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Abstract

:

The shoreline of Malaysia is exposed to threats of coastal erosion and a rise of sea level. The National Coastal Erosion Study, 2015 reported that 15% of an 8840 km shoreline is currently eroding, where one-third of those falls under the critical and significant categories that require structural protection. The Study of Sea Level Rise in Malaysia, 2017 presented a sea-level increase of 0.67–0.74 mm on average yearly. This study reviewed selected coastal protection structures along the shoreline of Malaysia as an erosion control and sea-level rise adaptation based on coastal management strategies. Hard structures such as rock revetment and breakwater are commonly used as erosion protection systems in the “hold the line” strategy. Increased platform level of seawalls and earth bunds, considered as an “adaptation” approach, are effective in erosion protection and are adaptive to sea-level rise. Mangrove replanting is suitable as a “limited intervention” approach in minimizing the long-term impact of both threats. However, offshore breakwater, groyne, and geotextile tubes are solely for protection purposes and are not as effective for sea-level rise adaptation. As the sea level is continuously increasing, their function as coastal protection will also become less effective. In summary, this comprehensive review on coastal protection in Malaysia will benefit the related agencies on the future assessment.
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1. Introduction


As a maritime nation, Malaysia’s shoreline is consistently exposed to threats from the ocean, resulting in coastal erosion and sea-level rise. The country is located near the equator in Southeast Asia where its major ports are situated within international maritime and shipping routes [1]. It is surrounded by seven sea areas where the total sea area is almost twice the land area [2]. Hence these two distinctive threats had continuously causing adverse impacts on physical, socioeconomy, and biodiversity along the coast [3].



Beach erosion is defined as long-term sediment loss within coastal zones due to changes in a hydrodynamic pattern such as wind, wave, and current [4,5]. In the natural coastal cycle, sediments are transported and distributed by these hydrodynamic forces along the coast, providing material for dunes, beaches, and marshes [6]. Even though anthropogenic activities mostly drive erosion, however, with a combination of natural forces; the impacts are exacerbated by climate change [7]. In Malaysia, the coastal processes are greatly influenced by the East Asian monsoon system that brings a great intensity of the related physical phenomena associated with waves, current velocities, winds, and a high rainfall frequency [8], subsequently impacting the cycle of beach erosion and accretion.



Whereas sea level rise (SLR) is a permanent coastal inundation due to the increasing global mean sea level, as a result of climate change impact [9]. Major contributors to SLR are ocean thermal expansion, melting of ice sheets and glaciers, and changes in terrestrial waters [10]. SLR can be considered one of the most significant and costly effects of global warming. Potential adverse impacts of SLR are coastal flooding, accelerated coastal erosion, saltwater intrusion, and land subsidence [11]. Globally sea level rise is also found ultimately responsible for long-term coastal erosion problems [12].



The impacts of coastal erosion and sea-level rise include loss of lives, disruption to economic sectors, and degradation of natural ecosystems and biodiversity [13]. Environmental problems were continuously affecting over 30% of the Malaysian coastal population [14] and escalated due to climate change and anthropogenic effects. More than 20% of Malaysia’s coastal zones have been developed mainly for urbanization and tourism purposes [15], as it is also the centre of economic activities comprising aquaculture, agriculture, industries, and oil and gas exploitation [16,17]. These threats severely affect the coastal areas due to land encroachment and inundation, especially with regards to the ageing of coastal structures due to chronic and acute weather exposure hence accelerating infrastructure degradation and projected increased population residing in coastal urban areas [18,19,20].



This paper’s main objectives are to assess the current state of coastal erosion and sea-level rise scenarios in the country. The study also reviews coastal protection structures’ functions as erosion control and sea-level rise adaptation measures at selected locations along the shoreline of Malaysia. From a coastal management point of view, several approaches can be considered, which can be suited both for sea-level rise and erosion defense strategies such as ‘hold the line’, ‘managed realignment’, and ‘move seaward’ [21]. Depending on erosion categorization and land use needs, the approach of protection could be a selection of hard structures, soft engineering, or a combination of both techniques [22]. Conventional hard structures, namely seawalls, rock revetments, concrete-type bunds, and groyne structures are generally constructed to armor and defend selected eroded beaches [23]. However, structural measures are relatively costly, less environmentally friendly, and usually affect natural coastal habitats [24,25]. Therefore, alternatives to soft engineering methods or ecological-based approaches (EbA) such as beach nourishment and mangrove replanting are favored [26].



1.1. Study Area


Malaysia is located near the equator in Southeast Asia on latitude 2°30′ N and longitude 112°30′ E, bordering Thailand, Singapore, Philippines, Indonesia, and Brunei. The coastlines face seven major water bodies: the Andaman Sea, the Straits of Malacca, the Straits of Singapore, the South China Sea, the Gulf of Thailand, the Celebes Sea, and the Sulu Sea. Malaysia comprises fourteen states in two regions; Peninsular or West Malaysia (PM) and East Malaysia (EM), separated by the South China Sea, as presented in Figure 1. PM consists of twelve states and the remaining two states are in EM (not including one federal territory of Labuan Island). Malaysia’s total land area is approximately 330,803 km2, of which 99.63% is land and the remaining 0.37% is inland water area. Whereas the total sea area is almost twice the size of total land area at 614,159 km2 and the size of EEZ alone is 453,186 km2 [27].



Malaysia’s total shoreline length is 8840 km, of which the coastline of PM is 3771.5 km and EM is significantly longer at 5068.5 km [28]. The coast is mostly comprising easily eroded alluvium, approximately half of the shoreline is sandy and slightly less is the muddy coast, and very few rocky beaches. Sandy shores are found dominant along with east PM, west EM, and some parts of west PM [29]. In contrast, the coast of silt, mud, and clay are more distributed at the west coast of PM and north and east EM shoreline. Physical natural phenomena associated particularly with waves, currents, tides, and winds greatly influenced coastal zones’ dynamic process, especially during monsoon seasons.




1.2. Coastal Climate


Malaysia is geographically blessed and generally protected from severe natural disasters such as earthquakes, tsunami, volcanic eruptions, and typhoons, however, it is prone to major flood problems. There are two distinctive types of floods in Malaysia: flash and monsoonal floods. Flash flood often occurs due to heavy rainfall associated with severe thunderstorm by a timescale of fewer than six hours. Whereas monsoonal flood events are induced by prolonged heavy widespread rain that leads to land inundation. The annual average rainfall for PM is 2420 mm and over 2600 mm for EM [30]. The climate is categorized as tropical, being hot and humid throughout the year. Humidity is high and ranges from 80 to 90% with an average temperature between 21 and 30 °C [31]. Malaysia experiences insignificant annual variation in sea-surface temperature as the country is located near the equator.



1.2.1. Winds


Air pressure and wind behavior are greatly influenced by seasonal changes; Northeast Monsoon (NEM), Southwest Monsoon (SWM), and Inter Monsoons (IM). NEM begins from November to March during winter in the northern hemisphere dominating the lower troposphere synoptic circulation. During this period, the prevailing north-easterly wind speed is 10–20 knots, reaching up to 30 knots in some areas. In contrast, SWM is between June and September with the average southwest wind at 15 knots. The IM occurs twice a year during April–May and September–October with fluctuating wind direction not exceeding 10 knots [32].



PM’s east coastal regions, which face the South China Sea, receive about 50% of its annual total rainfall during the first half of the NEM season between November and December [33]. During the transition periods, substantial rainfall occurs in April and October within the monsoon seasons [34]. While during the SWM, the south-westerly winds blow along the Indian Ocean and across the Andaman Sea [35]. The southwest monsoon in Malaysia is characterized by low precipitation, less cloud, high outgoing long-wave radiation, and often featured by dry epochs [36].




1.2.2. Tides


Tides are among the main phenomena that regulate the interactions between coast and sea. Tides are periodic average sea level’s raising and lowering, caused by gravitational interactions between the sun, moon, and rotation of the Earth, occurred throughout the ocean [37]. There are three main types of tide phenomena, namely diurnal, semidiurnal, and mixed tides. Diurnal tides have one high tide and one low tide every day, while semidiurnal have two high tides every day [38]. The mixed tide is the combination of semidiurnal and diurnal tides, where significant different heights of successive high tides or low tides occur throughout the cycle [39].



