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Sri Lanka

Sri Lanka has a high incidence of natural hazards with hydrometeorological hazards being the most prevalent.
Despite the fact that structural measures such as flood walls and embankments play a vital role in disaster
mitigation, it is observed that there is a gap in the development of effective, sustainable, and state of the art
structural measures in Sri Lanka. This paper, in this context, aims to assess the nature of existing structural
measures in the country in order to highlight what improvements are needed, and the costs and benefits of the
necessary improvements. This is achieved through a comprehensive literature review followed by the analysis of
twelve semi-structured interviews conducted with experts in the subject of structural measures for disaster
mitigation. The findings reveal that Sri Lanka has sufficient types of structural measures in relation to floods,
landslides, and coastline erosion compared to other developing countries. However, age and outdated technology
are critical issues that hinder the expected performance of the measures. Moreover, it is observed that sufficient
structural measures for mitigating the risk of drought related disasters are not in place in Sri Lanka compared to
measures for other hydrometeorological hazards. The key benefits of improving structural measures in the
country are identified as land development, economic growth, and increased stability of cities, and the main costs
and challenges are high initial capital cost, high maintenance and repair cost, and the negligible residual value of
structural measures. The findings of this study will lead to gaining a comprehensive understanding of gaps and
weaknesses in structural measures in Sri Lanka and will influence policymakers and other respective practi-
tioners in disaster mitigation to effectively enhance the existing portfolio of such measures.

1. Introduction although not systematically monitored or documented [6,7,8]. Events

triggered by hydrometeorological hazards have had major impacts on

Disasters triggered by natural hazards affect millions of people every
year, resulting in a high number of fatalities, negative economic im-
pacts, and the relocation of communities [1,2]. According to Jaya-
wardena [3], hydrometeorological disasters cause more than 75% of the
damage to human life and property among the three major types of
natural hazards in the world, geological, hydrometeorological, and
biological. Hydrometeorological hazards include floods, droughts,
coastal erosion, cyclones of all types, landslides, avalanches, heat waves,
cold waves, and debris flow. Sri Lanka experiences hydrometeorological
hazards of floods, landslides, and droughts mainly [4] and has seen a
substantial rise in the frequency and severity of similar hazards over the
last few decades [5]. Besides, recent studies have revealed that the
erosion of the coastal zone of Sri Lanka is a long-standing problem

Sri Lanka’s economy [9,10]. Based on available data, between 2009 and
2018, around 1.98 million Sri Lankans were affected every year by these
hazards [11].

According to Cannon [12], a natural hazard becomes a disaster only
when the former meets vulnerable people. Developing countries such as
Sri Lanka are, hence, more vulnerable to the risks of disasters. According
to Srinivas & Nakagawa [13], developing countries fail to function and
respond effectively to many natural hazards that confront them because
of inadequate infrastructure and emergency services, high population
densities in unplanned settlements, and low economic capacities to
endure the impacts. In addition, the observed changes in the frequency,
severity, spatial extent, and duration of weather and climatic extremes,
including hydrometeorological hazards are likely to increase disaster
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vulnerability of communities [3,14]. According to Wagenaar et al. [15],
in Sri Lanka, deforestation, urbanisation, unlawful landfilling, and
construction that blocks waterways and riverbanks further increase the
country’s vulnerability to disasters.

The severe impacts of natural hazards can be prevented through
structural mitigation measures such as engineering techniques and
hazard-resistant construction, and non-structural measures such as
policies, awareness building, knowledge development, public commit-
ment, and methods and practices such as participatory mechanisms
[16,17,18,19]. According to the World Bank and the United States
Geological Survey, a US$40 billion investment in prevention, mitiga-
tion, and preparedness strategies could reduce a predicted US$400
billion in economic losses from natural hazards over the 1990s by US
$280 billion [20]. Therefore, the United Nations Paris Agreement [21]
asserts that relevant authorities should acknowledge the significance of
preventing, mitigating, and addressing loss and damage caused by
climate change, as well as the role of sustainable development in
lowering the risk of loss and damage. Of the two types of measures,
structural measures have prevailed to a great degree over non-structural
ones during a period of increased risk [22]. However, it is observed that
detailed research inquiries in relation to structural measures are less
frequent in the context of Sri Lanka compared to non-structural mea-
sures. Despite research on flood management [23,24,15,25], there are
fewer studies on structural measures relating to floods [26,27] and
coastal erosion [28] in Sri Lanka. In addition, there is a dearth of liter-
ature on structural measures in relation to droughts and landslides,
despite the fact that they are among the top three hydrometeorological
hazards in Sri Lanka. Considering the aforementioned facts, this paper
aims to examine the nature of existing structural measures for reducing
the disaster risks caused by hydrometeorological hazards in Sri Lanka in
order to highlight any improvements that are needed, and their costs
and benefits. Disasters triggered by hydrometeorological hazards are
referred to as hydrometeorological disasters in this paper here onwards.
Accordingly, the following key research questions are raised in relation
to structural measures for hydrometeorological disasters in Sri Lanka:

- What are the types of existing structural measures?
- What is the condition of the existing measures?

- What improvements are needed?

- What are the associated costs and benefits?

