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Abstract: This study describes life cycle assessment (LCA) results of the excavation depth and
ground condition of a medium-sized excavation ground in order to examine the effect of construction
methods on environmental and economic feasibility for an earth-retaining wall. LCA is conducted
in consideration of eight environmental impact categories according to the construction stage of
the earth-retaining wall. In addition, the environmental cost of construction method for the earth-
retaining wall was calculated, and its selection criteria were analyzed based on the calculation results.
The evaluation results of the environmental load of construction methods for the earth-retaining
wall show that the H-Pile+Earth plate construction method has low economic efficiency because the
construction method significantly increased the environmental load due to the increased ecological
toxicity. The environmental load characteristics have a greater effect on the selection of construction
methods in sandy soil than in composite soil when the excavation depth is the same. The evaluation
result of the environmental cost of the construction methods for the earth-retaining wall shows that
the environmental cost increased as the excavation depth increased, and the sandy soil conditions
have higher environmental costs than complex soil conditions.

Keywords: LCA (life cycle assessment); earth-retaining wall; excavation; environment load;
environment cost

1. Introduction

LCA, called life cycle assessment or life cycle environmental load assessment, is
defined as a technique that identifies life cycle flows, such as raw material and energy
input, pollutant occurrence, and recycling in product production, and it assesses potential
environmental impacts. That is, it is an evaluation of the environmental impact of the entire
process of obtaining raw materials for products, production, application, and disuse, i.e., the
entire process from the acquisition of raw materials to the final disposal of the product [1–3].
LCA, an environmental evaluation technique, is actively used as a technology evaluation
method to secure source technologies to respond to climate change worldwide. [4–8].
LCA is not limited to assessing greenhouse gas emissions, but they are focused on in the
literature review section of this study, because Korea is facing the considerable issue of
greenhouse gas emissions in the field of construction.

Large-scale facilities are planned mainly in the construction industry. The application
of LCA in this field can sufficiently consider the environmental impact, because there are
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many types and quantities of materials, and high-energy facilities are applied. In particular,
rapid decision support is possible for environmental issues if LCA is performed in the
early stages of a project [9,10]. As a result of forecasting greenhouse gas emissions by the
industry sector by 2030, Lee [11] predicted that emissions associated with the construction
industry will increase by 2.2% by 2030. In 2015, the International Energy Agency (IEA)
established a plan to induce and support greenhouse gas reduction activities with the aim
of implementing greenhouse gas target management in the construction industry; in Korea,
8.34% and 2.07% reduction targets were established in the building and transportation
sectors, respectively. As mentioned above, various studies on environmental impact
assessment of greenhouse gases emitted from construction activities have been actively
conducted in order to respond to the international situation [12–14].

The Korean construction market is expanding not only to the infrastructure sector
but also to the energy and building sectors, mainly in the carbon emission rights market,
renewable energy market, and green building market, so it is time to require a more
aggressive response and greater investment. Overseas, it is reported that Europe classifies
the construction industry as one of the seven major sectors that emit greenhouse gases,
and the construction industry accounts for 36% of total industrial carbon emissions and
40% of total energy consumption. It was determined that the cause of these results is
closely related to the fuel use of construction equipment and gas emissions due to various
construction activities, and studies have been conducted to contribute to reducing the
emission of greenhouse gases [15–17].

Research on LCA has actively been carried out abroad for more than two decades.
Europe is a leader in the field of LCA research, and many studies have been conducted
on methodology, life cycle inventory (LCI) DB (Database) construction, and program
development in the field of the environment [18]. Japan is attempting a systematic approach
to LCA, and Australia has constructed an LCI DB mainly of infrastructure facilities, such as
buildings, raw materials, iron, minerals, and packaging materials. In addition, various case
studies have been conducted to evaluate the environmental impact related to greenhouse
gases on the foundation work of buildings and residential buildings [19–22]. Moreover,
in many advanced countries, evaluation programs that take into account the life cycle
of construction materials have been developed and put into use, and they have been set
as sustainable development goals to reduce the environmental load in the construction
industry [23–25]. Recently, research on LCA has been conducted in various environmental
fields in Korea. It has been only 5 years since the study on the field of civil engineering took
off in Korea, so the available data related to construction materials and construction are
insufficient. Additionally, LCA is partly applied to SOC (social overhead capital) facilities,
such as roads, bridges, and tunnels, in which the target facilities are standardized [26,27].

Therefore, this study aims to improve the process by which existing construction
methods are selected by additionally applying the results of LCA analysis, such as con-
structability and economic feasibility, to the way a construction method is selected when
considering various soil conditions. To this end, the earth-retaining wall, a representative
soil structure, was selected as the target structure, and a case of securing stability through a
series of design processes was established for various excavation conditions and construc-
tion methods after simplifying the excavation-related ground conditions. Afterward, the
environmental loads for the eight major categories in the environmental product declara-
tion (EPD), such as greenhouse gas emissions and energy consumption, which are the main
management targets of the Greenhouse Gas and Energy Target Management System, were
analyzed and applied to the established case. Based on this analysis, in order to minimize
the environmental load when selecting a construction method for an earth-retaining wall,
LCA analysis for an earth-retaining wall according to excavation depth and soil conditions
was conducted to prepare improvement measures.
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2. Theoretical Review of LCA Technique
2.1. Concept of LCA Technique

LCA, also called “life cycle environmental load assessment,” is a technique to identify
the inputs of raw materials, energy, chemicals, etc. and outputs of wastes, pollutants,
recycling, etc. in the life cycle of a product and to evaluate potential environmental impacts
(Figure 1).

Figure 1. Overall process and input/output of life cycle assessment (LCA).

Raw materials, energy, and utilities are inputs, and air emissions, water system
emissions, solid wastes, etc. in the manufacturing process, the use process, and the
disposal process are outputs. Early stages of the construction process such as collection
and transportation of raw materials are referred to as “upstream,” whereas product use
and disposal are “downstream.”

General guidelines to LCA structures and procedures used to assess environmental
performance in a series of processes can be found in ISO standards 14040 and 14044,
international standards for environmental management (green management) established
by the International Organization for Standardization (ISO) [1,2]. As shown in Figure 2, the
LCA consists largely of objectives and scope definitions, inventory analysis (LCI), impact
assessment (LCA), and interpretation of results.

Figure 2. Procedure of life cycle assessment (LCA).