PM is dominated by semidiurnal and mixed (dominant semidiurnal) tides. Diurnal tides are dominant along the east coast of the states of Kelantan, Terengganu, Pahang, and Johor [40]. Whereas two types of tides characterize the west coast states of Kedah, Perak, Penang, and Selangor: semidiurnal and mixed tide prevailing semidiurnal [41]. On the other hand, both diurnal and semidiurnal tides dominate almost equally in Sabah and Sarawak’s coastal EM. There is no diurnal tide available in Malaysia. Based on tidal station records, the highest tidal range points are in Port Klang, PM, and Sejingkat, EM [42].




1.2.3. Wave


Waves are among the most vital and dynamic forces behind the shaping of coastlines. The climate condition of Malaysian’s sea is considered low, where significant wave height is between 0.5 and 1.5 m with peak periods between 5 and 7 s [43]. The west coast of PM, Malacca Strait, expresses a low wave energy regime because of the Sumatera protection. While the east coast that faces the South China Sea, specifically Terengganu, experienced high wave energy during NEM [44]. Wave heights are more substantial with an effect on the larger wind fetch and greater wind speed. Wave energy intensity fluctuates seasonally with the highest energy density recorded during this season [45].




1.2.4. Nearshore Current


Nearshore currents are principally induced by the impact of surface waves breaking on the beach. During the breaking process, wave energy is reduced and lost to turbulence as the wave hits the beach. The momentum of the wave is transferred into the water column and thus generates nearshore currents [46]. On the east coast of PM, notably in the states of Kelantan, Terengganu, and Pahang, the circulation of the current is greatly influenced by the monsoon winds. Particularly in Terengganu, coastal currents naturally flow parallel to the coastline as presented by [8]. The current flows northward during the SWM and southward during the NEM.



On the west coast of PM, the current flow pattern in Malacca Strait is dominated by tidal forcing [47]. Within the central region offshore Selangor, the dominant direction is 125° from the northwest to the southeast direction [48]. During SWM, the dominant wind speed and direction are within the range 5–25 m/s and 120–150°, respectively. Sediment transport within the region is generally induced by the longshore and cross-shore transport caused by wave and tidal current, greatly influencing erosion and accretion patterns [49].





1.3. Socioeconomic Along the Coastline


Malaysia’s total population was 32.7 million, of which approximately 26 million populate Peninsular Malaysia, with an annual per-capita GDP of 12,478 USD in 2019 [50]. Among the major populations in PM, the largest ethnic group are Malays with 63% of the population, followed by Chinese, Indians, and other minority ethnic groups [51]. The country is ranked among the rapidly developing economies and is expected to become a developed world member. Along with economic development, health indicators have also considerably improved over the past few decades. Moreover, in 2018, life expectancy at birth in Malaysia has increased from 59.5 years in 1960 to 76 years [52].



The National Coastal Zone Physical Plan 2012 (NCZPP) stated that there was 6.65 million population in PM’s coastal areas, representing 30.6% of the total population in PM in 2009 [53]. However, these numbers indicated an urgent increase over the past 18 years and revealed that the population placement is centered within the coastal areas. Thus, development within the coastal area will be more focused and may decrease the coast’s stability and security.



The states of Selangor, Federal Territory of Kuala Lumpur, Melaka, Negeri Sembilan, Perak, Johor, and Pulau Pinang are categorized as more developed states. However, Kelantan, Pahang, Kedah, Perlis, Terengganu, Sabah, and Sarawak are recognized as less developed states [54]. The high ratio of employment in coastal zones are in the states of Selangor (0.39%), Johor (0.37%), and Pulau Pinang (0.3%), where the areas are essential for employment, business, and residence [14]. The employed person in Malaysia reported a negligible decline of 0.3% month-on-month to 14.89 million persons. The number of the labor force increased marginally by 1.8 thousand persons, as against April 2020, to show 15.71 million persons [55]. Furthermore, the life quality in Malaysian society changed over the period of 2000–2018 through better access to education, healthcare, housing, and other infrastructures.



The agriculture sector supplied 7.1% of the total gross domestic product in Malaysia, with RM101.5 billion to the gross domestic product (GDP) in 2019 [56]. In Malaysia, oil palm was the primary contributor to the GDP of the agriculture sector in 2019 at 37.7%, followed by other agriculture (25.9%), livestock (15.3%), fishing (12.0%), forestry and logging (6.3%), and rubber (3.0%). In 2019, total marine fish landings were 1455.4 thousand tonnes, which rose by 0.2% against 1452.9 thousand tonnes in 2018. The production of freshwater aquaculture and brackish water also showed an increase of 3.3 thousand tonnes (3.3%) and 17.0 thousand tons (5.9%), respectively. The impact of agricultural development on beach dynamics is particularly significant as it contributes to sedimentation and nutrient runoff along the river towards the coastal area.



Presently, there are seven (7) major federal ports; namely Port Klang, Johor Port, Kuantan Port, Penang Port, Port of Tanjung Pelepas, Bintulu Port, and Kemaman Port, in which sea freight accounted for more than 90% of the total cargo volume in the country. The ports also provide boat or ferry services travelling around the country, connecting the mainland to the island and island to island. Moreover, Malaysia’s government spent large amounts of funds, particularly in the development of rails such as light rail transit (LRT), monorail, and Keretapi Tanah Melayu (KTM), to minimize the problems of traffic congestion in urban areas especially in Kuala Lumpur and Klang Valley. At the same time, this effort is to encourage the citizen to use railway service as a preferred mode of public transportation [57]. This connection is also particularly important as to link between the ports to further inland for economic purposes. Moreover, there are also several international airports located within the coastal zones of the country. In term of air freight, Kuala Lumpur International Airport (KLIA) is the main international airport and is one of the biggest airports in Southeast Asia [58].



Based on the report by [59], socioeconomy activities along the shoreline are highly dependent on coastal and marine resources. There are about 200 marine protected areas recorded where more than half are mangrove reserves. The reserves are set up under the Convention on Wetlands and comprise wildlife and bird sanctuaries, marine parks, fisheries protected area, and mangrove forests. The coral reefs areas are estimated at 3600 km2, most are found on the eastern coast and islands of PM, and also in Sabah and Sarawak. Coastal peat swamps and melaleuca forests were extensively vegetated along the west coast of PM. However, many of the lands have been converted to other economic uses such as agriculture, aquaculture, and industries. Malaysia had the fifth-most extensive mangrove areas globally [60], which could be found intermittently along the coastlines. However, reported by [61], they estimate that the mangrove areas is equivalent to only 1.75% of the country’s total land area at 575,000 ha. Other than climate change and environmental threats, marine resources in Malaysia are also subjected to issues related to coastal fisheries’ decline, threatened flora and fauna species, habitat destruction, poor marine water quality, and invasive species introduction through ballast water.





2. Coastal Management Strategies


The earliest study by the Intergovernmental Panel on Climate Change (IPCC): Coastal Management Subgroup and Response Strategies Working Group proposed three approaches for adaptation to sea-level rise, namely protection, retreat, and accommodation [62]. Discussions on available methods evolved and based on a recent management guide for disaster risk reduction in the European coastal zone, five different strategies are adopted [63,64]. In terms of coastal risk management in Malaysia, these options can be suited for both coastal erosion defense and sea-level rise adaptation. Figure 2 proposes six management strategies, which were also adopted from various studies by [65,66,67].



“Move seaward” is only carried out if coastal land reclamation is critically required, as the strategy leads to various adverse impacts on the environment. Adjacent ecosystems, wetlands, salt marshes, and mangroves are becoming more vulnerable due to coastal squeeze effects. “Hold the line strategy” maintains the existing shoreline due to significant land use, infrastructures, and socioeconomic activities within the coastal zone.



“Managed realignment” involves the relocation of critical structures or land use to further inland. The first two strategies are generally costly due to the construction of hard structures, such as seawall, revetment, breakwater, and a combination of soft engineering beach nourishment techniques. Whereas, the major cost in “managed realignment” consists of land purchase, rebuilding infrastructure, and relocation of existing businesses.