2. Literature review

According to UNDRR terminology, “Structural measures are any
physical construction to reduce or avoid possible impacts of hazards, or
the application of engineering techniques or technology to achieve
hazard resistance and resilience in structures or systems” [29]. Struc-
tural measures alter the characteristics of natural hazards and reduce the
probability of hazards occurring in the location of interest [30]. As a
result, they reduce the impact of natural hazards [31]. Tasseff et al. [32]
reveal that structural measures can be categorised into “hard” and “soft”
measures and can also be temporary or permanent. Some examples of
commonly used structural measures are dams, reservoirs, embankments,
channel improvements, levees, gabion walls, and floodwalls which are
combinedly used in order to reduce the adverse effects of floods [33,34].

2.1. Engineering school of vulnerability reduction

According to Cannon’s vulnerability analysis, disaster mitigation is
possible not only by modifying the hazard, but also by reducing the
vulnerability. To reduce vulnerability, it is essential to implement social
protection mechanisms through various types of technological in-
terventions, such as structural measures [12]. McEntire et al. [35]
introduce four ideal types for vulnerability reduction: physical science
school, engineering school, structural school, and organisational school.
As per McEntire et al.’s model, the physical science school emphasises
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living in safe environments and focuses on risk reduction and exposure
to hazards. The engineering school focuses on the built environment and
ways to improve resilience through construction practices and fabrica-
tion methods. The structural school focuses more on traditional notions
of vulnerability than the other three, emphasising susceptibility based
on socioeconomic and demographic factors such as race, ethnicity,
gender, age, and other factors. The organisational school emphasises on
the significance of preparedness, leadership, management, and the ca-
pacity to adapt, reinvent, and be creative. The theoretical basis of this
study relates to McEntire et al.’s engineering school among the four
approaches of vulnerability reduction to emphasise the importance of
structural measures in disaster risk reduction. Bosher et al. [36], Lewis
and Mioch [37], Poteyeva et al. [38], and Tipple [39] who are the major
proponents of this school of thought of McEntire’s, assert that if the
buildings are constructed as per the building regulations and standards,
as well as if there are adequate structural mitigation measures, impacts
of natural hazards would inevitably subside.

Recent studies have shown that structural measures have a large
potential for significantly reducing the impact of future hazards
[40,41,42]. According to Magana [43], by means of structural measures,
countries become less vulnerable and more resilient to natural hazards.
The effective application of science and engineering principles in the
development of the built environment is clearly evident in the natural
hazard-threatened cities of the developed world [44]. One such example
is Japan. In the aftermath of the massive and devastating Tsunami in
2011, the Japanese government made a strong commitment to
rebuilding the affected region to a high level of safety. Based on simu-
lations of future Tsunami heights, massive infrastructure projects have
been carried out in the region, including the construction of huge sea-
walls and levees, hardened riverbanks and levees, and new and/or
elevated roads and highways [45]. However, while these engineering
protective measures would undoubtedly provide a safer built environ-
ment in hazard-prone areas [36], the vast amount of resources and
ability to construct these are not always available, particularly in
developing countries [3]. Lincke and Hinkel [42] assessed the cost-
effectiveness of structural measures against sea-level rise considering
population growth and found that structural adaptation measures are
feasible for 13% of the global coastline.

2.2. Challenges of developing structural measures

Although the trend seems stable on developing more structural
measures to mitigate the impacts pf natural hazards, several factors
remain as barriers to constructing them, such as the increasingly
complicated task of finding suitable places to build them, environmental
pressure, the economic crisis [22], and the possibility of leading to a
false sense of security and encouraging development in unsafe areas
[46].

Starominski-Uehara [47] argues, despite mitigating flooding to some
extent, dams offer no guarantee that flooding in downstream areas will
not occur. Dams store water upstream of rivers to prevent flood damage
to the downstream area. Therefore, they need to be built in the upper
reaches of the river and have a space for water limiting the construction
of the structures to mountainous areas only [34]. Structural measures
such as underground dams are very inexpensive to install and can be
quite effective in providing stored water during periods of drought.
However, they might be associated with issues such as leakages or not
providing expected water volumes, or poor water quality in some cases
[48]. In addition, van Westen et al. [49] declare that landslide hazard is
one of the more difficult ones to address, as this may involve extensive
risk analysis and geotechnical investigations, in addition to risk maps,
which may not be readily available in most countries. Terraced slopes
are the most widely utilised structural measure against landslides across
the world [50].

Moreover, development of structural measures usually entails high
costs, and could constrain the implementation of non-structural
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strategies [51]. Starominski-Uehara [47] reveals that structural mea-
sures, in spite of their inherent limitations, should consider the uncer-
tainty of externalities in causing damage to dense and exposed
communities. However, while the damage caused by natural hazards is
severe in developing countries, the structural measures to solve this
problem are presently insufficient [52]. Therefore, these measures
should be continually expanded and managed properly.

When a natural hazard occurs with catastrophic results, the affected
population immediately notices a lack of security and equally quickly
demands structural measures to solve the problem. Historically, this
situation has been increasingly repeated in societies where population
pressure and urbanisation positively correlate with the increase in di-
sasters triggered by natural hazards, and as a result, a significant amount
of resources has been allocated with the intention of mitigating the
disaster risk [53]. The development of structural measures needs to
achieve a desirable balance between the scale of measures and their
economic benefits [54]. The scale of the structural measures is defined
according to the standards of different return periods, and different
scales have different economic costs [55,56]. A structural measure with
a higher return period scale (such as one hundred years) usually has the
potential to reduce disaster losses substantially over its life time but as
Wang et al. [56] ascertain that such measures require higher economic
investments and may not be the most appropriate overall solution for
vulnerability reduction.