LCA is used to provide a scientific basis for determining which of several processes
has a significant environmental impact or which of several products is environmentally
friendly. For instance, LCA can be performed to identify which construction method, A or
B, has a smaller impact on the environment. This process makes quantitative numerical
comparisons possible by collecting data on materials and equipment that are inputted
during the construction and maintenance stages of a comparative construction method
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and by setting inputted material, energy, and resource usage units. LCA has recently been
applied to the construction industry internationally to reflect various environmental impact
assessments in the planning and design stages, making it possible to design alternatives
by taking into account the environmental friendliness, such as the comparison of routes
and construction methods. Therefore, as it is necessary to introduce and effectively apply
decision-making methods for environmentally friendly development in the construction
sector, the LCA, in which environmental performance in terms of construction environment
and environmental value through the quantification of environmental load are evaluated,
is a significant factor.

2.2. Application of LCA in the Construction Industry

Although there have not yet been many cases in which an LCA evaluation was con-
ducted in Korea, the results of analyzing various cases performed concerning roads/bridges,
ports, and railways are as follows: First, the evaluation method was conducted by ana-
lyzing material and equipment inputs through information collection and analysis and
then evaluating environmental and economic feasibility by calculating the environmental
load through LCA evaluation by comparison. In addition, LCA analysis as a comparison
method is performed in the application stage of a construction method, and LCA analysis
of the basic plan and basic design is conducted after dividing it into the initial construction
stage, maintenance stage, and dismantling and disposal stage. In other words, in life cycle
cost (LCC) analysis as a comparison method, the environmental loads for eight environ-
mental impact categories (abiotic resource depletion, global warming, ozone depletion,
photochemical oxidant creation, acidification, eutrophication, ecotoxicity, and human tox-
icity) are calculated, and those for key contributors to global warming (carbon dioxide
(CO2), sulfur dioxide (SO2), nitrogen dioxide (NO2), and carbon monoxide (CO)) out of
all environmental impact categories are calculated and compared to alternatives. After
analyzing the effect on the reduction of environmental load of the basic design, reflecting
the final LCA evaluation results, with the reduced values of the environmental indices
compared to the basic plan, the basic design was presented, which makes environmental
economic feasibility or environmentally friendly design possible.

Meanwhile, more work is being done in foreign countries. The Netherlands has
been developing LCA evaluation programs for the construction industry since 1994, with
work being conducted by major construction-related organizations (e.g., the Ministry of
Housing, Spatial Planning, and Environmental), with various types of data now being
provided, such as the reliability of LCA. In Finland, LCA of the construction industry
is conducted by the VTT Technical Research Centre of Finland; the scope of the LCA is
set at each life cycle stage of an individual building, such as material production, trans-
portation, construction, maintenance, and dismantling, and the environmental impact data
obtained from these results are used in marketing, product display, system management,
and product design [28]. Recently, Han et al. [29] developed a tool that considers cost and
environmental impact together by utilizing building information modeling (BIM) based
on information and communication technologies (ICTs) to link LCC throughout the life
cycle of a building to LCA tools. In order to develop a database that can reflect greenhouse
gas reduction, Japan developed an environmental load inventory for individual items by
utilizing a method to correct the estimates with inter-industry relational tables based on the
detailed DB calculated using the estimation method. By making use of these methods, the
environmental load of new materials such as eco-cement to consider the environment can
be updated from time to time through the DB, and a basis for conducting evaluations that
reflect an environmental load of materials has been prepared. The American Society for
Testing and Materials (ASTM) in the United States prepares guidelines for LCA of construc-
tion materials, design of green buildings, construction, and operation, and the National
Institute of Standards and Technology (NIST) develops Building for Environmental and
Economic Sustainability (BEES) to support the selection of economic and environmentally
friendly construction materials.
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As mentioned above, mainly overseas, evaluation software that considers all aspects
of construction materials has been developed and utilized mainly in the construction sector,
and various activities have been carried out to reduce the environmental pollution load
in the construction sector with the goal of sustainable development. Table 1 shows these
research activities by country.

Table 1. Life cycle assessment (LCA) application status by country (Kwon [30]).

Country Purpose Project Contents Research
(Managing) Institute

The United States

Decision support for purchasing
construction materials with

excellent environmental
economic feasibility.

Developed as part of the US
EPA (Environmental Protection

Agency) Green
Purchasing Program.

Standardize both the LCA as an
environmental performance

evaluation tool and the LCC as an
economic feasibility evaluation

tools into ASTM (American
Society for Testing and Materials).
Development of a methodology

and software called BEES
(Building for Environmental and

Economic Sustainability) to
integrate and make a decision.

NIST (National Institute of
Standards and Technology) of

the United States

Finland

Finding ways to convert
construction materials,

construction, and construction
waste treatment in civil

infrastructure projects such as
road construction in an

environmentally
friendly manner.

LCI DB (Life Cycle Inventory
DataBase) construction for

construction industry.
LCA implementation for various

construction scenarios.
Comparative evaluation

by scenario.

Road Corporation
VTT

Sweden
Identifying the significance of

road maintenance from an
LCA perspective.

Identification of environmental
impacts throughout the entire
process of road construction,

maintenance, and disposal, and
support of various

decision-making processes.

Road Corporation
IVL

Netherlands

Identifying environmental
impacts on national

infrastructure industries, such
as sewage facilities, through

LCA techniques.

Identifying environmental
performance through LCA
techniques in constructing

various national infrastructures.
Support for environmentally

friendly design.

Concrete Association
Cement Association

INTRON
BRE

England Building material
certification program

Quantifying the environmental
performance of construction

materials using LCA techniques.
BRE certification authority

Australia

Transitioning to an
environmentally friendly

construction industry using
LCA technique.

Identifying opportunities for
environmental improvement for

construction materials and
systems through
performing LCA.

Ministry of Environment
RMIT (Royal Melbourne
Institute of Technology)

Japan Increasing the Recycling Rate of
Construction Waste.

Identification of carbon dioxide
(CO2) throughout the entire

process of the
construction industry

KAJIMA Construction
Company
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2.3. Application of Similar Techniques for the Selection of Construction Methods on Civil
Engineering Structures

Bae [31] suggested a system for selection of construction method by classifying influ-
ential factors by applying the analytical hierarchy process (AHP) technique to the selection
of construction methods for an underground retaining wall; Han and Lee [32] applied the
AHP technique to work conducted by a group of experts in related fields when selecting
the reinforcing method for a cut slope. Lee et al. [33] once presented a decision model for
selecting soft ground improvement methods using AHP techniques, and Lee and Jeong [34]
proposed a decision-making system using the AHP technique and preference function (PF)
when selecting the basic construction method for structures.