“Limited intervention” requires low or potentially no cost, such as changing existing land use, restoration of wetland, and mangrove replanting. The “Adaptation or accommodate’ strategy is the continuous usage of land at risk with no attempt to prevent the land from damage such as raising the platform level and elevated buildings. “Do nothing” is no active intervention, vacant land, or available wetland that has insignificant physical and economic impacts that are selected as sacrificial areas for inundation or erosion downdrift impact areas. Coastal defense strategy for protection from threats of erosion and sea-level rise is simplified in Table 1.



The selection of the coastal protection system is site-specific. For shoreline control, hard structures such as seawalls and revetment are the most effective, fast, and easy. Perpendicular structures such as groynes and breakwater promote natural sediment deposition and beach build-up. However, downdrift erosion is expected. Soft engineering techniques are ecologically friendly but are costly and require a longer time for significant impacts.




3. Coastal Erosion


The National Coastal Erosion Study in 2015 showed that 1348 km from a total of 8840 km or 15% of the shoreline is currently facing erosion problems under three categorizations: critical, significant, and acceptable erosions [68]. In this study, the demarcation of the coastline is between 0.2 and 1 km upstream of river mouths. For the past 30 years, protection works and shoreline management plans have been implemented; hence, the impacts of erosion are controlled even though they still occur primarily during the monsoon seasons. As compared to the earliest study, the National Coastal Erosion Study 1985 stated that 29% of 4809 km (not including islands) coastline was eroded under similar categories [69]. In the updated NCES 2015, improvements were made towards the descriptions, methods, and techniques in classifying erosion categories, with inclusions of scoring for physical and economic scores. In addition, recommendations on coastal management and mitigation measures were also included.



Based on the NCES 2015, Category 1 or critical erosion is a fast retreating coastline at the rate of more than 4 m/year with generally dense human settlement, some commercial/industrial activities being served by significant public infrastructure and facilities. Significantly eroded or Category 2 is the retreating shoreline at the rate of more than 1 m/year but less than 4 m/year. The area is generally sparsely populated or some agricultural activities are being served by relatively minor public infrastructure and facilities. Whereas, Category 3 is considered acceptable erosion; a slowly retreating coastline of less than 1 m/year with generally no human settlement and minimal agricultural activities not served by public infrastructure and facilities.



Information on eroded sites along the shoreline of Malaysia under the different categorizations is presented in Table 2. Statistically, out of the total eroded length, critical erosion was 4%, followed by significant erosion at 28% and the remaining 68% was acceptable erosion. The aggregate length of erosion under Category 1 and Category 2 was approximately one-third of the total eroded shoreline at 431.3 km. Typical mitigation measures for Category 1 and Category 2 erosions consist of hard structure construction such as revetment, breakwater, seawalls, and similar defense structures that are carried out quickly to avoid disastrous consequences. The proposed mitigation measures of the identified site should be technically feasible, economically viable, environmentally friendly, and socially acceptable.



Moreover, NCES 2015 also recommended a two-pronged approach: curative action and a preventative strategy. The first approach refers to the immediate coastal protection works along with the critically eroding coastal sites. The latter focuses on administrative instruments and development control plans to pre-empt potential erosion problems due to coastal development. Some case studies on available coastal protection structures as curative methods at selected eroded sites are briefly discussed.



3.1. Hard Structures


Hard structures are frequently used in the “hold the line” strategy as they provide a quick solution at the eroded beach. However, they commonly cause erosion at down drift, hence a sacrificial area or vacant land should be provided. The wave impact is higher at impervious structures, such as solid seawall, leading to a higher rate of overtopping and scouring problems at the toe than permeable rock revetment and armor rock structures. Therefore, a sufficient apron as toe protection is commonly required to avoid structural failure.



3.1.1. Seawall and Rock Revetment


Seawalls and rock revetment are considered the most popular, most effective, and quickest solutions for shoreline erosion control, yet are the most expensive and can potentially cause adverse impacts on the surrounding coastal environment (Figure 3). Abdullah et al. [70] evaluated the community’s perception and effectiveness of protecting rock revetment at Pantai Jeram and Pantai Remis, Selangor, Malaysia. It was recorded that the beaches increased in width after eight years of implementation, however, the destruction of mangrove forests was observed. It was due to deforestation of the mangrove [71] and low awareness amongst the coastline community.



Rock revetment is designed as less permeable seawalls with a sloping mount and is constructed of large boulders interlocked together to dissipate wave energy. Both seawall and rock revetment have undeniably affected the natural coastal landscape scenery and tourists cannot easily reach the seawater, resulting in the reduction of visitors and income to the residents [72].



Rashidi et al. [73] developed an innovative porous seawall structure and installed it approximately 100 m long at Port Dickson, Negeri Sembilan. The structure measured 1.2 m × 1.2 m × 1.2 m with a face angle of 45°, made of reinforced concrete, and weighs 2500 kg/unit. As shown in Figure 4, hollow sections on the surface allow sediment movement from the front to the rear area of the structure. It encourages the natural reclamation of sediment and beach expansion after a certain period. Coastal morphology change in the eroded beach was due to the intervention of man-made structures, namely the marina and pipe outfall, which affects the natural sediment process. This “hold the line” structure successfully protected the area from further inland erosion but faced a severe scour problem. A continuous erosion scenario occurred, especially during high wave events due to a lack of natural sediment supply. However, accretion was found close to the constructed marina further south. Eroded sediments at the structural installation area were transported and accumulated at the adjacent shoreline: a classic example of a hard structure impact scenario.




3.1.2. Breakwater and Perpendicular Groyne


In general, the types of breakwater is closely related to the sloping mount [74] and relative to seawater depth [75], which can be classified as detached, headland, nearshore, attached, emerged, floating, and submerged breakwaters. These structures were built close to the coasts as part of the coastal defense and an anchorage from the effects of monsoon, tide, and longshore drift. Additionally, it is usually built to provide calm from energetic ocean waves for harbors and artificial marinas.



Over time, it dramatically reduces wave action through reflection, the dissipation of incoming wave energy, changes of beach profile, and, finally, sand accumulation within a breakwater [76]. The construction of breakwater requires millions of dollars, for that reason, feasibility studies, including a detailed hydrographic survey, engineering design, seabed geotechnical investigation, wave height evaluation, and material needs assessments, are required. The optimum cross-sectional design of the breakwater is a crucial factor that needs to be considered to minimize significant problems such as beach erosion and sediment scour, which commonly led to dramatic foundation destabilization [77]. Installation of the combined breakwater with a perpendicular groyne has provided additional stabilization features as sediments accumulated, thus, expanding the beach as such in Pantai Cahaya Bulan, Kelantan, and Pantai Paka, Terengganu. In addition, there is an existing adaptation of the groyne protection structure done by the local community near Cherating Beach.



The emerged breakwater could be either attached or offshore breakwater. An attached breakwater is commonly constructed at the river mouth and is attached to the land, to protect against wave impacts and for navigational purposes. Whereas, the offshore or detached breakwater is solely for wave protection. The detached breakwater is a structure built offshore with its crest above the higher sea level (HSL), mean sea level (MSL), and lower sea level (LSL). This type of breakwater is amongst the famous structures examined in Malaysia. Simply emerged breakwaters have been constructed at Sungai Haji Dorani Beach, near Sabak Bernam, Selangor, Malaysia [78]. The breakwaters are divided into three different parts with a nominal length of 27 m that are separated by 5 m gaps to reduce water circulation and consequently adverse ecological effects, as shown in Figure 5. The crest heights of the structures varied from 1.5 to 1.7 m. The crest level was measured at an average of 1.80 m above MSL and relatively placed between 5 and 60 m from the shoreline, which improved the sediment deposit behind the structure. However, the Sg Hj Dorani beach is predominantly covered by a very low shear strength of soft mud (22% clay (<2 mm), 56% silt, 17% fine sand, and 5% organic matter), which made the construction process very difficult, impractical, and costly. The total cost of this project was USD 85,000. It was reported that moderate restoration of mangrove approximately 30% of the original sampling survived, however, a substantial volume of sediment was retained on the beach in a short period, demonstrating the efficiency of the coastal structure in raising the beach elevation.



