeable)
when the matric suction at the boundary is less than a threshold matric suction,
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Fig. 4 Water retention curve for tested sandy soil

whereas it works as a boundary of which matric suction is constant at the threshold
and water seeps from the bottom of the soil model. A zero-flux boundary was applied
to the updip and downdip boundaries. The breakthrough water in Zone A corresponds
to the water collected at the lower outlet in the rainfall tests, whereas the seepage
water from Zone B on the plastic plate corresponds to the diverted water collected
at the upper outlet. The threshold matric suction was determined by trial-and-error
method for the calculated flux from Zones A and B to be equivalent to the measured
drainage from the outlets.
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3 Results and Discussions

3.1 Experimental Results and Numerical Simulations

Figure 5 shows the comparison of the time series of measured and numerically
simulated drainage rates from outlets. The percentage described in each graph
represents the ratio of the measured drainage volume from each outlet to the total
measured drainage volume at steady state. The water infiltrated into the soil layer
was completely diverted at the bottom and drained from the upper outlet in Cases 1
and 2. However, in other cases, water was partially diverted, and breakthrough water
was collected at the lower outlet. The discrepancies in the early stage of drainage
can be attributed to the difference in the outlet structure between the physical and
numerical models. The 2D numerical model defined the water drainage from the
upper outlets using the potential seepage boundary in Zone B, rather than modeling
the 3D pipes.

These results revealed tendencies similar to those for capillary barriers. Sawada
et al. [10] performed rainfall tests on the same sandy soil layer compacted on a gravel
layer under the conditions listed in Table 1. Perfect water diversion was achieved in
Case 1, whereas a decrease in soil layer thickness or slope or an increase in rainfall
intensity reduced the water diversion capacity of capillary barriers. However, the
influence of thickness was relatively small. This indicates that the water diversion at
the sand-gravel interface (i.e., capillary barriers) occurs even if the underlying gravel
layer is removed and the bottom surface of the sand layer is exposed to atmosphere.
However, the soil-atmosphere interface is not an impermeable boundary. Essentially,
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Fig. 5 Measured and numerically simulated drainage from outlets
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capillary barriers can be independent from the hydraulic properties of the gravel layer
when the pore spaces of the gravel layer are large to some extent. This leads to the
reconsideration of the roles of coarser-grained soil layers in the capillary barrier
system.

3.2 Boundary Conditions at a Soil-Atmosphere Interface

The experimental results were numerically simulated using seepage boundary condi-
tions, which control flux from the boundaries using threshold matric suction to eluci-
date the mechanism of the water diversion at the soil-atmosphere interface, particu-
larly the boundary conditions at the bottom surface of the soil model. Figure 5 shows
that the measured diverted water from the upper outlet, and the breakthrough water
from the lower outlet were consistent with the numerically simulated values. The
starting time and amount of breakthrough water were significantly affected by the
threshold matric suction.

The threshold matric suction for each case was plotted on the water retention
curve, as shown in Fig. 6. This shows that the thresholds were close to or less than
the air entry value, but larger than zero. The thresholds were validated by comparing
with the matric suction at the bottom of the soil model estimated from the measured
water content after each test based on the water retention curve. The threshold was
mostly equivalent to the estimated matric suction. Essentially, the bottom of the
soil model where water diversion occurred was saturated. However, the porewater
pressure remained negative. The negative porewater pressure is a key component
for the water diversion at the soil-atmosphere interface, which enables water reten-
tion in the soil and prevents breakthrough. This water diversion mechanism can be
applied to capillary barriers when the pore spaces of the coarser-grained soil layer
are sufficiently large. The water diversion by capillary barriers can be caused by
negative porewater pressure that generates at non-contact zones between the finer-
and coarser-grained soil layers (i.e., soil-atmosphere interface), and not by only the
low hydraulic conductivity of coarser-grained soil layer in unsaturated conditions.
Essentially, the key role of coarser-grained soil layers in the capillary barrier system
can be installing spaces under the finer-grained soil layers. Additional rainfall tests
on soils with various air entry values are needed to examine the generality of the
boundary conditions at the soil-atmosphere interface. Additionally, further discus-
sions on the comparison of water diversion occurring at the finer-coarser-grained soil
layer interface and soil-atmosphere interface are useful for elucidating the mecha-
nism of capillary barriers and developing measures to select optimum materials for
capillary barriers.
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4 Conclusions

This study aimed to develop measures to select the optimum soils for capillary barriers
by focusing on the roles of coarser-grained soil layers. Water diversion occurring at
the bottom of a sandy soil layer exposed to the atmosphere, corresponding to a
capillary barrier when the pore spaces of the underlying coarser-grained soil layer
are infinitely large, was investigated by rainfall tests and numerical simulations.

The experimental results revealed that water diversion similar to capillary barriers
occurred at the soil-atmosphere interface. The water diversion and breakthrough
were influenced by the slope and rainfall intensity, which were numerically simu-
lated by applying boundary conditions that control flux from the boundaries using
a threshold matric suction to the soil-atmosphere interface. The numerical results
revealed that the porewater pressure at the soil-atmosphere interface was close to or
less than the air entry value but remained negative when water diversion occurred.
This indicates that the negative porewater pressure is a key component of the water
diversion at the soil-atmosphere interface.

The mechanism of water diversion can be applied to capillary barriers, which are
caused by negative porewater pressure that generates at non-contact zones between
the finer- and coarser-grained soil layers, not by only the low hydraulic conductivity
of coarser-grained soil layer in unsaturated conditions. Essentially, the role of coarser-
grained soils can be generating a soil-atmosphere interface by installing large spaces
under the finer-grained soil layer. This novel perspective is useful for reconsidering
the mechanism of water diversion of capillary barriers and developing reasonable
measures to select optimum soils although additional rainfall tests are needed.
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Technology to Reduce Environmental )
Impact of Jet Grouting Technology L

Junichi Yamanobe, Toshiyuki Kamata, Kazutoshi Ishikawa, Toshiaki Jin,
Yosuke Watanabe, and Keisuke Ohkubo

Abstract Jet grouting technology has been applied worldwide since the 1970s to
improve soft ground. This paper discusses the reduction of environmental impact
achieved by a technology to treat waste mud (hereinafter referred to as “spoil return”)
generated in jet grouting technology, as well as that achieved by contributing to the
longevity of buildings. We also discuss in-situ remediation using water jet technology.
The in-situ remediation method using jet grouting technology combined with biore-
mediation technique is an innovative soil remediation method applicable to clayey
soil, which is difficult to be treated by conventional in-situ remediation methods.

Keywords Jet grouting - Bioremediation + Over-spilled uncemented column - Pile
foundation - Soil contamination

1 Introduction

Jet grouting technology was developed in the 1970s and has been applied world-
wide. The main feature of this method, which was basically developed by Yoshida
and Yahiro [1], is that cement is agitated and mixed with in-situ ground by cutting the
ground with a high-pressure fluid. This technology is now widely used in temporary
construction work (e.g., support during excavation and tunnel construction) around
the world. In recent years, this method has been applied to various projects for perma-
nent construction work (e.g., ground liquefaction countermeasures and seismic rein-
forcement of foundations). However, jet grouting technology has an environmental
problem in that spoil return of approximately the same volume as the injected solid-
ifier slurry is discharged, and in many cases, spoil return is transported off-site and
disposed of as industrial waste.

This paper introduces two technologies: one is to extend the service life of build-
ings by repairing and reinforcing pile foundations using the advantage of jet grouting
technology, which can be applied to narrow areas; and the other is to reduce and
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effectively use spoil return, which is a problem of jet grouting technology, thereby
contributing to environmental protection. We also present an in-situ remediation
method that combines the features of jet grouting technology with bioremediation
technique. This in-situ remediation method reduces the amount of contaminated
soil to be transported off-site and also reduces the extent of construction work by
taking advantage of the features of jet grouting technology, thereby reducing overall
construction costs and environmental impact.

2 Jet Grouting Technology for Ground Improvement

2.1 Jet Grouting for Repair and Reinforcement of Pile
Foundations

The problems facing buildings in Japan include insufficient utilization of foundations
atthe time of building renewal, aging, and earthquake damage due to delays in seismic
reinforcement of foundations. In urban redevelopment projects, use of existing piles
is being promoted due to the difficulty of pulling out and removing them. Jet grouting
technology is characterized by its ability to be applied in narrow areas and its use
of fluid for ground cutting. Due to this characteristic, as shown in Fig. 1, repair and
reinforcement can be performed on the top of a single pile foundation by working
from two diagonal directions [2]. In this section, we present an overview of the repair
and reinforcement work performed on a reinforced concrete housing complex that
sustained damage at the pile heads during a large earthquake, including information
on the pile foundation specifications and soil improvement column layout. We also
provide a comparison of CO, emissions between the case of repair and reinforcement
work and the case of demolition and new construction.

Practical Application Example. The building is a five-story reinforced concrete
residential complex built in 1983. The piles are PHC piles of 600 mm in diam-
eter and 39 m in length. The pile top of the building was damaged by the 2016
Kumamoto earthquakes, but no damage was observed in the superstructure. Repair
and reinforcement work was carried out on the pile foundations of this building
as shown in Fig. 2. The repair and reinforcement work was conducted using the
same jet grouting technology for soil improvement, regardless of pile damage. The
depth of the soil improvement was deeper than the damaged area confirmed by an
integrity test of some pile. The design strength of the soil improvement columns was
2000 kN/m?, and the required designed quality was satisfied as shown by an inspec-
tion conducted in accordance with the “Guideline of Design and Quality Control of
Ground Improvement for Buildings [3].”

For the case of the demolition and new construction of the reinforced concrete
housing complex, the size of the newly constructed building was assumed to be the
same as that of the present building. The CO, emissions for the new construction were
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based on the CO, emissions per floor area according to Kimoto et al. [4]. The CO,
emissions from the repair and reinforcement work using jet grouting technology
were calculated according to the “Guideline of Using Existing Piles [5]” and the
“Greenhouse Gas Emissions Accounting, Reporting and Publication System [6].”
As aresult, it was estimated that the repair and reinforcement work using jet grouting
technology would reduce CO, emissions by about 35% compared to the demolition
and new construction.
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2.2 Jet Grouting Technology for Reducing Construction
Waste

The ground cutting performance of jet grouting technology has improved with its
development, and the amount of spoil return discharged per unit volume of improve-
ment column has been reduced. However, the amount of spoil return still remains to
be solved. Therefore, we are exploring a reuse jet system to reduce the amount of
spoil return discharged. Normally, spoil return discharged in jet grouting technology
is carried off-site either in unconsolidated state or after solidification, and therefore,
the amount discharged directly corresponds to the amount of spoil return discharged.
The reuse jet system, on the other hand, incorporates equipment for processing spoil
return into a mixing or conventional plant, making it possible to recycle and reduce
the spoil return generated. In this section, we introduce an example of recycling and
reduction using the reuse jet system.

Practical Application Example. The reuse jet system was applied to a site as a coun-
termeasure against liquefaction directly below a levee. Figure 3 shows the construc-
tion plan view and cross-section, and Fig. 4 is the flow diagram of the reuse jet
system. The spoil return discharged from the site was sorted and treated into mud
and muddy water; the sorted and treated mud was transported off-site to a disposal
site as industrial waste; and the muddy water was reused as mixing water for the
solidifier.

The reuse jet system reduced the amount of spoil return discharged at the site by
approximately 40% compared to the planned amount, and the number of vehicles
used to transport the spoil return was also reduced by 42%. The amount of water used
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for mixing was also reduced by 30% by reusing some of the spoil return as mixing
water for the solidifier. The quality of the soil improvement columns was evaluated
by diameter and strength of the columns. The improvement column diameter was
measured by taking boring cores at the top 50 cm from all the columns, and the
improvement column strength was measured by taking cores along the entire length
of the column and conducting a uniaxial compression test on the cores. As a result,
all the top cores were sampled, and the column diameter target of 3.5 m was satisfied.
The uniaxial compression test showed that the target strength of 2160 kN/m? was
met for all cores. These results indicate that the reuse jet system enables the reuse of
the muddy water in the spoil return as mixing water and satisfies the quality required
for countermeasures against directly below a levee liquefaction.

2.3 Technology for Effective Use of Spoil Return

Compared to other cement-based soil improvement methods, jet grouting technology
uses more material and generates more spoil return, resulting in higher greenhouse
gas emissions. If the spoil return can be effectively utilized in other construction
work, such as backfilling, the environmental impact can be reduced by avoiding
production of additional work. This section introduces a quality control method for
the effective use of spoil return and an example of its application.

The quality (strength) of the spoil return discharged in jet grouting technology
mainly depends on the amount of solidifier added. Therefore, the strength can be
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evaluated by measuring the Ca content of the solidifier in the spoil return. We thus
investigated the strength by measuring the Ca content in the spoil return. Figure 5
shows the relationship of the Ca content with the amount of solidifier added and the
uniaxial compressive strength of clayey soil measured in a laboratory mixing test.
The figure shows that the Ca content correlates with the uniaxial compressive strength
and the amount of solidifier added. This suggests that it is possible to estimate the
strength from the Ca content in the spoil return.

For the effective use of spoil return, its density and Ca content were set as quality
control items. The uniaxial compressive strength was estimated from the relationship
between the two items. Figure 6 shows the relationship between uniaxial compressive
strength and Ca content for different densities of assumed spoil return mix measured
in a laboratory mix test. In Fig. 6, the intersection point between an acceptable
strength border line and each density line was determined, and the three points
obtained were plotted on a graph of the relationship between density and Ca content
to draw an acceptable strength border line, as shown in Fig. 7. The graph area above
and to the right of the line is the acceptable range, and below and to the left is the
unacceptable range. We present below an example of quality control of spoil return
using the acceptable strength border line given in Fig. 7.

Practical Application Example. This project, associated with an urban develop-
ment project, involved the demolition of an existing building with its basement floor
preserved and the soil improvement of the foundation for the construction of a new
building. The construction period was shortened by implementing the soil improve-
ment work from the first basement floor and first floor using small equipment in
parallel with the demolition of the upper floors of the existing building. The density
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and Ca content of the spoil return generated in jet grouting technology were measured,
and only the material that satisfied within the acceptable range of strength was used
effectively as backfilling material for underground pits and other areas on the basis
of the acceptable strength border line shown in Fig. 7. The spoil return in the unac-
ceptable range was disposed of as industrial waste, namely construction waste. As
a result, the amount of construction waste discharged from the site was reduced by
2800 m* from the planned 7500 m? to 4700 m?, a reduction rate of 37%.
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3 In-situ Contaminated Soil Remediation Method Using Jet
Grouting Technology

3.1 BioJet Method

This remediation method (hereinafter referred to as “bioremediation”) uses a water
jet technology, which is a feature of jet grouting technology, to cut soil and inject
a microbial activator into the ground to decompose contaminants in-situ. The target
contaminants are volatile organic compounds (VOCs). Because VOCs have a higher
specific gravity than water, they can easily permeate into the ground and cause
widespread contamination along the flow of groundwater. Conventional bioremedi-
ation methods are difficult to apply to low-permeability layer because they involve
installation of a well at the contaminated site and injection of a microbial activator
into the well. Figure 8 shows the principle of BioJet method. It is a patented biore-
mediation method developed with EOS Remediation in the United States, in which
microorganisms are activated in the soil to decompose VOCs. It uses a hydrogen
release compound as a microbial activator. The hydrogen release compound is decom-
posed by microorganisms in the soil to gradually release hydrogen, which is then used
by the microorganisms to decompose and detoxify VOCs through dechlorination.
In the remediation method using the hydrogen release compound, which is char-
acterized by the activation of microorganisms by hydrogen, it has been reported that
the diffusion range of molecular hydrogen can be expressed as a function of time
even if the target soil has low permeability. Therefore, by injecting the hydrogen
release compound into low-permeability layers through slits provided at regular
intervals, hydrogen diffuses widely and uniformly into the soil. The molecular diffu-
sion of hydrogen in the low-permeability layers activates microorganisms living in
the surrounding area and promotes VOCs decomposition. This method has the ability
to reduce environmental burden due to the following features: it can be applied in

i Diffusion of hydrogen

High-
permeability
layer

Low- o
permeability |
layer

PCE TCE 1,2-DCE vC Ethylene

Fig. 8 Principle of BioJet method
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narrow construction areas using small construction machines, and the amount of
waste generated is small because the injection of the compound reduces the extent
of ground cutting.