In order to resolve the inaccuracies intrinsic to the subjective judging process and
reduce the uncertainty and ambiguity of the AHP method in bridge construction projects,
Pan [35] proposed the fuzzy AHP (FAHP) model by applying triangular and trapezoidal
fuzzy numbers and the α-cut concept. Ebrahimian et al. [36] pointed out that application
of the existing AHP technique has the drawback that the pairwise comparison required for
hierarchy analysis is tedious and time-consuming in the planning phase of a construction
project when complex interests are concerned, such as urban construction projects, and
suggested a combined model of fuzzy AHP (FAHP) and compromise programming (CP).

Shen et al. [37] introduced text mining case-based reasoning (TM-CBR), which can
extract the most similar case from a design by integrating the text mining technique into
the CRB system in order to improve the efficiency of decision-making in environmentally
friendly design. Lorenz and Jost [38] reported that the system dynamic model is an efficient
way to select the best method for a given purpose; Tsai et al. [39] proposed the multiple
criteria decision making (MCDM) approach to resolve the impact on the goal of the time,
cost and environmental Impacts (TCEI) analysis, the selective issue on how decision-makers
determine the most appropriate construction methods.

In order to rationalize selection of construction methods for a retaining wall, Kim et al. [40]
used a neural network system to verify the rationality of the selection at approximately
160 sites and showed predictive results of 88% in the selection of a construction method
and 90% in the selection of the wall retaining method. Furthermore, the selection of the
construction method for a retaining wall has many factors to consider and is based on
uncertain information, resulting in frequent design changes and consequent delays in
construction and lots of economic loss. To overcome this issue, we highlight the limitation
that artificial intelligence (AI) technology is limited to new projects even though it can
be used to support complex decision-making processes [40,41]; when selecting tunnel
construction methods, Park et al. [42] applied the AHP technique to the existing prob-
lems of value engineering (VE), and LCC and proposed the life cycle social cost (LCSC)
evaluation method to convert social loss expenditures, which could not be applied in the
LCC technique.

However, as mentioned above, in most previous research, several decision-making
methods have been adopted to rationally select the construction method for an earth-
retaining wall, and most of them suggested only the applicability and rationality of appro-
priately applied construction methods based on the existing application cases.

That is, in order to select a rational construction method, an evaluation system that con-
siders social loss expenses (environmental factors) and social factors has been used only with
improvements. Therefore, there is a limit to using the mechanical relationship among construc-
tion methods, soil, material, and environment based on a stability-based design for various
soil conditions when selecting construction methods for an existing earth-retaining wall.

Therefore, beyond the selection of a construction method that focuses on the given
soil conditions and the usability and stability of the materials in each construction method,
a study is needed that addresses how to select a construction method for earth-retaining
walls that considers economic feasibility and environmental performance applied the
conversion of environmental costs as well as LCA analysis considering environmental
performance in the existing method.
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3. Selection of Cases and Stability Review for LCA of Earth-Retaining Wall
3.1. Evaluation of Case Selection and Soil Characteristics

In this section, we set the selection criteria with which the construction method for a
retaining wall is applied and propose a resultant rational selection method. In this study,
rational selection methods are classified by taking excavation size and excavation depth into
account based on the “Special Law about Underground Safety Management (2018)” and
“Review Guideline on Excavation for Safe Building Construction” of Seoul Metropolitan
City, created for special safety management considering the stability of recent ground
subsidence. The criterion for excavation depth under the Special Law about Underground
Safety Management is 20 m, and the criterion for excavation depth of buildings under
architectural design-review in urban areas is 10 m. Therefore, as shown in Table 2, the
excavation depth at which the earth-retaining wall was installed was 15 m, the middle
value of the two standards. This can be viewed as a criterion considering the fact that
various construction methods use a 15 m excavation depth. Additionally, the characteristics
of the soil to be installed are mostly distributed from the surface to the topsoil, weathered
soil, weathered rock, soft rock, and hard rock, in that order, and the weathered soil is
mostly composed of deposits. There is also a composition of the sandy soil layer and
soft clay layer on the rock layer of a riverbank or shoreline, and, most commonly, it is
to consist of composite stratum (typically weathered soil layers) on the rock layer. Thus,
the new construction method can be applied if it is composed of only rock layers, so the
general sediment layer consists of the sandy soil layer, soft clay layer (soft clay ground),
and the mixed stratum of the sandy soil and soft clay. Therefore, we decided to conduct an
analysis based on these soil compositions in this study (Table 3). The applied equipment
and the construction management method are different according to the excavation scale
and ground conditions in excavation construction. Thus, the excavation scale and the
ground conditions were applied as comparative criteria in this study.

Table 2. Excavation conditions and soil conditions in each case.

No
Excavation

Area
(m2)

Excavation
Depth

(m)

Soil
Conditions

Construction Method for
Earth

Retaining Wall

Case 01

50 m × 50 m
(Medium-Scale)

15
(Shallow Excavation)

Composite Soil

C.I.P (Cast-In-Placed pile)
Case 02 S.C.W (Soil Cement Wall)
Case 03 Sheet Pile
Case 04 H-Pile+Earth Plate
Case 05

Sandy Soil

C.I.P (Cast-In-Placed pile)
Case 06 S.C.W (Soil Cement Wall)
Case 07 Sheet Pile
Case 08 H-Pile + Earth Plate
Case 09 Soft Clay Soil Sheet Pile
Case 10

40
(Deep Excavation)

Composite Soil

C.I.P (Cast-In-Placed pile)
Case 11 S.C.W (Soil Cement Wall)
Case 12 Sheet Pile
Case 13 H-Pile + Earth Plate
Case 14

Sandy Soil

C.I.P (Cast-In-Placed pile)
Case 15 S.C.W (Soil Cement Wall)
Case 16 Sheet Pile
Case 17 H-Pile+Earth Plate
Case 18 Soft Clay Soil Sheet Pile
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Table 3. Soil properties applied to the case analysis (Excavation area: 50 m × 50 m).

