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 12 

Abstract: Dynamic performance and lifespan predictions are essential for 13 

understanding the whole life-cycle emissions and environmental impacts of landfills. 14 

However, there are knowledge gaps regarding the major failure modes and mechanisms 15 

in flexible hazardous waste landfills (FHWLs) and their potential effects on the service 16 

life of landfills. These issues limit the advancement of related research. In this study, 17 

focusing on flexible landfills, failure mode, mechanism, and effects analysis was 18 

conducted to identify the major failure modes, mechanisms, and impacts that may occur 19 

in landfills under extremely harsh chemical and stress conditions. The results indicate 20 

that there are approximately 33 major components and materials in landfills, 21 

corresponding to 35 potential failure modes and more than 60 underlying failure 22 
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mechanisms. Notably, the failure of the drainage media in the drainage system is 23 

concerning and challenging to recover from. In contrast, the failure of the high-density 24 

polyethylene geomembrane (HDPE GMB) in the liner system (LS) is considered 25 

serious and is prone to occur, but it is also difficult to detect. Therefore, these two failure 26 

modes were identified as critical factors affecting the degradation of the performance 27 

and longevity of FHWLs. Finally, due to their high probability of occurrence and severe 28 

impacts, stress damage (physical damage) and oxidative aging were identified as the 29 

main degradation modes of HDPE GMB, the core material in FHWLs. This study 30 

provides key insights into performance prediction targets, failure modes, and failure 31 

mechanisms for further research on long-term landfill performance and life prediction. 32 

It prompts the government and stakeholders to re-examine the rationality behind the 33 

positioning of landfills, such as the assumptions of unlimited service and solid waste 34 

management endpoints. Therefore, it calls for a reassessment and optimization of the 35 

full life cycle emissions of landfills and related waste. 36 

Keywords: Landfill, Material aging, Long-term performance, service life 37 

1. Introduction 38 

Landfills are the environmental infrastructure for the centralized disposal of large 39 

quantities of solid waste (Gunarathne et al., 2024). Landfill failure can lead to 40 

environmental contamination and ecological damage from the leakage of hazardous 41 

substances (Nguyen et al., 2021). Engineered materials in landfills undergo degradation 42 

under complex pressure, hydrological and biogeochemical conditions (Narani et al., 43 
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2020). Interactions such as holes in the artificial liner, or increased hydraulic loads due 44 

to increased leachate generation or reduced conductivity, result in exponential increases 45 

in leakage (Parameswari et al., 2021, He et al., 2019). Failure occurs when leakage 46 

reaches an unacceptable level. Wastes, as well as secondary high-level leachate, may 47 

contain many contaminants, including, but not limited to, heavy metals, high nitrogen 48 

content (primarily as ammonia) and emerging contaminants. (Xu et al., 2018, Wang et 49 

al., 2022). Considering that a cumulative total of 100 billion tons of solid waste has 50 

been deposited in 10,000 landfills worldwide, some of which have been in service for 51 

more than 20 years, the probability of failure and the potentially catastrophic 52 

environmental consequences on a global scale need to be taken seriously (Mahadi H M 53 

et al., 2023). 54 

This highlights the importance of failure analysis of landfills. Failure modes, 55 

mechanisms, and consequences, if accurately identified, can help in taking targeted 56 

measures to slow down failure as well as in accurately predicting failure and taking 57 

countermeasures in advance (Garavaglia et al., 2019, Verbist et al., 2019). Early studies 58 

focused on indirectly determining failure by monitoring groundwater contamination in 59 

the vicinity of the landfill. As the evidence of failure became more conclusive, more 60 

attention was paid to the study of failure itself. At this stage, accelerated aging 61 

simulation experiments were conducted to study the performance degradation patterns 62 

and influencing factors of key core materials. For example, Fady et al. (2014) studied 63 

the aging characteristics of a high-density polyethylene geomembrane (HDPE GMB), 64 

a type of flexible membrane liner, in landfills; Yu et al. (2020) studied changes in 65 
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geotextile performance over time; and Wang et al. (2021) studied changes in the 66 

permeability coefficient of the guiding and drainage layer. During landfill operation, 67 

the performance of the guiding drainage system and the liner system (LS) will gradually 68 

decline (Singh et al., 2009). Studies on impervious geotechnical materials have shown 69 

that, due to temperature changes, ultraviolet radiation, and chemical corrosion, the 70 

impervious performance of an HDPE GMB will gradually decline, and the number of 71 

holes in the material will gradually increase (Abdelaal et al., 2014). 72 

However, landfills are complex systems, and failures of different components can 73 

compound and affect each other, resulting in more serious consequences (Nai et al., 74 

2021). Previous studies have focused on the failure of a single component and have 75 

failed to systematically identify what specific components and functions landfills have, 76 

and what failure modes and consequences exist for these components. Consequently, it 77 

is also difficult to help systematically understand how the landfill, as a whole, will fail, 78 

how likely it is, and what the consequences will be. The U.S. EPA has explored some 79 

of the possible long-term degradation, but it is not comprehensive and does not analyze 80 

in depth the mechanisms behind these degradations (Cortellazzo et al., 2022), as well 81 

as the possible consequences and their likelihood, severity, detectability, and 82 

reparability, which has severely limited the development of further research on landfill 83 

life prediction and extended service life. 84 

In this study, a flexible hazardous waste landfill (FHWL), which disposes of 85 

hazardous waste and employs a flexible pollution barrier structure and thus poses a 86 

greater risk, was selected for conducting failure modes, mechanisms, and effects 87 
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analysis (FMMEA). By analyzing the structure and composition of the FHWL in 88 

conjunction with its service environment and stress conditions, the long-term 89 

performance degradation of key components and materials was identified. Further 90 

analysis was conducted in terms of the failure impact, severity, frequency, and 91 

detectability of each component to determine the key components and materials 92 

affecting the lifetime of the FHWL, as well as their failure mechanisms. This research 93 

is important for quantitatively predicting landfill failure and service life and for 94 

designing and optimizing the service environment to mitigate performance degradation 95 

and extend the service life of landfills. 96 

2. Materials and methods 97 

2.1 FHWL system composition and function identification 98 

To conduct FMMEA, the system composition, boundary, and main functions of 99 

landfills were first analyzed and identified. 100 

2.1.1 FHWL system composition 101 

In a broad sense, a FHWL is a land-based disposal facility for the disposal of 102 

hazardous wastes. FHWLs are composed of several functional units and structures, 103 

mainly including the receiving and storage facilities, analysis and identification systems, 104 

pretreatment facilities, landfill disposal facilities (including the LS, leachate collection 105 

and drainage system, and closure and coverage system), leachate and wastewater 106 

treatment system, environmental monitoring system, emergency facilities, and other 107 

public works and supporting facilities (Li et al., 2012). In the narrow sense, A FHWL 108 

refers to the landfill disposal facilities mentioned earlier; this narrow sense of a FHWL 109 
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is the specific research subject of this article. 110 

Many countries have stipulated minimum design requirements for FHWLs (Xu et 111 

al., 2023). The basic components of a FHWL include the groundwater drainage 112 

subsystem, the rainwater and sewage diversion (RSD) subsystem, the flood interception 113 

ditch, the leachate seepage prevention subsystem, the leachate drainage subsystem, and 114 

the site closure and coverage subsystem. Some valley landfills may also be equipped 115 

with dams. Landfills with high regional groundwater levels are also equipped with 116 

groundwater drainage and collection subsystems. 117 

Notably, according to the differences in engineering barrier structures, FHWLs are 118 

divided into flexible landfills and rigid landfills (Xu et al., 2023). Flexible landfills refer 119 

to landfill disposal facilities that use double artificial composite liners as engineering 120 

barrier materials; rigid landfills are landfill disposal facilities that use concrete as 121 

engineering barrier materials (Wai Ng et al., 2023). This study focuses on FHWLs; 122 

therefore, unless otherwise specified, the term "landfill" in the following sections refers 123 

to a FHWL. 124 

The structure of the FHWL system is shown in Figure 1, and the components or 125 

materials of each subsystem are shown in Table 1 (Xu et al., 2018). 126 

Table 1 Codes, names, and components of the structural subsystems of the FHWL 127 

Subsystem 

code 
Subsystem name Components 

RSD Rain and sewage diversion Drainage ditch 

CG Capping green system 
Vegetative soil, covering supporting 

soil, and plants 

CCD 
Capping water collection and 

drainage system 

Drainage medium and slope drainage 

net 

CL Capping liner system HDPE GMB 

CGC Capping gas collection system Drainage medium and drainage pipe 
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WL Waste landfill body Hazardous waste 