Practical Application Example. As a recent example of construction work, we
introduce the site of a partially operating plant in Tokyo where soil contamination
by VOCs originating from plant operations was verified. As remediation work had
to be conducted inside an operating plant and small machines had to be used in
narrow areas, BioJet method was adopted to take advantage of the characteristics
of jet grouting technology. The total site area was approximately 9300 m?, and the
area where the technology was applied was approximately 2000 m?. Figure 9 shows
an example of soil analysis results and a soil columnar section at a survey location.
The site had already been remediated by pumping water and injecting a hydrogen
release compound from a well, and the aquifer sand layer had been well remediated.
However, with only the pumping and well injection, contaminants remained in the
low-permeability layers below GL — 6 m. Table 1 shows the results of gas chro-
matographic photo-ionization detector (GC-PID) analysis of soil samples collected
after the remediation work. It was found that the concentration of contaminants had
decreased 3.5 months after the work and had met the soil pollution criteria 6 months
after the work.

Comparison of CO, Emissions Between the Excavation/Removal and BioJet
Methods. There are two main methods to remedy soil contamination: excavation/
removal and in-situ remediation. In the excavation/removal method, a large amount
of energy resources are consumed for off-site transport and disposal of contaminated
soil, and greenhouse gases including CO, are emitted as a result. On the other hand,
BioJet method has many advantages: the amount of off-site transport can be reduced
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Fig. 9 State of contamination at each depth
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to less than 1/10 of that for the excavation/removal method; in-situ remediation is
possible with the addition of only 0.5% in volume of the remediation agent relative
to the remediation volume.

We calculated CO, emissions using the “Environmental Impact Quantification
Tool for Soil Contamination Countermeasures [7]” distributed by the Bureau of
Environment of the Tokyo Metropolitan Government. The same construction condi-
tions were used to postulate a model for both the excavation/removal and BioJet
method. The results of the calculations using the quantification tool showed that
BioJet method can reduce CO, emissions by approximately 60% compared to the
excavation/removal method. The results indicate that BioJet method can reduce CO,
emissions compared to the excavation/removal method by reducing the amount of
fuel used and the extent of heavy equipment operations and by reducing the amount
of off-site transport substantially.

4 Conclusions

As some of our efforts to reduce the environmental impact of jet grouting technology,
we have presented technologies for extending the service life of buildings through
pile foundation repair and reinforcement; reducing and effectively utilizing spoil
return; and remedying contaminated soil.

In the repair and reinforcement technology for pile foundations, jet grouting tech-
nology has made it possible to extend the service life of buildings and reduce CO,
emissions by taking advantage of its features such as workability and use of small
machines.

As regards the technology to reduce the amount of spoil return, we have found
that the reuse jet system can be applied effectively to reduce the amount of spoil
return and the amount of water mixed with the solidifier slurry.

We have also presented the results of reusing the spoil return generated in jet
grouting technology as backfilling material in the foundation of a new building
while checking the quality of the spoil return. These technologies have enabled the
reduction and effective utilization of spoil return, which would otherwise have been
carried off-site as construction waste.

As regards the soil remediation technology, we have presented an in-situ VOC
remediation method that applies jet grouting technology for cohesive soil layers. This
method not only reduces the amount of chemicals used, but also reduces the amount of
construction waste compared to conventional methods. In particular, CO, emissions
during construction can be significantly reduced compared to the excavation/removal
method.

While the need for jet grouting technology is increasing for infrastructure and
building construction, it is a method that discharges construction waste. As shown in
the examples presented here, this technology has been developed in recent years to
reduce the amount of spoil return. In addition, jet grouting technology is suitable in
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pursuing total carbon neutrality in construction due to its features such as smaller-
scale construction work and shorter process time. We will continue to improve and
apply this method to further recycle and reduce spoil return and curb carbon dioxide
emissions, thereby contributing to the construction of a sustainable society.
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A Case Study of Multi-point Temperature | M)
Logging for Effective Groundwater oo
Drainage in High Embankment

Masanori Murai(®, Masaya Kawata, Yuta Ichikawa, and Atsuo Takeuchi

Abstract As is often experienced in the field of mountain ground disasters, ground-
water in a formation is rarely uniformly distributed and flowing. Groundwater is
composed of several fluidized layers, which are affected by the complex geological
and soil conditions in the subsurface, and the water level and hydraulic head of each
fluidized layer form the groundwater table. Without sufficient information on the
location and depth of the groundwater flow layer, it is difficult to achieve effective
results when implementing countermeasure works to lower groundwater. To prevent
this from happening, it is very important to know the location of the groundwater flow
layer in advance, both in plan and in three dimensions. The depth of the groundwater
flow layer and its thickness can be obtained by performing a “multi-point temperature
logging” developed by Dr. Atsuo Takeuchi. The greatest advantage of this logging
method is that it can obtain information on the groundwater leachate layer above the
borehole water level even when the water level in the borehole is extremely low. The
commonly used method for detecting fluidized layers is the saline dilution method,
but the information on fluidized layers is limited to the depth below the water level
in the borehole. To solve this problem, logging while drilling exploratory boreholes
in stages is another method, but it is quite difficult to apply because of its high cost
and time burden. The built-up area under study is 30 m layer-thick embankment.
Groundwater is present within the fill of this built-up area due to poor drainage.
In order to ensure the stability of the embankment, groundwater exclusion using
collection wells was considered. Multi-point temperature logging was conducted at
two locations to determine the drainage pipe layout of the water collection wells.
As aresult of this survey, several groundwater seepage points and groundwater flow
layers could be detected and effective drainage pipe placement could be planned.

Keywords Multi-point temperature logging - Groundwater flow layer *
Groundwater drainage + High embankment
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1 Introduction

In addition to the Niigata Chuetsu Earthquake in 2004 [1], the Sanyo Expressway
Disaster in 2005 [2] and the Great East Japan Earthquake in 2011 [3], there have
been other recent cases of damage caused by groundwater from embankments filling
streams, such as the Aizome River debris flow in Atami City, Shizuoka Prefecture [4],
where illegal embankments collapsed. In Japan, the Ministry of Land, Infrastructure,
Transport and Tourism (MLIT), Nippon Expressway Company Group (NEXCO),
and other organizations have strengthened the descriptions of drainage measures in
their technical standards, referring to the stability of embankments against rainfall
and groundwater action, and the Embankment Regulation Law came into effect in
May 2023.

Itis well known that the stability of embankments is affected by rising groundwater
levels, for which groundwater drainage works are often a promising countermeasure.
Therefore, it is important to vertically determine the location of groundwater flow
that affects slope stability.

Vertical groundwater logging, developed by Watari [5], is a typical method
for obtaining vertical groundwater information. This method developed by Watari
replaces the water in the borehole with brine electrolyte and detects the groundwater
flow section from the increase in water resistivity due to groundwater inflow into the
borehole. This method provides valuable data when the borehole water level is present
in the borehole, but it cannot detect groundwater flow zones when groundwater is
not present, such as when testing during a drought.

As a method to improve this point, Shin [6] proposed “staged pumping logging,”
in which borehole water is pumped up using a baler or the like to perform logging.
In this method, drilling is temporarily stopped at any depth and groundwater logging
is performed by diluting the salinity. Although the information obtained is valuable,
it has the disadvantage of requiring a lot of time and money.

To solve this problem, Takeuchi [7] developed multi-point temperature logging as
amethod to obtain information on groundwater flow layers regardless of the presence
or absence of the water table in the borehole. The main feature of this logging method
is that it can provide information on the groundwater flow layer below the borehole
water table even when the water table in the borehole is extremely low.

Multi-point temperature logging has been used for landslides and other mountain
ground disasters, and for well logging during large-scale underground excavations.
Multi-point temperature logging has been used in various fields, such as landslides
and other mountain ground disasters, well failures, and abnormal groundwater inflow
caused by large-scale underground excavation, groundwater contamination, and leaks
in river embankments.

In this study, we report the results of the investigation to confirm the groundwater
availability in high embankments and discuss the optimal measures for slope stability
based on the investigation results.
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2 Theory and Method of Multi-point Temperature Logging

2.1 Theory of Multi-point Temperature Logging

The principle of multi-point temperature logging is as follows.

First, the temperature at all depths in the borehole (air above the borehole water
level and groundwater below the water level) is made nearly uniform under natural
conditions by injecting hot water into the borehole (Fig. 1).

If there is a groundwater flow layer at a certain depth, the temperature at that
point will quickly return to the natural temperature before the temperature rises due
to groundwater inflow.

In the absence of a fluidized bed, the temperature is expected to gradually return
to the temperature before the temperature rises by heat conduction.

Therefore, by measuring the temperature recovery over time at each depth, it is
possible to obtain information about the depth and thickness of the groundwater flow
layer and its relative infiltration rate.

2.2 Method of Measurement

The following procedure was used for multi-point temperature logging (Fig. 2).

1. The borehole temperature was measured under natural conditions.

2. Hot water was pumped into the borehole through a high-pressure hose to keep
the temperature in the borehole as constant as possible.

3. The temperature measurement inside the borehole was started when the temper-
ature inside the borehole increased uniformly. Measurements were then taken
every minute from 1 to 7 min and every 5 min from 10 to 30 min.
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2.3 Method for Detecting Groundwater Flow Beds

The results of multi-point temperature logging are expressed as a “temperature-depth
curve” (Fig. 1).

Information on the depth of the groundwater flow layer was obtained by reading
the point of large temperature recovery from the temperature curve in the natural state
and the temperature curve at any given time after the temperature in the borehole
was increased.

The “temperature recovery rate—depth curve” was then plotted, and the ground-
water flow layer was determined from the magnitude of the temperature recovery
rate.

The “temperature recovery rate” is calculated by the following equation.

(Temperature at Omin.) — (Temperature at any elapsed time)

: ; — x 100 (%)
(Temperature at Omin.) — (Temperature in natural condition)

When determining the groundwater flow layer, if the groundwater flow is very
slow, the temperature diffusivity of the water is the criterion for determining the
groundwater flow layer. In this case, the temperature recovery rate at the time of
measurement 30 min after the start of observation was about 60% (50 mm diameter
perforated pipe), and therefore the groundwater flow layer was determined at the
location where the temperature recovery rate was greater than this. The groundwater
flow with a flow velocity of about 1 x 10-5 m/s or higher was considered to be a
fluidized bed. The groundwater flow area below the water level in the borehole was
determined to be the area where the groundwater flowed out based on our previous
experience and the area where the recovery rate was greater than 80%.

3 Results of Multi-point Temperature Logging

3.1 Observation Hole Specifications

The principle of multi-point temperature logging is as.

The boreholes used for logging were drilled in the center of the valley topography.
The specifications of each borehole are as follows. The depth of observation hole
No. 1 is 33 m. The natural water table is at GL.-15.90 m. The depth of observation
hole No. 2 is 30 m. The natural water level is at GL.-20.23 m.
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3.2 Results of Multi-point Temperature Logging

The logging results for each borehole are expressed as a “temperature-depth curve”
and a “temperature recovery rate-depth curve” (Figs. 3 and 4). The “temperature-
depth curve” indicates the situation where the elevated borehole temperature returns
to its natural state, and the “temperature recovery rate-depth curve” indicates the
depth to which groundwater leaching points or groundwater flow layers exist.

The temperature recovery rate-depth curve was used to determine the depth
at which groundwater leached or flowed into the borehole. The evaluation of the
recovery rate in the interval shallower than the water table in the borehole is based
on the respective conditions, because at this stage it is not possible to simply compare
the recovery rate with that in the interval deeper than the water table in the borehole.

In observation borehole No. 1, the water level in the borehole was observed around
GL-15.90 m. Figure 3 shows that after 30 min of measurement time, the temperature
recovery rate of more than 80% was observed between GL-5.0 m and GL-16.0 m
below the water level in the borehole. It is concluded that there is a significant
groundwater leaching phenomenon in this area. Geologically, the embankment is
composed of sandy soil with an N value of about 1.

In observation borehole No. 2, the water level in the borehole was observed at a
depth of about GL-20.23 m. After 30 min of measurement, the temperature recovery
rate of more than 80% was not observed below the water level in the borehole, but
more than 60% was observed at GL-13.0 m, GL-16.0 m, and GL-19.0 m. It can be
concluded that there is rather weak groundwater leaching in these areas. Geologically,
the dam is composed of sandy and clay soils with N values ranging from 10 to 16.
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Fig. 3 Logging results for the observation hole No. 1 are expressed as a “temperature-depth curve”
and a “temperature recovery rate-depth curve”
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Fig. 4 Logging results for the observation hole No. 2 are expressed as a “temperature-depth curve”
and a “temperature recovery rate-depth curve”

Atdepths below the borehole water table, temperature recovery of more than 60%
is observed at GL-25.5 m and GL-27.4 m. The presence of a thin groundwater flow
layer is inferred in these areas. Geologically, these intervals are clay embankments
and the N value is 3 in small areas.

4 Summary and Discussion

The results of the logging indicate the following.

In observation hole No. 1, an interval of thick groundwater intrusion with a
thickness of approximately 11 m was detected.

In observation hole No. 2, three weak groundwater leaching intervals and two
groundwater flow zones were detected.

Based on the results of these logging investigations, the following drainage
measures are recommended.

Construct a group of lateral drainage wells to eliminate groundwater in the area
of GL.5 to GL.16 m.

In order to effectively eliminate groundwater flowing down the old valley, a collec-
tion well should be constructed to reach the ground level and a group of drainage
boreholes should be constructed from the well to the old valley line.

Although multi-point temperature logging is a nearly 30-year-old logging method,
it has proven to be effective in obtaining groundwater information in high embank-
ments. Unlike other groundwater logging methods, this method is environmentally
friendly and should be re-evaluated to achieve the SDGs.
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Effect of Groundwater Filtering )
on Clogging of Recharge Well oo

Hidehiko Hayashi®, Akira Ishikawa (), and Nobuaki Kohsaka

Abstract At the construction site for a rainwater storage facility in Niiza City,
Saitama Prefecture, the plan includes recharge groundwater into wells outside the
excavation area in order to prevent subsidence in the surrounding residential areas.
This paper reports on the application of a pumped filtration system for ground-
water that is to be injected into recharge wells as a method to reduce clogging. Five
recharge wells were constructed, three of which were recharged with filtered ground-
water and two with untreated groundwater. After continuously injecting groundwater
at a constant rate for about six months, the injection efficiency of the three wells
recharged with treated water remained almost unchanged. On the other hand, the two
wells recharged with untreated water were more severely clogged, with efficiency
dropping by about 10% or less of the initial level. During the construction work,
the groundwater level in an observation well outside the excavation area remained
unchanged and no land subsidence was observed.

Keywords Recharge - Groundwater - Clogging

1 Background

In Niiza City, Saitama Prefecture, from 2018 to 2020, as part of a 49.5 hectares land
readjustment project, an underground reservoir was constructed to temporarily store
16,500 m? of rainwater [1] as shown in Picture 1.

The groundwater level at the site was about 1 m below the surface and groundwater
pumping was necessary during underground excavation. Subsidence can occur due
to the increase in the effective stress when the groundwater level is lowered [2]. In
order to prevent subsidence of the surrounding ground due to the lowering of the
water level, we planned to return the pumped groundwater to the ground outside
an impermeable wall. The technical challenge at that time was to ensure long-term
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Picture 1 Underground reservoir under construction in 2019

water injection performance throughout the construction period. To evaluate a long-
term stable recharge system, it is necessary to understand the amount of water to be
injected, groundwater level, the water quality (chemical, physical, and biota), and
the total suspended solids (SS) [3].

Five recharge wells were installed on site, three of which were recharged through a
special filtration system [4], and two of which were filled directly from deep pumping
wells. This paper reports on the long-term groundwater recharge performance of the
two methods by comparing their water injection capacities.