Excavation
Depth

(m)

Soil
Condition

Depth
(m)

γt
(kN/m3)

γsat
(kN/m3)

c
(kN/m2)

ϕ

(deg) N

Coefficient of
Horizontal
Subgrade

Reaction (kN/m3)

15

Composite
Soil

3

18 19

3 33 20 2200
8 8 35 25 7200

13 13 38 30 13,400
25 35 42 40 18,000

Sandy
Soil

3

18 19 0

33 20 2000
8 35 25 6000

13 38 30 12,000
25 42 40 15,000

Soft Clay
Soil

3

17 18

4 5 4 500
8 7 10 8 1000

13 14 15 15 2000
35 14 15 15 2000

40

Composite
Soil

5

18 19

4 33 20 2200
10 7 35 25 7200
15 14 38 30 13,400
60 14 42 40 18,000

Sandy Soil

5

18 19 0

33 20 2000
10 35 25 6000
15 38 30 12,000
60 42 40 15,000

Soft Clay
Soil

5 17 18 4 4 20 500
10 17 18 7 8 25 1000
15 17 18 14 15 30 2000
60 17 18 15 17 40 2000

The excavation area is medium-sized (50 × 50 m), and the deepest excavation point
(excavation depth: 40 m) was determined to be 40 m, a depth which makes the application
of the construction method for a retaining wall clearly distinguished, in consideration of
the maximum possible construction depth (less than 50 m allowed).

3.2. Evaluation of Stability in Each Case

The program used in the design case is Midas GeoX V.4.6.0. Earth pressure applied
to the retaining wall causes stress and displacement of the structure. The deformation
analysis of the retaining wall is generally performed by the elastoplastic analysis, because
the stress and displacement of the retaining wall change depending on the excavation
stage of ground. Midas GeoX V.4.6.0 allows the elastoplastic analysis considering the
excavation stage.

All cases applied to the LCA analysis were assumed to have both internal and external
stability at each excavation stage. The assessment of internal stability was conducted by a
review of the cross-section of the structure (member), and the structural stability of H-Pile,
C.I.P, Sheet Pile, S.C.W, Strut, Wale, etc., which form a wall, was evaluated by construction
stage (excavation stage). External stability was evaluated by dividing it into the stability
on the earth pressure acting on the retaining wall and the stability on the surrounding
ground subsidence, etc. during the excavation stage and final excavation stages. Table 4
summarizes the application method of each item for the evaluation of stability performed
for the earth-retaining wall in this study.
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Table 4. Method for review of stability by construction method and item.

Classification Construction Method or Item Method for Review

Member Sections
(Structural Analysis)

H-Pile
Sheet Pile

C.I.P (Cast-In-Placed pile)
S.C.W (Soil Cement Wall)

Review of Bending
Safety Review of Shear

Review of Axial Force (S.C.W)

Strut

Review of Applied Load
Axial Force against Earth Pressure

Axial Force due to Temperature Change
Axial Force Applied to the Vertical Load and

Auxiliary Reinforcement

Wale Buckling Length
Section Review

Excavation Face

Embedded Depth Reviewing after Dividing it into the Final
Excavation and Pre-stage of Final Excavation

Surrounding Subsidence Final Excavation Stage
Review by Caspe (1966) Method

Boiling
(Sandy Soil, Composite Soil)

Final Excavation Stage
Terzaghi

Critical Hydraulic Gradient

Heaving (Soft Clay Soil)

Final Excavation Stage
Method by Bearing Capacity Formula

Terzaghi-Peck (Review by Surcharge Load
Strength or Ultimate Bearing Capacity)
Bjerrum-O.Eide (Review by Rotational

Moment and Resisting Moment)

Figure 3 shows a schematic diagram of the numerical analysis carried out in this
study. The underground water level is reflected in the analysis on the premise that it is
lowered according to the stage of excavation and lowered to the excavation surface. The
review of stability, such as the stability of the embedded unit, the stability of subsidence,
and heaving in each case, considered only the impact on excavation depth because it was
affected by the increase in stress depending on excavation depth and was independent of
the excavation width.

Figure 3. Schematic diagram of the numerical analysis.

Table 5 shows the results of the stability review for each case based on analysis
conditions. First, in the stability evaluation of the embedded depth (required safety
factor: 1.2) based on the Earth-retaining Wall Design Standard of the Ministry of Land,
Infrastructure and Transport in Korea [43] for a shallow excavation depth, the safety factors



Sustainability 2021, 13, 2974 10 of 21

are in the following orders from high to low: C.I.P, S.C.W, Sheet Pile, and H-Pile+Earth
Plate construction method in the composite soil, and C.I.P, H-Pile, S.C.W, and Sheet Pile
construction method in the sandy soil. For deep excavations in composite soil, the safety
factors are in the following orders from high to low: S.C.W, C.I.P, Sheet Pile, and H-
Pile+Earth Plate construction method. For deep excavations in sandy soil, they increase in
the following order: C.I.P, S.C.W, Sheet Pile, and H-Pile+Earth Plate construction method.
Furthermore, it was confirmed that the deeper the excavation depth, the greater the safety
factor in soft clay ground.

Table 5. Stability review results by case.

No Stage

Review Results

Safety
Factor
(=1.2)

Maximum
Subsidence

around
Retaining Wall

(m)

Boiling
(Safety Factor
Criteria = 2.0)

Heaving
(Safety Factor
Criteria = 1.2)

Soil
Condition

Terzaghi
Analysis

Critical
Hydraulic
Gradient

Excavation
Depth
15 m

Case 01
1© 9.899 −0.005 5.400 6.300

Composite
Soil

2© 9.010

Case 02
1© 4.719 −0.008 5.400 6.300
2© 6.424

Case 03
1© 4.719 −0.008 5.400 6.300
2© 6.424

Case 04
1© 4.580 −0.010 2.700 3.600
2© 3.820

Case 05
1© 3.456 −0.005 5.400 6.300

Sandy Soil

2© 3.535

Case 06
1© 1.598 −0.008 5.400 6.300
2© 2.520

Case 07
1© 1.598 −0.010 5.400 6.300
2© 2.520

Case 08
1© 3.097 −0.010 5.400 6.300
2© 2.893

Case 09
1© 1.245 −0.073 2.652 Soft Clay

Soil2© 2.889

Excavation
Depth
40 m

Case 10
1© 1.972 −0.044 5.400 6.300

Composite
Soil

2© 8.646

Case 11
1© 2.499 −0.039 5.400 9.900
2© 11.799

Case 12
1© 1.319 −0.047 9.000 6.300
2© 5.368

Case 13
1© 2.755 −0.044 5.400 6.300
2© 4.309

Case 14
1© 1.284 −0.067 5.400 11.700

Sandy Soil

2© 6.090

Case 15
1© 1.346 −0.048 10.800 15.300
2© 5.085

Case 16
1© 1.333 −0.120 14.400 6.300
2© 4.510

Case 17
1© 1.753 −0.069 5.400 6.300
2© 2.605

Case 18
1© 1.696 −0.256 3.791 Soft Clay

Soil2© 8.371

Here, pre-final excavation stage— 1©, final excavation stage— 2©.