Further, there are sustainability related issues in relation to building
these structures. Most of the structural measures are still built with
carbon intensive materials like concrete and steel although more sus-
tainable materials such as timber and biomaterials are now looked at as
alternatives. The application of bioengineering techniques is being
considered in Sri Lanka as well [57].

2.3. Types of structural measures in Sri Lanka

In Sri Lanka, different structural measures namely reservoirs, dams,
diversions, channel improvements, terrace systems, retaining walls, and
levees have been adopted throughout the country [28,57,58,27]. Among
all the structural measures, dams can be considered as mostly used
structural measures against floods [47]. Dam construction in Sri Lanka is
not new to the country because the country possesses a strong hydraulic
civilisation [59]. For centuries, coastal protection measures such as
seawalls and rock revetments have been employed to safeguard and
prevent further loss of coastal areas that serve as economic basis [60].
Breakwaters, seawalls, and dykes are onshore structures with the key
function of protecting low-lying coastal areas, human habitation, and
infrastructure against coastal flooding from waves, unusually high tides,
storm surge, and in some cases like a Tsunami [61]. Magana [43] claims
that droughts are one of the costliest natural hazards on the globe and
further stress that droughts are expected to be more frequent and severe
unless structural measures to reduce the water crisis are implemented.

2.4. Issues pertaining to structural measures in Sri Lanka

Although structural measures play a vital role in disaster manage-
ment, different shortcomings and negative aspects can be identified
which lead to different types of challenges in Sri Lanka as discussed
below.

2.4.1. Ageing

Although, there are structural measures for floods in Sri Lanka and
they stand for effective flood management within the country, their
performance has deteriorated due to the ageing of these structures with
time [26]. Besides, Japan International Cooperation Agency (JICA) [4]
claims that some of these structural measures such as Kelani, Gin, and
Nilwala flood barriers desperately need replacements or rehabilitations
to ensure their functions in the event of a flood, as most of them were
implemented before the 1980s. Therefore, there is a need for effective
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structural measures against floods in the context of Sri Lanka.

2.4.2. Poor practices

Abeykoon et al. [28] reveal that due to the prevailing economic state
of the country, it has implemented low-cost coastal protective struc-
tures, while failing to conduct a comprehensive study on their effec-
tiveness and their negative impacts on the coastal zone of Sri Lanka.
Moreover, though it has been revealed that coastal erosion in Sri Lanka
is a long-standing problem [6,8], monitoring and documentation seem
to be poorly handled [28]. Moreover, significant concerns such as
leakages and building flaws due to poor construction, insufficient ca-
pacity, blockage of water flow, and the risk of collapse were also
discovered in these existing structural measures, which severely influ-
ence the whole disaster management process in Sri Lanka [26].

2.4.3. Damage to the ecosystem

According to Rathnayake and Suratissa [62], the construction of
structural measures sometimes has damaging implications on the nat-
ural environment. For example, the Uma Oya multipurpose project has
posed a significant environmental risk because of various activities such
as excavations, rock blasting, and cut and fill. Furthermore, environ-
mental difficulties such as soil erosion, groundwater contamination,
negative impacts on aquatic and semiaquatic species, changes in wildlife
survival, and saline intrusion into the water have occurred as a result of
the Mahaweli reservoir building project.

2.4.4. Inadequacy of structural measures

It is observed that there is a gap in the development of effective, state
of the art structural measures to mitigate the risk of natural hazards in
Sri Lanka. Despite the existence of some structural measures for risk
reduction of hydrometeorological disasters in Sri Lanka, whether they
are adequate and effective are questionable due to a variety of reasons,
including the insufficient use of new technology available, issues related
to financing and physical planning, and lack of awareness of the benefits
of the structural measures [26,63].

2.4.5. Damage to adjacent structures

According to Rathnayake and Suratissa [62], another negative
consequence of structural measures is the damages caused by their
construction to infrastructure in adjacent locations. The Uma Oya
project is again shown as an example in this regard because its tunnel-
ling activities have had a negative impact on the nearby water wells and
infrastructure.

The findings of the literature show that there is a variety of structural
measures against hydrometeorological disasters across the world, as
well as the importance of those measures in disaster risk reduction.
Although there are structural measures in Sri Lanka to some level, there
are difficulties with ageing, maintenance, and monitoring. Besides,
despite the abundance of disaster management studies, the literature on
structural measures against hydrometeorological disasters in the Sri
Lankan context is limited.

3. Methodology

To achieve the aim of this study, four research questions were
established as: “what are the types of existing structural measures?”,
“what is the condition of the existing measures?”, “what improvements
are needed?”, and “what are the associated cost and benefits?” in rela-
tion to structural measures against hydrometeorological disasters in Sri
Lanka. A narrative literature review was first carried out to build the
foundation for the research as well as the theoretical understanding
needed to fulfil the research questions.

Following the literature review, a set of expert interviews were
conducted with the intention of bridging the knowledge gap identified
in relation to structural measures in Sri Lanka.

According to Ritchie et al. [64], a qualitative research approach is
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ideal for gathering opinions and information from people based on their
experience and will be useful in situations where an in-depth analysis of
the data gathered is required. Such analysis was necessary in this study
in order to understand the improvements to the structural measures and
associated costs and benefits in the context of Sri Lanka. Moreover,
Creswell [65] suggests a qualitative research approach when the vari-
ables to be investigated are unknown or when the literature is not
comprehensive enough. According to Creswell [65], the qualitative
approach is well suited to analyse exploratory data and to gather new
knowledge. Furthermore, in comparison to quantitative surveys, a study
of this nature could be best approached through a qualitative survey due
to the significant population variance [66]. Accordingly, a qualitative
interview survey strategy was adopted for this study.