PLC 
Primary leachate collection and 

drainage system 

Filter layer, drainage medium, and leachate 

drainage pipe 

PL Primary liner system 
HDPE GMB, geotextile protective layer, 

and clay liner 

SLC 
Secondary leachate collection and 

drainage system 
Drainage net and drainage pipe 

SL Secondary liner system 
HDPE GMB, geotextile protective layer, 

and clay liner 

GCD 
Groundwater collection and 

drainage system 
Drainage medium and drainage pipe 

Note: FHWL = Flexible hazardous waste landfill; HDPE GMB = High-density polyethylene 128 

geomembrane. 129 

 130 

Figure 1 Typical flexible hazardous waste landfill (FHWL) system structure. 131 

2.1.2 FHWL function and its implementation 132 

A FHWL achieves safe disposal by isolating hazardous waste from the external 133 

soil, surface, and groundwater environment. The leachate leakage control in a FHWL 134 

is achieved through the triple control of the source, routine, and sink. Source control 135 

refers to controlling the infiltration of rainwater and the production of leachate. This is 136 

mainly achieved through RSD and capping water collection and drainage (CCD), both 137 

of which make use of the drainage function; in contrast, the LS exercises the barrier 138 
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function of the landfill. Route control refers to the cutoff of leachate leakage routes—139 

mainly through the barrier function of the main leachate LS and the drainage function 140 

of the drainage system. The function of route control is to avoid or minimize the 141 

leachate leakage through the main liner layer under the unfavorable conditions of 142 

massive leachate generation. Sink control refers to the collection of leachate leakage 143 

through the main liner layer by setting up a secondary leachate LS and drainage system. 144 

The secondary leachate LS is the final barrier for FHWL leachate leakage. Along with 145 

the main LS, the secondary system constitutes a form of "double insurance." This is to 146 

ensure that even if the main liner layer leaks, the leachate will not enter the 147 

environmental media. The functional characteristics and water flow characteristics of 148 

each FHWL subsystem are shown in Figure 2. 149 
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 150 

Figure 2 Functional characteristics and water flow characteristics of flexible hazardous 151 

waste landfill (FHWL) subsystems. Revised according to Berger (2015). 152 

2.2 FMMEA methods 153 

FMMEA is "a systematic methodology to identify potential failure mechanisms 154 

and models for all potential failure modes, and to prioritize failure mechanisms" 155 

(Christopher et al., 2015). It is the cornerstone of the physics-of-failure approach to the 156 

reliability assessment of systems, subsystems, and components. 157 

FMMEA is derived from the well-established failure mode and effects analysis 158 
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(FMEA) method, which was developed to identify and classify failures with a focus on 159 

mission success and safety. However, in contrast to traditional FMEA, FMMEA 160 

considers failure mechanisms and their relevance when assessing potential system risks. 161 

The implementation of FMMEA includes failure mode identification, failure 162 

mechanism analysis, and failure consequence analysis. The FMMEA process is 163 

described in detail in Blancke et al. (2018). 164 

Prior to conducting the FMMEA, the landfill component or material to be analyzed 165 

was identified in accordance with Section 2.1. After that, the location of the landfill 166 

component or material in the FHWL system was analyzed in terms of the surrounding 167 

parts that it systematically interferes with. Factors within and outside the system 168 

affecting the landfill location were also analyzed. FMMEA was then conducted, with 169 

the first step being failure mode identification using a combination of theoretical 170 

analyses and empirical studies. The empirical studies were mainly based on using 171 

reported literature or other information to analyze failure modes. To identify possible 172 

degradation modes, the theoretical analyses were based on the physicochemical 173 

properties of the material itself. Moreover, the theoretical analyses take into account the 174 

physicochemical conditions and physicochemical processes the material may undergo 175 

during its service life. For example, according to the poor puncture performance of 176 

HDPE GMB, the "puncture" failure mode can be identified by analyzing the forces it 177 

may encounter during its service life. 178 

The second step, failure mechanism analysis, focused on the identified failure 179 

modes and determined the physicochemical processes and mechanisms underlying the 180 
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failure modes through theoretical analysis. For example, for the drainage medium 181 

failure mode of "clogging," it was possible to infer the existence of three possible failure 182 

mechanisms: the chemical precipitation of calcium and magnesium ions in leachate, the 183 

physical sedimentation or accumulation of particulate matter, and the biodegradation 184 

and synthesis of organic matter. Among these, the biodegradation and synthesis of 185 

organic matter release nutrients that promote favorable conditions for microbial growth, 186 

thereby facilitating the formation of biofilm/microbial communities, ultimately leading 187 

to partial or complete blockage of the pipeline or system (Tang et al., 2018). 188 

Understanding the physical and chemical composition of the leachate is crucial for 189 

comprehending all these mechanisms and their interconnectedness. 190 

Finally, the possible effects of the failure mode were analyzed. For example, in 191 

terms of drainage medium clogging, it was inferred that at the level of the leakage 192 

detection and collection system (LDCS), clogging would lead to the failure of leachate 193 

collection and drainage, resulting in an increase in the water level. At the level of the 194 

FHWL system, this would lead to an increase in the water pressure exerted on the LS, 195 

and an increase in the amount and groundwater contamination risk of leakage. Detailed 196 

information about FMMEA is provided in Blancke et al. (2018). 197 

3. Results 198 

3.1 Factors, modes, and mechanisms of FHWL deterioration 199 

According to the definition and structural composition of the FHWL system, 200 
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failure modes were identified for each underlying system with respect to the function 201 

of each component, its material properties, the service environmental conditions, and 202 

the stress conditions. According to the material characteristics, environment, and 203 

leachate conditions in FHWL, the degradation and failure mechanism of each failure 204 

mode were analyzed. Table 2 shows the results. 205 

As shown in Table 2, a total of 33 degradation factors were identified, 206 

corresponding to 35 potential failure modes and 62 potential deterioration mechanisms 207 

(Ya, X et al., 2023). According to Table 2, the RSD, CG, RD, RLS, GDS, LD, PL, 208 

LDCS, SL, and GCD subsystems were found to have 2, 4, 1, 3, 3, 8, 3, 5, 3 and 3 failure 209 

modes, respectively. Of these, in terms of the failure mechanisms suffered, the RD、210 

LD and LDCS systems include biological, physical, and chemical clogging. Biological 211 

clogging is caused by microbial activity, where growth and metabolism promote the 212 

formation of biofilms and other organic blockages, significantly reducing system 213 

permeability due to the production of extracellular polymeric substances (Tang et al., 214 

2018; Wang et al., 2023). Physical clogging occurs when soil particles and garbage 215 

residues are carried by water flow and accumulate in the filtration medium or pipes, 216 

reducing water flow channels and affecting drainage efficiency (Liu et al., 2021). 217 

Chemical clogging happens when inorganic and organic compounds in the leachate 218 

react under specific conditions to form precipitates or solids, not only obstructing the 219 

drainage system but also potentially corroding system materials with newly formed 220 

substances (Wu et al., 2018; Wang et al., 2023). In the RLS, PL, and SL systems, the 221 

stress damage of HDPE membranes is attributed to mechanical forces, stones, and tree 222 
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roots during laying and garbage landfill processes (Ya, X et al., 2023). Meanwhile, the 223 

oxidative aging of these systems is caused by the reaction between oxidants in air and 224 

leachate with the polymers in the HDPE membrane. The clay in various 225 

impermeabilization systems and the soil in the site greening system can suffer structural 226 

damage due to particle loss from high-speed water erosion (Li et al., 2021). 227 

Failure studies have been carried out on various landfill subsystems, and research 228 

related to subsystems, such as the cover system (Buckley et al., 2012; Dassanayake et 229 

al., 2022), LS (Shi et al., 2012; Kerry Rowe et al., 2023), and leachate drainage system 230 

(Liu et al., 2020; Wang et al., 2023), has attracted the most attention. Using the relevant 231 

failure modes as keywords, such as "landfill cover system failure," "landfill drainage 232 

system failure," and "landfill barrier system failure," 8795, 5818, and 3065 relevant 233 

scientific papers were retrieved, respectively, from the ScienceDirect database. The 234 

findings of these studies indicate that the failure of cover systems mainly leads to the 235 

failure of landfill gas collection functions, especially the methane control function of 236 

municipal solid waste landfills (Wen et al., 2023). The failure of LSs is mainly due to 237 

mechanical breakage or aging (Wan et al., 2023), and the failure of conduit drainage 238 

systems occurs due to the siltation of the conduit drainage medium and pipeline ruptures 239 

(Xu et al., 2022). Given the low organic content of hazardous wastes, methane escape 240 

due to the failure of the cover system may not be of particular concern (Hanson, J.L et 241 

al., 2023; Maciel, F.J et al., 2011); however, the failure of the liner and conductor 242 

systems may need to be prioritized due to the risk of the release of highly toxic leachate 243 

(Xu et al., 2018; Kerry Rowe et al., 2023). 244 
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Table 2 Identification of failure modes and failure mechanisms (degradation factors) of landfill subsystems and components/materials 245 

Subsystem Subsystem/component Material Function Failure mode  Number Service environmental factors 
Service stress 

conditions 

Deterioration 

mechanism 

RSD 

(Beaven et al., 2013) 
Drainage Ditch concrete 

Collect and discharge rainwater and control 

the water volume in the landfill 

1. Drainage ditch blockage occurs 

2. Drainage ditch body is broken 

 