Kamali et al. [79] suggested that the mudflat shore along the west coast of PM is mostly protected by a combination of rock bunds and breakwater for protection from erosion during high tide events to overcome this issue. For example, the coast of Morib, Kuala Langat, Selangor incorporates hard structure and soft engineering techniques, which comprise earth bund as major protection and geotextile tubes to provide a suitable environment for mangrove replanting. The sheltered area provides calmer hydrodynamic conditions and augments sediment deposition suitable for mangrove replanting. This natural “limited intervention” strategy in preserving mangrove forests effectively reduces wave impact [80].



Field demonstration tests at Pulau Carey, Selangor, Malaysia have also been conducted by Fitri et al. [81]. This 85 m-long stretch detached low-crested breakwater with three circulation gaps (5 m) was built in early 2009, as shown in Figure 6. It was mentioned that the sediment traps were slightly higher during the SWM than in the NEM due to calmer hydrodynamic conditions. In addition, an average increment of 4 cm in the coastline profile elevation, which was measured at the landward area near the structures after a year of construction, has potentially improved the mangrove rehabilitation in this area.



Furthermore, an empirical study of shoreline evolution on a 30-km stretch of the Kuala Terengganu coastline, related to beach profiles and coastal hydrodynamics was carried out by Ariffin et al. [82]. Figure 7 shows the man-made structures and breakwaters along the Kuala Terengganu coastlines. In the years 2012–2014, high erosion rates were observed in Zone A, accretion in Zone B, and stable conditions in the southern part (Zone C). In Zone A, strong waves and currents during NEM caused structural degradation and moved the erosion to an area just north of the revetment. Airport tarmac extension also affected the process of wave refraction and diffraction and shoaling, resulting in erosion at the up-drift area. However, extensive accretion with an average of +9.03 m/year (total +26.48 m) was recorded in Zone B at the southern airport tarmac extension, due to the effect of the downdrift side. The construction of groynes, artificial structures, and detached breakwaters along the eroding coast had successfully protected the eroded shore. However, their placement may have blocked longshore sediment transport, thus interrupting the natural hydrodynamic process and shoreline evolution.



A similar work was also reported by Ariffin et al. [83] at Tok Jembal, Kuala Terengganu, Malaysia. Figure 8 shows the accretion and erosion rate changes between 2013 and 2017 at Tok Jembal, Terengganu. Sediment accretion of positive 8 m was measured at the area behind the jetty-type breakwater at Tok Jembal. However, a negative charge of erosion at a maximum rate of −20 m was recorded along the exposed beach. Further north at the UMT beach, the coast experienced some erosion and accretion events. The construction of the groyne structure played a significant role in protecting the area from storms during NEM. In SWM and IM, sand tombolo was developed at the lee-side and promoted a minimum of +30 m sand accretion at the southern part of the UMT coast. The design of groyne structure with extended structure towards the sea caused sediment accretion at only one side of the structure, while the adjacent side demonstrated erosion. Pantai Marang, Terengganu is a natural long sandy beach that only erodes during the NEM. Similar work was also conducted in this region by using armor rocks placed along the eroded shoreline as a temporary defense [84]. This structure was installed and found successful as erosion control. Sediments were also recorded to accumulate within the structure during calmer months; hence, encouraging seasonal coastal vegetation growth.



The coastal zone of Pahang plays an important role in its population as it is the centre of social, environmental, and economic activities. However, approximately 125.4 km or 46.3% of the total Pahang shoreline is currently eroded [69]. To assess the profound impact of the shoreline, Mohd et al. [85] conducted a coastal vulnerability index (CVI) study at parts of the Pahang coast, from Cherating to Kuala Pahang as presented in Figure 9. It was suggested that the vulnerable shorelines were reduced from erosion to some extent due to the installation of coastal hazards such as sandbags and breakwater. This was particularly at the north of Pahang including: Pantai Cherating, Jeti Gebeng, Taman Gelora, and Kelab Golf di Raja Pahang. However, the expansion of Kuantan ports affected sediment transport dynamic and, hence, contributed to erosion. Based on the numerical simulation in this study, with a projection of 0.31 m water level increase in 2100, the expected area of inundation is 1041 ha. The proposed “adaptation” and “hold the line” strategies include increasing the height level of rock revetment and installation of breakwater structures [86].



The coastal line of Miri, Sarawak is facing stresses and changes in climatic condition due to urbanization and petrochemical industrial development. Various environmental problems, such as coastal erosion, sediment accretion, and water pollution, were recorded within the study area. The two river mouths of Baram Miri Rivers vitally influence the dynamic environment, especially at the northeast zone of Miri’s shoreline. Anand Kumar et al. [87] used satellite imaging technology and geographical information systems (GISs) to evaluate the shoreline and coastal morphological changes from 1963 to 2014. It was measured that within 51 years, 723 acres of shoreline were accreted, while erosion occurred at 547 acres of shoreline area. Figure 10 shows the major changes in approximately 74 km of a coastal belt from the Baram River mouth (Kuala Baram) to Bungai Beach. It was concluded that sediments discharge from Baram River reduced the depth of the delta area. Therefore, frequent dredging activities were carried out by port authorities to remove accumulated sediments for navigational purposes. However, over dredging had caused erosion at the Kuala Baram River mouth, along with the construction of beach structures for coastal development. To minimize the impact, breakwater structures were built along the Miri River mouth, Esplanade, and Tanjong Lubang beaches to increase beach accretion. Coastal management board authority plays a vital role in planning sustainable development and environmental protection and encouraging public awareness to reduce the impact of coastal erosion [88,89].




3.1.3. Porous Submerged Breakwater


The porous submerge structure is also amongst the famous techniques to be implemented as a coastal protection approach due to the negative response from the public against hard structures, such as armor rocks, geo tubes, revetments, and seawalls. Submerged breakwaters, underwater dykes, and artificial reefs are amongst the widely used. Fatimah et al. [90] fabricated an artificial mangrove root system as an alternative solution to overcome coastal erosion in cohesive soil coastlines. It was verified that the numerical simulation and experimental results on the wave transmission coefficients showed in close agreement. Here, the artificial structure was more effective in reducing wave energy at a ratio of structure height (ds) and water depth (d) was larger than 1 (ds/d > 1.0).



Another example, reef ball structures were deployed by Sabah Park as a state government agency in 2005 at Selingan Island, Sandakan, Sabah, Malaysia. The 290 sets of this submerged structure that protects the shoreline were arranged into three rows at the southern part of the island to increase the stability as shown in Figure 11 As can be seen, the size of Selingan Island has slightly decreased from 9.56 to 8.56 hectares from 2010 to 2016. The east and west mid-sides of the shoreline were eroded, however, the southern tip island experienced sand deposition between the reef balls and stone revetment. It can be suggested that the presence of reef balls as coastline protection successfully increased the sand deposition processes due to the reduction of attenuation waves and local current speed [91]. Saleh et al. [92] also mentioned that the installation of reef balls improved the formation of the tombolo, trapping the sediment and providing more nesting areas for turtles.



Novel prefabricated concrete structures that were stacked together to form a simple trapezoidal arrangement as a single unit, as shown in Figure 12, were studied by Desa et al. [93]. This submerged structure was installed approximately 150 m from the shoreline of Pulau Tinggi, Johor, Malaysia. The experimental result indicated structural friction to wave motion, where the coefficient of transmission Ct values tend to decrease with the increment value of relative wave period, incident wave height, and relative narrow crest width [94]. The function of this structure is for wave breaking protection [95] with additional functions to restore the coral growth and fish ecosystem. The prototype weighed 371.38 kg with a density of 2400 kg/m3, which resulted in high cost during transportation and installation. After three years of deployment, the coral reef colony rapidly grew from 8.66% to 29.75% from the whole surface of the structure [96].




3.1.4. Geotextile-Tube Protection


A study on geotextile tubes as coastline protection was conducted by Sulaiman et al. [97]. Four geotextile tubes were used with a dimension of 1.8 m (h) × 3.7 m (w) × 50 m (L), stretching 200 m and hydraulically filled with slurry sand. These breakwaters were placed at approximately 70 m from the coastline of Muara Marine Park Resort in Sungai Haji Dorani, Sungai Besar, Selangor as shown in Figure 13. Three different species of mangrove seedlings, namely Rhizophora apiculate, R. mucronata, and Avicennia alba, were planted by using three innovative planting techniques. It showed that only Rhizophora apiculate and R. mucronata species had the highest survival rate of more than 90%. However, after five years, only 34% of the 8857 planted mangroves survived. It was due to a strong current, high waves, and soft mudflat, which resulted in sweeping and uprooting of the seedlings [98].