2 Site Information

2.1 Construction Site Location

Figure 1 shows the location of Niiza City on a map. It lies on the border of Saitama
Prefecture and Tokyo Metropolitan area. The construction site is close to the Yanase
River, a tributary of the Arakawa River that flows from eastern Saitama Prefecture
into Tokyo Bay. The topographic map shows that the elevation of the construction
site is about T.P. 4+ 12.1 m and the highest point on the surrounding land is T.P. +
25 m. From this, it can be understood that rainfall in the surrounding area can be
stored in this storage reservoir.

Figure 2 shows a geological profile of the site. Down to T.P + 5 m, the layering
consists of a buried soil layer (B), an alluvial gravel layer (Ag), and an alluvial clay
layer (Ac). This alluvial clay layer (Ac) contains organic matter in some places. In
particular, there were concerns that land subsidence due to lower groundwater levels
might affect private houses and a national road to the north and east of the planned
construction site. A pleistocene clay-mixed gravel layer (Dg) and a clay-mixed sand
layer (Ds) are present under the Ac layer.
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2.2 Design of Groundwater Treatment System

Figure 3 shows a cross section of the underground reservoir and the excavation plan.
In order to minimize effects on the surrounding groundwater level, a cutoff wall with
a height of L = 15.5 to 17.0 m was installed to reach into the Ds layer. Groundwater
within the cutoff wall was pumped up from deep wells.

With the impermeable wall reaching down into the Ds layer, the hydraulic conduc-
tivity of this layer determines whether or not groundwater pumping within the
impermeable wall affects the groundwater level outside.

Figure 4 shows the grain size distribution curves and the hydraulic conductivity
profile of the Ds layer, which contains 5—17 wt% clay with a particle diameter of less
than d < 5 pum. Its hydraulic conductivity varies widely from 4.9 x 1078 m/s to 1.4
x 107 m/s. For the semi-3D seepage analysis, the hydraulic conductivity was set as
shown by the blue line in the figure. The hydraulic conductivity of the Ds layer was
set to 6.0 x 1076 m/s.

Figure 5 shows the results of the seepage analysis. Without groundwater recharge,
the water level under some private houses and national roads to the north and west
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would drop by about 2 m. On the other hand, with groundwater recharge, the water
level here would be maintained. Based on these numerical results, we decided to
recharge the ground through five recharge wells.

Figure 6 gives details of the construction site recharge system. Groundwater was
pumped out through deep wells DW2-7 and transferred to the first tank via the green
pipeline. After passing through a second tank and a special filtering device, the
treated or filtered groundwater was sent through the purple line to recharge wells
RWI1-3. On the other hand, DW1 and DW8 pumped groundwater and transferred
it directly to RW4 and RWS via the blue line. DW9 was not in operation and was
treated as a groundwater observation well designated W-IN. Well W-OUT between
RW4 and RWS5 acted as a groundwater level observation well outside the cutoff wall.
For backwashing, a pump was installed in each recharge well and the backwashed
water was discharged through the light blue line.
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3 Recharge Results

Groundwater recharge began in late February 2019. The recharge rate, discharge and
water level in the recharge wells, and the water level in the W-IN and W-OUT were
measured every 10 min.

Table 1 shows measured groundwater (PW) and treated water (TW) quality. The
main substances that cause clogging during groundwater recharge are said to be soil
particles and iron oxides. These are represented by items such as Turbidity, SS, total
iron (T-Fe), or dissolved iron (D-Fe) in the table. Compared with the raw pumped
groundwater, values for the treated water were very low or below detection limits,
showing that the filtration system was effective in eliminating these substances.

Figure 7 shows the recharge rate of each recharge well. To prevent drawdown of
external groundwater, the injection rate for each well was required to be 50 L/min.
RW1-3 were able to maintain this quantity all the time, while RW4 and 5 fluctuated
in early March and July—September. These fluctuations were caused by air in the
pipeline and are very difficult to avoid when piping directly from DW to RW.

Figure 8 shows the water level measurements of each recharge well. The numbers
in the graphs represent the number of backwashes from the start of recharging. The
backwash method was very simple; water was just pumped out from a recharge well
for 1-2 h. It can be seen that RW 1-3 were able to maintain operation with a backwash
interval of about 1-2 months. On the other hand, RW4 and 5 required more frequent
backwashing over time. The timing of the first backwash was 1.5 months after the

Table 1 Measured groundwater quality

Inspection | Unit Sep. 5th, | Feb. 12nd,2019 Apr. 16th, 2019 Sep. 15th, 2019
item 2018

PW PW ™ PW ™ PW ™
Turbidity FTU 2.32 6.66 0.00 0.06 0.00 - -
pH - 6.4 72 7.6 7.0 7.0 - -
EC mS/m 22.6 20.8 20.6 20.7 20.7 - -
TC mg/L 45.8 30.4 25.4 28.9 28.9 - -
IC mg/L 46.2 29.9 29.9 28.1 28.1 - -
TOC mg/L —-04 0.4 0.5 0.9 0.9 - -
SS mg/L 2.6 17 <1 <1 <1 0.63 0.09
T-FE mg/L 0.42 0.7 <0.05 | <005 | <005 |0.07 0.03
D-Fe mg/L - - - - - 0.05 0.03
M mg/L 0.1 0.56 0.44 0.18 0.17 0.18 0.16
D-Mn mg/L - - - - - 0.19 0.16
TN mg/L - 3.1 0.92 0.76 0.69 - -
T-P mg/L - 0.042 0.025 0.011 <0.01 |0.19 0.16
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Fig. 7 Recharge flow rate of each recharge well

start of recharging, but after the second and third backwashing, the interval was
reduced to just a few days.

Figure 9 shows how the water level rise rate of the recharge wells changed over
time. This represents the degree of clogging of the wells or the surrounding soil
layers; the groundwater would remain at a constant steady-state level if there were
no clogging. The level rise in RW4 and 5 exceeded 0.1 m/day about 3 months from
the start of recharging and clogging progressed thereafter. On the other hand, RW1-3
never exceeded 0.1 m/day. Their original recharge capacity was maintained.

The logarithm of the level rise rate normalized by the value of water level rise rate
up to the first backwash is plotted on the vertical axis of Fig. 10. This normalizes
the results by the initial performance of each well. From this figure, we can see that
RW4 and 5 reached several times to 10 times the original rise rate. The wells became
clogged, and the recharge capacity fell to approximately 10% of the original value.

For RW1-3, the normalized rise rate doubled in late August. However, from Fig. 7,
it can be seen that the increase in recharge flow during this period affected the water
level rise rate. Throughout the remainder of the recharge period, the normalized
rise rate remained below 2, meaning that RW1-3 maintained their original recharge
capacities.
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4 Conclusion

This paper reports on the field application of a pumped groundwater filtration system
as a method to reduce clogging when injecting groundwater into recharge wells. The
following are the conclusions obtained from the field data.

In the treated groundwater, values of turbidity, SS, T-Fe, and D-Fe, which indicate
the presence of clogging substances, were very low or below detection limits. The
filtration system was effective in eliminating these substances.

Three recharge wells fed with filtered groundwater were able to maintain the
required recharge flow rate of 50 L/min throughout the measurement period, while
two wells recharged without filtration saw fluctuating flow rates. These fluctua-
tions were caused by the air in the pipeline, resulting from the direct connection
of feed pipes to the recharge wells.

The three recharge wells fed with filtered groundwater maintained a recharge rate
close to the initial rate after continuous injection at a constant rate for about six
months.

The two wells recharged with untreated water had more severe clogging and the
recharge rate dropped to 10% of the initial level or less.

The groundwater level in the observation well outside the excavation area
remained unchanged from before construction began as a result of groundwater
recharge, as shown in Fig. 11. No ground subsidence was observed around the
site.

Although treated groundwater was very clear and contained almost no clogging

substances, some rise in water level in the recharge wells was attributed to clogging.
The mechanism of clogging is very complicated, so the reason for this needs to be
clarified in future work.
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Conditions for Aeolian Sand Subgrade
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Abstract Aeolian sand serves as the primary filling material for highway and railway
in the desert area of Inner Mongolia, China. Usually, aeolian sand subgrade is stable
in the natural state. Nevertheless, the infiltration caused by rainfall events disrupts
the original balance within the subgrade. The hydraulic properties of aeolian sand
subgrade change substantially in a short period, which results in a decrease in shear
strength and subsequent deformation or landslide of the subgrade. Based on the
analysis of soil properties and structural characteristics of aeolian sand subgrade, a
prediction model for rainfall infiltration depth considering soil properties and rainfall
levels of aeolian sand subgrade was proposed based on the linear approach of soil
water characteristic curves (SWCCs). This study further used the aforementioned
prediction model to predict the infiltration depth of aeolian sand with three different
dry densities under an extreme rainfall event and compared it with numerical simula-
tion results to verify the applicability of the prediction model. This study can provide
a theoretical basis for the study of the hydraulic behavior of aeolian sand subgrade
soil.
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1 Introduction

Unsaturated aeolian sand is a usual filling material for subgrade in Inner Mongolia,
China, characterized by its uniform grain size distribution, small particles, low natural
volumetric water content as well as poor water retention ability [1]. Aeolian sand
subgrade is usually stable in the dry state. However, the hydraulic characteristics of
the aeolian sand subgrade change significantly suffering the rainfall events, which
reduces the shear strength and further leads to the decrease of subgrade stability.
Numerous researches [2-4] on aeolian sand have supported this view. Therefore,
clarifying the effect of rainfall infiltration on the hydraulic characteristics of aeolian
sand is an essential prerequisite for understanding the deformation behavior and
mechanism analysis of aeolian sand subgrade under rainfall conditions.

In this paper, based on the analysis of the soil properties and hydraulic features of
aeolian sand, a prediction model of rainfall infiltration depth considering soil prop-
erties and rainfall conditions for aeolian sand subgrade is proposed by establishing
the relationships between basic soil properties and parameters of the unique SWCC
equations and the relationships between soil water characteristics and rainfall infil-
tration depth. The applicability of the prediction model is verified through numerical
simulation.

2 Model Formulation

2.1 Soil Water Characteristic Curves (SWCCs) of Aeolian
Sand

Due to the unique material properties, structural characteristics of aeolian sand
subgrade and the special climate environment of desert arid regions, the variation of
moisture content/saturation and suction of aeolian sand subgrade is significant under
the influence of rainfall events, especially subjected to different rainfall conditions
and soil properties of subgrade material. It can be well described by the soil water
characteristic curve (SWCC). Additionally, dry density significantly affects SWCCs
of aeolian sand owing to special grading composition.

Figure 1 presents the SWCCs [5] of aeolian sand with three different dry densities.
It can be concluded that with an increase in dry density, the matric suction at the same
volumetric water content increases correspondingly. For this phenomenon, Zhang
et al. [5] explained that with the increase of compaction or dry density, aeolian sand
is in a dense state with a small pore volume, making it difficult for moisture to be
discharged [5].

Van Genuchten model [6] and a linear approach of SWCCs proposed by Jing and
Nowamooz [7] were used to fit the experimental data of SWCCs for aeolian sand
with different dry densities. VG model equation is as follows:
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where 0 is volumetric water content; 0r is residual volumetric water content; 0s is
saturated volumetric water content; s is suction; « is the parameter related to the
air-entry suction; m, n are parameters with the relationship m = 1-1/n.

The linear method divides the SWCCs into three parts by the limited suction
values S* and Sr and simplifies each part into a linear phase. Each linear phase is
expressed as [7]:

6 = Os(fors < s*) (@)
(0/6s) = —y In(s/s* + 1(for (s¥) <5 < (s7)) 3)
6 = Or(fors > (sr)) 4)
with
(sr) = (s™) exp((1 = 0r/0s)/y), ®)

where 0 is volumetric water content; s is suction; Os is the saturated water content,
Or is the residual water content; y and 5" are parameters; sr is the residual suction.
As shown by the fitting parameters presented in Tables 1 and 2, both fitting
methods demonstrate good applicability for aeolian sand. SWCCs are also shown in
Fig. 1.
It can be seen from the fitting results that the air-entry suction and saturated volume
moisture content of aeolian sand are relatively low and the slope of the transition
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Table 1 VG model parameters for aeolian sand

Dry density (g/cm?) Os or a n m R?
(%) (%)

1.6 21.30 1 3.230 1.275 0215 0.99

1.67 2334 1 1.405 1.339 0.253 0.96

1.75 22.27 1 0.616 1.424 0.298 0.99

Table 2 Parameters of linear approach of SWCCs for aeolian sand

Dry density (g/cm?) Os or y st sr R?
(%) (%)

1.6 21.30 1 0.126 0.092 180.451 0.97

1.67 23.34 1 0.142 0.194 166.654 0.94

1.75 22.27 1 0.138 0.310 321.897 0.94

segment of SWCC is large. It means that the water retention capacity of aeolian sand
subgrade is poor and the variation of hydraulic characteristics will rapidly enter into
transition segment under rainfall events, causing a rapid decrease in suction.

2.2 Normalized SWCCs Equations Considering Soil
Properties

Several researches indicated that soil properties have an important effect on SWCCs
of subgrade soils. Some analytical model of SWCCs using soil properties can also
be found in the literatures [8—10].

In this context, based on the analysis of the meaning represented by the fitting
parameters of linear approach of SWCCs and the relationship between soil properties
and SWCC proposed by Jing et al. [11], it is assumed that the fine content (FC) can be
correlated with the parameter s”, the slope parameter (85) of grain size distribution
(GSD) introduced by Chai and Khaimook [8] is corresponded to parameter y and the
dry density have a decisive influence on saturated water content according to models
proposed in the literatures and the three-phase system theory of soils.

Linear approach method is used to fit the SWCCs (Fig. 2) of tailing sand with
different FC and dry density measured by Liu and Wen [12], the fitting parameters
are reported in Table 3. Furthermore, the following functional relationships between
soil properties and linear fitting parameters are proposed (Fig. 3):

S>‘< =A11H(FC)~|—B| (6)

y = [05(A2)1B, )
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0s = A3pq + B3 (3
where s, y, and 6 are parameters of linear approach of SWCCs; FC is fine content;

8¢ 1s the slope of grain size distribution (GSD); p4 is dry density; A;, By, Az, Ba, A3,
and Bj are fitting parameters.

Substituting Eq. (6-8) into linear approach of SWCCs can obtain the normalized
SWCCs equations considering soil properties:

0 = Os(fors < s*) 9
(0/0s) = —y In(s/s* + 1(for(s*) < s < (sr))) (10)

60 = Or(fors > (sr)) (11)
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Table 3 Parameters of linear approach of SWCCs for tailing sand
Name Fine content . Ye} Dry density Os 5" y
(%) (g/cm?) (%)
Medium tailing 10 5.9 1.7 36.73 3.6478 0.4202
sand 1.75 34.68 39115 | 0.4027
1.8 33.79 4.7590 0.3665
Fine tailing sand | 14.79 55 1.7 36.83 4.5218 0.3953
1.75 34.51 5.2627 0.3562
1.8 32.56 5.3894 0.3390
Silty tailing sand | 39.11 39 1.6 39.87 9.9386 0.4582
1.65 38.13 10.4210 0.4053
1.7 35.78 10.6846 0.3630
14 i 0.42 .
04
041 4
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with
s* = A, In(FC) + B, (12)
Y = [86(A2)1B, (13)
0s = A3pa + B, (14)

where Ay, By, Az, By, A3 and Bj are fitting parameters.

2.3 Infiltration Depth Prediction Model

In addition to the basic soil properties of aeolian sand, rainfall condition is another
decisive factor affecting the hydraulic behavior of aeolian sand subgrade under rain-
fall events. Therefore, based on the experimental results presented by Liu [13], this
study proposes the relationship between maximum infiltration depth with rainfall
intensity and rainfall duration. Furthermore, combined with the normalized SWCC
parameters mentioned above, a prediction model for rainfall infiltration depth is
proposed.

Table 4 presents the infiltration depths of tailing sand under different rainfall
conditions reported by Liu et al. [13].