       2 Rain, light, and temperature  
Dry–wet cycle, acid–

base corrosion, and 

stress damage 

CG 

(Chen et al., 2023) 

Surface vegetation soil  Soil Provide nutrition for vegetation Erosion and loss 
 

 
Rain, plant roots, and small animals 

Rainwater scouring and 

biological action 

Covering support soil Soil Provide support for vegetated soil -        4  Plant roots and small animals  Biological action 

Vegetation  Grass\trees  Greening/beautification Decay, death 
 

Rain wash, temperature, and light  
Nutrition, dry/wet 

conditions 

RD 
(VanGulck, et al., 2004) 

Drainage medium 

Geo-drainage mesh 

Pebble/gravel/geo-

drainage mesh 

Guide and drain rainwater to prevent HDPE 

GMB from accumulating rainwater 
Blockage 

       1 
rain  CBPC 

RLS 

(Wan et al., 2023) 

HDPE GMB HDPE GMB  Rainproof and control of leachate 
1. HDPE GMB is damaged, and leaks 

occur 

 
Rain, temperature USO 

Mechanical damage and 

OA 

Geotextile protective 

layer 
Geotextile Protect HDPE GMB from damage 

2. Permeability coefficient increases 

Mechanical performance degrades 

       3 
Rain, temperature USO SD and OA 

GDS 
(Nelson et al., 2022) 
 

Gas collection and 

drainage pipe 
HDPE pipe 

Landfill gas collection and drainage to avoid 

gas accumulation in the site 

1. Cracking 

2. Clogging 

 

       3 
Landfill gas and leachate DSPB SD and OA 

Landfill Hazardous waste / Degradation of curing performance  Rainwater, temperature, and leachate DSPB / 

LD 

(Rowe et al., 2008) 

 Filter layer  
Fine 

sand/geotextile 

Slow down the clogging of guide and 

drainage medium 
Mechanical performance degradation 

 
Leachate Ll SD and OA 

Drainage medium Pebble/gravel 
Conduct drainage and prevent leachate 

accumulation 
Clogging 

 
Leachate Ll CBPS 

Central spine drain HDPE pipe 
Collect the leachate in the drainage branch 

pipe and drainage medium 

1. Cracking 

2. Clogging 

       8 
L&T LlUS CL, SD, and OA 

Spur drain HDPE pipe Collect the leachate in the drainage medium 
1. Cracking 

2. Clogging 

     
L&T LlUS CL, SD, and OA 

Guide standpipe HDPE pipe 
Collect the leachate from the main drainage 

pipe 
Cracking 

 
L&T LlUS CL, SD, and OA 

Water pump Water pump Discharge the leachate from the vertical pipe Cannot pump water  L&T / Corrosion and OA 

PL Flexible membrane liner HDPE GMB The first liner barrier for leachate leakage 
1. HDPE GMB is damaged, and leaks 

occur 

    
L&T LlUS SD and OA 
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Subsystem Subsystem/component Material Function Failure mode  Number Service environmental factors 
Service stress 

conditions 

Deterioration 

mechanism 

(Rowe et al., 2009; Sun et 

al., 2019) 
2. Permeability coefficient increases 

Geotextile protective 

layer 
Geotextile Prevent HDPE GMB damage Mechanical performance degrades 

       3 
L&T LlUS SD and OA 

Clay liner Clay 
Together with the HDPE GMB, it forms the 

first liner barrier 
Permeability coefficient increases 

 
L&T LlUS Erosion and loss 

LDCS 
(Liu et al., 2021; Xu et al., 

2023) 

 

Geo-drainage mesh 
HDPE drainage net 

Collect and drain the leachate leakage of the 

upper membrane liner and control the liquid 

level on the lower membrane liner 

Cracking 

 

Leachate Ll CBPC 

Drainage pipe HDPE pipe 
Collect and drain the leachate of the 

secondary drainage layer 

1. Cracking 

2. Clogging 

 
L&T LlUS CL, SD, and OA 

Drainage standpipe HDPE pipe 
Collect and drain the leachate from the 

drainage pipe 
Clogging 

      5 
L&T LlUS CL, SD, and OA 

Water pump Water pump 
Discharge the leachate from the secondary 

drainage pipe 
Cannot pump water 

 
L&T / Corrosion and OA 

SL 
(Brachman et al., 2008; 

R.Rowe et al., 2009) 

Flexible membrane liner HDPE GMB The second liner barrier for leachate leakage 
HDPE GMB is damaged, and leaks 

occur 

 
L&T LlUS SD and OA 

Geotextile protective 

layer 
Geotextile Prevent HDPE GMB damage 

1. Mechanical performance degrades 

2. Permeability coefficient increases 

     3 
L&T LlUS SD and OA 

Clay liner Clay 
Together with the HDPE GMB, it forms the 

second liner barrier 
Permeability coefficient increases 

 
L&T LlUS Erosion and loss 

GCD 
(Kerry Rowe et al., 2023) 

Drainage particles Pebbles and gravel 

Collect and drain the leachate leakage of the 

upper membrane liner and control the liquid 

level in the lower membrane liner 

Cracking 

 

Leachate Ll CL, SD, and OA 

Drainage pipe HDPE pipe 
Collect and drain the leachate of the 

secondary drainage layer 

1. Cracking 

2. Clogging 

    3 
L&T LlUS  CL, SD, and OA 

RD = Rainwater drainage system; RLS = Rainwater liner system; GDS = Gas drainage system; LD = Leachate collection and drainage system; 246 

LDCS = Leakage detection and collection system; L&T = Leachate and temperature; USO = Uneven settlement of the overburden; DSPB = Differential settlement of the pile body; Ll = landfill load; LlUS = landfill load and uneven 247 

settlement; CL = Clogging; SD = Stress damage; OA = Oxidation aging; CBPC = Chemical, biological, and physical clogging; and GMB = Geomembrane. 248 
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3.2 Degradation effect 249 

According to the FMMEA procedures, the impact of material failure was analyzed 250 

at the material level (the sub-subsystem level) first, followed by the impact at the 251 

previous level (the subsystem level), and finally the impact on the entire system. 252 

On this basis, the severity level, failure mode probability, and detectability of 253 

failure were further analyzed. The definitions and descriptions of the failure mode 254 

severity level (Sankar and Prabhu 2001, Pillay and Wang 2003), failure mode 255 

occurrence probability, and failure detectability are shown in Table 3. The influence of 256 

each failure mode on the local, subsystem, and system (global) levels, as well as the 257 

severity level, failure probability, and detectability of each failure mode, were obtained. 258 

The results are shown in Tables 4 and 5. 259 

Table 3 Criteria for evaluating the severity, probability, and detectability of failure 260 

modes (degradation factors) in FHWL systems 261 

The RSD system can effectively reduce the RD load of the closed greening system, 262 

thereby reducing the generation and leakage of leachate. The failure of the RSD system 263 

will lead to the failure of effective rainwater diversion, and off-site rainwater entering 264 

ID Failure severity  Failure probability  Failure detectability 

 
Categor

y 
Level Description/criteria Category Level 

Description/

criteria 

(occurrence 

probability) 

Category Level 

1 Class I Critical 

The massive leakage of 

hazardous wastes or leachate 

causes catastrophic 

environmental consequences 

and huge economic losses 

Class A Frequently ≥ 20% 5 Near zero 

2 Class II Serious 

FHWL is seriously damaged 

and cannot work normally, 

causing major economic losses 

Class B Sometimes 10%–20% 4 
Extremely low 

probability 

3 
Class 

III 
Concerning 

Need to conduct maintenance 

and the occurrence of certain 

economic loss 

Class C Accidental 1%–10% 3 
Low 

probability 

4 
Class 

IV 
Minor 

Results in unscheduled 

maintenance or repair and a 

small amount of economic loss 

Class D Rarely 0.1%–1% 2 
Large 

probability 

5 Class V Slight 

No significant impact on the 

performance of FHWL 

systems, or extremely easy to 

observe and repair 

Class E Very little ≤ 0.1% 1 

Extremely 

high 

probability 
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the landfill area may eventually lead to increased leachate production. However, 265 

because RSD failure is easy to detect and repair, its severity level is IV and its 266 

detectability were both 1. As a result, RSD failure should not be the priority focus of 267 

long-term performance evolution and life analysis. 268 

The CG system mainly affects the landscape. A decline in the amount of vegetation 269 

may lead to changes in the underlying surface conditions, resulting in an increase in 270 

runoff, thus reducing the generation and leakage of leachate. From the perspective of 271 

landfill protection performance, the degradation of the greening system has little impact 272 

on leachate generation and leakage control, and may even have a positive impact. In 273 

addition, the degradation of the closed greening system is easy to detect. Considering 274 

its Class V severity level and Class I detectability, CG system failure should not be the 275 

priority focus of the long-term performance evolution and life prediction of the landfill. 276 