Caspe [44] estimation of subsidence on the soil was based on a method redefined
by Bowles [45], which is relatively consistent with actual data. However, this method
has the premise that the displacement (subsidence) due to an increase in effective stress
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caused by a drop in groundwater level should be calculated separately. As input data for
analysis, lateral displacement of the wall by depth, excavation depth, excavation width, and
shear resistance angle are required, and for lateral displacement of the wall, computerized
analysis data using the beam on elasto-plastic foundation analysis were used.

The deeper the excavation depth, the larger the maximum subsidence, and subsidence
occurred more in sandy soil than in composite ground. In addition, in composite soil, when
the excavation depth is shallow, the H-Pile+Earth Plate construction method produces
the largest amount of subsidence, but the deeper the excavation depth, the greater the
subsidence in the Sheet Pile construction method. When the excavation depth is shallow
in sandy soil, the Sheet Pile and the H-Pile+Earth Plate construction methods have the
largest subsidence, and the C.I.P construction method has the smallest subsidence. When
the excavation depth is deep, the Sheet Pile construction method has the largest subsidence,
and the S.C.W. construction method has the smallest one. Meanwhile, in soft clay ground,
the deeper the excavation depth, the more rapidly the subsidence increases. This result is
based on the design of the retaining wall structure with secured stability, so only a very
small amount of subsidence occurs; only the tendency of the occurrence of subsidence
was analyzed.

Boiling on the bottom of an excavation is generally assessed to increase the safety
factor as excavation depth increases, and at this time, the safety factor applied to the
boiling judgment was 2.0 [43]. When the excavation depth is shallow, in composite soil,
the H-Pile+Earth Plate construction method has a smaller safety factor than do the other
construction methods. In sandy soil, as the excavation depth increases, the safety factor
increases rapidly, and the safety factor is high in the order of Sheet Pile, S.C.W, C.I.P,
and H-Pile+Earth Plate construction method. On the other hand, if pile stiffness and
penetration depth are met, a review of heaving is considered in the soft clay layer, so in
Sheet Pile application, the deeper the excavation depth, the greater the calculated safety
factor necessary to meet the safety factor requirements. The required safety factor was
applied to 1.2 [43].

4. Analysis of LCA on Earth-Retaining Wall
4.1. Method and Scope of the Evaluation of Environmental Impact Assessment

LCA analysis was performed on the applicable construction method of an earth-
retaining wall by each installation condition, and then the environmental impact character-
istics were analyzed. In Korea, the environmental impact assessment of earth-retaining
wall is considered as a temporary structure, which reflects only the production and con-
sumption of input resources in the construction stage. Therefore, construction details of
material and equipment usage, standards of construction estimates, and energy statistics
data of Korea were used to perform inventory analysis on all items applied to the con-
struction of the earth-retaining wall method in this study. In addition, the LCI DB of the
Ministry of Environment (MOE) and Ministry of Trade, Industry and Energy (MPTIE) of
Korea was used for inventory analysis of the surveyed resources that were required. LCA
software (Tool for TypeIII Labeling and LCA, hereinafter referred to as TOTAL) suggested
by the Ministry of Environment in Korea was used. The environmental impact assessment
was performed on the temporary earth protection facility based on the results after in-
ventory analysis for each case object was performed. Abiotic resource depletion (ARD),
global warming (GW), ozone depletion (OD), photochemical oxidant creation (POC), and
acidification (AC), eutrophication (EU), ecotoxicity (ET), and human toxicity (HT) were
applied as impact categories in order to establish the evaluation comparison criterion. In
the environmental load assessment, the construction cost considering the construction
method and ground conditions of the earth-retaining wall was applied based on standard
of construction estimates in Korea [46].
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4.2. LCA Results of the Earth-Retaining Wall According to Excavation Depth
4.2.1. Evaluation Results of Environment Load

Tables 6 and 7 and Figure 4 show the results of identifying and evaluating major
environmental impacts through list analysis and impact assessment results for cases where
the excavation area is medium scale (50 × 50 m) in shallow excavation (15 m) and deep
excavation (40 m) depending on the ground conditions.

Table 6. Results of environmental load (shallow excavation: H = 15 m).

Environmental
Impact Factor Soil Condition

Construction Method

C.I.P S.C.W Sheet Pile H-Pile+Earth Plate

Abiotic Resource
Depletion

(ARD)

Composite Soil 2.50 × 10−5 2.58 × 10−5 1.59 × 10−5 1.59 × 10−5

Sandy Soil 2.56 × 10−5 2.67 × 10−5 1.79 × 10−5 1.74 × 10−5

Soft Clay Soil 4.01 × 10−5

Global Warming
(GW)

Composite Soil 5.37 × 10−5 5.49 × 10−5 2.70 × 10−5 5.94 × 10−5

Sandy Soil 5.64 × 10−5 5.80 × 10−5 3.08 × 10−5 6.22 × 10−5

Soft Clay Soil 6.78 × 10−5

Ozone Depletion
(OD)

Composite Soil 1.40 × 10−7 1.41 × 10−7 1.37 × 10−7 2.25 × 10−7

Sandy Soil 1.36 × 10−7 1.40 × 10−7 1.52 × 10−7 2.38 × 10−7

Soft Clay Soil 3.48 × 10−7

Photochemical
Oxidant Creation

(POC)

Composite Soil 2.24 × 10−7 2.35 × 10−7 1.32 × 10−7 3.87 × 10−7

Sandy Soil 2.35 × 10−7 2.48 × 10−7 1.50 × 10−7 4.00 × 10−7

Soft Clay Soil 3.32 × 10−7

Acidification
(AC)

