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Abstract: Offshore waste disposal facilities are unique marine infrastructures that exist only in a few
countries. Although the existing facilities in Japan and Singapore have been successfully operated in
general, there have been no investigations on the probable hazards they pose on the environment.
Considering this, conceivable hazards were identified for an offshore waste disposal facility that has
recently been proposed in Korea. The causes and consequences of each of the identified hazards were
analyzed to seek countermeasures for reducing the environmental impact in advance. Hazards of
waste disposal facilities can be classified according to their design, construction, maintenance,
operation, and site utilization. For these areas, except for site utilization, subsystem hazard analysis
was performed. In the initial assessment, seven elements were found to be in the extreme risk zone,
30 were in the high-risk zone, and six were in the moderate-risk zone. After applying the alternative
mitigation methods, the final risk assessment resulted in 27 moderate-risk and 16 low-risk elements.
Therefore, it was confirmed that the potential risks of the proposed offshore waste disposal facility
were within acceptable ranges.

Keywords: offshore waste disposal facility; hazard analysis; risk matrix; subsystem;
environmental impact

1. Introduction

Offshore waste disposal refers to the final landfilling of stabilized inorganic solid waste, such as
land and marine waste incineration materials. Although the demand for new waste landfill sites
continues, waste disposal space is insufficient because of the imminent end of life in current landfill
sites, and the difficulty in securing new landfill sites. Thus, an offshore waste disposal facility as
a final waste disposal space was proposed as an alternative landfill site [1]. In Japan and Singapore,
offshore waste disposal facilities are being operated to solve the lack of space for land waste disposal,
while also creating eco-friendly marine spaces [2-5].

Since the 1990s, Japan has been conducting a thorough reclamation plan with local environmental
surveys in advance, based on experience in the construction of multiple offshore waste disposal
facilities [6,7]. Furthermore, based on the survey results, efforts have been made to minimize the
impact on the marine environment by predicting environmental impacts and establishing measures to
mitigate environmental pollution. In general, offshore waste disposal facilities in Japan have been
successfully operated in the long term, through continuous monitoring, without major environmental
problems or damage [8].

In Singapore, meanwhile, the volume of urban waste started to increase when the economy grew
rapidly from the 1970s [9]. Hence, Singapore promoted the construction of its Semakau Landfill
offshore facility by enclosing the sea between two islands. Since then, efforts have been made to
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restore the environment through monitoring and management plans to minimize potential impacts.
Examples include restoring the mangrove forests and coral reefs that were destroyed during the
construction of the Semakau offshore waste disposal facility [10,11].

In Korea, the necessity of constructing an offshore waste disposal facility as an alternative to
land-based landfills has steadily increased, and accordingly, studies on the development of the core
technologies and necessary institutional standards have been conducted [12-14]. However, due to
various environmental and social conflict factors, such as pollution and the opposition of local residents
to the construction of waste treatment facilities nearby, to date there is no decision or plan for an offshore
waste disposal facility construction [8]. Because the facility is environmentally and socio-economically
sensitive and there have been no previous construction cases in Korea, risk analysis is required to
understand the expected risks associated with the construction of this facility. By examining the factors
that will cause risks in advance, it is helpful to increase the social acceptance of this facility and to
eventually build safer structures.

Risk analysis is often carried out regarding structures that have not been built in the past or are
considered to be highly hazardous [15]. Although such an analysis has not been generalized for coastal
or offshore structures, hazard analysis from an accredited international organization is mandatory when
constructing an offshore plant [16-20]. Usually, such a risk analysis is carried out in accordance with
the international standard code ISO 31000:2009 procedure [21]. Moreover, various hazard assessment
studies are being conducted in relation to natural disasters and various human activities occurring
on the coast and in the sea [22-25]. Nevertheless, to the best of our knowledge, studies on hazard
evaluation have not been conducted thus far for offshore waste disposal facilities.

However, a study was recently completed to identify hazards that could occur during the
construction and operation of an offshore waste disposal facility, analyzing the causes and effects of
identified hazards specific to Korea [26]. A preliminary hazard list analysis (PHL) and preliminary
hazard analysis (PHA) on offshore waste disposal facilities were performed, and hazard risks were
evaluated. However, the previous study [26] was an analysis at the conceptual design level of
an offshore waste disposal facility, which did not reflect the regional characteristics of the facility.
Accordingly, the study was limited in that it did not address the specific design of an offshore waste
disposal facility.

To overcome this limitation, in the present study, the subsystem hazard analysis (SSHA)
was performed using specific design data for an offshore waste disposal facility. SSHA is a procedure
performed when detailed design is available as it provides a more in-depth analysis on the hazards
previously identified by PHA [15]. Since SSHA is carried out on more detailed design information,
hazard elements of PHA are inherited or eliminated, and new hazard elements are also discovered.
Therefore, SSHA refines identifying hazards, their associated causal factors, level of risk, and mitigating
design measures.

The location of the offshore waste disposal facility on which the SSHA in this study was performed
is inside the extension section of the dredged soil disposal area close to Incheon Songdo International
City. In comparison with the previous PHA, hazard items are more specifically identified, and the
causes and effects of the identified hazard items become clearer. In particular, since a populated city
under development is located near the offshore waste disposal facility, considerations for minimizing
the environmental impact were taken seriously. However, detailed hazard elements to the residence
around the facility were not directly dealt with because this study conducted a hazard analysis mainly
focusing on the structural risks of the offshore waste disposal facility.