The experts were selected using the snowball sampling method, a
non-probability sampling method. In snowball sampling, the study re-
spondents are invited to help find other possible respondents and
become “de facto” research assistants [67]. When this sampling method
is used, no specific sample size is required [68]. However, Guest et al.
[69] have verified that 6-12 interviews appear to be a perfect balance
for the number of qualitative interviews required to attain data satura-
tion, while 80% of the codes are identified within the first 6 interviews.
The concept of “saturation” — the point at which incoming data yields
little or no new information — is a well-accepted benchmark for deter-
mining sample sizes for qualitative research [69,70]. Based on the
principles of saturation, 12 in-depth interviews were conducted for this
study. All the interviewees were selected based on their practice or
research-based knowledge and experience in disaster management in
the built environment, particularly in relation to structural measures
against hydrometeorological disasters in Sri Lanka. In addition, avail-
ability for interviewing, and willingness to take part in the interviews
were also considered in the selection. Table 1 summarises the profile of
the respondents. The 12 experts were affiliated to organisations that
perform a key role in the development and maintenance of structural
measures for hydrometeorological disasters in Sri Lanka. In this regard,
Disaster Management Centre, which is an overarching authority for all
types of disaster management in Sri Lanka, Sri Lanka Army which usu-
ally involve in the construction of structural measures for all types of
disasters, Irrigation department which is the key agency managing
floods and droughts in Sri Lanka, Coast Conservation and Costal
Resource Management Department is the main authority dealing with

Table 1
Profile of the respondents.
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coastal erosion and flood, NBRO which is a research organisation un-
dertaking several projects related to landslides were mainly selected to
gather primary data. In addition, a research centre related to disaster
risk reduction in a state university was approached to get more insight to
the research study.

The interview guideline was developed using the information
gleaned from the literature review. According to Rowley [71], semi-
structured interviews allow the participants to explain the significance
of a subject through their thoughts, experiences, and viewpoints. Less
structured interview questions allow to raise further questions instantly,
whenever required [72]. The interview guideline was divided into sec-
tions following the research questions in order to identify the existing
structural measures in Sri Lanka, their current state, the required
improvement in them, and finally, the benefits and costs associated with
them. Each semi-structured interview (via physical visits/online meet-
ings/telephone conversations) was conducted for 60-90 min.

Finally, the collected data was analysed using code-based content
analysis (Inductive coding) with a focus on the research questions. This
method considered as the most commonly used method in qualitative
content analysis, where the researcher relies upon the data to accom-
plish new insights [73]. In the method, the respondents’ narratives with
verbatim quotations were retrieved from the gathered data and related
to the phenomenon being investigated. The retrieved narratives were
classified into several ‘codes’ based on similar themes. These codes were
named using content characteristic words, phrases, or sentences.
Following the extraction of narratives, primary codes, sub codes and the
links between them were explored in relation to the research questions.

4. Results

Research findings revealed that the Irrigation Department, NBRO,
and Coast Conservation and Coastal Resource Management Department
of Sri Lanka have the legal obligation of deciding, designing, con-
structing, as well as maintaining structural measures for floods, land-
slides, and coastal erosion respectively. According to a report published
by the Ministry of Environment Sri Lanka, currently, there is a National
Drought Plan (published in 2020) but there is no single organisation or
entity to take charge of drought management [74]. Besides, the re-
sponsibilities are “diffused” among many organisations. As a result,
there are no-proactive programmes to mitigate drought in the country

Respondent  Organisation Job title/ Years of Details of the Projects
position experience
Type Involvement
R1 Sri Lanka Army Project 10 Flood and landslide mitigation Managing the initial design and planning
engineer projects phase
R2 Irrigation Department Director 22 Flood and drought mitigation Conducting hydraulic analyses, design work,
projects and evaluations
Coordinating project teams
R3 Irrigation Department Director 21 Flood and drought mitigation Managing the initial design and handling the
projects permitting work processes
R4 Coast Conservation and Coastal Resource Chief 21 Coastline protection Planning and designing
Management Department Engineer projects
R5 National Building Research Organisation Scientist 9 Landslide mitigation projects Planning
(NBRO)
R6 NBRO Director 29 Landslide mitigation projects Planning, monitoring, team leading
R7 Coast Conservation and Coastal Resource Civil Engineer 10 Coastline protection Designing and supervision of work
Management Department projects
R8 Irrigation Department Civil Engineer 12 Flood mitigation projects Site management
R9 Irrigation Department Technical 10 Flood mitigation projects Planning, designing, and construction
Officer supervision
R10 Disaster Management Centre (DMC) Director 25 Flood, landslides, and drought Consultation, research work
mitigation projects
R11 Irrigation Department Technical 6 Flood mitigation projects Planning, designing, and construction
Officer supervision
R12 Research Centre at a State University Research 3 Flood mitigation research Research work
Scholar
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and most of the drought interventions have been mainly reactive. While
agreeing with that, R2, R3, R8, R9, R10, and R11 declared that the
Irrigation department is mainly handling drought management, despite
the fact that there is no legally vested power in them for drought man-
agement. Structural measures used in Sri Lanka are discussed in the next
section.