The effect of several types of breakwaters was observed along the coastal zones of Terengganu, Malaysia. The application of geotextile-synthetic tubes for shoreline management constructed in Teluk Kalong and Pantai Batu Buruk, Terengganu was discussed by Lee et al. [99]. In this work, a 3.5 m diameter polypropylene woven fabric with an effective pore size of less than 180 µm to retain the watery sand in-fill was used. These breakwaters were placed at a total length of 500 m, approximately 150 m from the offshore. They were fully submerged throughout the tidal cycle and had 1 m freeboards during the low tide condition. A post-installation bathymetry survey was obtained and resulted in the sand accretion on the foreshore area with a thickness exceeding 1.8 m at Teluk Kalong, Terengganu, as illustrated in Figure 14. Wave energy impact was reduced and shallower water depth was measured at the foreshore area, minimizing the potential of further erosion along the shoreline.



Johor is a state in the southern region of Peninsular Malaysia that has an effect of hydrodynamics forces, sediment supply, geomorphology, and antecedent topography with close relations with current and wave from Malacca and Singapore Straits. Tanjung Piai beach, Johor is located at the most southern tip of Asia is classified under Category 1 coastal erosion, where mangrove forest is critically eroded. The muddy coast is also facing oil spill incidents, which caused degradation of mangrove and eventually increased the erosion process. Protection structures, such as geotextile tubes, sea wall, revetment, and offshore breakwater, are implemented in phases [100]. Geotubes of over 1.5 km long with the cost of USD 0.7 million were built between 2003 and 2006 along the Tanjung Piai beach. However, due to the soft soil at the seafloor, the structure sank into the mudflat and lost its capability to protect the coast. It was also observed that offshore breakwaters have successfully safeguarded the mangrove forest from further deterioration. The structures led to sediment accumulation at the up-drift side and corresponding minor erosion on the downdrift side. The reduction of current speed and wave height behind the structures allowed calmer conditions for mangrove growth. Besides, the function of the geotextile tube as a breakwater to minimize the scouring effect at the toe and mud floor is forecasted to occur due to turbulence generated by wave energy reflection at Tanjung Piai, Johor. Tan et al. [101] also observed that the breakwaters created a calmer water surface at the shoreward side. Figure 15 shows the schematic diagram and photo of the geotubes at Tanjung Piai Johor. It has obtained substrate build-up significantly close to the shoreline.



Hashim et al. (17) evaluated the distribution of mangrove forest at the mudflat coastline along with the three northern states of Peninsular Malaysia, which are Perak, Kedah, and Perlis. Besides serving as coastal protection, a geotextile tube is also used as a mangroves rehabilitation line on the muddy coast of Kuala Teriang, Langkawi, Kedah. This region was one of the most affected tsunami-hit areas in 2004. The geotextile tubes were laid as an additional line to protect the healthy mangrove forest that grows along the muddy coast of Sg Melaka and Sg Kuala Teriang (Figure 16). A 3 m diameter geotextile fabric tube installation was approximately 100 m (4 m × 50 m long) placed in front of the beach for secondary protection. The geotube project initiated by the state government has protected the coastline and encouraged sediment deposition [102]. Accumulated sediment successfully stabilized the shoreline and provided a suitable condition for natural mangrove growth [103].





3.2. Soft Engineering and Ecological Based Approach


Soft engineering is an approach of manipulating the natural ecosystem and implementing ecological practices rather than interrupting the process, which provides a less negative impact in the long run. The three main techniques of soft engineering include beach nourishment, beach reprofiling, and a living shoreline. Beach reprofiling offers maximum protective beach width and nourishments often require periodically long term maintenance. Whereas the living shoreline method commonly proposed together with coastal vegetation replanting. With regards to minimizing adverse environmental impacts and the negative response from the public against hard structures, a combination of both approaches was also suggested. This could be of seawalls and beach nourishment on sandy beaches or rock revetment and mangrove replanting on the muddy shoreline. Research and development on alternative materials are progressively being conducted in Malaysia to replace the mountainous boulder, natural rock, and concrete structure with more environmentally friendly innovative materials such as polymer seagrass, artificial reefs, and composite coastal block.



3.2.1. Beach Nourishment and Reprofiling


Since 1987, various methods to mitigate beach erosion have been implemented by the Department of Irrigation and Drainage (DID), Malaysia. Chong et al. [104] reported that beach nourishment was one of the famous soft engineering approaches implemented along the Malaysian coast. From early 1990 to 1995, at least seven main beach nourishment projects were successfully deployed with a total cost of RM65.8 million. Seberang Perai, (Butterworth, Pulau Pinang,), Seberang Takir (Terengganu, Malaysia), Kuala Terengganu (Terengganu, Malaysia), Dungun (Terengganu, Malaysia), Pantai Kundur (Melaka, Malaysia), and Port Dickson (Negeri Sembilan, Malaysia) stretch a total of 22,250 km that was included in these projects. Further, Tan et al. [105] used the pressure equalization modules (PEM) system to evaluate the accretion at Teluk Cempedak, Pahang, Malaysia. This PEM system was fabricated from 2.0 m (length) × 0.15 m (inside diameter) and 3 mm (thickness) of drainage PVC pipe. This vertical pipe was perforated with an arc slot at 90 mm × 0.2 mm (width) × 30 cm long horizontal slots with 10 cm distance between each section arranged vertically along the length of the pipe as shown in Figure 17. A beach nourishment process was initially done for the application of this system. After three years of implementation, the total sand volume and beach elevation were found significantly higher in PEM areas. The results concluded that the PEM system stimulated the natural sediment accretion, hence, decreasing the rate of erosion. The pattern of sand volume distribution showed that accretion of sand occurred in the northern area. In contrast, the southern part of the beach experienced erosion. This technique was successfully used in Denmark [106], the Netherlands [107,108], and the USA [109].



The sandbag system was also implemented at the eroded beach of Port Dickson, Negeri Sembilan as a temporary defense measure. Figure 18 shows that the sandbags were destroyed due to the ageing process at Port Dickson [110]. However, as a tourist attraction area, beach nourishment was conducted recently, which requires maintenance every three to five years. This technique is considered a “hold the line” strategy to maintain the recreational beach [111]. The impact of land loss could be minimized by an in-depth understanding of coastal sediment supply and redistribution at specific vulnerable areas [112].




3.2.2. Mangrove Rehabilitation as a Natural Coastal Protection


In late-2004, an undersea megathrust earthquake in Northern Sumatra, Indonesia caused the Indian Ocean Tsunami of a 9.1–9.3 Richter scale magnitude. The impact caused severe damage to African and Asian countries, especially the western shoreline of Phuket, Thailand, and the island country of Sri Lanka [113]. It was noticed that villagers along the coastline were surrounded by extensive mangrove forests and, hence, were shielded from the impacts of the tsunami waves, as compared to the villages in the southwestern part of Sri Lanka and Southeastern India. Since then, many researchers in Malaysia have studied the effectiveness of mangrove forests and replanting them for coastal protection [114]. Post tsunami, most coastal vegetation was affected by the shedding of leaves or browning of canopies. However, mangroves were found to tolerate the tsunamic waves without showing any apparent damage. Therefore, mangroves are inarguably the most suitable vegetation species to minimize the effects of mighty tidal waves [115]. In addition, coastal vegetation grew healthily at the affected muddy beach as the uprush of tsunami seawater and sediment depositions have remineralized the land [116].