2. Outline of Subsystem Hazard Analysis

System safety identifies the potential hazards of the system and derives a measure to reduce each
one. Hazard analysis (HA) focuses mostly on identifying hazards at the beginning of the entire process
of system safety [15]. The identification of these hazards is carried out through the HA, and the SSHA
is performed when basic and detailed design information is available. The purpose of hazard analysis



Int. ]. Environ. Res. Public Health 2020, 17, 7755 30f17

at this stage is to accurately analyze the causes of the hazards identified in the PHA and to present
specific risk mitigation measures. In addition, as the design progresses in detail, new hazards that
were not recognized in the previous stage may be identified, and those previously identified may
be removed. In other words, SSHA is a step that specifically expands PHA. Thus, the methodology
is similar to PHA, however, more thorough results are obtained. Figures 1 and 2 are an overview
and the conceptual diagram of SSHA, respectively. The causes and effects of hazards are accurately
assessed by comparing them to the hazard checklist based on PHA results and the detailed subsystem
design. The core content here confirms how hazards of the previously performed PHA changed during
the detailed design process, specifying the causal factors of hazards and their mitigation measures.
In this process, the system’s top-level mishaps (TLMs), safety critical functions (SCFs), and system
safety requirements (SSRs) are produced.

Identify new hazards from detailed
design data

System design

* Detailed
subsystem design

PHA hazards

Hazard
knowledge

Hazards

Identify and evaluate causal factors Causal factors

for each PHA hazard and newly

Mishaps & risk
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SSRs

Determine hazard risk

Document process

Figure 1. Overview of the subsystem hazard analysis (adapted and redrawn from [27]).
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Figure 2. Conceptual diagram of the subsystem hazard analysis for the offshore waste disposal facility.
PHA denotes preliminary hazard analysis, SSHA—subsystem hazard analysis, TLM—top-level mishaps,
and SCFs—safety critical functions, respectively.

The detailed process of SSHA includes 10 steps. The first step is system definition, the second
step is analysis planning, the third step involves the establishment of safety standards, the fourth step
involves detailed designing and data collection (such as a hazard checklist), the fifth step requires the
execution of SSHA, the sixth step is hazard evaluation, the seventh step is the proposal of a hazard
reduction plan, the eighth step involves monitoring whether the presented hazard mitigation measures
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are effective as safety recommendations or system safety requirements, the ninth step is hazard tracking,
and the tenth and final step is documentation.

The most important step in the above process is the fifth step of the SSHA. First, sub-divided
subsystem elements are listed, elements of each list are evaluated, and the causal factors of any hazards
are identified from the subsystem elements. At this time, the hazard risks identified in PHA are also
analyzed in parallel. Furthermore, new hazards not identified in the PHA are identified through TLMs,
SCFs, hazard checklists, and similar incident cases. When identifying all the hazards, the functional
relationship, timing, and parallel functions of the subsystem elements should be understood.

3. The Offshore Waste Disposal Facility

3.1. The Facility of Investigation

An offshore waste disposal facility is a gravity-based structure that forms an outer revetment
and stores waste inside it. The revetment protects the facility from maritime external forces such as
waves and tsunamis. It should be a watertight structure to prevent any leaking of leachate. For this
purpose, it is typically constructed on a seabed of clay deposit that effectively restricts any vertical
flows through the seabed. Meanwhile, vertical cut-off barriers are formed by using the sheet piles that
are installed along the inner side of the revetment to prevent any horizontal flows across the barrier.
The space between the outer revetment structure and the sheet piles is typically filled with a backfill of
rubble stones.

In this study, SSHA was carried out for the proposed project of constructing an offshore waste
disposal facility within the dredged soil disposal pond that is being built in the course of constructing
the new Incheon port [12]. Figure 3 shows the location of the pilot project, which is very close to the
new Incheon port in the south and Songdo International City in the southeast. The planned waste
disposal facility is 1.6 km long and 0.6 km wide, and it is divided into two zones of almost equal areas.
Once the facility is built, Zone 1 will initially be used for waste disposal, following which Zone 2 would
be used for the same purpose when Zone 1 is almost filled with disposed waste.

Zone 2 Zone 1

Figure 3. Location of the proposed offshore waste disposal facility.
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By constructing a waste disposal facility here, construction costs can be reduced because a portion
of the revetment of the disposal pond can be used as the outer revetment of the planned waste disposal
facility. In addition, the sea transportation of waste may be unnecessary once this site is connected to
the land in the future. On the other hand, there would be opposition from the residents because it is
adjacent to Songdo International City, which is only 2.5 km from the residential town.

3.2. Subsystem of the Offshore Waste Disposal Facility

The SSHA of offshore waste disposal facilities must consider all the aspects of facility design,
construction, maintenance, and operation. More specifically, hazards such as failures of the revetments,
leakage of surface or vertical cut-off barriers, and the risks accompanied by waste transport should
be carefully considered. Considering this, a hazard analysis was conducted by classifying the
subsystem of the offshore waste disposal facility into the following seven major categories: revetment,
vertical cut-off barrier, surface-cut-off barrier, leakage monitoring and detection, retained water
treatment facility, landfill management, and waste transportation.

3.2.1. Revetment

Figure 4 shows the plan view of the outer and inner revetments (marked using red lines)
that constitute the proposed offshore waste disposal facility. Meanwhile, the black lines in Figure 4
indicate the revetment of the dredged soil disposal pond that is being built during the construction of
the new Incheon port. Sections A to E are termed as barrier revetments because they act as a barrier
that prevents the outflow of waste and retained water, rather than directly resisting the external forces
from the ocean. The cross-section of these sections is composed of double vertical layers of sheet piles,
as shown in Figure 5a.

Section C Section B

Section A

— Site for the pilot project

- Water treatment facility

Figure 4. Details of the revetments constituting the proposed offshore waste disposal facility.
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Figure 5. Cross-sections of the revetments constituting the offshore waste disposal facility: (a) the barrier
revetment corresponding to Sections A-E; (b) the separating revetment corresponding to Section I;
and (c) the connection revetment corresponding to Section L.