Capping gas collection (CGC) systems are mainly used to collect and guide the 277 

gas in the landfill area. For FHWLs, landfill gas is not the focus of pollution control, 278 

and this is because the organic matter content in the landfill waste is very low, and the 279 

amount of methane, sulfur dioxide, carbon dioxide, and other gases produced by the 280 

anaerobic or aerobic reaction of organic matter is very small. Moreover, the drainage 281 

pipe failure probability of the CGC system is low, and the detectability is high. After 282 

comprehensive consideration, CGC failure was given a severity level of Class IV and a 283 

detectability level of Class III, and so should not be the focus of the long-term 284 

performance evolution and life prediction of the landfill. 285 

The three collection and drainage systems (the rainwater collection and drainage 286 
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system, the primary leachate collection and drainage system, and the secondary leachate 287 

collection and drainage system) are of great significance to leachate generation and 288 

leakage control, and their failure will adversely affect the overall performance of the 289 

landfill. Therefore, the failure of the main components of these systems (the collection 290 

and drainage medium, collection and drainage pipelines, and water pumps) was 291 

assigned a severity level of Class III. However, the clogging of collection and drainage 292 

pipelines is relatively easy to detect. Currently, two methods can be used to predict the 293 

failure modes of LSs. One method is a detection method that involves using the dipole 294 

method (Sun et al., 2019) and electrical resistivity tomography (Nai et al., 2019) to 295 

detect damage to HDPE GMB and the leakage of pollutants following the damage. The 296 

other method is a prediction method based on the Arrhenius equation (Lugt et al., 2023), 297 

combined with the operating temperature of the LS, to predict when the HDPE GMB 298 

will fail. Moreover, the dredging of the drainage pipeline can be accomplished by 299 

backwashing, so the drainage pipeline of each drainage system should not be the focus 300 

of the long-term performance evolution and life prediction of the landfill. Similarly, as 301 

the pump failure of the guiding and drainage system is easy to detect and repair, and the 302 

repair cost is not high, pump failure is not a concern. In contrast, it is difficult to clean 303 

and repair the drainage medium once it is silted. Therefore, the long-term evolution of 304 

the landfill performance and life prediction should focus on the drainage medium 305 

siltation of each drainage system. 306 

The three LSs (the capping LS, primary leachate LS, and secondary leachate LS) 307 

are the core units of landfill leachate control and are of great significance in leachate 308 
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generation and leakage control. Their failure will adversely affect the overall 309 

performance of the landfill. Therefore, the failures of their main components, the HDPE 310 

GMB and clay liner, were given severity levels of Class II and Class III, respectively. 311 

Although the geotextile protective layer of the LS can effectively buffer the HDPE 312 

GMB, it ages rapidly, causing it to deteriorate and lose its buffering and protection 313 

capacity shortly after the LS is installed. As a result, it only plays a role during the 314 

landfill construction period, and it is not the focus of life prediction. As a natural 315 

geotechnical barrier material, the clay liner in the barrier system usually has good aging 316 

resistance and a low probability of failure. Therefore, for each LS, the performance 317 

degradation of the HDPE GMB has a high failure severity level and is usually difficult 318 

to detect. Therefore, it should be regarded as a key target for long-term landfill 319 

performance evolution and life prediction. 320 

 321 

 322 

 323 

 324 

 325 
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Table 4 FHWL subsystem/subsystem failure impact analysis 326 

Subsyst

em 
Subsystem/component Material 

 Degradation/failure effects  
Severity 

Probab

ility 

Detecta

bility Local impact Upper-level impact Global impact 

RSD Drainage Ditch concrete Off-site rainwater cannot be effectively diverted 
The amount of off-site rainwater entering the entrance 

area increases 
Increase in leachate production IV D 1 

CG 

Surface vegetation soil  Soil Provide nutrition for vegetation 
Vegetation decay and death 

Reduced greening rate and damaged 

landscape 
 

 V D 2 

Covering support soil Soil Provide support for vegetated soil  V D 2 

Vegetation  Grass/trees  Vegetation decay and death Reduced greening rate and damaged landscape  V D 2 

RD 
Drainage medium 

Geo-drainage mesh 

Pebble/gravel/geo-

drainage mesh 
Rainwater cannot be effectively drained 

Water accumulation on the rainwater impervious layer 

increases 
Increase in leachate production  C 3 

RLS 

HDPE GMB HDPE GMB  Increase in rainwater infiltration Increase in leachate production 
Leakage of the primary liner layer 

increases 
III A 4 

Geotextile protective 

layer 
Geotextile 

Puncture resistance and reduced cushioning 

performance 

The protection ability of the HDPE geomembrane 

decreases 
HDPE GMB damage increases IV A 4 

GDS 

Gas collection and 

drainage pipe 
HDPE pipe Gas cannot be effectively exported Gas is locally accumulated - IV C 3 

Landfill Hazardous waste 
 Solidification ability of curing materials 

decreases 
Increase in leachate concentration 

Environmental hazard increases after 

leakage 
IV B 3 

LD 

Filter layer 
Fine 

sand/geotextile 
Particle clogging filter Formation of a discontinuous saturated zone - V B 4 

Guide particles Pebble/gravel 

Pore space is blocked by particles and 

permeability is reduced 
Decrease in the leachate conductive layer capacity Leakage of the upper membrane liner 

increases 

III A 4 

Central spine drain HDPE pipe III C 2 

Drainage branch HDPE pipe III C 4 

Drainage standpipe HDPE pipe IV D 1 

Water pump Water pump Water pump does not run Elevated leachate level in the catchment pit V D 1 

PL 

Flexible membrane 

liner 
HDPE GMB Increase in leachate leakage Water head rises above the lower membrane liner LSI II A 4 

Geotextile protective 

layer 
Geotextile 

Puncture resistance and reduced cushioning 

performance 

The protection ability of the HDPE geomembrane 

decreases 

HDPE geomembrane damage 

increases 
IV A 4 

Clay liner Clay 
An increase in the permeability coefficient and 

a decrease in impermeability 

The leakage from the upper membrane liner increases 

when the upper membrane liner is damaged 

Leakage of the lower membrane liner 

increases 
III C 4 
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Subsyst

em 
Subsystem/component Material 

 Degradation/failure effects  
Severity 

Probab

ility 

Detecta

bility Local impact Upper-level impact Global impact 

LDCS 

Geo-drainage mesh HDPE drainage net Decrease in the liner performance Leakage detection and drainage capacity decrease III A 4 

Drainage pipe HDPE pipe Pore space is blocked by particles and 

permeability is reduced 
The water level of the leachate rises 

III C 3 

Drainage standpipe HDPE pipe Leakage of the upper membrane liner 

increases 

IV D 2 

Water pump Water pump Water pump does not run Water level rise of the sump V D 1 

SL 

Flexible membrane 

liner 

HDPE 

geomembrane 
The second liner barrier for leachate leakage Increase in leachate leakage 

Increased risk of groundwater 

pollution 
II A 4 

Geotextile protective 

layer 
Geotextile 

Puncture resistance and reduced cushioning 

performance 

The protection ability of the HDPE geomembrane 

decreases 

HDPE geomembrane damage 

increases 
IV A 4 

Clay liner Clay 
An increase in the permeability coefficient and 

a decrease in impermeability 

Leakage from the lower membrane liner increases when 

the lower membrane liner is damaged 
LSI III C 4 

GCD 
 

Drainage particles Pebbles and gravel Reduced drainage capacity 

Groundwater level rises 

- IV D 3 

Drainage pipe HDPE pipe 
Groundwater cannot be collected in the drainage 

medium 
- IV D 2 

1 = Extremely high probability; 2 = Large probability; 3 = Low probability; 4 = Extremely low probability. 327 

Table 5 Failure consequences of FHWL key components 328 

LLD = Leachate leakage detection system.329 

System Materials Mechanisms Function 
Consequences of Failure 

Local impact Superior influence Final consequence 

RD Drainage particles Clogging Rainwater level control 
Decrease in the drainage 

capacity 
The liquid level of the rainwater liner system rises 

Leachate leakage and 

environmental pollution 

RLS HDPE GMB Damage, aging Leachate generation control Rainwater infiltration  
Control the increase in infiltration and increase in 

leachate production 

LD Drainage particles Clogging Leachate level control 
Decrease in the drainage 

capacity 
Leachate accumulation and water level rise 

PL HDPE GMB Damage, aging The main barrier against leakage  

The leakage of the upper membrane liner increases, and 

the pressure of the secondary drainage and drainage and 

impervious layers increases 

LLD Geo-drainage mesh Clogging 

Leakage detection of the main liner layer, 

reduced liquid accumulation, and reduced 

leakage risk 

 

The detection effect decreases, the leakage in the 

secondary barrier system increases, and the leakage risk 

is the greatest 

SL HDPE GMB Damage, aging Final barrier against leakage   
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3.3 Key components and degradation mechanism 330 

According to the above analysis, the drainage medium of the three drainage 331 

systems and the HDPE GMB of the three LSs have a high failure severity level, high 332 

occurrence frequency, and low detectability, and have an important impact on the 333 

overall performance of the landfill. Therefore, they were regarded as the key units of 334 

the long-term performance evolution and life prediction of FHWLs. 335 

In the relatively simple degradation mode of the drainage medium, failure mainly 336 

occurs due to clogging. In contrast, the relatively complex degradation mode of the 337 