Composite Soil 2.00 × 10−6 1.98 × 10−6 1.37 × 10−6 1.33 × 10−6

Sandy Soil 2.13 × 10−6 2.13 × 10−6 1.57 × 10−6 1.47 × 10−6

Soft Clay Soil 3.45 × 10−6

Eutrophication
(EU)

Composite Soil 3.47 × 10−9 3.41 × 10−9 2.21 × 10−9 8.20 × 10−9

Sandy Soil 3.60 × 10−9 3.58 × 10−9 2.50 × 10−9 8.42 × 10−9

Soft Clay Soil 5.58 × 10−9

Ecotoxicity
(ET)

Composite Soil 6.91 × 10−6 6.96 × 10−6 5.16 × 10−6 5.45 × 10−4

Sandy Soil 7.04 × 10−6 7.19 × 10−6 5.78 × 10−6 5.46 × 10−4

Soft Clay Soil 1.30 × 10−5

Human Toxicity
(HT)

Composite Soil 4.53 × 10−6 4.63 × 10−6 2.49 × 10−6 3.79 × 10−6

Sandy Soil 4.49 × 10−6 4.64 × 10−6 2.76 × 10−6 4.03 × 10−6

Soft Clay Soil 2.76 × 10−6

Total
Composite Soil 9.24 × 10−5 9.47 × 10−5 5.21 × 10−5 6.26 × 10−4

Sandy Soil 9.60 × 10−5 9.91 × 10−5 5.90 × 10−5 6.32 × 10−4

Soft Clay Soil 1.31 × 10−4

Figure 4. Cont.
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Figure 4. Relationship between environmental impact factor and environmental load by soil condition (excavation depth
15 m, 40 m): (a) composite soil; (b) sandy soil; (c) soft clay soil.

Table 7. Results of environmental load (deep excavation: H = 40 m).

Environmental
Impact Factor Soil Condition

Construction Method

C.I.P S.C.W Sheet Pile H-Pile+Earth Plate

Abiotic Resource
Depletion

(ARD)

Composite Soil 6.45 × 10−5 6.76 × 10−5 4.72 × 10−5 4.58 × 10−5

Sandy Soil 7.07 × 10−5 7.49 × 10−5 5.19 × 10−5 5.30 × 10−5

Soft Clay Soil 1.00 × 10−4

Global Warming
(GW)

Composite Soil 1.39 × 10−4 1.43 × 10−4 7.94 × 10−5 1.65 × 10−4

Sandy Soil 1.52 × 10−4 1.58 × 10−4 8.75 × 10−5 1.77 × 10−4

Soft Clay Soil 1.74 × 10−4

Ozone Depletion
(OD)

Composite Soil 3.64 × 10−7 3.77 × 10−7 4.13 × 10−7 6.27 × 10−7

Sandy Soil 4.02 × 10−7 4.24 × 10−7 4.52 × 10−7 6.88 × 10−7

Soft Clay Soil 8.39 × 10−7

Photochemical
Oxidant Creation

(POC)

Composite Soil 5.84 × 10−7 6.19 × 10−7 3.89 × 10−7 1.06 × 10−6

Sandy Soil 6.44 × 10−7 6.87 × 10−7 4.28 × 10−7 1.12 × 10−6

Soft Clay Soil 8.46 × 10−7

Acidification
(AC)

Composite Soil 5.32 × 10−6 5.36 × 10−6 4.05 × 10−6 3.88 × 10−6

Sandy Soil 5.96 × 10−6 6.08 × 10−6 4.46 × 10−6 4.50 × 10−6

Soft Clay Soil 8.86 × 10−6

Eutrophication
(EU)

Composite Soil 9.04 × 10−9 9.05 × 10−9 6.56 × 10−9 2.24 × 10−8

Sandy Soil 9.97 × 10−9 1.01 × 10−8 7.22 × 10−9 2.34 × 10−8

Soft Clay Soil 1.41 × 10−8
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Table 7. Cont.

Environmental
Impact Factor Soil Condition

Construction Method

C.I.P S.C.W Sheet Pile H-Pile+Earth Plate

Ecotoxicity
(ET)

Composite Soil 1.80 × 10−5 1.85 × 10−5 1.54 × 10−5 1.46 × 10−3

Sandy Soil 1.99 × 10−5 2.07 × 10−5 1.69 × 10−5 1.46 × 10−3

Soft Clay Soil 3.23 × 10−5

Human Toxicity
(HT)

Composite Soil 1.14 × 10−5 1.18 × 10−5 7.47 × 10−6 1.06 × 10−5

Sandy Soil 1.21 × 10−5 1.27 × 10−5 8.19 × 10−6 1.17 × 10−5

Soft Clay Soil 1.53 × 10−5

Total
Composite Soil 2.39 × 10−4 2.48 × 10−4 1.54 × 10−4 1.68 × 10−3

Sandy Soil 2.62 × 10−4 2.74 × 10−4 1.70 × 10−4 1.71 × 10−3

Soft Clay Soil 3.33 × 10−4

First, in the composite soil condition of shallow excavation (as shown in Table 6), the
environmental load of the H-Pile+Earth Plate construction method was the highest, at
6.26 × 10−4, which shows that the impact of the environmental load was great due to the
use of wood. Next, the environmental loads were high in the S.C.W, C.I.P, and Sheet Pile
construction methods, in that order. In the environmental impact factor, the H-Pile+Earth
Plate construction method showed the highest ecological toxicity, and the other three
construction methods (C.I.P, S.C.W, and Sheet Pile) showed the highest environmental load
in the order of global warming and resource depletion. In the composite soil condition of
deep excavation, (as shown in Table 7), the environmental load of the H-Pile+Earth Plate
construction method for the earth-retaining wall was 1.68 × 10−3 (the highest), and the
environmental load of the other construction methods was high in the following order:
S.C.W, C.I.P and Sheet Pile. Considering the environmental impact factor, the H-Pile+Earth
Plate construction method had the largest environmental load for ecotoxicity, and the
environmental load of the other three construction methods was high in the order of global
warming and resource depletion.