Through analyzing the experimental results of tailing sand, there exist linear and
logarithmic relationships between the maximum infiltration depth (4,) with rainfall
intensity (R) and duration (), respectively:

Table 4 Infiltration depth results of tailing sand [12]

Rainfall Rainfall Maximum Rainfall Rainfall Maximum
duration, ¢ (h) | intensity, R | infiltration duration, 7 (h) | intensity, R | infiltration
(mm/h) depth (mm) (mm/h) depth (mm)

2.4 0.375 9 6.0 1 63

3.6 0.375 13 7.2 1 72

4.8 0.375 16 2.4 2.0417 100

6.0 0.375 18 3.6 2.0417 146

7.2 0.375 21 4.8 2.0417 190

24 1 32 6.0 2.0417 235

3.6 1 42 7.2 2.0417 277

4.8 1 54 2.4 4.125 353
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Fig. 4 Variation of maximum infiltration depth with a rainfall intensity; b rainfall duration [13]
hg=a-R (15)

hg = b -In(t) + b, (16)

where R is rainfall intensity; ¢ is rainfall duration; a is parameter related to rainfall
duration and soil properties; b is parameter correlated to rainfall intensity and soil
properties. Figure 4 shows the variation of maximum infiltration depth (4;) with
different rainfall intensity and duration.

Combining Egs. 15 and 16, a prediction model considering both rainfall intensity
and duration is proposed, as shown in Eq. 17.

hg = A*- R -(In(t) + 1), (17)

where A” is fitting parameter.

It is necessary to determine the parameter A* of Eq. 17 to predict the rainfall
infiltration depth. Jing et al. [ 11] proposed that the soil water characteristic parameters
(s*, v, 0s) of the normalized SWCCs model are related to parameter A*. Based on
it, this study further proposes a multivariate linear regression equation to establish
the functional relationship between A™ and the soil water characteristic parameters
as follows:

A*=A -s*+ By +C -0s, (18)

where A/, B/, C are parameters.

By injecting Eqs. 17 and 18, the maximum rainfall infiltration depth predic-
tion model for sandy soil considering different rainfall conditions and soil water
characteristics is acquired:

hg=(A"-s*+ B -y +C'0s)- R(In(t) + 1). (19)
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Parameters of normalized SWCCs model can be calculated with soil properties
indicators, and Eq. 19 can be rewritten as:

hg=(A"-s*+B -y +C'0s)- R(In(t) + 1) (20a)
with
s* = A; In(FC) + B, (20b)
y =[85(A2)]1B; (20c¢)
0s = A3pg + B, (20d)

where R is rainfall intensity; t is rainfall duration; A/, B/, C are fitting parameters.

3 Model Validation and Prediction

In this study, an infiltration depth prediction model considering both material prop-
erties (fine content, dry density, and grain composition) and rainfall levels (intensity
and duration) is proposed based on experimental results of tailing sand in the previous
chapter. Similar to aeolian sand, tailing sand also possesses characteristics of fine
particles and low weight that can be blown by wind [ 14]. As mentioned in the previous
chapter, basic physical properties such as dry density and particle size distribution
have significant impact on hydraulic behaviors. The grain size distribution of tailing
sand and aeolian sand is similar, with particles concentrated between 0.075 mm and
0.25 mm in size; furthermore, their dry densities are also generally within the range
of 1.6 g/cm? to 1.8 g/cm>. As shown in Fig. 5, aeolian sand and tailing sand have
similar normalized SWCCs within this dry density range. Therefore, it is postulated
that the prediction model proposed in this study based on the experimental data of
tailing sand can also be applied to aeolian sand.

To validate the proposed infiltration depth prediction model, an extreme rainfall
level is considered based on the monitored rainfall events in Inner Mongolia and
applied on a subgrade structure filled with aeolian sand. The rainfall infiltration
depth of aeolian sand subgrade with different initial dry densities is firstly predicted
using the proposed prediction model (Eq. 20). Subsequently, a numerical simulation
of the aeolian sand subgrade was conducted using a finite element model under the
same conditions.

Both model prediction results and simulation results are summarized in Table 5.
In addition, the comparison curve between the predicted values and the simulated
values is shown in Fig. 6.
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Table 5 Comparison of the predicted and simulated rainfall infiltration depth
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Both the predicted values and simulated values indicate that under the same
extreme rainfall conditions, the maximum infiltration depth is negatively correlated
with dry density. When the initial dry density is 1.6 g/cm?, the infiltration depth is the
largest. This is because the denser structure of aeolian sand subgrade has the smaller
permeability coefficient. There are differences between the prediction and simulation
results. This is due to the assumption supposed during the model formulation, which
is that rainwater will not continue to infiltrate downward until the upper aeolian sand
layer becomes saturated. Nevertheless, the simulation results indicate that even when
the upper aeolian sand is in an unsaturated state, the rainwater still infiltrates down-
ward, leading to a higher actual infiltration amount than predicted model, resulting in
simulated infiltration depth being greater than the predicted values. Despite all this,
this attempt to describe the infiltration depth under rainfall events is still applied in
certain cases.

4 Conclusion

The basic properties of filling materials (aeolian sand) and rainfall levels are key
points to rainfall infiltration process and the water distribution in subgrade. In this
study, an analytical prediction model for rainfall infiltration depth of aeolian sand
subgrade was proposed by establishing relationships between basic soil properties,
parameters of the normalized SWCC equations, and rainfall levels with rainfall infil-
tration depth. Furthermore, a numerical simulation model was applied to validate the
proposed prediction model. The contrast results instructed that the proposed model
is acceptable for describing the infiltration depth of aeolian sand subgrade under
different rainfall levels.
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Features Under Climate Change:

Development of an Analytical Tool

for Langat River Basin in Malaysia

Mitsuru Yabe, Hiroki Ohashi, and Tadashi Yoshioka

Abstract For integrated water resources management in the Langat River basin in
Malaysia, which has water quality problems, we evaluated the water retention func-
tion of the forest area from a geological perspective and reflected it in a hydrological
analysis model of the basin and analyzed the water resources in the target basin based
on climate prediction datasets with representative concentration pathways of green-
house gases. We also introduced a dedicated tool that stores the analysis results as a
database and displays them visually on a GIS. In the analytical modeling, we found
that evaluating water retention based on the geological characteristics of granite
distributed over the forest area and reflecting it in the modeling contributes to the
accurate identification of river discharge, especially during the dry seasons when
water pollution becomes apparent. Runoff analysis on datasets with representative
concentration pathways RCP2.6 and RCP8.5 for climate change scenarios revealed
that the impact of climate change on changes in river flow in the Langat River after
50 years was relatively insignificant.

Keywords Water resources management *+ Hydrological analysis - Water retention
capacity

1 Introduction

In recent years, the effects of climate change have become more apparent on the
planet, with regional floods and droughts raging. The impact of these water-related
natural disasters on water resources affects human social and economic activities as
well as ecosystems. In such a critical situation for humanity’s water security, it is
essential to manage water resources at watershed levels using scientific methods from
a perspective of the water cycle and to share this information among stakeholders
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in order to solve the issues of water security under climate change, which may also
have geopolitical implications. To address these issues, efforts are being made to
model hydrological phenomena such as rainfall, evapotranspiration, river flow, and
groundwater flow faithfully at watershed levels, and to identify temporal and spatial
changes in water resource quantities. For example, the MIKE series of the Danish
Hydraulic Institute, the HEC series of the US Army Corps of Engineers, and the
SWAT model of the US Department of Agriculture are representative examples of
this. Based on these models, initiatives to forecast changes of an amount of water
resources on the target basin for the future using climate prediction datasets as input
values which were calculated on the basis of representative concentration pathways
of greenhouse gases under climate change have been implemented [1, 2].

On the other hand, in addition to changes in rainfall and evapotranspiration due to
climate change, the water retention capacity of watersheds has a significant impact
on changes in the amount of water resources in the watershed. This water retention
capacity of watersheds is related to land use, topography, and geology. With an eye
on this point, the European Commission has developed policy scenarios for the water
retention capacity of major watersheds in European countries according to land use
that may change in the future and examined the impact on the amount of water
resources under climate change [3]. Thus, focusing on the water retention capacity
of watersheds is important for predicting the future amount of water resources.

In this study, we evaluate the function of water retention in a region from a
geological perspective and reflect it in a hydrological analysis model of a watershed
and describe a case study of analyzing water resources in a target basin under climate
change using climate prediction datasets based on representative concentration paths
of greenhouse gases as input values. In addition, we introduce a dedicated system
developed as a decision support tool for integrated water resources management by
sharing the analysis results among stakeholders.

2 Materials and Methods

2.1 Study Area

The target watershed is the Langat River basin, which flows from east to west through
the southern part of the state of Selangor on the Peninsular Malaysia.

The location and characteristics of the watershed are shown in Fig. 1. The Langat
River flows through the southern part of the Klang Valley, where the urbanization is
accelerating, including the capital city of Kuala Lumpur, and is an extremely impor-
tant water resource for social and economic activities in Malaysia. However, due to
the rapid urbanization in recent years, its middle and lower reaches are facing serious
water pollution. In particular, the water quality has deteriorated during the period of
low water flow of the dry seasons, resulting in repeated water intake restrictions [4].
Furthermore, when high tide levels coincide with the periods of low-water flow of
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Fig. 1 Langat River basin

the dry seasons, the seawater rises up to the vicinity of the current intake facilities,
leading to a decline in the water quality. Thus, grasping of the quantity of water
resources, especially during low-water periods in the dry seasons, is essential for
water security policy-making under climate change.

On the other hand, in the upper reaches of mountainous areas, the land use is
forested, and the geology is granite. Accurate obtaining of water retention capacity
in the upper reaches, where the annual precipitation is 20-30% higher than in urban
areas, is important for integrated water resource management of the basin from a
long-term perspective.

2.2 Methods

The hydrologic analysis model used in this study is GETFLOWS, GEneral-purpose
Ter-restrial Fluid-fLOW Simulator which is one of three-dimensional runoff analysis
methods using a finite difference method. The main feature of this method is that it
uses Manning’s equation (two-dimensional non-steady flow analysis using diffusion
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waves) for surface water and Darcy’s law (three-dimensional multi-phase flow anal-
ysis) for groundwater to reproduce natural interaction phenomena by coupling the
two [5].

In particular, in runoff analysis during dry and low flow periods, it is important
to accurately reproduce the return flows of rainwater once recharged as groundwater
into rivers in order to grasp the amount of water resources under climate change.
This method has been widely used in water resource management by municipalities
in Japan, where geological conditions contribute greatly to groundwater availability
and water supply is dependent on groundwater [6].

2.3 Building the Model and Input Parameters

Figures 2 and 3 show the analysis area and the 3D model of the target basin, respec-
tively. Here, the elevation resolution of the digital elevation model (DEM) used was
5 m. The size of the analysis elements was set to a minimum width of 10 m in
order to accurately reproduce the river flow rate in particular. The geological condi-
tions and parameters of each formation such as a permeability coefficient including
aquifer were set based on the results of previous projects conducted by the Japanese
government [7].

On the other hand, a roughness coefficient as another parameter, which represents
the runoff characteristics of the land surface, was determined based on land use
conditions identified from the recent aerial photographs.

2.4 Input Data

Input data of precipitation, evapotranspiration, and temperature used in the runoff
analysis were divided into three areas: upstream, midstream, and downstream of the
target basin, based on climatic characteristics at different altitudes, such as moun-
tainous, hilly, and low-lying areas in the basin, as shown in Fig. 4. In each area, data
from representative observation stations of Malaysian government agencies such as
the Department of Irrigation and Drainage were used as the input data.

The various data used were averaged for each month.

2.5 Model Calibration and Validation

Various climate data, such as precipitation, used for the modeling calibration were
from 2014. Post-calibration model validation was performed for the years 2015,
2016, 2017, and 2018. The calibration and validation of the model were based on
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Fig. 2 Topographical data of the Langat River basin

the observed river discharge (monthly average) from Bukit Tampoi, an intake point
in the middle Langat shown in Fig. 4.

On the other hand, the most important focus of the model calibration was on the
water retention properties of the forest areas spreading over the mountains and hill
areas, which influence the runoff characteristics of the watersheds.

The geology of these areas is mostly weathered granite, except for a thin layer of
decomposed forest soil at the surface. Previous studies have shown that the weathered
granite zone reaches a depth of 100 m in some places in the Peninsular Malaysia
[8]. Therefore, the model calibration considered the presence of the forest soil and
weathered granite in the mountains and hills.

2.6 Analysis Based on IPCC Scenarios [9]

Performing runoff analysis of the target basin for the period of fifty years from 2019
with the application of climate prediction datasets of RCP2.6 and 8.5 which are
representative concentration pathways of greenhouse gases provided by [PCC on the
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Fig. 3 Numerical model of the Langat River basin

basis of the modeling done on its calibration and validation, we examined changes of
the amount of water resources, namely water demand—supply balance on the target
basin.

2.7 Development of Special Tool for IWRM

The runoff analysis results were compiled into a database and stored in WROS, Water
Resources Operating System as a tool developed for information sharing and decision
making for integrated water resources management by stakeholders involved in water
security.

WROS is a GIS-based data management system, by adding up the surface water
and groundwater volumes calculated for each analysis element in GIS, the represen-
tative quantity of water such as river flow at each location and time period can be
visually represented in a two-dimensional space, as shown in Fig. 5, and time-series
graphs such as supply—demand balance of water resources can also be created. In
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addition, WROS is equipped with GETFLOWS as an analysis engine, so by changing
the analysis parameters and input conditions, it is possible to perform the predictive

analysis of water resources under the influence of future changes in land use and
climate change [10].
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3 Results and Discussion

Figure 6 shows the calibration results of the model considering water retention in the
forest area. Three cases of water retention due to the presence and varying thickness
of forest soil and weathered granite were calibrated. Although there is no empirical
data available to cover the entire target area, the thickness of the forest soil and
the weathered granite were set to 1 m and 10 m, respectively, based on the outcrop
conditions at around the site. The same values of permeability coefficient were used
for each soil layer in each case, respectively, and the analysis was repeated so that
the calculated values of the river flow rate at the water intake point for the dry
periods in each case agrees with the measured values. As shown in the figure, in the
case 3 where the forest soil and weathered granite are reflected in the model, the
calculated and measured river flow rates in June and July, which correspond to the
dry season in 2014 (surrounded red dotted line in Fig. 6), are most consistent, as
well as reproducing well throughout the year, including other months. This suggests
that rainfall in the forested area is recharged as groundwater by the water retention
function of the weathered granite and is accurately reflected in the river flow as return
flow. For geological features such as granite, which is easily weathered to a relatively
deep level, it is important to accurately evaluate their water retention properties in
order to determine the amount of water resources that accurately reflect the runoff
characteristics.

Figure 7 shows a validation result of comparison of calculated and measured river
flow rates from the runoff analysis from 2015 to 2018 based on the calibration model
(case 3 shown in Fig. 6). It shows the comparison of calculated and measured values
for about four years, except for one period in 2015 when good, measured values were
not available. During periods of high rainfall, the discrepancy between calculated and
measured values is relatively large. This may be due to differences in the rainfall area
at that time. On the other hand, for the dry periods of 2017 and 2018 (red arrows in
the figure), the calculated values show an extremely high reproducibility with respect
to the measured values.

Figure 8 shows a GIS-based comparison of the calculation results of river flow
rate at the Bukit Tampoi intake point in the middle reaches of the river during the dry
season (July) 50 years after 2017 (2067) for each of the representative concentration
pathways of RCP 2.6 and RCP 8.5 based on the calibration model. Here, the effective
precipitation for RCP 2.6, given as a condition, changed little during the analysis
period, while the effective precipitation for RCP 8.5 decreased by 30% by the end of
the analysis period due to rising temperatures. However, Fig. 8 shows that the river
flow rate for the dry season near the intake point was 289 MLD for RCP 8.5, a 4%
decrease from RCP 2.6, confirming that there is no drastic change in river flow due
to climate change. We presume that one of the reasons for that is the retention effect
by forest soils as mentioned before.
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On the other hand, as shown in Fig. 8, by visually displaying the results of the
runoff analysis on a GIS, it is possible to visually and clearly explain to stakeholders
the changes in water resources such as spatial river flows with taking into account of
the effects of climate change.

At international conferences on water security, such as the World Water Summit,
the need for information technology has been raised to correct the information gap
among many stakeholders and to build consensus for solving water security issues
such as floods and droughts that are likely to occur in the future in many river basins
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around the world, especially in international river basins spreading across multiple
countries due to the effects of climate change [11]. As such, we believe that WROS
can directly contribute to solving such water security issues.