HDPE GMB is affected not only by the characteristics of the material itself, but also by 338 

factors such as light, temperature, oxygen, heat, water, mechanical stress, and high-339 

energy radiation. Moreover, the degradation mode of the HDPE GMB is controlled by 340 

different degradation mechanisms. For any material, under the influence of different 341 

factors and degradation mechanisms, the degradation process and control mechanism 342 

are different, and the performance degradation prediction methods vary. Therefore, this 343 

section focuses on the failure mechanism and failure law of the HDPE GMB to explore 344 

its degradation mode in the landfill environment. 345 

3.3.1 Basic characteristics of the HDPE GMB 346 

HDPE resin is a thermoplastic resin produced by the copolymerization of ethylene 347 

that has high crystallinity and exhibits non-polarity. HDPE GMB is a plastic coil formed 348 

by blown GMB or the flat extrusion process from HDPE resin raw materials. In addition 349 

to polyethylene, HDPE GMB contains a certain proportion of carbon black and 350 
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antioxidants. Carbon black is mainly used to prevent the photo-oxidative aging of 351 

HDPE GMB and ensure its stability in an environment with light.  Antioxidants can 352 

prevent the oxidation of the HDPE GMB during use to ensure its long-term 353 

performance stability, and the content can reach 0.5% (Daniloska et al., 2010). The resin 354 

used to synthesize HDPE GMB is a linear copolymer obtained by polymerizing 355 

ethylene as the main monomer, adding a small amount of high-grade α-olefin, and using 356 

an appropriate type of catalyst in a low-pressure environment. The amount of α-olefin 357 

comonomer has a direct effect on the density of the resin; the greater the amount of 358 

olefin added during polymerization, the lower the density of the resulting polyethylene. 359 

3.3.2 Deterioration mode of the HDPE GMB in the FHWL environment 360 

Under ideal conditions—that is, those without sunlight, oxygen, acid–base liquids, 361 

or environmental stress—HDPE GMBs designed, constructed, and installed under strict 362 

quality control and quality assurance measures are intact and have excellent 363 

impermeability. However, under actual service conditions, polymers are exposed to 364 

complex chemical and stress environments, and their long-term use may lead to the 365 

damage and performance degradation of polymeric materials, eventually causing 366 

failure. Due to the wide range of different engineering application scenarios, HDPE 367 

GMBs may be exposed to different environmental and stress conditions, resulting in 368 

different types of performance degradation. Therefore, the deterioration mechanisms of 369 

geomembranes under different environmental conditions reported in the relevant 370 

literature were collected and collated, and the possible deterioration modes of GMBs 371 

and their control mechanisms were obtained, as shown in Table 6. 372 
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Table 6 Deterioration mechanism and consequences of the HDPE GMB under different environmental and stress conditions 373 

Influencing 

factors 

Occurrence 

stage 
Source 

Aging 

mechanism 
Failure condition Landfill actual conditions 

Possibility of 

occurrence 
Aging consequences 

Transient 

overstress 

(Berger 2015) 

Installation 

and 

operation 

process 

Excessive 

instantaneous stress, 

such as tearing by 

construction 

machinery, piercing 

by sharp stones, and 

tree roots 

Overstress 

Defects or loopholes caused by 

overstress damage become the 

preferred channel for leachate 

leakage, resulting in a significant 

decline in seepage prevention 

performance. 

During the production, 

transportation, installation, and 

even use of the HDPE GMB, 

various sharp objects may cause 

overstress damage. 

Probable 

Piercing and tearing 

Light (+ 

oxygen) (Rowe 

and Sangam 

2002, Kyrikou, 

Briassoulis et al. 

2011) 

Setup script 
Ultraviolet and 

visible light 

Ultraviolet 

degradation 

The polymer is degraded by 

photooxidation under the action of 

ultraviolet rays 

The HDPE GMB contains carbon 

black, which can resist ultraviolet 

aging, and has a 15–30-cm soil 

covering on the GMB 

Possible 

Discoloration, surface 

cracking, 

embrittlement, and 

deterioration of 

mechanical properties 

High-energy 

radiation (Tian, 

Benson et al. 

2018) 

Operation 

stage 

Radiation generated 

by low-level 

radioactive wastes in 

hospitals and 

laboratories 

Radiation 

cleavage 

When the ionizing radiation of 

penetrating particles has enough 

energy to exceed the carbon–

carbon bond energy, it will 

damage the structure of the 

polymer. 

The bond in the HDPE GMB 

polymer is affected by α and β 

particle damage, leading to 

antioxidant consumption 

Possible 

Polymer molecular 

chain breaks, tensile 

strength decreases, and 

fission products are 

produced 

Water 

Installation 

and 

operation 

process, 

post-closure 

Rainfall and 

leachate 
Dissolution 

Polymer materials will expand to a 

certain extent when immersed in 

water (pH = 7) or when in contact 

with water 

The concentration of pollutants in 

the FHWL leachate is less than 

that in the laboratory swelling test 

solution. 

Possible 

The volume of the 

HDPE GMB increases, 

but the process is 

reversible 

pH effects 
Operation 

process 

Leachate: highly 

acidic (pH < 3) or 

highly alkaline 

(pH > 12)  

Chemical 

degradation 

Destroy the plastic GMB lining 

and related synthetic materials 

(polymer) 

HDPE GMB has excellent acid 

and alkali resistance. 
Possible  

Microorganisms 
Operation 

stage 

Bacteria and 

microorganisms in 

soil or solid waste 

Biological 

degradation 

The brittleness of the 

geomembrane increases due to the 

extraction of antioxidants 

The polymer of the HDPE GMB is 

extremely unlikely to be degraded 

by microorganisms 

Unlikely—

improbable 

Fracture of the polymer 

molecular chain and 

decrease in tensile 

strength 

Constant 

external stress 

Installation 

and 

Construction 

machinery rolling, 

fold + pressure, 

Creep  

HDPE joints have a high incidence 

of fracturing, while fracturing in 

other locations rarely occurs. 

 

Probable 

Deformation and 

serious fracture 
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(Yang, Xue et al. 

2017) 

operation 

process 

thermal expansion, 

and cold contraction 

tensile force, as well 

as slope, anchor 

ditch, leachate 

sump, and other 

stress concentration 

parts, slope 

destabilization 

HDPE GMB deforms and 

damages under long-term constant 

stress 

Leachate 

(Koerner, Hsuan 

et al. 2007) 

Operation 

process 

Ions or organics in 

leachate 

Extraction 

degradation 

The brittleness of the 

geomembrane increases due to the 

extraction of antioxidants 

The geomembrane is filtered by 

the stabilizer and antioxidant, and 

the material is oxidized and 

degraded. 

Possible 

Stabilizers and 

antioxidants lead to 

more oxidative 

degradation 

Heat (+ oxygen) 

(Koerner 2016) 

Installation 

and 

operation 

process and 

after site 

closure 

Environmental 

temperature, heat 

generated by solid 

waste hydration, and 

heat generated by 

organic matter 

fermentation 

Oxidation 

degradation 

The mechanical properties of the 

polymer decrease, and at high 

temperatures greater than 200°F 

(approximately 93.3°C), the 

oxidation is rapid 

When the landfill temperature 

reaches 70°C, the oxidation 

degradation and performance 

degradation of the HDPE GMB 

are serious 

 

Probable 

Antioxidant 

consumption, polymer 

molecular chain 

breakage, molecular 

weight reduction, and 

engineering properties 

decline 

374 
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Table 6 shows that ultraviolet aging, high-energy radiation, swelling degradation, 375 

pH, biodegradation, creep, and extraction degradation have a low probability of 376 

occurrence and a relatively small impact on the HDPE GMB. Due to their high 377 

occurrence probability and serious degradation consequences, overstress damage 378 

(physical damage) and oxidative aging were identified as the HDPE GMB degradation 379 

modes in the FHWL service environment. 380 

Oxidative degradation reduces the mechanical properties of polymers and makes 381 

them brittle, and is thus considered the most important and harmful type of degradation 382 

occurring in the HDPE GMB at the bottom of a landfill (Guo et al., 2018, Majewski et 383 

al., 2020). The oxidation process of a polymer is essentially a radical chain reaction. In 384 

the initial stage of this process, the main effect is physical, and the mechanical 385 

engineering properties of the material exhibit no obvious change. In the later stage, this 386 

process gradually shifts to chemical action, the molecular chain of the polymer starts to 387 

break, the molecular weight decreases, and the mechanical engineering properties 388 

gradually decrease (such as the tensile modulus, fracture stress, and strain), until the 389 

material finally fails. In addition, oxidation is greatly affected by temperature. At a high 390 

temperature of more than 200°F (approximately 93.3°C), oxidation is rapid. The 391 

degradation of organic matter and the hydration of fly ash and solidified substrate in the 392 

landfill environment generate a great amount of heat, and the stack temperature can 393 

reach 70°C. Under these temperature conditions, the oxidative degradation of the HDPE 394 