4.1. Structural measures in Sri Lanka

Based on literature and primary data, the types of structural mea-
sures implemented in Sri Lanka were identified and classified as shown
in Table 2. As per Table 2, the structural measures were mainly cat-
egorised based on the natural hazards; floods, coastal erosion/floods,
droughts, and landslides. Adhering to Tasseff et al.’s [32] classification,
the structural measures were then identified as “hard or soft” and «
permanent or temporary’.

Table 2 shows that the structural flood mitigation measures are
widely available in Sri Lanka while there is a lack of structural measures
against droughts. Moreover, structural measures such as dikes, polders,
earth ramparts, and bridge abutments are not used in the local context
compared to the global context. Besides, the majority of the structural
measures in Sri Lanka are hard and permanent structural measures. The
majority of the respondents mentioned that if there is an emergency
disaster situation only the temporary structural measures are con-
structed, if not always the permanent structures are constructed and
appreciated (R1, R2, R4, R5, R6, R9, and R12). It can be seen that there
are common structural measures used in the country, which are high-
lighted (in bold) in Table 2. In addition, some of the structural measures
are used for multi-purposes. Elaborating on that R3 stated that “the
reservoirs are normally built up in the upstream area on a river to retain the
water flow in flood situation as well as it can be used for multi-purposes such
as for power generation, water storage for drought events, industrial and

Table 2
Structural measures against hydrometeorological disasters in Sri Lanka.
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domestic water requirement, and groundwater recharge”. Anvarifar et al.
[75] reported that traditionally, many flood mitigation measures in the
Netherlands also serve other functions such as housing, transportation,
recreation, and so on. In the majority of cases, the only visible function is
the secondary function of the flood mitigation measure [88].

4.2. The existing condition of the structural measures in Sri Lanka

As per the empirical findings, the existing conditions of structural
measures in Sri Lanka are affected by factors such as obsolescence, lack
of maintenance, rehabilitation and replacement, and insufficiency. It
was declared by all the respondents that Sri Lanka has enough types of
structural measures against natural hazards, compared to other devel-
oping countries. However, according to JICA [4], the main problem with
these existing structural measures in Sri Lanka, is their age. The study
clarified that the existing structural measures badly need replacements
or rehabilitation in order to ensure they function as expected in the
event of a hydrometeorological hazard, as most of them were installed
more than 40 years ago. Accordingly, it is evident through empirical
research findings that the majority of flood defences against natural
hazards are obsolete as these were built before 1980s. Some of these
outdated flood defences are currently overtopping, resulting in a sud-
den, dangerous water rise. Furthermore, the unoccupied marshy areas
near the flood defences were also developed and occupied by the com-
munity back then [R2, R3, and R11]. Hence, these structural measures
should be upgraded in light of the current population, development, and
new technologies in order to obtain the real benefits from such
measures.

In addition, the respondents revealed structural measures such as
copper damming using sheet piling and temporary filters against floods,
landslide resilient houses, shotcrete structures, and Nature-based Solu-
tions (NbS) against landslide hazards are utilised in Sri Lanka in order to

Natural Hazard Structural measures Classifications Literature Sources
Hard Soft Permanent Temporary
Flood Water retarding basin v v 1,6,8,23
Channel improvement v v 1,8,13
Embarkment v v 1, 3,10, 11, 21, 20, 21, 24
Levee/Marginal embarkment v v 1,2,4,5,6,8,10,12, 18, 31
Dam v v 2,5,6,8,12,13, 21, 18,19
Reservoir v v 6,8,13,17, 23
Drainage pipe networks v v 6,16, 17
Pumping station v 4 8,17
Dredging v v 6
Floodgate v v 2,3,6,8
Combinations v v 6,8
Floodwall /flood barrier v v 3,16,11, 14
Copper damming using sheet piling v v -
Temporary filters v v -
Sandbags v v 7,15, 19, 21
Coastal erosion / flood Geotextile bags v v 10

Rock revetments v v 2,10
Breakwater v v 2,10, 21
Groins v v 10
Floodwall /flood barrier v v 14
Beach nourishment v v 10

Drought Reservoir v v 9,23

Landslide Drainage pipe networks v v 29
Channel improvement v v 22
Anchoring systems v v 22
Retaining walls v v 22
Soil nailing v v 22
Deep shafts/dowels v v 22
Landslide resilient houses v v -
Shotcrete structures v v -
Nature-based Solutions (NbS) v v -

Literature Sources: 1 - [31],2-[61],3-[75],4-[76],5-[77],6-[33],7-[781,8-[34],9-[43],10- [60], 11 - [79], 12 - [80], 13 - [22], 14 - [81],15- [82],16 - [83],17 - [84], 18 -

[47]1,19 - [32], 20 - [85], 21 - [86], 22 - [49], 23 - [46], 24 - [87]
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mitigate disaster impacts. According to R5, NbS can be effectively used
for risk mitigation in larger areas prone to landslide hazards, where
traditional mitigation options are less cost-effective. However, there is
still a limited use of those techniques in landslide-prone areas such as
Galabada in Rathnapura and Badulusirima in Badulla (R5 and R6).

According to Table 2, it is clear that enough structural measures for
drought events are not in use in Sri Lanka compared to other hydro-
meteorological hazards. Droughts are one of the most frequent hydro-
meteorological disasters identified in the Disaster Management Act No.
13, 2005 of the Government of Sri Lanka [74]. While highlighting the
severity of droughts in Sri Lanka, De Alwis and Noy [89] claimed that on
average, the economic costs associated with said events to healthcare
have been estimated to be US$52.8 million yearly, with 78% of the costs
originating from droughts.