Meanwhile, Section I is termed as a separating revetment because its function is to divide the
inner space of the waste disposal facility into parts depending on the usage of the facility. Section I-1
divides Zones 1 and 2, as illustrated in Figure 3, whereas Section I-2 separates the space for the water
treatment facility from Zone 1. As shown in Figure 5b, the cross-section of the separating revetment
is a newly constructed rubble mound structure that includes vertical sheet piles in the middle and
water-proof sheets on the slope.

Finally, Section L, termed as a connection revetment, utilizes the revetment of the dredged soil
disposal pond and supplements it with only an additional function as a barrier. Accordingly, the soil
strength is improved by means of deep cement mixing (DCM) and waterproof sheets are installed on
the slope of the existing revetment.

3.2.2. Vertical Cut-Off Barrier

For the barrier revetment (Sections A-E), the vertical cut-off barrier, which is composed of
double-layer sheet piles, is applied as a means of preventing leachate movement. For the junction
between the neighboring sheet piles, an expansive-type water stop material was used.

3.2.3. Surface and Floor Cut-Off Barrier

A surface cut-off barrier was applied to the separating revetment (Section I) and the connection
revetment (Section L), marked in the red thick lines on the slope of the revetment in Figure 5b,c.
The surface cut-off barrier is composed of a filter mat and a double-layer waterproof sheet. In general,
the permeability coefficient of the waterproof sheet ranges from 1.0 X 1072 to 1.0 x 10~*. For the
connection revetment, the DCM method was applied to the clay deposit at the toe of the revetment as
illustrated in Figure 5c. Then, the waterproofing performance is very important at the interface of the
seabed where the revetment toe and the DCM meet.

On the other hand, the floor cut-off barrier is typically not considered if the sea bottom has
a low permeable layer, which satisfies the conditions of the permeability coefficient and thickness
standards required for the landfill facility. If there exists an insufficient low-permeable layer underneath
the seabed, a separate floor cut-off barrier treatment is requested. For this purpose, an expandable
particle-type barrier material can be applied to form the floor barrier.

3.2.4. Leakage Monitoring and Detection

Monitoring of water leakage in hydraulic structures or landfills is essential. In a waste landfill on
land, the electric methods are commonly used for detecting damage to the barrier by installing electrodes
on the waterproof sheet and measuring the electricity flow between two different electrodes [28].
If there is any leakage along the waterproof sheet, there should be significant electricity flow due to the
insulation of the sheet being broken.
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In the case of the offshore waste disposal facility in Tokyo Bay, Japan, the inspection of hazardous
substances is carried out on a monthly basis at the wells around the revetment that are prepared for
water quality testing. The leakage of retained water is also indirectly monitored by placing sand tubes
between concrete blocks in the external revetment and monitoring whether there is any loss of sand
from the sand tubes.

In this study, leakage monitoring and detection has been considered an independent subsystem
of the offshore waste disposal facility. This deals with the methodology itself detecting a leakage when
either the vertical barrier or surface and floor barrier are damaged. If damage occurs to a barrier and it
is not detected, the hazard posed by the waste disposal facility may increase. Therefore, it is reasonable
to be considered as an independent subsystem apart from the barrier structures.

3.2.5. Retained Water Treatment Facility

The retained water treatment facility, represented using a blue box in Figure 4, was designed to be
located in Zone 2. This facility treats the retained water in Zone 2 as well as Zone 1. The maximum
capacity of the treatment facility is determined as 4000 m?/day, taking into account the daily amount
of carry-in waste. When only Zone 1 is used, it will treat up to 2000 m3/day of the retained water.
When Zone 2 is used in addition to Zone 1, the capacity will be extended to up to 4000 m3/day.

3.2.6. Landfill Management

Landfill management refers to how the waste disposal facility is managed while it is being
landfilled with carry-in waste. As shown in Table 1, there exist various monitoring items that
are required for efficient landfill management. In order to effectively monitor the items listed in
Table 1, fixed or mobile sensing methods can be applied depending on the measurement purpose and
preferences. A fixed sensing method is used when measuring the deformation of the revetment or
change of water level inside and outside the disposal site. Meanwhile, a mobile sensing method is
adequate for measuring parameters such as the landfill height or water quality, which are required to
be measured in different locations over a wide area of the facility.

Table 1. Monitoring items and remarks for landfill management.

Monitoring Items Remarks

Performance of the cut-off barrier can be checked by
monitoring changes in water level inside and outside
the facility. It is necessary to confirm that the water
level inside the facility is not influenced by the
adjacent tide level.

Changes in water level inside and outside the
offshore disposal facility

It is necessary to measure the displacement of
revetment on the ground as well as underwater.
Monitoring ground settlement is also required by
installing inclinometers and settlement gauges.

Revetment deformation due to ground settlement

Landfill height should be distributed as evenly as
Landfill height change possible within the disposal facility for stable landfill
management.

Measurement of dissolved oxygen (DO), pH, and
Water quality inside and outside the facility other water quality indices is requested at least once
every 6 months over at least two locations.

3.2.7. Waste Transportation

The proposed site of the offshore waste disposal facility is located where access by land is possible.
Accordingly, direct waste disposal to the waste disposal facility through land transportation can be
carried out, which does not require a carry-in base for sea transportation. In this case, the hazards
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associated with water transportation can be eliminated. In addition, civil complaints due to scattering
dust and odor, which typically take place in the vicinity of the carry-in base, can be significantly reduced.

4. Procedures of Subsystem Hazard Analysis

4.1. Selection of Relevant Hazard Checklists

A hazard checklist commonly includes elements such as energy sources, hazardous functions,
hazardous operations, hazardous materials, undesired mishaps, and lessons learned from similar type
systems [15]. A hazard checklist by itself is not complete and does not include all hazardous items.
It helps in identifying potential hazards through past examples. Therefore, different hazard checklists
can be established depending on the analysis. The bulleted list below shows the hazard checklists
considered in this study, which are relevant to the hazard analysis of offshore waste disposal facilities:

e  Structural damage or failure;
o Leakage;

e Contamination;

e Corrosion;

e  Toxicity;

e  Weather and environment.