Hashim et al. [117] evaluated the performance of mangrove forests in different wave reductions using artificial Rhizophora tree models in a narrow wave flume. The experiments showed that the wave height in an area with both tandem and staggered mangrove arrangements was approximately two times lower than that in bare land. Mullarney et al. [118] stated that the wave height reduced due to drag coefficients at the largest and densest pneumatophore canopies of the mangrove fringe was observed. Human population growth significantly influences mangrove deforestation [119] and degradation [120]. For example, in the late 60s, Indonesia lost more than 200,000 ha of its mangroves plants mostly in Java and Sumatra, resulting from the encouragement of government policies to boost timber production, shrimp farm agriculture, and palm oil plantation [121,122,123]. Similarly, the mangroves ecosystem in Malaysia, especially at the Johor coastline is changing due to the increasing demand and developments in agriculture, aquaculture, and urbanization [124,125]. Although these developments are to improve the socioeconomic conditions of the local communities, they negatively affect the mangrove forest population. Since 2005, several huge areas of degraded coastlines have been replanted and protected for conserving the mangrove ecosystems biodiversity with associated species, for example, the Matang Mangrove Forest Reserve (MMFR), Perak, Malaysia [126,127,128]. Goessens et al. [129] stated that the MMFR program was recognized by UNESCO and is still considered as the most well-balanced mangrove forest preservation program in the world. In general, a maximum stem diameter of 30 cm of the mangrove species yield has been observed. However, loss of trees due to exploitation as biomass was also observed. There is an increasing focus in studies on the interactions between Malaysian mangrove ecosystems and tidal flooding associated with sea-level rise. Ye et al. [130] studied the responses of K. candel and B. gymnorrhiza mangrove species to water level rise under the mesocosm experiment. It was ascribed that only K. candel seedlings showed high survival rates of over 90%. It was shown that acidity was more serious in fine mud than in coarse soil resulting from a sea-level rise and affected the survived seedlings. A new mangrove rehabilitation using an ecoengineering coastal protection technique to restore the endangered mangroves on Carey Island, Malaysia was studied by Motamedi et al. [131]. It was found that silt and clay content increased up to 76.14% and approximately 23.86% of fine sand. The result illustrated that increases in seabed elevation, nutrient composition, pH value, and salinity index are suitable in establishing mangrove growth after four years into the project.






4. Sea Level Rise


The first sea-level rise (SLR) study in Malaysia by NAHRIM collaborated with the California Hydrologic Research Laboratory (CHRL), the United States of America in 2010. The methodology in obtaining SLR rates was based on the atmosphere–ocean global climate model concerning Assessment Report No. 4, Intergovernmental Panel on Climate Change 2007 (AR4 IPCC) by using the linear trend analysis on the tide gauge and satellite altimeter [132]. The study showed that the national SLR projection was 2.5–10.6 mm/year, slightly higher than the global projection, with a maximum rate projected for Kedah, Kelantan, and Sabah.



An updated national sea-level rise study due to climate change impact was conducted by NAHRIM recently in 2017 with the collaboration of the Commonwealth Scientific and Industrial Research Organisation, Australia (CSIRO), and Universiti Kebangsaan Malaysia (UKM) [133]. The study was based on AR5 IPCC 2013 on various RCP (representative carbon pathway) scenarios by using the latest tide gauge data and satellite altimeter. The projections were derived from Coupled Model Inter-comparison Project Phase 5 (CMIP5) with the combination of data from global ocean thermal expansion, mass loss due to glaciers, the surface mass balance of ice sheets, land water storage change, and GIA-induced regional sea-level changes in surface loading over the previous glacial cycle [134]. Regarding the updated study [133], the rate of sea-level increase and projection details in the year 2100 are given in Table 3 and Table 4, respectively. Figure 19 presents the map of SLR projection along the shoreline in Malaysia based on a similar RCP 8.5 scenario. A study using the radar altimeter database system (RADS) also suggested that land subsidence due to excessive water extraction also enhanced the impacts of sea-level rise on coastal cities [135].



A detailed study on the impact of sea-level rise was carried out by using DTM, GIS, and MIKE21 numerical software tools, conducted at several coastal cities in Malaysia to produce inundation models and vulnerability maps [136]. This section reviews the studies conducted from 2010 to 2018, where the previous AR4 IPCC was referred. The proposed adaptation measures to sea-level rise could also be a selection of hard structures or soft engineering approaches, incorporated with various approaches of the shoreline management strategy.



4.1. Adaptation with Increased Pillar


The study on sea-level rise at the shoreline of Klang, Selangor [137] indicated that almost all existing village settlements at Pulau Ketam will be affected with an increase in the maximum water level rise of 0.53 m in 2100. Currently, some areas are already inundated by seawater, particularly during high tides. Therefore, local coastal communities have already implemented an “adaptation strategy”, raising the level of the water house pillar and jetty through their initiative (Figure 20). Local participation is considered the most important and key level for adaptation, as suggested by [138]. Increased platform and jetty levels are also found in commercial and industrial areas such as Port Klang and Langkawi Island to minimize physical impacts.




4.2. Structural Seawall, Bunds, and Mangrove


Hydrodynamic modeling simulations for the sea-level rise projection in 2020 and 2040 showed no significant change in Sandakan Town as compared to the existing condition, most likely due to the existing high-level platform [139]. Mostly, structural protection works are already included with certain analysis on the return period for engineering purposes. However, with an increase of 0.5 m of water level in 2060, a significant change in wave height and current is expected. Therefore, the proposed “adaptation” and “hold the line” strategies at the town area includes the raise of rock bunds and platform levels (Figure 21). These strategies are also found in commercial and heavy industrial areas, such as Port Klang, which is amongst the top 15 busiest port globally. Structural protective as “hold the line” and “adaptation” strategies such as raise the level of seawall, concrete bund, and rock revetment was proposed to minimize physical and socioeconomy impacts. At tropical estuaries that are more vulnerable to hydrodynamic and sedimentation rate change as discussed by [140,141], earth bunds are commonly constructed.




4.3. Proposed Flood Gate and Tidal Barrier


Among other impacts of sea-level rise is saltwater intrusion. As the deltaic Rajang River, Sarawak is essential for agricultural and aquaculture activities, the vulnerable areas must be protected to maintain the existing socioeconomic activities for local livelihood. An increase of 0.72 m is projected by the end of the century, hence, salinity contour will intrude further up to 9 km into the river as the deltas are low lying area [142]. Seawater intrusion can be controlled by a river dam, floodgate, or tidal barrier as a ‘hold the line’ and ‘managed realignment’ strategy. However, they are costly and require a detailed study to minimize the impact (Figure 22) on the existing ecosystem.




4.4. Abandoned Coconut Plantation, Batu Pahat


A study by [143] showed that the expected inundation in 2040 would affect 2.47% of the population, 21.21% of the road network, and 33.33% of mangrove forests in Batu Pahat, Johor. The increase of sea level in 2040 is projected at 0.066 m with up to a 1.8 m/s increase in current speed. The coast is predominantly muddy, reaching up to 1.5 km towards the sea during low tide, which is naturally suitable for the mangrove ecosystem as a “limited intervention” strategy. A “do nothing” approach is also implemented where coconut plantation is abandoned as a sacrificial inundation area as in Figure 23. Concurrently, the area is also facing erosion problems [144] along existing bunds, hence aggravating the impact. At the adjacent shoreline, the “managed retreat” strategy is implemented to reduce the damage due to land loss.





5. Shoreline Erosion Defense and Sea Level Rise Adaptation


The function of coastal protection structures is assessed from the perspective of shoreline erosion defense and sea-level rise adaptation. In most cases for Category 1 and Category 2 erosion, protection structures are constructed retrospectively at eroded sites after a series of erosion events [145]. For Category 3, continuous monitoring is carried out to minimize the impact of physical and socioeconomic activities.



A study by [146] stated that a higher sea-level rise leads to greater wave height towards the shore inside the surf zone due to less depth-limited breaking. The same trends were observed for relative changes in wave run-up height and crest freeboard. Therefore, a higher level of coastal defense structures is proposed for protection against sea-level rise and erosion related to higher waves due to increased water level. Disturbance in coastal hydrodynamics due to a sea-level rise leads to shoreline, morphological, and sedimentation concentration changes [147,148,149]. For example, the structure crest level has to be raised by a magnitude larger than the corresponding mean sea-level rise [150]. A study by [151] stated that in some cases, the erosion rate due to sea-level rise is magnetized approximately 2.5 times higher for the next 100 years. However, it is important to note that coastal structures may have a localized impact on accretion or erosion changes, depending on shoreline trends, as suggested by many studies, including [152,153].