4 Conclusion

In this paper, we reported a case study of the Langat River basin in Malaysia, which
has water quality problems, in order to conduct integrated water resources manage-
ment, evaluating the water retention function of the forest area from a geological
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perspective, reflecting it in a hydrological analysis model of the watershed, and
analyzing the water resources in the target basin based on climate prediction datasets
of representative concentration pathways of greenhouse gases. A dedicated tool that
stores the analysis results as a database and displays them visually in GIS was also
introduced.

In the analytical modeling, we found that the evaluation of water retention based
on the geological characteristics of granite distributed over the forest area and its
reflection in the model contributed to the accurate identification of the river flow
rate, especially during the dry seasons when water pollution becomes apparent.
Runoff analysis on datasets with representative concentration pathways of RCP2.6
and RCP8.5 for climate change scenarios revealed that the impact of climate change
on changes in river flow in the Langat River after 50 years was relatively insignifi-
cant. Furthermore, the results show that a visual representation of spatial changes in
river flow and other water resource quantities due to climate change in a GIS would
be beneficial for water security.
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Abstract Per-and polyfluoroalkyl substances (PFAS) are a group of very persis-
tent chemicals, labeled forever chemicals, because of their indestructibility due to
their strong C-F bond. PFAS are among emerging contaminants of high concern due
to their widespread contamination in the geoenvironment. PFAS are mobile, toxic,
manufactured chemicals with very stable molecules and, hence, persistent in the envi-
ronment. The more persistent presence of PFAS in the vadose (i.e., unsaturated) zone
of soil complicates their transport due to their adsorption onto the air—water interface.
The micelles formation on the air—water interface can significantly increase the reten-
tion of PFAS during its transport and turn the vadose zone into a long-term source of
PFAS, slowly releasing PFAS into groundwater. This paper describes the develop-
ment and testing of a one-dimensional (1D) numerical model that simulates PFAS
transport, accounting for diffusion, advection, solid-phase adsorption, and air—water
interface adsorption. The code is one-way coupled with a transient seepage model
to account for the seepage impact on the PFAS transport, but not vice versa). After
testing, the numerical model was then used to study various scenarios to evaluate the
impact of solid adsorption and micelle formation on the PFAS transport.

Keywords Wildfire « Fire suppression + PFAS - Contaminant

1 Introduction

Per- and polyfluoroalkyl substances, PFAS, refer to a wide class of very stable manu-
factured fluorinated organic compounds [4, 25]. Thousands of PFAS compounds have
been manufactured since the 1940s [4, 25]. PFAS are very stable due to their strong
carbon-fluoride (C-F) bonds [9]. PFAS are very popular in industrial applications and
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commercial products such as fire resistance, dust suppression, oil repellence (due to
lipophobic and hydrophobic properties). Due to their stability, toxicity, and mobility,
PFAS are found as persistent source of contamination within the environment [1, 17,
20]. The most common sources of PFAS in the environment are industrial plants,
leachate from landfills, sludge from wastewater treatment plants, and consumer prod-
ucts. Another common source is the use of aqueous film-forming foams (AFFFs) [ 16].
PFAS release from various sources can contaminate soil and drinking and ground-
water, causing hazards to nature and humans. The most common forms of PFAS are
perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) [19].

There is an urgent need to understand the fate of PFAS within soil in order to
assess the risk posed and ultimately remediate the environment contaminated by
PFAS. This paper describes the development of a one-dimensional (1D) numerical
model that couples seepage and PFAS transport through saturated and unsaturated
soils. The model can account for diffusion and advection as well as the adsorption
to solid phase and the air—water interfaces through various scenarios under transient
seepage flow conditions. The model will be later validated using PFAS transport
experimental results to help better understand ways to remove and remediate PFAS
contamination.

2 Materials and Methods

2.1 Materials

The one-dimensional (1D) domain that is numerically simulated, under various
scenarios of a 1D PFAS transport, is a benchtop lab-scale experimental column with
a diameter of 4 cm and length of 5 cm. For the seepage model, the initial hydraulic
head, H, at the inlet (top of the column), is maintained constant at 42 cm, and the
outlet hydraulic head H (at the bottom) can be either maintained at a constant value
of 0 cm or be allowed to increase, hereafter referred to locked and unlocked seepage
boundary conditions, BC, at the outlet. For the PFAS transport model, PFOS, with a
constant concentration supply of 12 mg/L (referred to as locked transport BC) at the
inlet at the top of the column. The outlet can also be simulated as locked at 0 mg/L
or as unlocked to allow the PFOS concentration to increase as it permeates through
the soil. This model accounts for two types of soil with equal length and different
hydraulic conductivities stacked up within the column. Some parameters used in this
study (summarized in Table 1) were obtained from the literature [3, 8, 12, 21, 27].
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Table 1 Parameters used for

numerical simulation Parameters Value Unit
Bulk density, pj, 1.65 g/em’?
Diffusion coefficient, Do 54 x 10°° cm?/s
Fitting parameter, K 0.055 -
Fitting parameter, N 0.85 -
Aqueous concentration, C 12 Mg/L
Surface tension, o 71 Dyn/cm
Gas constant, R 8.314 J/°K/mol
Temperature, T 293.15 °K

2.2 Methods

Using the MATLAB interface, two computational models were developed for
seepage and PFAS transport. The models are coupled to study the transport of PFAS
with and without advection. The two models numerically linearize the transient
second-order partial differential equations (PDEs) governing seepage flow and PFAS
transport in order to numerically solve them. For the scenarios analyzed in this paper,
a 5-cm soil column was discretized into a one-dimensional mesh. The two linearized
PDEs were solved to find for the total (also known as hydraulic) head for the seepage
model and the aqueous concentration of PFAS for the transport model. The forward-
difference method was used to linearize the first derivatives with respect to space and
time while the central-difference method was used to linearize the second derivative
with respect to space [14, 15].

2.2.1 Seepage

The transient seepage flow of water within the soil is governed by the conservation
of mass. If the density of water is assumed constant, the governing equation will be
the conservation of water volume. Hence, the 1D governing equation can be written
as [11]:

a6

Gov= 0
ot

(1)
where v is Darcy’s velocity (flux), and 6 = the volumetric water content, which, in
turn, can be calculated as n.S,,, where n is the porosity of the soil and S,, is the degree
of water saturation of the soil.

Darcy’s law, v = —k;, i, was assumed valid for the seepage flow was applied to

Eq. (1).
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where k, is the hydraulic conductivity, and i = d h/dz is the hydraulic gradient.

On the left-hand side of Eq. (2), & is unknown while the unknown on the right side
is 6. The two unknowns are related, and this relation is usually presented as the soil
water-retention curve. In the absence of a soil water-retention curve, an approximate
method is used where temporal variations in 0 are related to the temporal variations
in & based on specific/elastic capacity (i.e., retention) of water, m,, i.e., 5

The specific or elastic capacity, m,, is considered ~ 0.001 1/m for unsaturated
soils and ~ 0.00001 1/m for saturated soils (i.e., water is almost incompressible).

The partial differential equation (PDE) governing transient seepage, Eq. (2),
can then be linearized using the finite-difference method over a discretized one-
dimensional (1D) set of nodes and written for an arbitrary Node i as follows:

+ ki k+1 —ki 1 k,‘ m,, k+1 k,‘+1 mvl’lt-k
ht-k 1 ! + _ v ht- — L , 3
~\az) T e Taz T ) T\ ez dt ©)

where k; ;, k;, and k;,; are the hydraulic conductivity values at Nodes i — 1, i, and i
+ 1, respectively, while h;_;, h;, and h;,; represent the hydraulic head at Nodes i — /,
i, and i 4 I, respectively, over each time step. Subscripts and superscripts represent
nodes of the spatial and temporal grids, respectively. Equation (3) can then be solved
to find the hydraulic (total) head for any node at any time. The modified iterative
scheme can then be used to update coefficients that are nonlinear functions of the
hydraulic head (e.g., the unsaturated hydraulic conductivity) using Eq. (4) [14, 15].

ko
ki = ,k+l+h,L > 4)
L+ a| e — 7y

where k; = unsaturated hydraulic conductivity at Node i, ky = saturated hydraulic
conductivity, constant coefficients a; = 1 and a; = 3, h = hydraulic (i.e., total) head,
and z = elevation.

2.2.2 Transport of PFAS

A series of transport mechanisms contribute to PFAS transport through saturated and
vadose zones [22].

Diffusion and advection are the main mechanisms of PFAS flow. Diffusion is
the spreading of the water and contaminant plume from a high hydraulic gradient
and high concentration zone to zones with lower hydraulic head and concentration
[10], respectively. Advection consists of the bulk movement of solutes carried by
the flowing water (itself due to the hydraulic head diffusion). Both factors combined
form an advection—diffusion equation as shown in Eq. (5).
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where D* = the apparent (effective) diffusion coefficient (cm?/s), in Fick’s second
law. D* combines the effect of tortuosity of soil and molecular diffusion, Dy; v, = the
seepage velocity (cm/s) on straight line; and C = the aqueous PFAS concentration
(wmol/cm?).

Like any other contaminants, PFAS can also be adsorbed to solid particles,
retarding the PFAS flow. In addition, due to the charged and hydrophilic head and
uncharged and hydrophobic tail, PFAS show surfactant-like properties, making them
easily adsorbed to fluid—fluid interface such as air—water interfaces. There is a large
air—water interface area, A,,,, within the vadose zone, which can affect the PFAS
migration [22] and turn the vadose zone into a long-term source of PFAS release into
the groundwater [7, 14, 15, 23].

The concentration of PFAS adsorbed onto the air—water interface, C,,, can be
calculated based on the aqueous PFAS concentration, C, in jumol/cm? using Eq. (6)
[2,8, 12, 18].

Caw = AawKawCa (6)

where K, can, in turn, be calculated using Eq. (7).

-1 Odo
Kow=—rFs——, (7N
RTC olnC

in which, A,,, = the air—water interfacial area (cm?*/cm?); K, = the coefficient of
air-water interfacial adsorption (cm?/cm?); R = the universal gas constant (in J/
°K/mol); o = the interfacial tension (in dynes/cm); T = the temperature (°K). The
adsorption of PFAS to the solid phase, C;, can also be calculated using the Freundlich
isotherm described in Eq. (8) [5, 6, 13, 26].

C, =K sCV, (8)

where both Ky and N are fitting parameters that are empirically found.

Hence, the PFAS transport is governed by molecular diffusion, mechanical disper-
sion, seepage-induced advection, and adsorption to solid—fluid and the fluid—fluid
interfaces. This can be described using an advection—dispersion equation with
adsorption terms of Eq. (9) [5, 6, 12, 18].

9(6¢) + 9 K. CcV + 9 (AgwkaoC) + 9 OvC) 9 9D8C 0, (9
., . Aawkaw — OV - —~— ) =Y
or PPt ot 9z az\ oz

where p, = the bulk density of the porous medium (g/cm?); v = ¢/@ is the interstitial
pore-water velocity (cm/s); g = the Darcy flow flux; and D = the dispersion/diffusion
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Coefficient (cm?/s). This equation be linearized over a 1D grid using the forward-
and central-difference methods in time and space as follows [14, 15]:

o (Di9i+1 0iDiy Db @)
I dzg? dz? dz?  dz
D61 0:Diy1 O Gfk“ - 9,-’k
ae | dz? dz? dt 2dt
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4 EG 2dt 2dt 2dt
dt l +A k;kwi + Aawikawi
M odt dt
tk+l tk lk+l tk
. Al k. k' .
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(10)

where F = k;p, NCN¥~!. Using MATLAB, Eq. (10) was solved numerically to
simulate various scenarios. Sensitivity analysis was first performed on both models
(not fitting within the scope of this paper) over dr = 1 to 20 s and dz = 1 to 10 mm,
which did not show any significant sensitivity over the majority of the range. i.e., at
most a sensitivity < 2% when the largest dz and smallest df were used. Thus, in the
following scenarios, dz and dr are selected as 5 mm and 10 s, respectively.

3 Results and Discussion

3.1 Seepage Model Validation

First, the two models were tested using cases with well-known flow fields. Figure 1
shows the vertical profiles of the hydraulic head at different time steps (at 10 s
intervals apart) for two cases. Both cases of Fig. 1 have a constant head at the top
inlet (H; = 0.4 m). The difference is in the total head at the outlet, where Fig. 1a
shows a case where a constant head of H, = 0 m is maintained at the bottom outlet—
referred to as the “locked case”—and Fig. 1b shows the case where the total head
H at the bottom outlet is allowed to increase—referred to as “unlocked case.”



Multiphysics Numerical Modeling of Transient Transport of PFAS

 Seapage simulation of a vertical profile of hydraulic head over time

015 02 025 03 035 04
Hydraulic head, h (m)

(a)

005
0.045
0.04
0.035
003

E gozs
N

o2y
0.015
oo1f

0.005 - [ |

Seepage simulation of a vertical profile of hydraulic head over time
=

393

o 005 01 015 0.2 025 03 035
Hydraulic head, h (m)

(b)

04

Fig. 1 Vertical profile of the hydraulic head by the seepage model for a locked seepage outlet
boundary condition and b unlocked seepage outlet boundary condition

The hydraulic head is maintained constant at zero for the locked case and is allowed

to increase for the unlocked case. Figure 2 shows the time history of the cases of
Fig. 1. Figure 2a, b shows the time history at two different points, the midpoint of the
column and at the outlet. As seen in Fig. 2a, the total head at the outlet remains zero
while the midpoint grows slowly. On the other hand, Fig. 2b shows that the hydraulic
head at the outlet and midpoint both grow, which is consistent with the set boundary
conditions [14, 15].
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Fig. 2 Time history for hydraulic head variations during by the seepage model at the midpoint and
outlet for a locked outlet boundary condition and b unlocked outlet boundary condition



394 A. Farid and P. Iradukunda

o 2 4 6 8 10 12 o 2 ] 8 8 10
Concetration, C (mg/L) Concetration, C (mg/L)

(a) (b)

Fig. 3 Vertical profile over time of PFAS concentration for a constant feed at the top and freshwater
at the bottom and b a constant feed at the top and breakthrough at the bottom, shown at time
increments of 10 s

3.2 PFAS Transport

The transport of PFAS through the same domain was also simulated using the parame-
ters mentioned in Sect. 3.1. Figure 3 shows the vertical profile of PFAS concentration
at various time steps at 10 s intervals for two types of boundary conditions. The first,
shown in Fig. 3a, is for a constant input concentration of a contaminant at the inlet
(top) equal to 12 mg/L (referred to as locked PFAS transport BC at the inlet) and an
infinite body of freshwater at the outlet (bottom), where the concentration remains
0 mg/L and is not accumulated—referred to as locked PFAS transport. The second
case, Fig. 3b, shows the vertical profile over time for a constant feed of 12 mg/L at
the inlet (top) and a small body of water that allows the accumulation of the contami-
nant and increase in its concentration at the outlet (bottom)—referred to as unlocked
PFAS transport BC. In this case, diffusion advection and adsorption terms are then
simulated [14, 15].

Figure 4 shows the breakthrough curves of Fig. 3a, b. The dashed red line repre-
sents the midpoint data while the dashed blue line represents the endpoint (i.e., outlet)
data [14, 15].

3.3 Effect of Adsorption Coelfficients on the Transport
of PFAS

Figure 5 shows the effect on the transport of PFAS by the adsorption of PFAS onto
solid particles. Figure 5a show the transport of PFAS without considering PFAS
adsorption onto solid particles, and Fig. 5b shows a similar case with adsorption onto
solid particles. It is noteworthy that in both cases, the degree of water saturation was
100% (no air and air—water interface; hence, there is no adsorption to the air—water
interfaces).
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constant feed at the top and breakthrough at the bottom
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Fig. 5 Vertical profile of PFAS transport with advection and diffusion and a no PFAS adsorption
to a solid phase, hence no retardation; b PFAS adsorption to solid particles and retardation

3.4 Impact of Degree of Saturation, Sy, on Transport Model

Figure 5 shows the impact of PFAS micelles formation (i.e., adsorption onto air—
water interfaces), retarding PFAS transport. This is evaluated by incorporating the
change in the degree of water saturation from the seepage model into the PFAS
transport model. In other words, the seepage flow model is once run assuming an
initial condition with fully water-saturated soil (i.e., no air). Then the same case is
run using an initial condition with the soil starting fully dry and gradually saturating;
hence, there will be air and air—water interfaces. The two sets of results are then
fed into the PFAS transport model. Figure 6a shows the PFAS transport in a fully
saturated environment with no air, and in turn, no air—water interfaces, resulting in
no PFAS adsorption to those interfaces, eliminating the corresponding retardation.
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Figure 6b considers the scenario where the soil is initially dry and gradually saturates;
hence, there is air, and in turn air—water interfaces, resulting in PFAS adsorption onto
those interfaces, leading to retardation of PFAS flow [14, 15] (Fig. 7).