4.2. Identification of TLMs

TLMs refer to an important hazardous accident caused by one or more causes. It is a concept
used to collect various potential hazards that lead to the same TLM outcome. TLM defined in the
previous PHA study [25] mostly focused on safety concerns on external structures and cut-off barriers.
Among them, some TLMs such as the sliding and overturning of caisson are removed in the present
SSHA study because caisson is no longer adopted as an external structure of the subsystem of the
proposed offshore waste disposal facility. On the other hand, additional hazards such as suspended
particles or traffic congestion need to be included considering that the proposed site for the pilot
project is close to a populated city under development. Meanwhile, the hazards related to energy
sources include mechanical and electrical equipment of the retained water treatment facility. However,
the hazards from this equipment were not included in TLMs because they are of relatively low
importance in the design. The bulleted list below illustrates the TLMs considered in this study:

e  Corrosion of sheet piles;

e Deformation and damage at the joint of sheet piles;

e Insufficient embedded depth of sheet piles;

e Damage to the waterproof sheets of cut-off barriers;

e Difficulty in operating a land base into which waste is carried;
e  Suspended particles in the air;

e  Leakage of leachate to the sea.

4.3. Assessment of IMRI and FMRI

Table 2 shows a worksheet that is commonly used in SSHA [15]. In the table, @ is the number
of subsystem hazards that are identified. Entry @ represents a specific hazardous element that is
expected to occur, and ® represents the initiating mechanism by which hazardous elements lead
to mishaps. Entry @ indicates the consequence when a hazard has occurred. Entry ® is an initial
mishap risk index (IMRI), which serves as a qualitative indicator of the importance of the identified
hazards. Entry (® indicates a possible preventive measure to eliminate or mitigate the identified hazard.
Lastly, @ is a final mishap risk index (FMRI), a qualitative indicator of the action taken to reduce the
identified hazard.
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Table 2. Worksheet used for the subsystem hazard analysis. IMRI—initial mishap risk index,
FMRI—final mishap risk index.

No. Hazard Causes  Consequences IMRI Mitigation FMRI
@ @ ® @ ® ® @

IMRI and FMRI use the US Department of Defense’s system safety practice standard,
MIL-STD-882D, which has widely been used internationally [27]. In MIL-STD-882D, the hazards are
classified into four categories according to the degree of severity and five categories according to the
probability of occurrence, as shown in Table 3. IMRI and FMRI are represented as a combination of
a single index from each column in the table. For instance, a critical hazard that occasionally occurs is
denoted as 2C.

Table 3. Mishap risk indices according to MIL-STD-882D [27].

Severity Probability

(1) Catastrophic (A) Frequent

(2) Critical (B) Probable
(3) Marginal (C) Occasional

(4) Negligible (D) Remote
(E) Improbable

When IMRI and FMRI are assessed in this study, the hazard severity was considered based on
the importance and extent of the damage. Catastrophic damage corresponds to damage that leads to
the long-term shutdown of the offshore waste disposal facility, such as the leakage of leachate to the
marine environment due to the extensive damage of the external revetment. Critical damage refers
to a case in which the operation of the offshore waste disposal facility is suspended for considerable
time due to the severe degradation of the cut-off barrier performance caused by the deformation of
the outer revetment, the breakage of vertical and surface barriers, or the failure of the retained water
treatment facility. Marginal damage means a temporary suspension of the facility operation influenced
by local damage to the cut-off barrier, problems with landfill management, or a shortage of capacity to
process the retained water.

Meanwhile, hazard mitigation or reduction measures, corresponding to entry ® in Table 2,
are generally presented as forms of system improvement requirements. Hazard mitigation measures
can be classified into four stages in terms of priority. First, it is ideal to remove hazards from the
stage of system design. If it is difficult to change the system design, however, supplementary safety
devices should be applied alternatively. Third, if the application of safety devices is unnecessary
or their effects on improving system safety are limited, the introduction of an alarm system can be
the next alternative. Finally, non-facility measures, such as education and training on safety, can be
implemented in addition to the measures focusing on mitigating the hazards of facilities.

5. Results of Subsystem Hazard Analysis

5.1. Mishap Risk Indices and Methods of Mitigation

As a result of the hazard analysis on the seven subsystems of the offshore waste disposal facility,
43 potential hazardous elements were identified, as listed in Table 4. The severity and probability of
each hazardous element were evaluated through a workshop in which the experts from design firms,
research institutes, and relevant authorities have participated. Then, it was possible to determine
the risk level of each hazardous element by following the risk assessment method described in
MIL-STD-882E [29]. More specifically, the appropriate severity category for a given hazard element
was determined by assessing the potential for death, injury, environmental impact, or monetary loss.
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In addition, the appropriate probability level was determined by evaluating the likelihood of occurrence
of a mishap. It is desirable to use relevant quantitative data as a basis for objectively assessing the
severity and probability. When quantitative data are not available, a single opinion is obtained through
the Delphi analysis or a second-round workshop after the initial evaluation by each expert.

Table 4. The list of severities and probabilities of all 43 identified hazards.