Coastal hard structures are commonly used for the “hold the line” strategy at most of the eroded coasts where physical and economic activities are vital as such in Morib, Marang, and Tanjung Piai. Properly designed structures such as coastal bunds, seawall, and revetment are effective for protection. However, adverse physical and environmental impacts are expected at the adjacent shoreline and downdrift area [154]. Nevertheless, the approach provides a specific solution to the eroded site promptly. The structures are also adaptive to sea-level rise as long as structural integrity and stability are not affected. The finish level of bunds, seawall, and revetment can be periodically increased when required to avoid overtopping and inundation along the protected shore. This “adaptation” option is generally practical for cost-saving and immediate solutions. Offshore breakwater and geotextile tubes are located within the intertidal zone with minimum design crest height. Therefore, no significant change is expected in terms of function effectiveness for erosion control and short-medium sea-level rise adaptation. However, underwater structures such as submerged breakwater WABCORE in Marang and dykes in Kemaman are expected to be less effective due to sea-level rise, as the freeboard level is increased. However, their ecologically based function as a coral and fish ecosystem restorer is expected to be improved.



Beach nourishment “hold the line” is commonly used at sandy beaches with major tourism activities such as in Port Dickson and Kuala Terengganu. The system requires periodical maintenance of sediment supply to make sure its effectiveness as a soft engineering approach in erosion control. In terms of sea-level rise adaptation, a long-term continuous supply of sediment is required. Mangrove replanting is one of the strategies in ‘limited intervention’, both as erosion and sea-level rise control measures. The approach is considered fairly effective as a long-term solution, as the ecosystem is crucial to the coastal environment. However, as the sea-level keeps increasing, suitable areas for mangrove replanting are becoming limited due to backshore development and current land use. The abandoned coconut plantation in Batu Pahat is one of the examples of a sacrificial area for the “do nothing” strategy. As water volume is expected to increase, more vacant lands and wetlands are required to adapt to sea-level rise. “Managed realignments” strategy requires systematic evaluation and integrated management procedure as it involves various stakeholders. Some examples include the relocation of a coconut plantation in Batu Pahat, aquaculture ponds in Sabak Bernam, village houses at Marang, and coastal infrastructures in Kuala Terengganu further inland.



Coastal reclamation is an example of a “move seaward” strategy, which is only approved for critical development. Environmental impact assessment and detailed hydraulic study must be conducted to evaluate adverse environmental impacts and propose mitigation measures before execution. A combination of hard structure and soft engineering techniques is used along the reclaimed shoreline in most cases. A detailed study should be carried out for better projection by using detailed subsurface data and advanced numerical models that is site-specific. The summary of coastal structure functions as future beach erosion control and sea-level rise adaptation is proposed in Table 5.




6. Conclusions


The coastline of Malaysia is exposed to threats of coastal erosion, especially during monsoon seasons. The east coast of Peninsular Malaysia and the west coast of East Malaysia are exposed to higher wave and wind impacts, which affect natural beach processes during the North-East Monsoon. As a progressively developing nation, the urbanization of coastal cities also contributed to the changes in beach morphodynamic and stability. It is reported that 15% of 8840 km of the total Malaysia shoreline is currently facing erosion problems under the three categories. The aggregate length of erosion under Category 1 and Category 2 is 431.3 km or one-third of the total eroded shoreline. These critical and significantly eroded beaches commonly require a hard structure approach as a quick and effective solution, however it often leads to adverse environmental effects at the adjacent shoreline.



The shore of Malaysia is also vulnerable to the impact of sea-level rise due to global warming and climate change. The historical rate of sea-level rise was recorded at 2.2–5.5 mm per year, based on tide gauge measurements and satellite altimetry data from 1993 to 2015. The updated projection of the sea-level rise along the shoreline of Malaysia is 10.5–11.1 mm yearly, based on Assessment Report No. 5, Intergovernmental Panel on Climate Change (AR5 IPCC). Based on the projected sea-level rise for the year 2100, the maximum sea-level rise ranging from 0.67 to 0.74 m is expected at the east coast of Peninsular Malaysia and east of Sabah; depending on various representative carbon pathway (RCP) scenarios. Hard structures are often applied to protect the densely populated areas and high economic zones to prevent the inundation problem.



Coastal protection measures are implemented based on management strategy options; “move seaward”, “hold the line”, “managed realignment”, “limited intervention”, “adaptation”, and “do nothing”. The measures can be of hard structures, soft engineering, or a combination of approaches. Structures such as seawalls and revetment coastal bunds are effective as erosion control and are also adaptive to sea-level rise where the finish level could be practically raised periodically. However, offshore breakwater and detached geotextile tubes cannot protect against inundation and coastal flooding problems when the sea-level continuously increases. The submerged structure would become less effective due to higher freeboard depth. Existing infrastructures such as pillars, piers, jetty, and platforms are currently being raised to adapt to the increasing seawater level. Determining coastal structures’ functionality should be further carried out at specific sites with detailed scenarios by using advanced numerical modeling tools for better impact assessments. The proposed protective and mitigation approaches should be technically feasible, economically viable, environmentally friendly, and socially acceptable. From the perspective of adaptation, awareness, perception, institutional change, and funds are essential tools for better implementation. This comprehensive review shall benefit various agencies related to the field of coastal management, engineering, and marine sciences for further planning and assessment.
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Figure 1. Study areas along the shoreline of Peninsular (PM) and East Malaysia (EM). 
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Figure 2. Classification of adopted coastal management strategies as modified from [63]. 
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Figure 3. Non-accessible and less aesthetical tourist beaches due to hard structures. 
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Figure 4. Innovative porous concrete seawall developed in Port Dickson by [73]. 
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Figure 5. Emerged breakwater beach restoration in Sg Haji Dorani [78]. ‘Reprinted with permission from An integrated approach to coastal rehabilitation: Mangrove restoration in Sungai Haji Dorani, Malaysia, 2010; published by Elsevier’. 
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Figure 6. Low crested breakwater for sediment trap in Pulau Carey [81]. ‘Reprinted from Dynamics of sediment transport and erosion-deposition patterns in the locality of a detached low-crested breakwater on a cohesive coast, 2019; open access publication by MDPI Water’. 
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Figure 7. Coastal protection structures along Kuala Terengganu—Marang beach. (Erosion at locations in subfigure a–g, i and j; accretion at subfigure g, h and l; no changes at subfigure e and k [82]. ‘Reprinted with permission from [82], 2018; Elsevier. License Number 5071150332416, Date 17 May 2021’. 
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Figure 8. Shoreline changes along Kuala Nerus beach with (a) the current shoreline in 2017 and (b) erosion and accretion rates between 2013 and 2017 [83]. ‘Reproduced from [83] 2020; JSSM UMT.’ 
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Figure 9. Coastal vulnerability impact (CVI) assessment along the Cherating–Pekan coast [85]. ‘Reprinted with permission from Comprehensive coastal vulnerability assessment and adaptation for Cherating—Pekan coast, Pahang, Malaysia [85], 2019; published by Elsevier, License Number 5071141176280, Date 17 May 2021’. 
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[image: Water 13 01741 g009]







[image: Water 13 01741 g010 550] 