Figure 5a shows how concentration moves faster through the saturated soil.
Figure 5b shows that when the soil starts off dry and gradually saturates, it takes
a much longer time for the PFAS concentration to move through the soil due to
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Fig. 6 Time history of PFAS transport with advection and diffusion: a soil is fully saturated, i.e.,
no air—water interfaces and, hence, no PFAS adsorption to the interfaces; b soil starts from dry and
gradually saturates; i.e., there are air—water interfaces and PFAS adsorption to those interfaces
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Fig. 7 PFAS aqueous concentration at Node 2 in space (5 mm below the inlet) and Node 5 in time

(after 50 s) at various degrees of saturation
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the existence of air and PFAS adsorption onto the air—water interfaces. Comparing
Fig. 5a, b, it is seen that the breakthrough for the case with air—water interfaces starts
much later but rises at a steeper slope, i.e., the breakthrough starts later but is more
abrupt. The retention of PFAS in the vadose zone due to the air—water and solid inter-
faces is dependent on the soil matrix and the degrees of air and saturation. Higher
degrees of air saturation (i.e., lower degrees of water saturation) result in the retar-
dation of PFAS flow due to the higher retention of PFAS onto air—water interfaces
due to the availability of air—water interfacial areas [19, 24]. Figure 6 demonstrates
the variations in the PFAS concentration at a specific point (5 mm below the top
boundary of the discretized grid) at a specific time (50 s after the PFAS is introduced
into the sample through the top boundary) at various degrees of water saturation, S,,.
As seen in Fig. 6, at higher degrees of water saturation, the PFAS transport is faster
and vice versa [14, 15].

4 Conclusion

A one-dimensional (1D) finite-difference numerical model was developed in this
work to simulate the coupled process of PFAS transport under transient seepage
conditions. After describing the implemented methodology, a series of scenarios were
simulated numerically, and results were shown to be consistent with the literature.

Various boundary conditions can be simulated to maintain constant to allow an
increase in the hydraulic head and PFAS concentration on boundaries. For example,
for the seepage model, the total heads at the inlet and outlet can be locked to remain
constant to simulate constant head tests or the hydraulic head at the outlet can be
allowed to raise.

The model is capable of simulating the effects of molecular diffusion, adsorption
onto solid and air—water interfaces, and the degree of water and air saturation. The
PFAS transport was retarded by the introduction of the adsorption onto solids and
even more by the adsorption onto the air—water interface.
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Koichi Tsubogo, Kohei Araki, Yasushi Fukuda, Keiji Kuajima,
Kosuke Katayama, and Shunji Ue

Abstract Heavy rainfall due to climate change such as global warming exceeds
our expectations every year in Japan, and slope failures occur due to heavy rain-
fall. The heavy rain disasters in Japan tend to result in human and economic loss.
Therefore, in this paper, focusing on Horton’s infiltration capacity theory, we have
developed a proposed formula that takes into account rainfall seepage flow when
bare ground or nonwoven filters are installed. We have created an artificial slope as
a slope for field experiments and installed a rain gauge and a soil moisture meter for
on-site measurement. Furthermore, numerical calculations were performed based on
the vertical one-dimensional seepage flow phenomenon. We compared the results of
numerical analysis and on-site measurement and examined the effect of the presence
or absence of nonwoven filters on the infiltration capacity in the rainfall. In conclu-
sion, when the ground surface is bare, the infiltration capacity tends to decrease due
to surface erosion of the slope and the impact of raindrops. Secondly, we are able to
determine the constant of the proposed formula from the field observations. Finally,
if a nonwoven filter is applied to the ground surface, it has infiltration capacity and
improves the water resource recharge function compared to the case of bare ground.

Keywords Seepage flow + Overland flow - Penetration characteristics

1 Introduction

In Japan, long rains or torrential downpours are on the increase due to climatic
changes caused by global warming. In particular, torrential downpours bring large
amounts of rainfall in a short time to a small area, and their hourly rainfall exceeds
50 mm. For example, torrential rain in northern Kyushu, in July 2017, linear rainband
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stayed in place for a long time, and torrential rain occurred for more than 6 h, leading
to a disaster. In contrast, torrential rains in July 2018 were unique in that torrential
rains occurred over a wide area across Japan, setting records for long-duration rainfall
at many locations [1]. The number of such disasters that cause human, economic,
and other losses is increasing every year due to slope failures caused by torrential
rains that exceed expectations.

If the rainfall intensity exceeds the infiltration capacity, the excess rainfall cannot
be seepages and flows over the ground surface. This is the Hortonian overland flow
[2-4]. When a Hortonian overland flow occurs, the rainfall is not stored in the ground
because the excess rainfall flows over the ground surface. Hortonian overland flow
is closely related to the erosion of slopes and sediment discharges in the ground
[3]. Therefore, the occurrence of Hortonian overland flow is one of the important
findings in the evaluation of the erosion of slopes, infiltration capacity of the ground,
and the function of groundwater recharge. Previous studies [2, 3], and [4] have
generalized the point that Hortonian overland flow does not occur in slopes with
sufficient vegetation because the infiltration capacity is sufficiently large. However,
it has been reported that Hortonian overland flow occurs when vegetation declines
(slopes become bare land) and erosion of slopes occurs [4].

One method that addresses the aforementioned problems is the use of nonwoven
filters, which provide both slope protection and revegetation. Previous studies on the
effect of nonwoven filters on slope protection include Fujiwara et al. [5], Tsubogo
et al. [6], and Takehisa [7]. However, although many studies have been conducted on
overland flow, the status of rainfall seepage into the ground has not been fully under-
stood. Tsubogo et al. [8] attempted to formulate Horton’s rainfall seepage theory
using the relationship between rainfall intensity and saturated hydraulic conduc-
tivity as a discriminant condition. Furthermore, Araki and Kitamura [9] introduced
the concept of a quasi-saturated degree of saturation and found that the degree of
saturation in the first layer near the ground surface was greater than or equal to
the quasi-saturated degree of saturation. The degree of saturation of the first layer
near the ground surface was assumed to be above the quasi-saturated degree of satu-
ration, which facilitates rainfall seepage into the ground. Tsubogo et al. proposed
the equation [8] for the rainfall inflow coefficient, and also performed vertical one-
dimensional rainfall seepage flow analysis. The numerical solution for the moisture
content by volume in the ground was confirmed to reproduce the on-site observation
values. On the other hand, the numerical solution for the quasi-saturated degree of
saturation of the first layer has not been verified with sufficient accuracy.

This paper aims to improve the accuracy of Tsubogo et al.’s proposed equation
by comparing the numerical results with the on-site observation results. The effects
of nonwoven filters on the functional evaluation of erosion of slopes, underground
infiltration capacity, and groundwater recharge are also discussed.
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2 On-site Observation and Vertical One-Dimensional
Rainfall Seepage Flow Analysis

2.1 On-site Observation

Whether or not a slope will collapse is highly dependent on moisture content by
volume. In other words, measuring soil moisture is important in assessing slope
hazard. In this paper, the north slope of the National Institute of Technology,
Tokuyama College (hereinafter referred to as ‘“Tokuyama College”) in Shunan City,
Yamaguchi Prefecture, which is designated as a sediment disaster warning area, is
constructed on the slope was constructed as an on-site experimental slope. On-site
observations are conducted by installing a rain gauge and a soil moisture meter. The
on-site experimental slope was constructed on the north slope of Tokuyama College
as shown in Photo 1. The slope is an artificial slope with a length of slope 7 m and a
slope angle of 30°.

The soil moisture was measured using an EC-5 soil moisture sensor (METER)
at 1 m from the bottom of the slope and 10 cm from the ground surface, and a data
logger (Em50 data logger, METER) was installed to store the observed values. The
EC-5 soil moisture sensor can measure over a wide range from air-dry to saturated
soil and can accurately measure the moisture content by volume of any soil type by
minimizing the effects of salinity and temperature. A tipping rain gauge was used
as the rain gauge. The rainfall intensity was observed approximately every hour,
and the observed values were stored in a compact flash memory card. The rainfall
intensity and the moisture content by volume were observed from midnight on June
3 to midnight on June 5, 2021. The properties of the soil used in this paper are shown
in Table 1.

Photo 1 Example of on-site

experimental slope
3 N Nonwoven filter
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Table 1 Properties of the soil

Properties of the soil Numerical value
Density of soil (g/cm?) 2.65

Void ratio 0.448

Maximum moisture content by volume 0.309

Saturated hydraulic conductivity (cm/s) 20x 10%t0 1.0 x 1073

2.2 Vertical One-Dimensional Rainfall Seepage Flow
Analysis

Rainfall seepage flow phenomena occur in two or three dimensions. However, in
most cases, rainfall seepage is dominated by vertical flow [10]. The equation for
vertical one-dimensional rainfall seepage is a variant of the governing equation for
unsaturated seepage [11]. However, since there is currently no analytical method that
can accurately reproduce on-site observed values, it is necessary to add correlation
coefficients such as the rainfall inflow coefficient to obtain a numerical solution.
Therefore, the equation for rainfall inflow coefficient [8] by Tsubogo et al. should
be improved in terms of the discrimination conditions for rainfall intensity, saturated
hydraulic conductivity, and quasi-saturated degree of saturation.

Richards Equation [11]

Richards presented the fundamental equation for unsaturated seepage flow.

a0 0
= k() —— — 1k, () —— —1{k. (O
{()ax Gl B o (SO >

0 9 31#(9)} J { 31//(9)}+ d { aw(9>}+ k. (0)
at ax ay
(D

As rainfall seepage is often dominated by vertical flow [10], if the x and y terms
in Eq. (1) are set to O and the z-axis is set to positive downward from the ground
surface, the vertical one-dimensional Richards’ equation can be transformed into the
following equation.

2

w0 _ 3 {kz(e)awe)} _ k()
Jt 0z

~ 3z 9z 0z

Where 6: the moisture content by volume, y: suction pressure head, assuming that
the unsaturated hydraulic conductivity in the z-direction is k.
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Setting of Soil Parameters

Brooks—Corey’s equation [12], which is often used for sandy soils and is simple to
treat, is used and the degree of saturation S, is given by Eq. (3).

06, *
5, = — (& 3)
95 - er 1/f
The unsaturated hydraulic conductivity k, is expressed by Eq. (4).
2434
ke =k, (ﬂ) @
v

Furthermore, Eq. (3) was substituted into Eq. (4) and transformed into Eq. (5).

243h

ku = ks(Sr) *

®)

where S, : degree of saturation, 6 ;: maximum moisture content by volume, 8, : residual
moisture content by volume, v critical suction pressure head or air penetration
value, A: constant depending on soil type (pore size distribution index), k,: saturated
hydraulic conductivity. The maximum moisture content by volume of the on-site
experimental slope is 0.309. The lower limit of the saturated hydraulic conductivity
of the on-site soil, k, = 2.0 x 10~ cm/s, is used as the value of k,. Other parameters
were determined by fitting the observed value of moisture content by volume.

Discretization of the Fundamental Equations [13]

Darcy’s law and the continuity equation were divided into differential as in Eq. (6),
and numerical calculations were performed.

Vi — Yi
ii-1 = —kijio| ——/— — 1 6
Wii—1 . 1( AZii (6)
At
Oirrar = 0i — A_Z(wi+1,i — wii_1) (7N

In this paper, rainfall intensity is given as a boundary condition for the ground
surface, and its introduction into the analysis was done as follows in relation to the
moisture content by volume (6) of the first layer.

At
Olivar = 01,0 — A_Z(WZ,I — C.R) 3

where 6: moisture content by volume in layer 1, w; ;: seepage flow velocity from
layer 1 tolayer 2 (cm/s), R: rainfall intensity (cm/s), and C.: rainfall inflow coefficient.
The details of the rainfall inflow coefficient are explained in the next section, but
the change in moisture content by volume in layer 1 is expressed as the difference



406 K. Tsubogo et al.

between seepage flow velocity from layer 1 to layer 2 and rainfall intensity seepage
from the surface layer to layer 1. The maximum moisture content by volume for the
on-site experimental slope is 0.309, and this value is used as the upper limit. The
degree of saturation is set not to exceed 1.0 because the state of oversaturation is not
considered.

Proposed Equation for Rainfall Inflow Coefficient

The equation proposed by Tsubogo et al. [8], which numerically models Hortonian
overland flow, is based on the relationship between rainfall intensity (R) and saturated
hydraulic conductivity (k;), as shown in Fig. 1. If R is lower than &, all rainfall will
seepage into the ground. On the other hand, if R is greater than kg, rainfall will not
seepage completely and will cause excess rainfall to flow over the ground surface. In
this case, the rainfall inflow coefficient is expressed as k; divided by R and formulated
as in Eq. (9). The discriminant condition for rainfall intensity is given by Eq. (10).

C.= ksﬁ 9)
7R
R<k, :C,=10
kg (10)
R > kg :C,=—=8
R

where B(0 < B <1.0) is the correction factor. The correction coefficient 8 is deter-
mined from the relationship between the numerical solution, the observed value, and
the error in the amount of data.

Rainfall Rainfall
l ksZ R ks <R
SorpaEp Seepage
A Hortonian overland flow
v ¥
First Layer First Layer
Second Layer Second Layer

. -

Fig. 1 Relationship between rainfall intensity and saturated hydraulic conductivity
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On the other hand, the degree of saturation of soil near the ground surface under
natural conditions is never 0 or 100%, but exists in an unsaturated state. Even in water
retention tests, the degree of saturation at suction O does not reach 100% and there are
several examples showing values of 75-90% (e.g., Kamiya et al. [14], Fujimori and
Araki [15]). Araki and Kitamura [9] defined the quasi-saturated degree of saturation
as the maximum degree of saturation taken by actual soil based on thermodynamic
considerations and equilibrium conditions. The quasi-saturated degree of saturation
is used as an input parameter for unsaturated seepage analysis to predict slope failure
[16] associated with rainfall. Araki and Kitamura [9] proposed a method to estimate
the quasi-saturated degree of saturation from the compaction curve.

The degree of saturation of the first layer, S, 1, near the ground surface, is assumed
to be more than a quasi-saturated degree of saturation. The degree of saturation
threshold (quasi-saturated degree of saturation) for the first layer is assumed to be
S1q4- The discriminant condition for the degree of saturation of the first layer is given
by Eq. (11).

ks (1)

However, the discriminant conditions in Egs. (10) and (11) do not reveal a causal
relationship between rainfall intensity and the degree of saturation of the first layer.
Therefore, in this paper, Egs. (10) and (11) are clarified as follows.

If the rainfall intensity (R) is greater than the saturated hydraulic conductivity
(ks), we improve the condition to consider the degree of saturation in the first layer
and propose a new Eq. (12). The following values are used for S,, and  when the
numerical solution is close to the observed values.

R<ky:C,=1.0
Rk, S >384 :C, =k1.0 (12)
Srlgsrq Ce = ﬁx

Calculation Conditions

This analysis is performed on an artificial slope with a length of slope 7 m and a slope
angle of 30. The rainfall inflow coefficient is used to examine the time variation of
rainfall seepage into the ground with and without nonwoven filters by changing the
correction factor B and the threshold value S,, (quasi-saturated degree of saturation)
of the degree of saturation of the first layer. The numerical algorithm is shown in the
flowchart in Fig. 2.