Code Hazard Severity  Probability
S1-A Cracking and collapse of the separate revetment 3 D
S1-B Circular slip failure of the revetment 2 B
S1-C Displacement of the revetment due to waste disposal 3 C
S2-A Corrosion of barriers made of steel 2 B
52-B Deformation and damage of joints caused by an earthquake 2 D
52-C Deformation and damage of joints during landfill 2 D
52-D Deformation and damage of joints due to landfill pressure 2 B
S2-E Insufficient stability of mortar at joints caused by poor filling 3 B
S2-F Degradation of stability of mortar at joints caused by aging 3 B
52-G Poor construction of joints 3 C
S2-H Insufficient depth of barriers due to poor construction 2 A
52-1 Insufficient depth of barriers due to heterogeneity of ground 2 A
S2-] Degradation of cut-off performance at joints 2 C
S3-A Locally permeable ground 3 D
S3-B Damage of waterproof sheets due to the poor fusion of adhesive parts 3 C
53-C Damage of waterproof sheets due to landfill weight 3 C
S3-D Damage of waterproof sheets due to slip on the slope 3 C
S3-E Degradation of cut-off performance of the separate revetment 3 C
S3-F Degradation of cut-off performance of the connection revetment 3 C
S3-G Floating of waterproof sheets due to lack of sufficient weight 3 C
S3-H Degradation of cut-off performance of the barrier revetment 3 C
S4-A Failure of detecting leakages of leachate 3 C
54-B Failure of confirming the location where leakages occur 3 C
S5-A Failure of treating retained water 2 C
S5-B Degradation of the capability of retained water treatment 3 D
S5-C The outflow of retained water to the sea 2 C
S5-D Exceedance of retained water greater than treatment capacity 2 C
S5-E Fire 2 C
S5-F Flooding 2 C
55-G Electric shock from high voltage 2 D
S5-H Wave overtopping 2 C
S5-1 Deterioration of employee’s health 2 C
S6-A Malfunction of the sensors measuring water level 3 B
S6-B Malfunction of the sensors measuring water quality 3 B
S6-C Exceedance of measurement range of the sensors 3 B
S6-D Power supply interruption to the sensors 3 B
S6-E Malfunction of the movable sensing device 3 D
S6-F Errors in the communication signal 3 C
56-G Inability of collecting sensing data 3 D
S6-H Failure of operation and management system 3 D
S7-A Collison of a ship to the revetment 2 D
S7-B Suspended particles in the air 2 A
57-C Traffic congestion 2 A

The results obtained from the above procedure are summarized in Figure 6 as a form of risk
assessment matrix. As shown in Figure 6, seven out of 43 elements were classified into the extreme risk
zone. Among the seven extremely risky hazardous elements, one is related to the subsystem of the
revetment (S1), four to the vertical barriers (S2), and two to waste transportation (S57). Meanwhile,
30 elements were classified into the high-risk zone, and the remaining six were in the moderate
risk zone.
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Severity  Catastrophic Critical Marginal Negligible
Probability (1) ) 3) 4)
Frequent
(A)
S6-A
Probable S2-E S6-B
(B) S2-F S6-C
S6-D
S3-B
S3-C
. S3-D
Occasional S1-C S2G  S3-E S4-A S6-F
©) S3F S4-B
S3-G
S3-H
S6-E
Remote 2B 556 s7A  siA S3-A 5B 56-G
(D) S2-C S6-H
Improbable
(E)
* Risk level : M Extreme risk zone * Subsystem : S1: Revetment
High risk zone S2: Vertical cut-off barrier
Moderate risk zone S3: Surface and floor cut-off barrier
Low risk zone S4: Leakage monitoring and detection
S5: Retained water treatment facility
S6: Landfill management
S7: Waste transportation

Figure 6. Risk assessment matrix of initial subsystem hazard analysis (SSHA) of the offshore waste
disposal facility.

For every identified and classified hazard, necessary measures should be sought to eliminate or
reduce the risk in advance. Table 5 summarizes a general principle for seeking a measure required for
reducing or controlling the potential hazards depending on the associated risk level. The ultimate
goal is always to find the most appropriate solution to eliminating the hazard. When it is impossible
to completely eliminate a hazard, the assessed risk should be reduced to the lowest acceptable level
with the approval or agreement of the authorities or parties, after taking account all of the relevant
constraints such as cost, time, and other factors [29]. In other words, when removing a hazard
is difficult, hazard management is required.

Table 5. Measures required for reducing or controlling the hazards according to the associated risk

level [29].
Risk Level Measure
Extreme Shall be eliminated
. Shall only be accepted when risk reduction is impracticable and with the
High .
agreement of the authority

Moderate Acceptable with adequate control and the agreement of the authority

Low Acceptable with/without the agreement of the authority

Table 6 shows the example worksheet presenting IMRIs, mitigation measures, and FMRIs of the
seven hazardous elements that were classified to be extremely risky. For the remaining hazardous
elements corresponding to high or moderate risk, similar worksheets were created, however, they were
omitted as they were considered excessively lengthy to be included in this paper. Basically, the process
of evaluating FMRI is similar to that of IMRI. For every hazard element evaluated as extreme or high
risk in IMRI, a mitigation measure was suggested for reducing the associated risk to an acceptable range.
Then, the severity and probability after applying the mitigation measure were evaluated by experts
who conducted assessment of IMRIs by following the same procedure described in Section 5.1. If the
risk of a hazard element was not reduced to the lowest acceptable level by the firstly proposed
mitigation measure, this process was repeated until it was satisfied.
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Table 6. Extremely hazardous elements identified by subsystem hazard analysis (SSHA) and measures
to mitigate them. IMRI—initial mishap risk index, FMRI—final mishap risk index.