As highlighted by R3, the construction of underground dams is
considered the best option against drought disasters worldwide. Simi-
larly, Telmer and Best [48] specified that underground dams are very
inexpensive to install but can be quite effective in providing stored water
during periods of drought. Interviewed experts claimed that under-
ground dams are located in Sri Lanka by nature. Nonetheless, the
country lacks methods for protecting those structures (R2, R3, R8, and
R9). R2 further elaborated that “there are no groundwater extraction
limitations in our country. Anyone can get water supply by digging a well at
any place”. A drought is basically managed by groundwater and
groundwater storage, as managed natural infrastructure, could be a
multipurpose, more decentralised, cost-effective, and sustainable alter-
native to “grey” infrastructure, such as traditional-built dams [90].
Therefore, relevant authorities should take necessary actions to protect
such gifts given by the nature of the country.

Besides, R4 emphasised that “we have not applied structural measures
until now focusing on disasters like Tsunami, due to the huge cost, and also
since Tsunami is a rarely happened incident, Sri Lankan government cannot
allocate that much huge finance to construct flood defences against
Tsunami”. Further, there are a lot of technologically sophisticated
structural measures in developed countries [91,56], which are currently
not applied in Sri Lanka. Therefore, there is a need to look into the
application of those effective structural measures in order to reduce the
adverse effects of natural hazards prevailing in the country. Neverthe-
less, non-structural measures such as a buffer zone along coastal line and
an early warning system were implemented to minimise the impact of
Tsunamis in Sri Lanka (R10 and R12). There was no early warning
System for tsunamis in the Indian Ocean prior to 2004. Following the
devastation of the 2004 Tsunami, numerous countries banded together
to build an efficient Tsunami early warning system in the Indian Ocean
region. In 2008, an end-to-end Tsunami early warning system was built,
which became fully operational in 2013 and covered all affected coun-
tries, including Sri Lanka [92]. However, the effectiveness of the existing
early warning system for Tsunami was questioned several times [93].
The next section discusses what is more required in structural measures
in hydrometeorological disasters in Sri Lanka.

4.3. Structural measures in Sri Lanka - what more is required?

According to the study, major replacements and rehabilitation, reg-
ular maintenance, the construction of more structural measures, raising
awareness of the importance of building structural measures, the use of
advanced technologies, budget allocation, project prioritisation, and a
consistent decision-making framework are the major concerns in
improving the structural measures against hydrometeorological di-
sasters in Sri Lanka.

Agreeing to JICA [4], the majority of the respondents acknowledged
that major flood control measures in the Kelani, Gin, and Nilwala River
Basins were initiated before the 1980s and after that, no new major flood
control measures were introduced (R1, R2, R3, R8, R9, and R11). At
present, the existing structural measures such as dikes, flood gates, and
pump houses are old and need to be replaced or rehabbed in order to
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operate properly. In Sri Lanka, reservoirs that were built primarily for
water supply in drought events as well as for day-to-day activities, play a
significant role in flood mitigation because they also are a way of flood
control. However, many reservoirs are old and need to be refurbished to
ensure the necessary protection from them. Moreover, R2 stated, “we
have already proposed location-specific flood protection structures such as
continuous major bunds and dry dams to different places in Sri Lanka”. In
addition, flood control reservoirs and dry dams for Kalu river upstream,
extended flood bunds for Kelani river and Mahaweli river downstream,
and upstream reservoirs for Nilwala river are being proposed.

Structural measures against coastal erosion such as jetty — protect
and stabilise man-made constructions such as maritime works, seawalls
— reduce the effects of strong waves and to defend the coast around a
town from sea erosion, and dikes — protect low-lying areas from flooding
from the sea, are recommended by the experts as suitable to Sri Lanka
(R4 and R7). In contrast, R1, R5, R6, and R9 stressed, “rather than going
for new structural measures, protecting the existing is much crucial”.

Almost all the respondents agreed that there is an inadequacy of
structural measures and there are critical issues with structural mea-
sures, such as ageing and lack of awareness of the benefits of structural
measures by responsible authorities as well as the by the public.

When enquiring further about what could be done to improve
structural measures in the country, R1 claimed that “financial barriers
are the most common barriers and the maintenance of structural measures is
not happening properly in our country. Also, we do not have the advanced
technologies that other countries have. However, we do have enough human
resources”. Besides, the majority of the respondents emphasised that less
priority has been given to projects related to building structural mea-
sures and project prioritisation differs from one government to another.
Due to the lack of usage of advance technologies, the structural measures
that are currently available in Sri Lanka have limited flexibility to adapt
to new climate related challenges in future.

Social pressure is another major challenge, which comes prior to the
construction of structural measures. As an example, normally the ben-
efits of a structural measure are achieved by people who live a little
further away from the construction premises, but not by those who live
very close. Hence, the people who live nearby do not feel compelled to
sacrifice their daily living style. R3 declared that “in this kind of situation,
it is really hard to convince society about the importance of building a
structural measure for a country”.

Some experts highlighted the reason for most of the challenges
associated with building structural measures is the lack of a consistent
decision-making framework (R2, R4, R5, R6, and R10). According to
Meyer et al. [94], economic evaluation of alternative structural mea-
sures for decision support has a considerable tradition in Europe and the
United States. Different approaches like cost-benefit analysis (CBA) or
cost-effectiveness analysis (CEA) can be applied for the economic eval-
uation of such measures. However, such an approach has not been un-
dertaken so far in the Sri Lankan decision-making process with regard to
structural measures.