The differential spatial and time intervals Az and At were set to 5 cm and 2 s,
respectively, and the Brooks—Corey equation was used for the & — ¢ and k — 6
relationships, where k; = 2.0 x 10 cm/s, 6, = 0.309, 6, = 0.05, Y, = 40 cm.
The hysteresis of the water absorption and dewatering processes is not considered
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Fig. 2 Numerical algorithm

Setting initial and boundary conditions ]

( Setting the calculation area ]

¥
__:[ Calculation of S, and K, ]
v
( Calculation of Darcy’s velocity ]

( Reading rainfall data ]

[ Discnimination of rainfall inflow coefficient ]

( Calculation of moisture content by volume ]
i v
——.[ Condition of convergence ]
NO'
¥ VES
—-\_—ES{ time<computation time ]
: NO
END

here. Initial conditions are moisture content by volume in the depth direction from
the ground surface 6 = 0.097 for bare land and 6 = 0.080 for nonwoven filters.

By fitting the on-site observation values to the numerical solution, the soil type
constant \ fits the observed value best when A = 2 for both bare land and nonwoven
filters from Tsubogo et al. [17]. The degree of saturation threshold (quasi-saturated
degree of saturation) for the first layer was set to S,; = 0.9 for both bare land and
nonwoven filters from Tsubogo et al. [17]. The correction coefficient 8 is 0.2 for bare
land and 0.6 for nonwoven filters by fitting the numerical solution to the observed
value from Tsubogo et al. [17].

3 Analysis Results

This paper is compared with the numerical solution and observed value in the second
layer of the geotechnical model. Figure 3 shows the time variation of the observed
value and the moisture content by volume of the numerical solution. Figure 4 shows
the time variation of the rainfall inflow coefficient. Figure 5 shows the change in
degree of saturation with time. Note that only numerical solutions are shown for
degree of saturation, since no on-site observations were made.

Figure 3 shows that the increase in moisture content by volume due to rainfall
tends to be closer to the observed value when nonwoven filters are used than when
bare land is used. Moreover, the rainfall inflow coefficient is higher for nonwoven
filters than for bare land from 19 to 22 h, according to Fig. 4. Figure 5 shows that the
degree of saturation of bare land increases more slowly than that of nonwoven filters
during the time period when the rainfall inflow coefficient decreases. Figures 4 and
5 show that the increase in the degree of saturation of bare land slows down during
the time period when the rainfall inflow coefficient decreases.
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Fig. 4 Time changes in rainfall inflow coefficient

Figure 4 shows that for bare soil, the rainfall inflow for the 19-to-22-h period
is about 10-15% of the total rainfall. After the installation of nonwoven filters, the
numerical results are that the amount of rainfall inflow during the same period is
about 33-45% of the total amount of rainfall. Excess rainfall is considered to affect
the Hortonian overland flow of the slope and the seepage of rainfall into the ground.
The results indicate that the installation of nonwoven filters can reduce the amount
of excess rainfall by 25%. In addition, the value of 8 means that nonwoven filters are
three times as large as bare land, the nonwoven filters are considered to have three
times the infiltration capacity of bare land.

The above results indicate that in the case of bare land, the ratio of excess rainfall
to rainfall is high, and the occurrence of Hortonian overland flow tends to cause
erosion of slopes. On the other hand, the nonwoven filters prevent the occurrence
of Hortonian overland flow, protect the ground surface, and have more infiltration
capacity than bare land.
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4 Conclusion

In this paper, we have improved the equation for the rainfall inflow coefficient
proposed by Tsubogo et al. [8] to numerically model and numerically analyze the
rainfall seepage flow into the ground when bare land or nonwoven filters are used in
construction.

The findings of this paper are summarized as follows:

(1) In the case of bare land, the ratio of excess rainfall to the amount of rainfall is
large and the occurrence of Hortonian overland flow is likely to cause erosion
of slopes. The relationship between the amount of excess rainfall and rainfall
seepage has a significant influence on the occurrence of Hortonian overland
flow in the slopes.

(2) In the case of nonwoven filters, protecting the ground surface with nonwoven
filters prevents the occurrence of overland flow and helps to protect the ground
surface. In the case of bare land, Hortonian overland flow tends to cause erosion
of slopes, which reduces the infiltration capacity.
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Seepage Model Experiment of Earth Fill )
Dam Due to Heavy Rains i

Namihiko Tanaya, Shuichi Kuroda, Kentaro Kuribayashi, and Tadashi Hara

Abstract In recent years, a lot of small earth fill dams have collapsed by occurring
torrential rain. It is considered that rainfall infiltration causes the weakening of the
levee, which is accompanied by a complex of failure phenomena such as sliding and
seepage, but the main cause of the failure has not yet been identified. In this paper, we
conduct the model experiments in a 1G gravity field to verify the failure mechanism
of small earth fill dams during rainfall. The model experiments are conducted under
the assumption of continuous heavy rainfall on the levee composed of sandy soil.
The experiments confirmed the development of intermittent small-scale slip failures
associated with the increase of pore water pressure and pressure hydraulic head in
the levee and the erosion of the slope due to rainfall. The series of results indicate
that the erosive failure of the surface soil due to rapid saturation of the surface soil
and the development of intermittent slip failures are the main causes of failure when
highly permeable levee soils are subjected to very heavy rainfall in a continuous
manner.

Keywords Earth fill dams * Heavy rains - Seepage

1 Introduction

In recent years, heavy rains have frequently caused the collapse of many small earth
fill dams for agriculture in Japan, resulting in human casualties [1]. Damage to small
earth fill dams caused by heavy rainfall can be classified into overflow failure, slip
failure, and seepage failure, with rainfall-induced seepage failure being the most
common cause of failure, according to previous damage surveys [2].
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The results of research emphasize that environmental degradation or hydraulic
fracturing cause the seepage failure in small earth fill dams during heavy rainfall
and concluded that piping holes formed by the rising and falling history of the water
table on the upstream slope are the starting point of seepage failure [2]. However, the
main cause of failure in the affected small earth fill dams identified in Japan’s heavy
rain in July Heisei 30 was reported to be slip failure due to rainfall seepage into the
levee, but the possibility of a combined disaster with seepage failure has also been
pointed out, and the main cause of failure has not yet been identified [3].

The government and local governments are promoting the maintenance and reha-
bilitation of small earth fill dams; however, countermeasure methods such as flood
discharge modification and holding levee construction are adopted in many cases.
These methods are mainly focused on overflow of stored water and slides on down-
stream slopes, and there is room to consider safety against seepage failure, such as
rapid saturation of the levee due to rainfall infiltration and formation of water chan-
nels. To promote efficient rainfall countermeasures for the approximately 160,000
small earth fill dams in Japan, it is necessary to elucidate the areas where levees
become most vulnerable during heavy rainfall and the mechanisms leading to seepage
failure.

In this study, we conducted rainfall infiltration model experiments in a 1G gravity
field to analyze the factors that cause levees to become brittle during heavy rainfall.
In this experiment, we analyzed the pore water pressure change in the levee and the
failure behavior of the levee under heavy rainfall.

2 Experimental Conditions

2.1 Test Equipment and Geomaterials

An infiltration model test in a 1G gravity field is conducted to verify the failure
behavior of a small earth fill dam during a rainfall event. A model cross-sectional
view of this experiment is shown in Fig. 1. This experiment is conducted in a water
tank (4100 mm wide, 1520 mm high, and 550 mm deep), which is made to simulate a
small-scale model. The dimensions of the model are based on the assumption of the
scale of the earth fill dam as it actually exists, and the cross section (height 500 mm,
inclination of slope 1:1.8) is set considering a scale factor A = 1/20. Table 1 shows
the relationship between the parameters and the similarity law in this experiment [4].

The levee is made of a 9:1 ratio of silica sand No. 7 and Kasaoka clay, with a
controlled water content ratio of about 15%. In this experiment, we used sandy soil
composed mainly of sand as the levee to reproduce the sandy soil that has caused
the most seepage failure in small earth fill dams from past damage cases [2].

The grain size accumulation curve and compaction curve of the levee are shown
in Figs. 2 and 3. The fine-grain content Fc of the levee is 16.0% and is a non-plastic
sandy soil classified as fine-grained sand (JGS 0051-2020) [5]. The density condition
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of the levee is based on the degree of compaction that was determined in research to
have experienced seepage failure during heavy rainfall [3], and the levee is fabricated
with a target degree of compaction Dc = 90%. The levee is prepared by placing soil
mixture with a controlled water content into a water tank and compacting it manually
using a special rammer.

The levee is divided into five layers in the direction of height for density control,
and we ensured that the required density is achieved with the prescribed amount
of soil input in each layer. The water level is set at 400 mm, equivalent to 4/5 of
the vertical height, and is adjusted to ensure a constant water level at all times by
installing a drainage outlet upstream. Rainfall of 100 mm/h is applied from above the
levee using an artificial rainfall device. The height of the rainfall device is adjusted
to ensure that the raindrops are evenly distributed over the entire surface of the levee.
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The layout of the measurement points is shown in Fig. 4. In this experiment, pore
water pressure gauges and soil moisture gauges are placed inside the levee at regular
intervals inside the levee to focus on changes in water pressure and moisture content
inside the levee during rainfall. In addition, an aluminum piezoelectric tube with a
perforated hole (¢5 mm) is placed inside the levee and connected to a differential
pressure gauge to measure the difference in hydraulic head during the experiment.

2.2 Experimental Procedure

In this experiment, seepage experiments are conducted by storing water before
allowing rainfall to act on the levee under steady-state conditions. The experimental
procedure is shown in Table 2. After constructing the levee in a water tank, water is
allowed to flow into the upstream of the levee up to 4/5 (400 mm) of levee height.
After confirming that the values of pore water pressure and pressure head in the levee
are in a stable condition during the seepage experiment, the experiment is shifted to
arainfall experiment. Rainfall is applied intermittently from above the dam using an
artificial rainfall device.

In the rainfall experiment, the boundary condition for rainfall action is set from
the point of contact between the reservoir surface and the upstream slope to the
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Fig. 5 Time history of moisture content by volume on seepage experiments

downstream slope edge. The rainfall is applied from above the levee with a rainfall
intensity of 100 mm/h using a rainfall device with a silicon nozzle that is designed
to rotate and spray water at high speed.

3 [Experimental Results

3.1 Seepage Experiments

Figure 5 shows time history of moisture content by volume of levee after the inflow of
stored water. The measurement interval is 1 time/5 min. Moisture content by volume
of levee immediately ranged from 19.8 to 23.4% after the start of water storage, and
each value showed a rapid increase in moisture content by volume of levee up to
15,000 s after the start of water storage inflow. Thereafter, no significant changes in
volumetric water content were observed at any of the measurement points, and the
water content remained almost at its maximum value.

The water level in the levee at intervals of 20,000 s, obtained from the
measurements of pore water pressure and pressure hydraulic head, is shown in Fig. 6.

The water level in the levee showed a tendency to vary from 20,000 to 60,000 s due
to the suction of unsaturated soil, but after 80,000 s, the values of pore water pressure
and hydraulic head tended to stabilize, indicating that the steady-state condition due
to water storage before rainfall was reproduced, and the rainfall experiment was
conducted.

3.2 Rainfall Experiments

Time history of the incremental change in pore water pressure during the rainfall
experiment is shown in Fig. 7. The measurement interval is 1 time/5 s. The pore
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water pressure shows a tendency to increase rapidly at almost the same time for each
instrument at about 1260 s after the start of rainfall, and all reach their maximum
values within 120 s. The pore water pressure gauge W3, which is installed at the most
downstream side, shows a rise of 0.26 kPa in 100 s from 1260 to 1360 s. Considering
the installation depth of each measuring device, it is determined that at W3, the levee
has lost effective stress at 1360 s and is almost saturated.

Time history variation of the increment of pressure hydraulic head is shown in
Fig. 8. The measurement interval is 1 time/1 s. The pressure hydraulic head gradually
increases at about 500 s after the start of rainfall in the piezometer P2, which is
located near the midpoint of the downstream slope. In the piezometer P1 installed at
the upstream side, the pressure hydraulic head does not change for a certain period
from starting the rainfall, and after about 1200 s, the hydraulic head tends to increase.
The pressure hydraulic head becomes negative in the piezoelectric tube P3, which
is installed at the most downstream side. This is thought to be due to a temporary
decrease in the pressure hydraulic head on the downstream slope, where erosion has
a greater impact.

Time history of moisture content by volume over time during the rainfall experi-
ment is shown in Fig. 9. The volumetric water content did not change significantly
at any of the measurement points. On the other hand, the pore water pressure in the
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levee tends to increase after the start of rainfall. Therefore, it is considered that the
area where the soil moisture meters were installed was saturated by the infiltration
of stored water before starting the rainfall.

Cross-sectional shape of the levee and water level during the rainfall experiment
is shown in Fig. 10. In this figure, the 100 mm square grid lines and the water level
distribution in the levee at that time are shown. Figure 10b shows that at 600 s after
the start of rainfall, a vertical depression of about 100 mm is observed from the
midpoint of the downstream slope to the bottom of the slope. Figure 10c shows that
at 1800s of rainfall, the downstream slope has collapsed, and 100-200 mm of vertical
depression could be observed from the downstream top to the bottom of the slope.
This may be due to the development of erosion by raindrops, as well as the rapid
saturation of the downstream slope observed in Figs. 8 and 9, which lowered the
shear resistance of the levee, resulting in intermittent small-scale slides.

Figure 10d shows that the erosion extended to the top edge area after 2400 s, and
the stored water flowed downstream starting from the point where the local top edge
soil mass collapsed.

Table 3 shows the relationship between the maximum hydrodynamic gradient
between the measuring instruments during the rainfall experiment and the time at
which the values were extracted. The hydrodynamic gradient i is obtained from
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Fig. 10 Cross-sectional shape of levee and water level during rainfall experiment

the following equation, assuming that the values are calculated at the measuring
instruments where the hydraulic head values are obtained.

i=AH/h (H
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Table 3 Maximum hydraulic gradients and the time

Gauge No. W1~Pl |PI~W2 |W2~P2 |P2~W3 |W3~P3

Time (s) 1250 1250 1450 1450 500

Maximum hydraulic gradients | 0.39 0.38 0.61 0.62 0.58
where

i hydrodynamic gradient
AH water head difference (mm)
h horizontal distance (mm)

The maximum hydraulic gradient was 0.62 between W2 and P2 on the downstream
slope at 1450 s after the start of rainfall, and the same value was observed between
P2 and W3 near the middle of the slope at the same time. On the other hand, the
maximum value of 0.58 was observed between W3 and P3 on the downstream slope
at 500 s, indicating that strong seepage force was generated by rainfall in the area
with a short seepage channel length. The hydrodynamic gradients at W1-P2 and
P1-W2 just below the upstream slope and top edge were 0.38-0.39, indicating that
the water level rise was smaller than that at the downstream slope.

According to Japanese technical data on river levee, the index value for safety
against seepage failure at the downstream slope is a hydraulic gradient of 0.5 or less
(i <0.5) [6], and in this experiment, hydrodynamic gradients exceeding the index
value were observed from the mid-slope of the levee to near the bottom of the slope,
suggesting that rainfall caused localized seepage failure within the levee and induced
intermittent slip failures on the slope.

4 Conclusions

In this study, we conducted rainfall infiltration model experiments in a 1G gravity
field were conducted on a small earth fill dam levee composed of highly permeable
sandy soil, and discussed the factors that cause the levee to weaken during heavy
rainfall. The following conclusions were obtained.

(1) The rainfall infiltration model experiments showed that pore water pressure
increased significantly on the downstream slope of the levee, and that the levee
could not retain its initial shape due to intermittent erosion of the surface soil
and development of slip failures, resulting in a failure mode in which the levee
deformed significantly. The hydrodynamic gradient between the measurement
devices installed on the levee suggested that a large seepage force was exerted
mainly on the downstream slope, and that a localized seepage failure may have
occurred.
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(2) Focusing on the hydrodynamic gradient between the measurement devices
installed in the levee, it was considered that a large seepage force was exerted
mainly on the downstream slope, suggesting that a localized seepage failure
may have occurred.