No. Hazard Cause Consequence IMRI Mitigation FMRI
Modify the
design of the
separating
Excessive revetment to
Circularslip  surfaceload  Collapse of satisfy the
S1-B failure of the on the the 2B safety 2E
revetment separating revetment standards by
revetment reinforcing
the fore
slope of the
revetment
Apply
Cracks in the cathodic
Corrosion of Exposure to barrier and protection
S2-A barriers p deterioration 2B method or 2E
seawater .
made of steel of cut-off use special
performance steels for
anti-corrosion
Apply a
double layer
Deformation Cracks in the waterproof
Pressures .
and damage from the barrier and sheets on the
S2-D of joints due . deterioration 2B joints or use 2E
. landfilled .
to landfill waste of cut-off sheet piles
pressure performance implementing
fail-safe
technology
Monitor the
. driving
Insufficient Uncer’Famty Failure of depth of
associated . .
depth of with the barriers or vertical
S2-H barriers due . deterioration 2A barriers and 2E
construction
to poor . of cut-off check
. of vertical ..
construction . performance verticality
barriers :
during
construction
Apply
Poor lgnger
.. . barriers than
Insufficient construction . .
. Failure of required to
depth of of vertical .
barriers due barriers barriers or have extra
S2-1 . deterioration 2A driving 2E
to influenced
. of cut-off depth
heterogeneity by the e
. performance considering
of ground heterogeneity the
of ground :
associated

uncertainty
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Table 6. Cont.

No. Hazard Cause Consequence IMRI Mitigation FMRI
Apply a
shield to the
transportation
vehicles and
Waste Problems build a
Suspended transportation ~ with the sp§c1al
. . and health and device to
S7-B particles in . . 2A L 2E
. unloading to  well-being of minimize
the air . .
the disposal local particle
facility residents suspension
during
transportation
and
unloading
Make a
detour away
. from the
Inconvenience . .
residential
Traffic Waste and area and
S7-C ) transportation  uneasiness 2A 2E
congestion transport
on land to local
. waste
residents 3
avoiding
crowded
hours

The comparison of IMRIs and FMRIs in Table 6 shows that the risk levels of the hazardous
elements have been apparently reduced by applying the mitigation measures. This fact is more easily
confirmed in Figure 7, which shows the modified risk assessment matrix of the offshore waste disposal
facility after applying the mitigation measures. The items identified in the extreme risk zone and
the high-risk zone in Figure 6 have been moved to the moderated risk zone and the low-risk zone in
Figure 7, respectively. Hence, all the hazards associated with extreme or high risks in IMRIs have been
evaluated as moderate or low risks in FMRIs. This indicates that the risks of the originally proposed
design have been significantly mitigated through SSHA. By applying the mitigation measures to the
original design, the overall stability of the design was improved, especially with regard to the safety of
the revetment and the cut-off barriers, which are the core structures constituting the offshore waste
disposal facility. Note that the FMRIs of all the identified hazardous elements were evaluated through
a process similar to IMRIs, by holding a workshop with various members from relevant organizations.

5.2. Design Modification by Reflecting on SSHA

As described in Section 5.1, the risks of the offshore waste disposal facility were analyzed and
measures to mitigate such risks were suggested through SSHA. Reflecting on this, the original design
was subjected to a complete revision, from which some parts of the design were changed. Figure 8a—c
show the modified cross-sections of the barrier revetment, separating revetment, and the connection
revetment from the initial design shown in Figure 5a—c.

The major risks of barrier revetment (Sections A-E) were the poor construction of the barrier for
some reasons and the deterioration of the cut-off performance that would lead to a mixture of waste
and dredged soil. To mitigate these types of risks, additional waterproof sheets were placed along the
interior sheet piles in the updated design as shown in Figure 8a.
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Semty Catastrophic Marginal Negligible
(1) (2) 4)
quuent
(A)
Probable
(B)
Occasional
©
Remote
D)
Improbable
(E)
* Risk level : [ Extreme risk zone * Subsystem : S1: Revetment
| Highrisk zone S2: Vertical cut-off barrier
[ Moderate risk zone S3: Surface and floor cut-off barrier
[ Low risk zone S4: Leakage monitoring and detection
S5: Retained water treatment facility
S6: Land/fill management
S7: Wasle transportation

Figure 7. Risk assessment matrix of the final subsystem hazard analysis (SSHA) of the offshore waste
disposal facility. Blurred background colors indicate the results of the initial SSHA.

Figure 8. Cross-sections of the revetments constituting the offshore waste disposal facility that have
been modified based on the subsystem hazard analysis. (a) The barrier revetment corresponding to
Sections A-E; (b) the separating revetment corresponding to Section I; and (c) the connection revetment

corresponding to Section L.

Meanwhile, the critical risks of the separating revetment (Section I) were the failure or collapse of
the revetment due to the landfill overload or other unexpected external forces and exceedance of the
capability of the waste treatment facility. Such risks have been reduced by placing a supplementary
cover layer on the inner slope of the separating revetment and waterproof sheets underneath the
cover layer. Figure 8b shows the modified design according to these changes.

Finally, the primary risk of the connection revetment (Section L) was the lack of continuity at
the connection between the improved soil by DCM and the cut-off barrier on the revetment slope.
If there exists any discontinuity, leachate shall be leaked to the dredged soil disposal pond through the
revetment. To prevent this risk, a relatively thick cover layer was placed with waterproof sheets in the
middle, as shown in the updated design in Figure 8c.

As illustrated in Figure 8, improved design outputs were obtained through SSHA by updating the
original design where hazard elements not recognized by designers in the early stages of the design
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were included. In this context, the results presented in this study are meaningful in that they introduce
a method to objectively recognize and manage the risks associated with the construction of the offshore
waste disposal facility. In addition, the design drawings derived through this study were made at the
conceptual design level but intrinsically are comparable to the basic design level. Therefore, they will
be practically used as a key material for future detailed design when the construction of the facility is
determined and a full-fledged demonstration project becomes visible.