Second, in the sandy soil condition of shallow excavation (as shown in Table 6), out
of the four construction methods for the earth-retaining wall, the environmental load of
H-Pile+Earth Plate was the highest (6.32 × 10−4), and the environmental load was high
in the order of S.C.W., C.I.P, and Sheet Pile. When compared by environmental impact
factor, the H-Pile+Earth Plate construction method had the highest environmental load
for ecotoxicity, and the environmental loads of the other three construction methods were
high in the order of global warming, resources depletion, and ecotoxicity. The impact of
global warming and resource depletion was greater than that of the other environmental
impact categories. Moreover, in the sandy soil condition of deep excavation (as shown
in Table 7), the environmental load of the H-Pile+Earth Plate construction method out of
four construction methods for the earth-retaining wall was 1.71 × 10−3, followed by the
remaining three in the order of S.C.W, C.I.P, and Sheet Pile construction method. According
to the environmental impact categories, the environmental load of ecotoxicity in the H-
Pile+Earth Plate construction method was the highest, and the environmental load of the
other three construction methods was high for global warming, resource depletion, and
ecotoxicity, in that order.

Third, in soft clay ground in shallow excavation (as shown in Table 6), the environmen-
tal load of the Sheet Pile construction method was 1.31 × 10−4, and the environmental load
was high in the order of global warming and resource depletion among all categories of
environmental impact. Additionally, the environmental load of the Sheet Pile construction
method in soft clay ground was much higher than that of the other soil conditions, and
the worse the condition of the soil, the greater the associated environmental load because
of the need for more input resources (e.g., reinforcing materials, etc.). In soft clay ground
in deep excavation (as shown in Table 7), the environmental load for the Sheet Pile con-
struction method was 3.33 × 10−4, and according to the environmental impact factor, the
environmental load amount was associated with global warming and resource depletion
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in that order. Compared to the Sheet Pile construction method in other soil conditions, the
Sheet Pile construction method in soft clay soil had a higher environmental load.

4.2.2. Evaluation Results of Environment Cost

Tables 8 and 9 and Figure 5 show the results of identifying and evaluating major
environmental impacts through list analysis and impact assessment results following the
purpose and scope for cases where the excavation area is of medium scale (50 × 50 m)
in shallow excavation (15 m) and deep excavation (40 m) depending on the ground con-
ditions. On this basis, in order to evaluate the environmental and economic impacts of
the earth-retaining wall, evaluation of environmental economic feasibility was conducted
by applying the environmental cost per unit of pollutants based on the environmental
impact factor to the characteristics results of the environmental load amount for the eight
categories previously calculated.

Table 8. Results of environmental cost * (shallow excavation: H = 15 m).

Environmental
Impact Factor Soil Condition

Construction Method

C.I.P S.C.W Sheet Pile H-Pile+Earth Plate

Abiotic Resource
Depletion

(ARD)

Composite Soil 0.9 0.9 0.6 0.6
Sandy Soil 29.7 30.6 16.3 32.9

Soft Clay Soil 1.4

Global Warming
(GW)

Composite Soil 28.3 29.2 14.3 31.4
Sandy Soil 28.3 29.2 14.3 31.4

Soft Clay Soil 36.0

Ozone Depletion
(OD)

Composite Soil 0.0 0.0 0.0 0.0
Sandy Soil 0.0 0.0 0.0 0.0

Soft Clay Soil 0.0
Photochemical

Oxidant Creation
(POC)

Composite Soil 0.0 0.0 0.0 0.0
Sandy Soil 0.0 0.0 0.0 0.0

Soft Clay Soil 0.0

Acidification
(AC)

Composite Soil 0.2 0.2 0.1 0.1
Sandy Soil 0.2 0.2 0.1 0.1

Soft Clay Soil 0.3

Eutrophication
(EU)

Composite Soil 0.0 0.0 0.0 0.0
Sandy Soil 0.0 0.0 0.0 0.0

Soft Clay Soil 0.0

Ecotoxicity
(ET)

Composite Soil 1.2 1.2 0.9 90.9
Sandy Soil 1.2 1.2 1.0 90.9

Soft Clay Soil 2.2

Human Toxicity
(HT)

Composite Soil 6.4 6.5 3.5 5.3
Sandy Soil 6.3 6.5 3.9 5.7

Soft Clay Soil 8.9

Total
Composite Soil 36.9 37.9 19.3 128.3

Sandy Soil 38.3 39.5 21.9 130.2
Soft Clay Soil 48.7

* Environmental cost(E-Cost) unit: KRW 1 million.

Table 9. Results of environmental cost * (deep excavation: H = 40 m).

Environmental
Impact Factor Soil Condition

Construction Method

C.I.P S.C.W Sheet Pile H-Pile+Earth Plate

Abiotic Resource
Depletion

(ARD)

Composite Soil 2.3 2.4 1.7 1.7
Sandy Soil 2.6 2.7 1.9 1.9

Soft Clay Soil 3.6

Global Warming
(GW)

Composite Soil 73.4 75.9 41.9 87.2
Sandy Soil 80.4 83.8 46.4 93.7

Soft Clay Soil 92.3
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Table 9. Cont.

Environmental
Impact Factor Soil Condition

Construction Method

C.I.P S.C.W Sheet Pile H-Pile+Earth Plate

Ozone Depletion
(OD)

Composite Soil 0.0 0.0 0.0 0.0
Sandy Soil 0.0 0.0 0.0 0.0

Soft Clay Soil 0.0
Photochemical

Oxidant Creation
(POC)

Composite Soil 0.0 0.0 0.0 0.0
Sandy Soil 0.0 0.0 0.0 0.0

Soft Clay Soil 0.0

Acidification
(AC)

Composite Soil 0.4 0.4 0.3 0.3
Sandy Soil 0.5 0.5 0.3 0.3

Soft Clay Soil 0.7

Eutrophication
(EU)

Composite Soil 0.0 0.0 0.0 0.0
Sandy Soil 0.0 0.0 0.0 0.0

Soft Clay Soil 0.0

Ecotoxicity
(ET)

Composite Soil 3.0 3.1 2.6 242.5
Sandy Soil 3.3 3.4 2.8 243.4

Soft Clay Soil 0.0

Human Toxicity
(HT)

Composite Soil 16.0 16.6 10.5 14.9
Sandy Soil 17.1 17.9 11.6 16.5

Soft Clay Soil 21.6

Total
Composite Soil 95.1 98.4 57.0 346.6

Sandy Soil 103.9 108.4 63.0 355.9
Soft Clay Soil 123.6

* Environmental cost(E-Cost) unit: KRW 1 million.