Nevertheless, according to Hartmann and Juepner [55], structural
measures have different scales which are defined according to the
standards of different return periods, and different scales have different
economic costs. Thus, the relationship between costs and benefits should
be analysed to acquire the most economical structural measure in
disaster management. The next section will address the benefits and
costs related to structural measures.

4.4. Structural measures in Sri Lanka - Benefits and costs

Natural hazards may cause substantial devastation to any country’s
economy, environment, infrastructure, and property. The findings of the
literature indicated the importance of implementing structural measures
in order to decrease the adverse impact of natural hazards. However,
there may be both benefits and costs in any type of investment or
implementation. As a result, the respondents were asked about the
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benefits and costs of structural measures against natural hazards in order
to assess the implications of having them in Sri Lanka. All of the re-
spondents’ ideas are summarised in Fig. 1.

Fig. 1 depicts the benefits and costs of structural measures for miti-
gating floods, landslides, droughts, and coastal erosion as shown in
green and red dots, respectively. Different types of cost and benefits are
mapped with the related natural hazards. As per Fig. 1, majority of the
benefits and costs are commonly applicable to structural measures for
any of the identified hazards. However, there are unique benefits as well
as costs of structural measures associated with some hazards. Some of
the unique benefits include facilitating fishing and recreational activ-
ities, and beach development; sea-front development from structural
measures for coastal erosion; water circulation from flood and drought
mitigation measures; and improvement of drainage systems and
replenishment of groundwater resources from flood mitigation mea-
sures. Some of the specific costs include: creation of unsuitable micro-
environment after the new construction of flood mitigation measures
and limited travel along the beach due to the structural measures against
coastal erosion.

When considering the costs (negative consequences) associated with
structural measures, all the respondents professed that structural mea-
sures comprise an initial cost for design and construction plus the
maintenance and repair costs through its life cycle. In addition to these
costs, some experts claimed that there can be residual operational costs
such as training, practice deployments, staff costs, storage, trans-
portation, supervision, and security associated with structural measures
(R2, R7, R9). Partington [95] claimed that the cost of maintenance,
repair, and operation is necessary over the life of a structural measure to
keep it functional. Similarly, the majority of respondents agreed that the
degree and complexity of maintenance operations, as well as the
requirement for specialised maintenance, are critical to the proper
operation of any structural measure.

Moreover, the majority of the respondents pointed out that the
damage to human life and property from a structural measure which has
exceeded its return period could be more, compared to the situation with
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no such structural measure. With the ageing of the structural measures,
the maintenance costs are likely to increase, and hence, ensuring
effective maintenance is important until the end of the return period
which is generally the end of the lifecycle to minimise costs. As main-
tenance costs incurred beyond the return period is not cost effective,
rehabilitating will be usually demanded at the end of the return period.
Also, not constructing or maintaining the structures properly could lead
to unexpected disasters as well.

Highlighting the issues related to resettlement and social costs of the
new construction, R3 stated, “When there is new construction on structural
measure, resettlements must be arranged for the community who live there. In
those situations, we cannot provide the real value of their land. As an
example, even though the market value of the alternative land and the
property provided will be equal or even more than their previously owned
property if the ownership of the property comes from generation to genera-
tion, there is much more value than the market price of that land for the
owner”.

In addition, respondents claimed that sometimes, professionals
would advocate more towards non-structural measures rather than
structural measures because they believe that building structural mea-
sures tend to change the pattern of the environment. For instance, there
are natural habitats associated with floods and if floods are controlled by
structural defences, they will indirectly harm the indigenous species that
live in such waterlogged areas. Elaborating more on this, R2 stated,
“There are flood-dependent animals, and their breeding season starts just
after a flood happens. Hence, environmentalists argue that controlling floods
through structural measures is a cost to the environment”. Nevertheless,
Kim et al. [34] suggested that in order to defend against urban flooding,
structural and non-structural measures must be carried out at the same
time. Moreover, R12 highlighted that only a certain level of protection
against hydrometeorological disasters can be achieved through struc-
tural measures. Hence, it is important to consider the residual risk when
developing structural measures. This involves clearly defining the
design level of protection that the structural measure can reliably ach-
ieve, specifying the local conditions that may affect the level of
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Fig. 1. Mapping of benefits and costs associated with structural measures.
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protection, determining the disaster risks in the protected area related to
the performance and capacity of the structural measure, and educating
the community about the limitations of the measure [96].

Emphasising the value of constructing structural measures above all
the costs related, R3 stated, “deaths from a natural hazard are just numbers
until they become names of people you know or names of people you love.
Therefore, there is an uncountable benefit associated with structural mea-
sures against natural hazards”. While agreeing with that, R8 and R9
detailed that a Netherlands team assessed the economic damage caused
by floods and landslides that occurred in 2017, which affected almost
the entire country, and there they quantified that the total cost of the
damage was higher than constructing a full protection system. There-
fore, it is undoubted that structural measures are highly beneficial, as
the costs are clearly outweighed by the benefits.