GMB and its performance degradation require special attention. A series of 395 

corresponding measures can be implemented either before or after the occurrence of 396 
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these failures to delay the oxidation degradation of HDPE GMB, especially for FHWLs 397 

that have existed for a long period of time. All polymers undergo photodegradation 398 

under UV irradiation, with the main UV spectral wavelength causing polymer 399 

degradation located in the UV-B region (315–380 nm) (ROWER et al., 2002). In the 400 

processing of HDPE GMB, a specific proportion of blocking or screening agents, such 401 

as carbon black, is usually added to effectively absorb and scatter ultraviolet rays, 402 

thereby delaying the degradation caused by ultraviolet radiation (T.L. Phease et al., 403 

2000; Wai et al., 2014). However, the ratio of added carbon black needs to be carefully 404 

controlled, and is usually maintained at 2–3%. This is because excessive carbon black 405 

content may have adverse effects on the mechanical properties of HDPE GMB, and 406 

when the carbon black content reaches a certain level, its ability to resist UV aging 407 

tends to become saturated. In addition, studies have shown that covering an HDPE 408 

GMB with 15–30 cm of soil is sufficient to prevent the most significant effects of 409 

ultraviolet radiation (Sun et al., 2019). Therefore, for geotextiles such as HDPE GMB, 410 

timely covering with soil within 6–8 weeks after construction is an effective protective 411 

measure. In addition to the soil covering strategy, researchers are currently exploring 412 

other strategies (Werner Mueller et al., 2003), such as the adhesion of geotextiles to the 413 

surface of HDPE GMB to enhance their UV aging resistance. 414 

Field tests and laboratory experiments have shown that even a scientifically 415 

designed and well-constructed LS cannot guarantee that HDPE GMBs in landfills will 416 

not exhibit any defects. HDPE GMBs can suffer overstress damage due to various sharp 417 

objects during production, transportation, and installation. Additionally, slope 418 
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destabilization leads to pile deformation, causing tearing damage to the HDPE 419 

membrane. According to the stage of the overstress damage, defects can be classified 420 

as origin defects, pinhole defects, installation defects, or operational damage (Berger et 421 

al., 2015). Among these defects, origin defects generally arise during the manufacturing 422 

process. Origin defects are smaller defects, with thicknesses less than that of the 423 

geomembrane thickness (generally 0.001 m or slightly larger). Installation defects occur 424 

during the geomembrane-laying and guide-drain gravel-laying processes. These defects 425 

are caused by breakage due to installation machinery, as well as debris and tree roots. 426 

Operational damage occurs during landfill operation due to mechanical filling or 427 

uneven settlement of the pile, and is caused by cracked welds. Considering the 428 

consequences of deterioration, once there is a breakage in the HDPE GMB due to 429 

mechanical damage or a hole, the breakage becomes a priority channel for leachate 430 

leakage and the barrier function is significantly reduced. 431 

4 Implications 432 

4.1 Implications for cleaner production 433 

 The research indicates that landfills, especially FHWL, have a limited service life, 434 

after which the emission of leachate and pollutants significantly increases upon the 435 

expiration of their lifespan. Therefore, from the perspective of clean production, the 436 

following measures need to be taken. First, it is necessary to reconsider the emission of 437 

pollutants from landfills from a whole life cycle perspective, not just during the 438 
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operation and closure phases, but also including the increase in emissions caused by the 439 

degradation of pollution barrier performance after the service period. Second, 440 

governments and society, especially landfill owners, need to re-examine the positioning 441 

of landfills. They should be considered as a long-term storage method for solid waste 442 

rather than a once-and-for-all final disposal method. This also indicates that the end 443 

point of the life of solid waste, especially the waste that has been landfilled, should be 444 

resource recovery, not landfills. Only through resource recovery can the emission of 445 

pollutants from solid waste be minimized as much as possible. Third, from the 446 

perspective of reducing the emission of pollutants during the solid waste landfill process, 447 

it is necessary to adopt some design and operational optimization techniques and 448 

engineering measures to slow down the rate of performance degradation of landfills, 449 

reduce the emissions of pollutants caused by performance deterioration, and improve 450 

the efficiency of landfills as an engineering facility. 451 

4.2 Direction for future work 452 

The research indicates that landfills have a limited lifespan. Therefore, studies 453 

should be conducted on landfill lifespan prediction, life extension measures, and 454 

emergency response after the lifespan expires, including: (1) Developing methods for 455 

predicting the design lifespan of landfills, quantitatively assessing the performance 456 

degradation, risk evolution, and lifespan characteristics of landfills, and identifying the 457 

main driving factors and laws; (2) Establishing methods for monitoring the operational 458 

state of landfills and predicting their remaining lifespan, to better identify landfills 459 
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whose lifespan has expired or is about to expire, and to formulate appropriate response 460 

measures in advance; (3) Proposing life extension measures based on design and 461 

operational optimization, to extend the service life of landfills as much as possible, 462 

prevent the increase in pollutant emissions and the loss of landfill capacity caused by 463 

rapid performance deterioration, and improve the efficiency of landfill use. 464 

5. Conclusions 465 

(1) According to the definition and structural composition of the FHWL system, 466 

the FMMEA method was used to identify the failure mode of each underlying system 467 

based on the functions, material characteristics, service environment conditions, and 468 

stress conditions of each component. A total of 33 degradation factors and 35 469 

corresponding potential failure modes were identified. 470 

(2) Among all possible failures, the failure of the drainage medium in the three 471 

drainage systems and the HDPE GMB in the three LSs will most adversely affect the 472 

overall performance of the landfill. Guiding and drainage media are not easy to clean 473 

and they do not easily recover after clogging. Moreover, the failure of the HDPE GMB 474 

occurs easily, is difficult to detect, and leads to serious performance degradation. 475 

Therefore, these two failures are the key targets of FHWL long-term performance 476 

evolution and life prediction. 477 

(3) The degradation characteristics of key components are different under various 478 

environments and stress conditions. The relatively simple degradation mode of the 479 

guiding and discharging medium mainly occurs due to siltation; however, the relatively 480 
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complex degradation mode of the HDPE GMB is affected not only by the characteristics 481 

of the material itself but also by light, temperature, oxygen, heat, water, mechanical 482 

stress, and high-energy radiation. Among these factors, overstress damage and 483 

oxidative aging were identified as the most important degradation modes of the HDPE 484 

GMB in the FHWL service environment due to their high probability of occurrence and 485 

serious degradation consequences. 486 

(4) This study systematically explores and identifies the failure modes and 487 

mechanisms of FHWLs, providing direction for future improvements in landfill 488 

performance, prolonging service life, and early fault diagnosis technology development. 489 

The research results also highlight the importance of optimizing design and operational 490 

strategies in achieving cleaner production in landfills and reducing environmental 491 

impacts. Furthermore, the study suggests a reexamination of the traditional perception 492 

of landfills as endpoints for solid waste management, supporting the transition towards 493 

waste management strategies focused on resource recovery. It provides scientific 494 

evidence for the development and application of clean production technologies in the 495 

field of solid waste management. 496 

Author contributions 497 

Panpan Qiu: Methodology, Formal analysis, and Writing—Original draft. Ya Xu: 498 

Conceptualization, Resources, Writing—Review, Editing, and Funding acquisition. 499 

Guangyuan Yao: Manuscript revision. Yuqiang Liu: Provision of resources. Lu Dong: 500 

Formal analysis. Qifei Huang: Methodology. Jingjing Wang: Manuscript revision. 501 

Declaration of competing interest 502 

Jo
urn

al 
Pre-

pro
of



The authors declare that they have no known competing financial interests or 503 

personal relationships that could have appeared to influence the work reported in this 504 

paper. 505 

Acknowledgments 506 

Much of the work presented in this paper was supported by the National Key R&D 507 

Program of China (grant number 2023YFC3708902) and the Joint Research Program 508 

for Ecological Conservation and the High-Quality Development of the Yellow River 509 

Basin (grant number 2022YRUC010303). The authors would like to express 510 

appreciation to the reviewers and the editors for their valuable comments and helpful 511 

suggestions, which helped improve the quality of the paper. 512 

References 513 

Abdelaal, F. B., Rowe, R. K., 2014. Effect of high temperatures on antioxidant depletion 514 

from different HDPE geomembranes. Geotextiles and Geomembranes 42(4): 284-301. 515 

https://doi.org/10.1016/j.geotexmem.2014.05.002. 516 

Abdelaal, F. B., Rowe, R. K., Islam, M.Z.., 2014. Effect of leachate composition on the 517 

long-term performance of a HDPE geomembrane. Geotextiles and Geomembranes 518 

42(4): 348-362. https://doi.org/10.1016/j.geotexmem.2014.06.001. 519 

Brachman, R., Gudina, S., 2008. Geomembrane strains from coarse gravel and wrinkles 520 

in a GM/GCL composite liner. Geotextiles and Geomembranes 26(6), 488-497. 521 

https://doi.org/10.1016/j.geotexmem.2008.05.001. 522 

Beaven, R.P., Hudson, A.P., Knox, K., Powrie, W., Robinson, J.P., 2013. Clogging of 523 