6. Conclusions

This study provided the result of SSHA for an offshore waste disposal facility, which, to the best
of our knowledge, has not previously been presented in any literature so far. The hazard analysis was
performed for a detailed design of the proposed offshore waste disposal facility that was planned
to be constructed near the new Incheon port, Korea. According to the IMRIs that were assessed by
SSHA, seven hazard elements corresponded to extreme risks, 30 high risks, and seven moderate risks.
After applying the risk mitigation measures, however, there were no hazard elements associated with
extreme or high risks. All the hazard elements came into moderate or low risks, which can be controlled
or managed adequately.

Therefore, this study shows that potential hazardous elements of the offshore waste disposal
facility can be identified in advance through SSHA and countermeasures can be established to eliminate
or mitigate the identified risks. However, it remains uncertain as to whether the proposed offshore
waste disposal facility near Songdo International City can actually be built. Because such a facility has
never been built in Korea, even if it can be constructed with only marginal or negligible influence on
the environment, it may take a long time to obtain the consent and agreement of the local residents.
In this context, when the actual construction plan is dealt with more specifically, it is necessary to
perform an additional hazard analysis that focuses more on the risk of the residence.

Author Contributions: Conceptualization, S.-H.O.; methodology, S.-H.O. and S.-WK.; software, S.-H.O.
and S.-W.K,; validation, S.-H.O.; formal analysis, 5.-W.K,; investigation, S.-H.O. and S.-W.K.; data curation,
S.-W.K.; writing—original draft preparation, review, and edition, S.-H.O. and S.-W.K.; funding acquisition, S.-H.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This study is part of a research project titled “Development of Technology for Offshore Final
Disposal Facility”, which is funded by the Ministry of Oceans and Fisheries of Korea (Project No.
20160281/PM60660).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Oh, M.H.; Kwon, O.S.; Kim, G.H.; Chae, K.S. Introduction on offshore waste landfill and potential sites.
KSCE ]. Civ. Eng. 2012, 60, 40-48.

2. Yamamura, K. Current status of waste management in Japan. Waste Manag. Res. 1983, 1, 1-15. [CrossRef]

3.  Gotoh, S. Waste management and recycling trends in Japan. Resour. Conserv. 1987, 14, 15-28. [CrossRef]

4. Bai, R; Sutanto, M. The practice and challenges of solid waste management in Singapore. Waste Manag. 2002,
22,557-567. [CrossRef]

5. Tanaka, N.; Tojo, Y.; Matsuto, T. Past, present, and future of MSW landfills in Japan. ]. Mater. Cycl.
Waste Manag. 2005, 7, 104-111.

6.  Hiroshima Prefecture. Environmental Impact Assessment Report on the Installation of Waste Disposal Plant
in Dejima Landfill Area. Available online: https://www.pref.hiroshima.lg.jp/site/eco/i-i2-dejima-dejima-
kizon.html (accessed on 21 October 2020).

7. Kitakyushu Prefecture. Preparations for Environmental Impact Assessment on the Construction of Waste
Disposal Places in Eastern Hibikina. Available online: https://www.city.kitakyushu.lg.jp/kankyou/00600155.
html (accessed on 21 October 2020).


http://dx.doi.org/10.1177/0734242X8300100102
http://dx.doi.org/10.1016/0166-3097(87)90010-1
http://dx.doi.org/10.1016/S0956-053X(02)00014-4
https://www.pref.hiroshima.lg.jp/site/eco/i-i2-dejima-dejima-kizon.html
https://www.pref.hiroshima.lg.jp/site/eco/i-i2-dejima-dejima-kizon.html
https://www.city.kitakyushu.lg.jp/kankyou/00600155.html
https://www.city.kitakyushu.lg.jp/kankyou/00600155.html

Int. ]. Environ. Res. Public Health 2020, 17, 7755 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Lee, H.; Son, M.; Kang, T.; Maeng, J. A study on environmental impact assessment guidelines for marine
environments in construction projects of offshore waste disposal landfills. |. Environ. Imp. Assess. 2019,
28, 312-331. (In Korean)

Khoo, HH.; Tan, L.L.Z; Tan, R.B.H. Projecting the environmental profile of Singapore’s landfill
activities: Comparisons of present and future scenarios based on LCA. Waste Manag. 2012, 32, 890-900.
[CrossRef] [PubMed]

Chan, J.LK.H. The ethics of working with wicked urban waste problems: The case of Singapore’s
Semakau Landfill. Lands. Urb. Plann. 2016, 123-131. [CrossRef]

Tan, S.K.; Yeo, R K.H. The intertidal mollusks of Pulau Semakau: Preliminary results of “project Semakau”.
Nat. Singap. 2010, 3, 287-296.

Park, J.; Xu, X.; Oh, M.; Chae, K;; Kim, S; Lee, K.; Hwang, Y. Development on the Technology for Offshore
Waste Final Disposal in S. Korea. In Environmental Geotechnology; Springer: Singapore, 2019; pp. 17-42.

Xu, X.; Liu, X.; Oh, M.H.; Park, J. Development of a novel base liner material for offshore final disposal sites
and the assessment of its hydraulic conductivity. Waste Manage. 2020, 102, 190-197. [CrossRef] [PubMed]
Chae, K;; Lee, J.; Jin, H.; Oh, M. Analysis of a new structure for offshore waste landfill: Contaminant transport
characteristics affected by tidal fluctuations. In International Conference on Offshore Mechanics and
Arctic Engineering. Am. Soc. Mechan. Engin. 2018, 51227, VO03T02A060.

Ericson, C.A. Hazard Analysis Technique for System Safety; John Wiley & Sons, Inc.: Fredericksburg, VA,
USA, 2005.

Det Norske Veritas (DNV) Integrity Management of Submarine Pipeline Systems, Recommended Practice
DNV-RP-F116. Available online: https://rules.dnvgl.com/docs/pdf/DNV/codes/docs/2015-02/RP-F116.pdf
(accessed on 21 October 2020).