Figure 5. Relationship between environmental impact factor and environmental cost by soil condition
(excavation depth 15 m, 40 m): (a) composite soil; (b) sandy soil; (c) soft clay soil.
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First, in the composite soil condition of shallow excavation (as shown in Table 8),
the H-Pile+Earth Plate construction method showed the highest environmental cost for
ecotoxicity at KRW 90.9 million, and the other three construction methods had the largest
environmental costs due to global warming. Thus, when it comes to the expected total envi-
ronmental costs at the construction stages for each installation condition of the construction
methods for the earth-retaining wall considering all environmental costs corresponding to
the eight environmental impact categories, the total environmental cost of the H-Pile+Earth
Plate construction method is the highest (KRW 128.3 million), and the total environmental
costs are high in the order of S.C.W, C.I.P, and Sheet Pile construction method. Furthermore,
the environmental costs of the S.C.W and C.I.P construction methods are quite similar. In
the composite soil condition of deep excavation (as shown in Table 9), in the environmental
cost calculation conducted by analyzing the environmental economic feasibility, as was
carried out for the shallow excavation, when it comes to the total environmental costs
expected in the construction stage of the installation condition for the earth-retaining wall,
the H-Pile+Earth Plate construction method had the highest costs (KRW 346.6 million),
and the environmental cost associated with ecotoxicity was the highest. For the other three
construction methods, excluding the H-Pile+Earth Plate construction method, the highest
environmental cost was associated with global warming.

Second, in the sandy soil condition of shallow excavation (as shown in Table 8),
when it comes to the expected total environmental cost at the construction stage of the
corresponding earth-retaining wall, the H-Pile+Earth Plate construction method had the
largest cost (KRW 130.2 million), with the largest share of that cost due to ecotoxicity.
Moreover, the three construction methods excluding H-Pile+Earth Plate had the largest
environmental costs due to resource depletion and global warming, and it was found
that the environmental costs of the C.I.P and S.C.W construction methods are similar. In
the sandy soil condition of deep excavation (as shown in Table 9), when it comes to the
total environmental cost expected in the construction stage of the earth-retaining wall
installation condition, the total environmental cost of H-Pile+Earth Plate was the highest
(KRW 355.9 million), and the environmental cost for ecotoxicity was the highest. For
the three construction methods, excluding H-Pile+Earth Plate, the environmental cost for
global warming was the highest.

Third, in soft clay ground in shallow excavation (as shown in Table 8), the total envi-
ronmental costs expected in the construction stage of the Sheet Pile installation condition
were KRW 48.7 Million, and the total environmental costs in the shallow excavation and
medium-sized Sheet Pile installation condition were twice as high as the total environmen-
tal costs in other soil conditions. The environmental costs due to global warming account
for the largest share. In soft clay ground in deep excavation (as shown in Table 9), the total
environmental cost of the Sheet Pile construction method was KRW 123.6 million, which is
twice as high as the cost in other soil conditions in a deep and medium-sized excavation
(H = 15 m, 50 × 50 m), and the environmental cost associated with global warming was
the highest.

4.3. Relationship between Excavation Depth, Total Environmental Load, and Total Environmental
Cost by Soil Condition

As shown in Figure 6, the total environmental cost of the H-Pile+Earth Plate con-
struction method was the highest in composite soil, and that cost was higher than the cost
associated with the other three construction methods. Moreover, the deeper the excavation
depth, the clearer the increase in total environmental cost. We confirmed that the total
environmental costs of the C.I.P and S.C.W construction methods were similar, and this
tendency remained the same when the excavation depth increased. The total environmen-
tal cost in sandy soil was similar to that in composite soil, but the cost in sandy soil was
slightly greater. In soft clay soil, the total environmental cost of the Sheet Pile construction
method increased as excavation depth increased, and the total environmental cost in soft
clay soil was twice as high as that in other soil conditions. Furthermore, the assessments of
environmental load and environmental cost were similar.
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Figure 6. Relationship between total environmental load and total environmental cost by excavation
depth and soil condition: (a) composite soil; (b) sandy soil; (c) soft clay soil.

5. Conclusions

This study evaluated the combination of excavation depth and soil condition in
medium-sized excavation ground in order to examine the effect of construction methods
on environmental economic feasibility for an earth-retaining wall during soil excavation.
LCA analysis of the construction stage of the earth-retaining wall was conducted in consid-
eration of eight environmental impact categories, the criteria for selecting the construction
method for the earth-retaining wall considering the environmental costs of each construc-
tion method were reviewed, and the following conclusions were obtained as a result of
this research:

1. If a calculation is conducted after calculating the environmental load by list analysis
of the construction stage, this affects the selection of the construction method for the
earth-retaining wall, so it is possible to select an optimal construction method for
an earth-retaining wall considering stability and economic feasibility in various soil
conditions via selection of a construction method that considers environmental loads
in line with international trends.
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2. Evaluation of the stability of the earth-retaining wall revealed that the C.I.P construc-
tion method was the best in terms of stability in both composite soil and sandy soil in
the case of a shallow excavation. In terms of stability in the case of deep excavation,
the S.C.W construction method was the best in composite soil and the C.I.P construc-
tion method was the best in sandy soil. In soft clay soil, the deeper the excavation
depth, the greater the safety factor.

3. Evaluation of the environmental load of construction methods for the earth-retaining
wall revealed that the H-Pile+Earth Plate construction method had low economic
feasibility compared to the other construction methods because the environmental
load of the H-Pile+Earth Plate method increased due to an increase in ecotoxicity.
Furthermore, at the same excavation depth, the environmental load characteristics
had a greater effect on the selection of construction methods in sandy soil than in
composite soil.

4. Evaluation of the environmental costs of the construction methods for the earth-
retaining wall revealed that the deeper the excavation depth, the greater the envi-
ronmental cost. For a shallow excavation, in both composite and sandy soil, the
H-Pile+Earth Plate construction method had low economic feasibility with the high-
est environmental cost, and the same is true for a deep excavation. In the case of soft
clay soil, the environmental cost of the Sheet Pile construction method was higher
than in other soil conditions, and the environmental cost was higher in sandy soil
than in composite soil.

This study considered only the environmental effect in the determination of the
retaining wall. Therefore, research should be conducted on the effect of various cost
conditions on sustainability in order to be applied to the site.
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