Jo
urn

al 
Pre-

pro
of



landfill tyre and aggregate drainage layers by methanogenic leachate and implications 524 

for practice. Waste Management 33(2), 431-444. 525 

https://doi.org/10.1016/j.wasman.2012.10.021. 526 

Berger, K. U., 2015. On the current state of the Hydrologic Evaluation of Landfill 527 

Performance (HELP) model. Waste Management 38: 201-209. 528 

https://doi.org/10.1016/j.wasman.2015.01.013.  529 

Blancke, O., Tahan, A., Komljenovic, D., et al., 2018. A holistic multi-failure mode 530 

prognosis approach for complex equipment. Reliability Engineering & System Safety 531 

180: 136-151. https://doi.org/10.1016/j.ress.2018.07.006. 532 

Buckley, J., Gates, W.P., Gibbs, D.T., 2012.  Forensic examination of field GCL 533 

performance in landfill capping and mining containment applications. Geotextiles and 534 

Geomembranes 33, 7-14. https://doi.org/10.1016/j.geotexmem.2012.02.006. 535 

Chen, S., J., Wang, Y., Q., Xu, F., Q., et al. 2023. Synergistic effects of vegetation and 536 

microorganisms on enhancing of biodegradation of landfill gas. Environ Res 227, 537 

115804. https://doi.org/10.1016/j.envres.2023.115804. 538 

Cortellazzo, G., Russo, L., E., Busana, S., et al., 2022. Field trial of a reinforced landfill 539 

cover system: performance and failure. Geotextiles and Geomembranes 50(4): 655-667. 540 

https://doi.org/10.1016/j.geotexmem.2022.03.007. 541 

Christopher, N., Williard, N., Mathew, N., et al., 2015. A failure modes, mechanisms, 542 

and effects analysis (FMMEA) of lithium-ion batteries, Journal of Power Sources, 543 

Volume 297:(113-120). https://doi.org/10.1016/j.jpowsour.2015.07.100. 544 

Daniloska, V., Blazevska-Gilev, J., Dimova, V., et al., 2010. UV light induced surface 545 

Jo
urn

al 
Pre-

pro
of



modification of HDPE films with bioactive compounds. Applied Surface Science 546 

256(7): 2276-2283.https://doi.org/10.1016/j.apsusc.2009.10.052. 547 

Dassanayake, S.M., Mousa, A., Fowmes, G., J., et al., 2023. Forecasting the moisture 548 

dynamics of a landfill capping system comprising different geosynthetics: A NARX 549 

neural network approach. Geotextiles and Geomembranes 51(1), 282-292. 550 

https://doi.org/10.1016/j.geotexmem.2022.08.005. 551 

Wang, Q., Ko, J.H., Liu, F., et al., 2021. Bio-clogging mitigation in the leachate 552 

collection system of municipal solid waste landfill using graphene oxide-coated 553 

geotextiles. Chemosphere 268, 128779. 554 

https://doi.org/10.1016/j.chemosphere.2020.128779. 555 

Garavaglia, E., Cardani, G., Anzani, A., 2019. 12 - Service life design of stone masonry 556 

structures. Long-term Performance and Durability of Masonry Structures. B. Ghiassi 557 

and P. B. Lourenço, Woodhead Publishing: 337-365. https://doi.org/10.1016/B978-0-558 

08-102110-1.00012-1Get rights and content. 559 

Guo, D., Westra, S., R. Maier, H., 2018. An inverse approach to perturb historical 560 

rainfall data for scenario-neutral climate impact studies. Journal of Hydrology 556: 561 

877-890. https://doi.org/10.1016/j.jhydrol.2016.03.025Get rights and content. 562 

Hanson, J.L., Manheim, D.C., Yeşiller, N., 2023. Geoenvironmental assessment of 563 

climate impacts from landfill gas emissions. Soils and Foundations 63(2), 101279. 564 

https://doi.org/10.1016/j.sandf.2023.101279. 565 

Hendricks, C., Williard, N., Mathew, S., et al., 2015. A failure modes, mechanisms, and 566 

effects analysis (FMMEA) of lithium-ion batteries. Journal of Power Sources 297: 113-567 

Jo
urn

al 
Pre-

pro
of



120. https://doi.org/10.1016/j.jpowsour.2015.07.100. 568 

Nguyen, K.Q., Mwiseneza, C., Mohamed, K., et al., 2021. Long-term testing methods 569 

for HDPE pipe - advantages and disadvantages: A review. Engineering Fracture 570 

Mechanics 246, 107629. https://doi.org/10.1016/j.engfracmech.2021.107629. 571 

Koerner, G. R., Hsuan, Y.G., Koerneret, R.M., 2007. 3 – The durability of geosynthetics. 572 

Geosynthetics in Civil Engineering 36-65. 573 

https://doi.org/10.1533/9781845692490.1.36. 574 

Koerner, R. M., 2016. 10 - Long-term geotextile degradation mechanisms and exposed 575 

lifetime predictions. Geotextiles. R. M. Koerner, Woodhead Publishing: 217-236. 576 

https://doi.org/10.1016/B978-0-08-100221-6.00010-3. 577 

Kyrikou, I., Briassoulis, D., Hiskakis, M., et al., 2011. Analysis of photo-chemical 578 

degradation behaviour of polyethylene mulching film with pro-oxidants." Polymer 579 

Degradation and Stability 96(12): 2237-2252. 580 

https://doi.org/10.1016/j.polymdegradstab.2011.09.001. 581 

Kerry Rowe, R., Reinert, J., Li ,Y., et al., 2023.  The need to consider the service life of 582 

all components of a modern MSW landfill liner system. Waste Management 161, 43-583 

51.https://doi.org/10.1016/j.wasman.2023.02.004. 584 

Li, Y., Li, J., H., Chen, S., S., et al., 2012. Establishing indices for groundwater 585 

contamination risk assessment in the vicinity of hazardous waste landfills in China. 586 

Environmental pollution 165: 77-90. https://doi.org/10.1016/j.envpol.2011.12.042. 587 

Li, W., Xu, Y., Huang, Q., Liu, Y., Liu, J., 2021. Antioxidant depletion patterns of high-588 

density polyethylene geomembranes in landfills under different exposure conditions. 589 

Jo
urn

al 
Pre-

pro
of



Waste Management 121, 365-372. https://doi.org/10.1016/j.wasman.2020.12.025. 590 

Liu, Y., Liu, J., G., 2021. Mechanism and dynamic evolution of leachate collection 591 

system clogging in MSW landfills in China. Waste Management 120, 314-321. 592 

https://doi.org/10.1016/j.wasman.2020.11.057. 593 

Lugt, P.M., 2023. On the use of the Arrhenius equation to describe the impact of 594 

temperature on grease life. Tribology International 179. 595 

https://doi.org/10.1016/j.triboint.2022.108142. 596 

Mahadi, H., M., Monjur, M., M., Sanowar, H., et al., 2023. Chapter 2 - Generation of 597 

waste: problem to possible solution in developing and underdeveloped nations.Waste 598 

Management and Resource Recycling in the Developing World, 21-59. 599 

https://doi.org/10.1016/B978-0-323-90463-6.00021-X. 600 

Maciel, F.J., Jucá, J.F.T., 2011. Evaluation of landfill gas production and emissions in a 601 

MSW large-scale Experimental Cell in Brazil. Waste Management 31(5), 966-977. 602 

https://doi.org/10.1016/j.wasman.2011.01.030. 603 

Majewski, K., Mantell, M., C., Bhattacharya, M., 2020. Relationship between 604 

morphological changes and mechanical properties in HDPE films exposed to a 605 

chlorinated environment. Polymer Degradation and Stability 171: 109027. 606 

https://doi.org/10.1016/j.polymdegradstab.2019.109027. 607 

Mueller, W., Buettgenbach, B., Jakob, I., Mann, H., 2003. Comparison of the oxidative 608 

resistance of various polyolefin geotextiles. Geotextiles and Geomembranes 21(5), 289-609 

315. https://doi.org/10.1016/S0266-1144(03)00032-3. 610 

Nai, C., Tang, M., Q., Liu, Y., Q., et al., 2021. Potentially contamination and health risk 611 

Jo
urn

al 
Pre-

pro
of



to shallow groundwater caused by closed industrial solid waste landfills: Site 612 

reclamation evaluation strategies. Journal of Cleaner Production 286: 125402. 613 

https://doi.org/10.1016/j.jclepro.2020.125402. 614 

Nelson, B., Zytner, R.G., Dulac, Y., Cabral, A.R., 2022. Mitigating fugitive methane 615 

emissions from closed landfills: A pilot-scale field study. Sci Total Environ 851(Pt 2), 616 