Besides, all the interviewees expressed that the construction of
structural measures facilitates the development of the country. For
example, Rathnapura (translated into English as ‘City of Gems’ because
it is the centre of the country’s gem trade), one of the main cities in Sri
Lanka is frequently impacted by severe floods and landslides. According
to Dilhani and Jayaweera [97], the main causes of flooding in Rathna-
pura town are the very high annual rainfall in the area and its location in
the floodplains of Kalu River. The river, which is 76.5 km long from
Rathnapura to Kalutara is unable to create higher velocities to discharge
floods with only 11.70 m (38.4 ft) Mean Sea Level (MSL) riverbed
elevation at Rathnapura and a gradient of only 0.15 m per km (1/6700)
[98]. Additionally, the city is affected by 1 into 10-year major flood
event that causes significant destruction to lives and property. During
this flood event, approximately 80% of the land within the city lies
under floodwater for an average period of 2-5 days. In 2017, a total
number of 206 families and 1203 people were affected by the major
floods [99]. Since that, the occurrence of floods has had a significant
influence on the city’s growth since the damage that is connected with
flood risk ranges from infrastructure, buildings, loss of farmland to in-
juries, and loss of life. The experts (R2 and R3) mentioned that the
Irrigation Department of Sri Lanka has proposed to construct a major
flood dike from Warakatota bridge area to Ayurveda office, which will
be beneficial for protecting the town itself from the annual flood. This
proposal will contribute to the growth of, Rathnapura city, and ulti-
mately the country. There, as a member of the expert committee,
respondent R2 had been actively involved in the development of the
proposal.

All in all, every expert highlighted that the costs of structural mea-
sures are paid in the short run, but the benefits are realised in the long
run.

4.5. Discussion

The study investigated the nature of existing structural measures for
hydrometeorological disasters in order to highlight any improvements
that are required, and the costs and benefits. It was discovered that in the
Sri Lankan context, there is a significant need for structural mitigation
measures to reduce the impacts of natural hazards. According to the
respondents, most projects lack prior planning owing to a lack of coor-
dination and collaboration with related stakeholders, as well as lack of
time available for further research of the scenario in order to develop
thorough plans. This limits the construction of effective structural
mitigation measures. Therefore, the need to understand how to develop
efficient structural measures is becoming increasingly urgent. As per the
Vulnerability Plus (V+) theory developed by Zakour, and Swager [100],
the effectiveness of structural measures should be improved in order to
reduce disaster vulnerability while also providing the community with
the capacity to respond resiliently to natural hazards.

In 2009, the Iranian Hydrologic Engineering Centre estimated the
expected values of damage reduction without and with flood protection
measures in the Karun river’s entire reaches. Without constructing a
dam, the annual expected value of damage was US$7.74 million. The
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annual expected value of damage reduction from the Dam 1 and Dam 2
alternatives was estimated to be US$6.64 million and US$5.9 million,
respectively [101]. Similarly, respondents emphasised the importance
of constructing structural measures against natural hazards, referring to
the fact that the economic damage caused by floods and landslides in Sri
Lanka in 2017 was more than the cost of constructing a full protection
system.

Moreover, while agreeing with Denton et al. [102], all the experts
asserted that the most appropriate and effective structural measures
must be identified and prioritised. In doing so, the costs and benefits of
these measures over their life cycle must be assessed [103]. However,
such a holistic assessment has not been incorporated in the decision-
making process in relation to the construction of structural measures
in Sri Lanka so far.

5. Conclusions

Sri Lanka, being a disaster-prone country, has a considerably high
incidence of hydrometeorological disasters for a variety of reasons, as
documented in both the literature and empirical evidence. Hydrome-
teorological disasters affect many people in Sri Lanka each year,
resulting in fatalities, severe economic impacts, and relocation of com-
munities. In this context, hydrometeorological disaster mitigation has
emerged as one of the country’s top priorities. Structural measures,
which are one of the disaster mitigation techniques, are used to alter the
features of hydrometeorological hazards and reduce the probability
and/or effect of the hazard occurring in the place of interest. Therefore,
structural measures for hydrometeorological disasters in Sri Lanka were
studied in order to determine what is required for the country to
decrease the detrimental impacts of disasters.

In comparison to other developing countries, the empirical research
findings indicated that Sri Lanka has sufficient types of structural mea-
sures against floods, landslides, and coastline erosion. However, because
most of the current structural measures were installed before the 1980s,
they are in desperate need of replacement or rehabilitation in order to
function efficiently. Moreover, compared to other natural hazards, suf-
ficient structural measures against drought occurrences are limited in Sri
Lanka. Both the research and empirical evidence show that constructing
underground dams is an effective method of averting droughts.
Although these measures are available in Sri Lanka, the country lacks
ways for preserving these structures.

There are several technologically sophisticated structural measures
that are currently not deployed in Sri Lanka. Therefore, there is a need to
investigate the application of those effective structural measures in
order to mitigate the negative impacts of hydrometeorological hazards
prevalent in the country. It was also discovered that, in addition to the
insufficiency of structural measures in terms of types, there are other
major concerns such as ageing and a lack of knowledge of the benefits of
structural measures among responsible authorities and the public. Un-
doubtedly, structural measures have significant building costs, but the
benefit of establishing structural measures for a society is always all-
encompassing. Therefore, to assert the aforementioned facts and
establish the most cost-effective structural measure for a specific situa-
tion, all the costs and benefits including non-financial implications must
be analysed in detail. Using development appraisal techniques such as
CBA or CEA, are appropriate. However, it is not evident that the
decision-making process in relation to the development of structural
measures in Sri Lanka is based on such systematic and detailed analyses.
Hence, a study on developing a comprehensive decision-making
framework based on CBA in relation to structural measures is recom-
mended as a future research direction.
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