American Bureau of Shipping (ABS) Guidance Notes on Risk Assessment Applications for the Marine and
Offshore Oil and Gas Industries. Available online: https://books.google.co.kr/books/about/Guidance_Notes_
on_Risk_Assessment_Applic.html?id=9ET6HAAACAA]&redir_esc=y (accessed on 21 October 2020).
American Bureau of Shipping (ABS) Guide for Risk Evaluations for the Classification of Marine-Related
Facilities. Available online: https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/117_
riskevalforclassofmarinerelatedfacilities/pub117_riskeval.pdf (accessed on 21 October 2020).

American Bureau of Shipping (ABS). Guidance Notes on Accidental Load Analysis and Design for Offshore
Structures. Available online: https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/197_
accload/accidental_load_gn_e.pdf (accessed on 21 October 2020).

American Petroleum Institute (API). Recommended Practice for Design and Hazards Analysis for Offshore
Production Facilities; American Petroleum Institute (API): Washington, DC, USA, 2019.

International Organization for Standardization (ISO) 31000. Risk Management—Principles and Guidelines.
Available online: https://www.iso.org/obp/ui/#iso:std:is0:31000:ed-1:v1:en (accessed on 21 October 2020).
Yang, X.; Utne, I.B.; Holmen, .M. Methodology for hazard identification in aquaculture operations (MHIAO).
Saf. Sci. 2020, 121, 430-450. [CrossRef]

Sezen, H.; Hur, J.; Smith, C.; Aldemir, T.; Denning, R. A computational risk assessment approach
to the integration of seismic and flooding hazards with internal hazards. Nucl. Eng. Des. 2019,
355,110341. [CrossRef]

Chiri, H.; Abascal, A].; Castanedo, S. Deep oil spill hazard assessment based on spatio-temporal
met-ocean patterns. Mar. Poll. Bull. 2020, 154, 111123. [CrossRef] [PubMed]

Xiao, Y.F; Duan, Z.D.; Xiao, Y.Q.; Ou, J.P; Chang, L.; Li, Q.S. Typhoon wind hazard analysis for southeast
China coastal regions. Struct. Saf. 2011, 33, 286-295. [CrossRef]

Kim, SW.; Oh, S.H.; Oh, M.; Seo, S.N. Preliminary hazard analysis based on a conceptual design of the
offshore waste disposal facility. J. Korean Soc. Hazard Mitig. 2018, 18, 395-404. (In Korean) [CrossRef]

US Department of Defense. MIL-STD-882D, Standard Practice for System Safety. Available online:
http://everyspec.com/MIL-STD/MIL-STD-0800-0899/MIL_STD_882D_934/ (accessed on 21 October 2020).


http://dx.doi.org/10.1016/j.wasman.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/22257698
http://dx.doi.org/10.1016/j.landurbplan.2016.03.017
http://dx.doi.org/10.1016/j.wasman.2019.10.047
http://www.ncbi.nlm.nih.gov/pubmed/31678805
https://rules.dnvgl.com/docs/pdf/DNV/codes/docs/2015-02/RP-F116.pdf
https://books.google.co.kr/books/about/Guidance_Notes_on_Risk_Assessment_Applic.html?id=9ET6HAAACAAJ&redir_esc=y
https://books.google.co.kr/books/about/Guidance_Notes_on_Risk_Assessment_Applic.html?id=9ET6HAAACAAJ&redir_esc=y
https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/117_riskevalforclassofmarinerelatedfacilities/pub117_riskeval.pdf
https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/117_riskevalforclassofmarinerelatedfacilities/pub117_riskeval.pdf
https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/197_accload/accidental_load_gn_e.pdf
https://ww2.eagle.org/content/dam/eagle/rules-and-guides/current/other/197_accload/accidental_load_gn_e.pdf
https://www.iso.org/obp/ui/#iso:std:iso:31000:ed-1:v1:en
http://dx.doi.org/10.1016/j.ssci.2019.09.021
http://dx.doi.org/10.1016/j.nucengdes.2019.110341
http://dx.doi.org/10.1016/j.marpolbul.2020.111123
http://www.ncbi.nlm.nih.gov/pubmed/32319934
http://dx.doi.org/10.1016/j.strusafe.2011.04.003
http://dx.doi.org/10.9798/KOSHAM.2018.18.6.395
http://everyspec.com/MIL-STD/MIL-STD-0800-0899/MIL_STD_882D_934/

Int. |. Environ. Res. Public Health 2020, 17, 7755 17 of 17

28. Oh, M.; Seo, M.W.; Lee, S.; Park, J. Applicability of grid-net detection system for landfill leachate and diesel
fuel release in the subsurface. J. Cont. Hydrol. 2008, 96, 69-82. [CrossRef] [PubMed]

29. US Department of Defense. MIL-STD-882E, Standard Practice for System Safety. Available online:
http://acqnotes.com/acqnote/tasks/mil-std-882e-system-safety (accessed on 21 October 2020).

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.jconhyd.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18037532
http://acqnotes.com/acqnote/tasks/mil-std-882e-system-safety
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Outline of Subsystem Hazard Analysis 
	The Offshore Waste Disposal Facility 
	The Facility of Investigation 
	Subsystem of the Offshore Waste Disposal Facility 
	Revetment 
	Vertical Cut-Off Barrier 
	Surface and Floor Cut-Off Barrier 
	Leakage Monitoring and Detection 
	Retained Water Treatment Facility 
	Landfill Management 
	Waste Transportation 


	Procedures of Subsystem Hazard Analysis 
	Selection of Relevant Hazard Checklists 
	Identification of TLMs 
	Assessment of IMRI and FMRI 

	Results of Subsystem Hazard Analysis 
	Mishap Risk Indices and Methods of Mitigation 
	Design Modification by Reflecting on SSHA 

	Conclusions 
	References