158351. https://doi.org/10.1016/j.scitotenv.2022.158351. 617 

Pillay, A., Wang, J., 2003. Modified failure mode and effects analysis using 618 

approximate reasoning. Reliability Engineering & System Safety 79(1): 69-85. 619 

https://doi.org/10.1016/S0951-8320(02)00179-5. 620 

Rowe, R. K., Sangam, H., P., 2002. Durability of HDPE geomembranes. Geotextiles 621 

and Geomembranes 20(2): 77-95. https://doi.org/10.1016/S0266-1144(02)00005-5.  622 

Rowe, R.K., Islam, M.Z., Hsuan, Y.G., 2008. Leachate chemical composition effects 623 

on OIT depletion in an HDPE geomembrane. Geosynthetics International 15(2), 136-624 

151. https://doi.org/10.1680/gein.2008.15.2.136. 625 

Rowe, R.K., Islam, M.Z., 2009. Impact of landfill liner time-temperature history on the 626 

service life of HDPE geomembranes. Waste Manag 29(10), 2689-2699. 627 

https://doi.org/10.1016/j.wasman.2009.05.010. 628 

Gunarathne, V., Phillips, A.J., Zanoletti, A., et al., 2024. Environmental pitfalls and 629 

associated human health risks and ecological impacts from landfill leachate 630 

contaminants: Current evidence, recommended interventions and future directions. 631 

Science of The Total Environment 912, 169026. 632 

https://doi.org/10.1016/j.scitotenv.2023.169026. 633 

Jo
urn

al 
Pre-

pro
of



Sankar, R., Prabhu, S., B., 2001. Modified approach for prioritization of failures in a 634 

system failure mode and effects analysis. International Journal of Quality & Reliability 635 

Management 18(3): 324-336. https://doi.org/10.1108/02656710110383737. 636 

Narani, S.S., Abbaspour, M., Mir Mohammad Hosseini, et al., 2020. Sustainable reuse 637 

of Waste Tire Textile Fibers (WTTFs) as reinforcement materials for expansive soils: 638 

With a special focus on landfill liners/covers. Journal of Cleaner Production 247, 639 

119151. https://doi.org/10.1016/j.jclepro.2019.119151. 640 

Parameswari, K., Majid Salim Al Aamri, A., Gopalakrishnan, K., et al., 2021. 641 

Sustainable landfill design for effective municipal solid waste management for resource 642 

and energy recovery. Materials Today: Proceedings 47, 2441-2449. 643 

https://doi.org/10.1016/j.matpr.2021.04.528. 644 

Sun, X., C., Xu, Y., Liu, Y., Q., et al., 2019. Evolution of geomembrane degradation and 645 

defects in a landfill: Impacts on long-term leachate leakage and groundwater quality. 646 

Journal of Cleaner Production 224, 335-345. 647 

https://doi.org/10.1016/j.jclepro.2019.03.200. 648 

Shi, J., Shu, S., Qian, X., D., et al., 2020. Shear strength of landfill liner interface in the 649 

case of varying normal stress. Geotextiles and Geomembranes 48(5), 713-723. 650 

https://doi.org/10.1016/j.geotexmem.2020.05.004. 651 

Tang, Q., Gu, F., Zhang, Y., et al, 2018. Impact of biological clogging on the barrier 652 

performance of landfill liners. Journal of Environmental Management 222, 44-53. 653 

https://doi.org/10.1016/j.jenvman.2018.05.039. 654 

Phease, T., L., Billingham, N., C., Bigger, S., W., 2000. The effect of carbon black on 655 

Jo
urn

al 
Pre-

pro
of



the oxidative induction time of medium-density polyethylene. Polymer 41 9123–9130. 656 

https://doi.org/10.1016/S0032-3861(00)00294-9. 657 

Tian, K., Benson, C., H., Yang, Y., M., et al., 2018. Radiation dose and antioxidant 658 

depletion in a HDPE geomembrane. Geotextiles and Geomembranes 46(4): 426-435. 659 

https://doi.org/10.1016/j.geotexmem.2018.03.003. 660 

VanGulck, J.F., Rowe, R.K., 2004. Evolution of clog formation with time in columns 661 

permeated with synthetic landfill leachate. Journal of Contaminant Hydrology 75(1-2), 662 

115-139. https://doi.org/10.1016/j.jconhyd.2004.06.001. 663 

Verbist, M., Nunes, L., Jones, D., et al., 2019. 11 - Service life design of timber 664 

structures. Long-term Performance and Durability of Masonry Structures. B. Ghiassi 665 

and P. B. Lourenço, Woodhead Publishing: 311-336. https://doi.org/10.1016/B978-0-666 

08-102110-1.00011-X. 667 

Wong, W.-K., Hsuan, Y.G., 2014. Interaction of antioxidants with carbon black in 668 

polyethylene using oxidative induction time methods. Geotextiles and Geomembranes 669 

42(6), 641-647. https://doi.org/10.1016/j.geotexmem.2014.07.009. 670 

Wang, M., Zhao, Y., Y., Liao, P., C., 2022. EEG-based work experience prediction using 671 

hazard recognition." Automation in Construction 136: 104151. 672 

https://doi.org/10.1016/j.autcon.2022.104151. 673 

Wang, Q., Miao, Q., M., Huang, K., et al., 2023. Spatial-temporal clogging 674 

development in leachate collection systems of landfills: Insight into chemical and 675 

biological clogging characteristics. Waste Management 171, 163-172. 676 

https://doi.org/10.1016/j.wasman.2023.08.036. 677 

Jo
urn

al 
Pre-

pro
of



Wen, S., J., Cheng, W., C., Li, D., F., et al., 2023. Evaluating gas breakthrough pressure 678 

and gas permeability in a landfill cover layer for mitigation of hazardous gas emissions. 679 

Journal of Environmental Management 336, 117617. 680 

https://doi.org/10.1016/j.jenvman.2023.117617. 681 

Wan, Y., Dong, Z., W., Cai, Y., Y., et al., 2023. Geomembrane leaks detection and 682 

leakage correlation factor analysis of composite liner systems for fifty-five (55) solid 683 

waste landfills in China. Environmental Technology & Innovation 32, 103308. 684 

https://doi.org/10.1016/j.eti.2023.103308. 685 

Wai Ng, C.W., Ng, C.L., Ni, J., Guo, et al., 2023. Analysis of a landfill cover without 686 

geomembrane using varied particle sizes of recycled concrete. Journal of Rock 687 

Mechanics and Geotechnical Engineering 15(5), 1263-1273. 688 

https://doi.org/10.1016/j.jrmge.2022.09.004. 689 

Wu, H., Wang, Q., Ko, J., H., et al., 2018. Characteristics of geotextile clogging in MSW 690 

landfills co-disposed with MSWI bottom ash. Waste Management 78(AUG.):164-172. 691 

https://doi.org/10.1016/j.wasman.2018.05.032.   692 

Xu, Y., Xue, X., S., Dong, L., et al., 2018. Long-term dynamics of leachate production, 693 

leakage from hazardous waste landfill sites and the impact on groundwater quality and 694 

human health. Waste Management 82: 156-166. 695 

https://doi.org/10.1016/j.wasman.2018.10.009. 696 

Xu, Y., Yao, G., Y., Rui, X., et al., 2023. Spatiotemporal difference of leachate 697 

production and its impact on the development and dynamics of LCS clogging. Waste 698 

Management 157, 312-320. https://doi.org/10.1016/j.wasman.2022.12.029. 699 

Jo
urn

al 
Pre-

pro
of



Xu, R., B., Liu, Y.,Q.,  Li, X., P., et al., 2023.  Research on leakage environmental risk 700 

assessment and risk prevention and control measures in the long-term landfill process 701 

of ultra-alkaline fly ash. Waste Manag 172, 320-325. 702 

https://doi.org/10.1016/j.wasman.2023.10.022. 703 

Yang, P., Xue, S., B., Song, L., et al., 2017. Numerical simulation of geomembrane 704 

wrinkle formation. Geotextiles and Geomembranes 45(6): 697-701. 705 

https://doi.org/10.1016/j.geotexmem.2017.08.001. 706 

Yu, Y., Rowe, R., K., 2020. Geosynthetic liner integrity and stability analysis for a waste 707 

containment facility with a preferential slip plane within the liner system. Geotextiles 708 

and Geomembranes 48(5): 634-646. https://doi.org/10.1016/j.geotexmem.2020.03.008. 709 

Xu, Y., X., Yao, G., Y., Liu., J., C., et al., 2023. Theory, framework, and methodology 710 

for physical lifespan prediction of hazardous waste landfills. Sci Total Environ 888, 711 

163154. https://doi.org/10.1016/j.scitotenv.2023.163154. 712 

He, X., Ouyang, H., 2023. Evaluating EIA implementation in China: An empirical study 713 

of 161 EIA judicial cases. Environmental Impact Assessment Review 100, 107075. 714 

https://doi.org/10.1016/j.eiar.2023.107075. 715 

Jo
urn

al 
Pre-

pro
of



Highlights 

⚫ Identified 35 failure modes and over 60 failure mechanisms behind them in landfill 

⚫ Ascertained 2 key units affecting FHWL life considering their failure impact 

⚫ Overstress damage and oxidative aging are key degradation modes for HDPE geomembrane 
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