The results of this study are expected to be applicable to levee that is vulnerable to
rainfall. Since some of the existing reservoirs in Japan contain a large amount of fine
grains, it is necessary to conduct further experimental investigations on levee with
low permeability and to consider the effects of differences in material properties of
the levee on stability during heavy rainfall.
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Abstract The integrity and performance of geo-infrastructures have been receiving
growing attention in the last two decades. Differential settlements are critical forms
of distresses that lead to loss of functionality and even failures. Differential settle-
ment is typically initiated by uncontrolled waste dumping and uncompacted fills
coupled—exacerbated seasonal volumetric soil changes triggered by wetting and
drying cycles. Therefore, it is paramount to continuously monitor load-deformation
patterns without interrupting usage. It is also vital to consider the effect of vegetation
and meteorological factors on soil properties. More data is needed to build robust
correlations between basic soil properties/characteristics, vegetation, weather, and
hydraulic properties of soils. Despite recognizing the significance of the long-term
effects of vegetation and climate on soil’s behavior, very modest effort has been
invested in developing intelligent systems and models that allow for the prediction
of soil parameters in relation to water retention and stress-deformation characteris-
tics using the input of vegetation and atmospheric parameters. This study uses field
and laboratory testing to develop a predictive model encompassing quantified envi-
ronmental and vegetation factors. The program employed field monitoring sensors
measuring soil water potential and soil moisture with varying proximity to the vege-
tation. Real-time data collected by the field sensors and thermal imaging assisted
in postulating a quantified relation between a radial fluctuation of the soil suction
from the tree roots and the vegetation parameters. Upon laboratory verification,
these relationships were processed to develop a graphical model to represent the
quantification of the varying soil suction with climatic and vegetative parameters.
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The model’s outcome supports the design of geotechnical infrastructure, especially
through evaluating soil water retention without disrupting the natural habitat.

Keywords Climate change - Water retention - Vegetated soil

1 Introduction

1.1 Problem Statement and Hypothesis

The availability of suitable land for construction in Malaysia has become limited
due to rapid urbanization. Consequently, disasters due to differential settlement and
slope instability could be imminent, especially in regions prone to high precipi-
tation [1]. It is paramount to assess the effects of vegetation and meteorological
factors on soil properties and the mobility of water within soil and ground stability
without disrupting the natural environment and artificial structures [2]. Established
studies and research need more extensive data collection to verify the relationships
between soil properties and the impact of the soil-vegetation-atmospheric continuum
on soil hydraulic properties or in developing intelligent systems and models for
predicting soil water retention parameters through the input of vegetation and atmo-
spheric factors [3]. This study, therefore, sets out to measure the fluctuations in the
soil water retention characteristics curve and quantify the effects on soil properties
under complex vegetation and climatic conditions. The quantification was carried
out through laboratory and field investigation. The impact on soil suction through
atmospheric parameters was analyzed in the field. The data revealed from this inves-
tigation could be adopted as the building blocks to establish a predictive model to
allow for the sustainable and diligent long-term monitoring of the changes in soil
properties under complex climate and environmental conditions. Such a model could
support the design of geotechnical infrastructure, primarily by evaluating soil water
retention without disrupting the natural habitat.

1.2 Study Area

A site located at Sunway South Quay, Petaling Jaya, Selangor, Malaysia, was selected
for this study. The site is located within reclaimed land that used to be a tin mining
quarry in the late 80s. The topography and the surrounding vegetation of the site
are quite suitable for monitoring the water retention of soil. The deep-rooted trees
allowed the assessment of the influence of vegetation on the hydraulic parameters of
the soil. The site is quite accessible, which reduces the cost associated with testing.
Samples were collected from an urban slope for mapping the change in soil matric
potential across a slope. Samples at depths of 20, 40, and 60 cm were collected at
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points A, B, and C, respectively, along the selected slope (see Fig. 1). The variation
in root depths along the slope allows us to assess the impact of the vegetation on the
hydraulic parameters.

1.3 Materials and Testing

Prior land use indicates that upper soil strata consisted of backfill soil. The following
tests were conducted to determine the index soil properties according to the ASTM
standards:

Sieve analysis test (ASTM: D6913/D6913M)
Specific gravity test (ASTM: D854-14)

Sand cone test (ASTM: D1556/D1556M-15¢1)
Gravimetric moisture content test.

The property tests are conducted for samples at the depths specified at points A,
B, and C (see Fig. 1). Multiple trials were conducted at each point, and the average
was obtained to ensure accuracy. Table 1 summarizes the basic properties of soil.
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Table 1 Summarized soil properties at each root depth

Property Point A (20 cm) Point B (40 cm) Point C(60 cm)
Moisture Content (%) 6.68 7.78 9.76

Specific Gravity, G 2.63 2.67 2.63

Bulk Density, (kg/m?) 1593 1526 1462

Dry Density, (kg/m?) 1493 1416 1332

Void Ratio, e 0.76 0.89 0.97

Degree of Saturation (%) 23.08 23.45 26.34

1.4 Procedure

Field Investigation. The sensors at each location were collated into one system at
each station. The information collecting system records the data every hour for 24 h
and stores it within its design and can be retrieved manually through the data logger.

Experimental Work. Proctor compaction and one-dimensional consolidation tests
were conducted to characterize the physical and mechanical properties of the
collected samples. Initially, the optimum moisture contents and maximum dry densi-
ties were determined. Material finer than 0.075 mm sieve was used for this purpose.
The compaction test is conducted in accordance with ASTM-D698-12. Oedometer
tests were conducted for soil specimens passing through the 0.075 mm sieve and
4.75 mm sieve. The one-dimensional consolidation test is conducted following
ASTM-D2435/D2435M.

Numerical Analysis. The soil water characteristics curve was obtained in the lab
due to the extreme variability in the results. Therefore, the numerical model in the
software SEEP/W was employed to determine the SWCC. The software utilizes
several empirical equations through multiple regressions developed by analyzing an
extensive collection of measured SWCCs. SEEP/W uses input parameters such as
basic soil parameters, grain size distribution, and Atterberg’s limits to determine the
SWCC through the application of the Fredlund—Xing best fitting unimodal [9].

2 Results and Discussion

2.1 Soil Properties

The values derived meet the conditions—C, < 6 or C. < 1 or C, > 3 and therefore
are classified as poorly graded sands (SP) [4] (see Fig. 2).

It is recognized that is an increase in the void ratio from Point A to Point C as
the depth increases; this may be attributed to the percentage of the fine present at
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Fig. 2 Particle size distribution comparison between varying depths

each location which promotes small pores through the soil strata and contributes to a
greater void volume [5]. Therefore, a decreasing bulk density across the site locations
is recognized, and the more significant number of voids would insinuate a lower soil
mass per unit volume. The maximum dry density for the depths also follows a similar
trend with a decreasing value as root depth increases. Furthermore, by analyzing the
variation in moisture content retained in, the soil we can identify an increase from
20 to 40 cm, which can be attributed to the surface getting closer to the body of
water on site. Despite the locations from which the samples collected moved closer
to the groundwater table, the degree of saturation increased by only 3.26%. This
can be attributed to the root-water uptake by the vegetation present, which removes
moisture from the ground and ensures that soil doesn’t reach saturation at the same
rate as non-rooted soil and preserves the soil suction and shear strength of the soil
mass.

2.2 Modified Proctor Compaction

The maximum dry densities (MDD) for the samples at 20 cm, 40 cm, and 60 cm
depths passing through the 0.075 mm sieve were determined to be 2.094 g/cm?,
2085 g/cm?®, and 2.085 g/cm?, respectively. The corresponding optimum moisture
contents (OMC) for the samples at 20 cm, 40 cm, and 60 cm depths were determined
to be 7.9%, 8.7%, and 8.7% respectively. While the maximum dry densities (MDD)
for the samples at 20 cm, 40 cm, and 60 cm depths passing through the 4.75 mm sieve
were determined to be 2.094 g/cm3, 2085 g/cm3, and 2.085 g/cm3, respectively.
The corresponding optimum moisture contents (OMC) for the samples at 20 cm,
40 cm, and 60 cm depths were determined to be 7.9%, 8.7%, and 8.7%, respectively.
A distinctive trend of decreasing maximum dry density and increasing optimum
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Table 2 Calculated values of coefficient of volume compressibility (m,,), compression index (C,),
and recompression (swell) index (Cy) for the material passing the 0.075 mm sieve

Sample m, (kPa)~! Ce Cy

Point A (20 cm) 0.000058 0.0098 0.00058
Point B (40 cm) 0.000129 0.0321 0.00116
Point C (60 cm) 0.000266 0.0963 0.00698

Table 3 Calculated values of coefficient of volume compressibility (m,), and compression index
(Cy) for the material passing the 4.75 mm sieve

Sample m,, (kPa)~ C,

Point A (20 cm) 0.000236 0.00416
Point B (40 cm) 0.000270 0.00392
Point C (60 cm) 0.000180 0.02658

moisture content from a depth of 20 cm at Point A to a depth of 40 cm at Point B
and then the values remaining stagnant at a depth of 60 cm at Point C.

2.3 One-Dimensional Consolidation

Oedometer tests were conducted for soil specimens passing through the 0.075 mm
and the 4.75 mm sieve collected at points A (20 cm), B (40 cm), and C (60 cm),
respectively. The data gathered was evaluated for the variation in compression and
swelling indexes and volume compressibility with the variance in the specimen
depth and the effect of the root characteristics. The parameters were calculated after
establishing the void ratio versus effective stress relationship from experimental
data. Tables 2 and 3 summarize the results of the consolidation tests for the material
passing 0.075 mm and 4.75 sieves, respectively.

2.4 Hydraulic Conductivity

The hydraulic conductivity was calculated utilizing the empirical relationship estab-
lished by Watabe [6] through the compressible parameters from the oedometer tests
for soils passing through 0.075 mm sieve and the 4.75 mm sieve for the respective
depths and are summarized in Table 4. The hydraulic conductivity was also derived
by utilizing grain distribution test results for varying depths [7]. The values for the
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Table 4 Derived hydraulic conductivity values

Sample Oedometer (< Oedometer (< Hanzen Kozeny—Carman | Breyer
0.075 mm) 4.75 mm) (1892) (1927) (Ishaku [7])

Point A | 7.86E — 05 7.77E — 05 891E — |8.55E — 05 8.39E — 05

(20 cm) 05

Point B 6.83E — 05 6.86E — 05 7.87E — | 7.37E — 05 747E — 05

(40 cm) 05

Point C 6.39E — 05 9.35E — 05 7.57E — | 6.92E — 05 7.24E — 05

(60 cm) 05

*Units (in m/s)

coefficient of volume compressibility, compression index along with recompression-
swelling index show an apparent increase with depth. The compression index calcu-
lated from the slope of the virgin compression curve as well as the coefficient of
volume compressibility indicates that the soil would be more prone to settlement.

The hydraulic conductivity calculated through oedometer results and derived
through Watabe [6] empirical relationship shows an increase in hydraulic conduc-
tivity from 20 cm depth to 60 cm depth. This effect is triggered by compress-
ibility as the increase in soil’s compactness with depth obstructs water flow and
thus reduces the hydraulic conductivity. Since the compressibility parameters were
derived at its maximum dry density and the optimum moisture content (smallest
possible pores size), this would not reflect the true soil structure on site. However,
the hydraulic conductivity is relatively consistent across methods. One can deduce
that the minimum pore size at maximum compaction would not have varied drasti-
cally from that encapsulated through the empirical relations [7]. On the other hand,
the hydraulic gradient derived is based on the particle size corresponding to the 10%
finer passing [7]. It shows a decreasing hydraulic gradient with increasing root depth.
A smaller particle size corresponding to the 10% finer passing would indicate that the
packing arrangement has finer or smaller pores. The percentage difference between
each method and the hydraulic conductivity derived from the oedometer test were
calculated and graphically presented for comparison.

This revealed that for soils passing the 0.075 mm sieve at depths of 20, 40, and
60 cm, and for those passing the 4.75 mm sieve at depths of 20 and 60 cm, the
hydraulic conductivities estimated are quite consistent with those estimated using
the oedometer results [7].

2.5 Soil Water Characteristic Curve

The grain size distribution and SEEP/W were utilized to estimate the air entry value
(Yagv) and the residual suction () values. The saturated water contents were
adopted in accordance with the degree of saturation in the prior section. The gradation
used for the soil water characteristic curve (SWCC) was based on the sieve analysis
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Table 5 Air entry and residual suction values for varying depths

Sample depth (cm) Air entry value, ¥agy (kPa) Residual suction, v, (kPa)
20 29 19
40 3 22
60 3 24

tests. A value of 23% for the liquid limit of the sample was adopted according to
the literature [8]. The air entry value ¥4 gy and the residual suction v, value at the
respective root depth are summarized in Table 5.

Through the derivation of SWCC curves utilizing the grain size distribution data,
it was recognized that as the root depth increases there’s a slight variation in the
air entry value. At the same time, there is an increase in the residual suction value.
The air entry value is the value of suction that transitions the soil from saturated to
unsaturated as it moves the air into the most significant pores of the soil strata. In
contrast, the residual suction is the large suction change required to remove additional
water from the soil [9]. Therefore, as the fine content increases from 20 to 60 cm, the
pores minimize and make the suction of water out of the inter-particle voids more
resistive. The residual suction is more sensitive and increased by a greater margin
than the air entry value, which remains virtually constant. As the air entry value and
residual suction increase, the suction range for which the soil stays in the transition
phase or two-phase zone where it is unsaturated increases.

2.6 Climatic Parameters

The data from the following stations and sensors at the respective depths and distances
were extracted at 0.1 m depth and 0.5 m distance from the base of trees at points A, B,
and C. The data was logged and collated hourly from 02/06/2022 to 08/07/2022. This
data was processed through pivot tables to get an average value for each day for times
between 8:00 am and 6:00 pm. This period was selected to capture the maximum
sunlight hours and 6:00 pm to 7:00 am, which is the time that experiences the least
sunlight. For all the stations across the site, soil suction shows a similar trend where
soil suction increases with decreasing soil moisture for mornings and evenings. Soil
moisture reached less than 10% across all three stations. It was observed that the
minimum soil moisture content increases from Station 1 to Station 3 as the area
gets close to the body of standing water. The values of suction reach notably large
values. This could be due to increasing temperature, evaporating soil moisture from
the ground, and the vegetation siphoning up groundwater during high temperatures.
This is consistent with the variation of soil temperatures with matric suction trends
(see Fig. 3). The highest temperatures are recorded during morning hours. They are
the highest at Station 3 as it experiences the minor shading effect and is not within
the canopy as Station 1 and Station 2.
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3 Conclusion

Laboratory and field investigations were conducted at an urban slope located in
Sunway South Quay near a standing water body. The study aimed to understand
the influence of natural conditions, such as vegetation parameters and climatic
conditions, on soil’s hydrological parameters. Laboratory tests were conducted to
characterize the soil. Only a 3.26% increase in the degree of saturation was noted
with increased proximity to the water body and piezometric surface, which can be
attributed to root-water uptake and soil-atmosphere effect. The increased void ratio
is due to an increase in soil’s fineness from Point A to Point C so there would be more
small pores through the soil structure that would add to a greater void volume. The
hydraulic conductivity was derived through compressibility parameters such as the
coefficient of consolidation and volume compressibility using an empirical relation-
ship by Watabe [6] and cross-validated by empirical relationships based on Ishaku
et al. [7]. Decreasing hydraulic conductivity with increasing root depth was recog-
nized, as the roots disrupt the water seepage through the root-water uptake closer to
the tip of the roots. This induces matric suction and increases the shear strength.

The soil water characteristic curve was derived from SEEP/W using grain size
distribution data for the three root depths. It gave a consistent value of 3 kPa for the
air entry value and 19 kPa, 22 kPa, and 24 kPa for residual suction at depths of 20 cm,
40 cm, and 60, respectively. The increase in fines and reduction in pore size indicates
greater suction required for water particles to be pushed out of inter-particular voids.
Finally, the field data investigation revealed that the soil suction increased with a
decreasing soil moisture content and rising temperatures. The suction values reach
very high, which can be attributed to the sensors being placed right at the base of the
tree roots. It may also flag the suction effect due to the root-water uptake coupled
with soil moisture evaporating from the surface, thereby reducing the soil moisture
content in soils and increasing the negative porewater pressure.
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