Figure 10. Shoreline changes between 1963 and 2014 in Miri, Sarawak (A. Baram River Estuary, B. Miri River Estuary, C. Tanjong Lobang Beach, D. Esplanade beach, E. Hawaii beach and F. Bungai Beach) [87]. ‘Reprinted with permission from [87], 2019; Elsevier. License Number 5071150332416, Date 17 May 2021’. 
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Figure 11. Innovative reefball structure and shoreline changes in Pulau Selingan [92]. ‘Reprinted from Effect of artificial structures on shoreline profile of Selingan Island, Sandakan, Sabah, Malaysia, 2018; open access publication by BJoMSA UMS’. 
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Figure 12. WABCORE as a wave breaker and artificial reef structure 
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Figure 13. Geotube as shoreline erosion control and mangrove rehabilitation [97]. ‘Reprinted from Establishment of Shoreline Buffer Zone through Rehabilitation of Degraded Coastal Mangroves, 2019; open access publication by MATEC Web Conference’. 
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Figure 14. Geotube as submerged dykes in Teluk Kalong, Terangganu [99]. ‘Reproduced with permission from Geotextile tubes as submerged dykes for shoreline management in Malaysia [99], 2012; published by Elsevier, License Number 5071151338498, Date 17 May 2021’. 
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Figure 15. Geotextile tube as mangrove forest erosion control in Tg Piai [101]. ‘Reprinted from Geotextile Tubes for Protection of Mangrove Coast in Malaysia, 2007; open access publication by UMP Repository’. 
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Figure 16. Geotube protection for mangrove reforestation in Kuala Teriang [102]. ‘Reprinted from Mangrove Reforestation in Kuala Teriang area, Langkawi, 2008; open access publication by SEAFDEC Repository’. 
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Figure 17. Innovative PEM system as beach rehabilitation in Pulau Tioman [105]. ‘Reprinted from Rehabilitation of the Beach at Teluk Cempedak, Pahang, Using Pressure Equalisation Modules (PEM) System, 2009; open access publication by IEM Repository’. 
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Figure 18. Damaged geotextile-tube replaced with concreted structure protection [110]. 
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Figure 19. Map of the sea-level rise projection of Malaysia in 2100 based on RCP 8.5 [133]. Reproduced from Report on Impact of Climate Change: Sea Level Rise Projection in Malaysia, 2017; published by National Water Research Institute of Malaysia. 
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Figure 20. Community adaptation with an increased level of the house pillar, Klang [137]. Reprinted from Impact of Sea Level Rise Due to Climate Change: Case Study of Klang and Kuala Langat Districts, 2018; open access publication by IJET database. 
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Figure 21. Proposed raised seawall and coastal bunds Sandakan town [139]. Reprinted from. Sea Level Rise Impacts and Adaption Measures for Sandakan, 2014; open access publication by HENRY Repository. 
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Figure 22. The tidal barrier to prevent seawater intrusion impact, Sarawak [142]. Reprinted from Saline Water Intrusion through Rajang River Network due to Sea Level Rise, 2019; open access publication by IOSR Journals. 
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Figure 23. Abandoned inundated coconut plantation as “Do Nothing” in Batu Pahat [143]. Reprinted from Impact of Sea Level Rise on Low Lying Area of Coastal Zone: The Case of Batu Pahat, 2016; public full text by Research Gate. 
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Table 1. General comparison of coastal structures modified from [21]. ‘Reproduced with permission from The manage-ment of coastal erosion [21], 2018; published by Elsevier, License Number 5071160448480, Date 17 May 2021’.
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	Coastal Protection System
	Pros
	Cons





	Hard Structures

Seawalls, revetments, armor rocks

Breakwater and perpendicular groyne

Detached and offshore breakwater

Submerged dykes and breakwater

Temporary sandbag and tubes

Floodgate and tidal barriers

Innovative structures
	Effective shoreline control

Quick/different types

Promote beach build-up

Safe for public use

Promote beach build-up

Aesthetic value, reef/coral

Cheap and quick

Avoid saline intrusion

Easy, quick, and cheap
	Wave overtop/reflection

Local scour and erosion

Erosion at downdrift

Rip current generation

Costly, eye-sore

Less effective

Require maintenance

Deplete sediment source

Less effective



	Soft Engineering and Ecological Based

Beach nourishment

Mangrove replanting

The artificial reef, seagrass, and seaweed

Creation of wetland and dune building
	As the natural sandy beach

As natural muddy shore

Rejuvenate biodiversity

Create a new ecosystem
	Expensive, maintenance

Long term effect

Long term effect

Long term effect



	Infrastructure Modification

Elevation of seawall and breakwater

Raise the level of platform and piers
	Cheaper and adaptive

Periodically if required
	Eyesore, limited beach space, maintenance
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Table 2. Coastline erosion condition in 2015 as reported by [68]. ‘Reproduced from Report on National Coastal Erosion Study, 2015; published by Department of Drainage and Irrigation, Malaysia’.
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	State
	Length (km)
	Total Eroded Coastline (km)
	Critical and Significant Erosion (km)





	Perlis
	26.4
	0.1
	0.0



	Kedah
	639.8
	26.8
	15.5



	Pulau Pinang
	215.6
	16.3
	9.7



	Perak
	397.5
	95.1
	33.9



	Selangor
	492.1
	74.6
	23.4



	Negeri Sembilan
	65.0
	9.8
	9.6



	Melaka
	120.5
	3.7
	1.9



	Johor
	813.6
	64.7
	38.1



	Pahang
	378.4
	61.8
	18.4



	Terengganu
	443.1
	48.7
	27.7



	Kelantan
	179.5
	19.8
	4.5



	Sarawak
	1234.1
	492.5
	163.4



	Sabah
	3752.9
	429.3
	82.1



	Labuan
	81.5
	4.4
	3.1



	Total
	8840.0
	1347.6
	431.3
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Table 3. Historical average rate of sea level (mm/year) based on IPCC AR5 [133]. Reproduced from Report on Impact of Climate Change: Sea Level Rise Projection in Malaysia, 2017; published by National Water Research Institute of Malaysia.
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Methods

	
Malaysia (Year)

	
Global






	
Tide Gauge

	
2.2–5.3 (1993–2015)

	
3.2 (2.8–3.6)




	
Satellite Altimetry

	
2.8–4.4 (1993–2015)
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Table 4. Projection of sea-level rise in Malaysia for * RCP 8.5 in year 2100 [133]. Reproduced from Report on Impact of Climate Change: Sea Level Rise Projection in Malaysia, 2017; published by National Water Research Institute of Malaysia.






Table 4. Projection of sea-level rise in Malaysia for * RCP 8.5 in year 2100 [133]. Reproduced from Report on Impact of Climate Change: Sea Level Rise Projection in Malaysia, 2017; published by National Water Research Institute of Malaysia.





	Projection/Location
	Sea Level Rise
	Note





	Projection 2100 (RCP 8.5)

for Peninsular Malaysia
	0.67–0.71 m

(10.5–10.9 mm/year)
	Maximum SLR—east coast of Johor, Pahang, Terengganu and Kelantan



	Projection 2100 (RCP 8.5)

for East Malaysia
	0.71–0.74 m

(10.9–11.1 mm/year)
	Maximum SLR–Sabah (Kudat)







* Global projection for AR5 RCP 8.5 in the year 2100 is 0.73 m (0.52–0.98 m) with a rate of 8–16 mm/year.
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Table 5. Summary of coastal structures as erosion control and sea-level rise adaptation.
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	Coastal Defense Approach
	Erosion Control (Future)
	Sea Level Rise Adaptation





	Coastal bunds, seawall, and revetment
	Effective
	Adaptive



	Offshore breakwater and geotextile tubes
	No significant change

Long term: less effective
	No significant change

Long term; less effective



	Submerged breakwater
	Less effective
	Not effective



	Beach nourishment
	Effective
	Effective, immediate impact



	Mangrove replanting
	Fairly effective
	Effective, the long term impact



	Tidal barrier, flood gate
	Not effective
	Avoid saline intrusion



	Abandoned wetland
	Effective
	Effective, need more space



	Innovation structure
	Effective and adaptive
	Adaptive
















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











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file39.jpg





media/file18.png
193'1’3"-’.‘"E 1I:|3’EIE"D'E 1IJ3":1EI"IJ'"E =

4°0°0°N

350N

SOUTH CHINA SEA

1540'0°N

Kuala Pahang

3°30°0°M

L] L] I
10 100°E 103" 20°0°E 103°30°0°E






media/file21.jpg





media/file44.png





media/file26.png
70m

v

F N

Mangroves

\

+3.20mLSD

=+150mLSD

A

1.50 m

0.30m |

Highest Astronomical Tide = 2.36m LSD

Mean High Water = + 1.53m LSD

=+1.50mLSD

Geo-tube Mean Sea Level = 0,17m LSD

Mean Low Water =-229m LSD

| 370m






media/file7.jpg





media/file28.png
nl | ‘f-ll'.

' . l
+ d " ‘ 5] "Ny -;?‘:‘: .. j..--,. onge by
E: .. Old Shoreline .~ 1)
e e ™
\ 'ri J—'—F‘—F"l- ‘-"\-"--J L T
\ ‘,‘,.‘ ] veeveedel), New Shorelme s f
GO "

; |
"le o
TS R .
1
. LET shaar me

200 km \\'\-\V_:?) 0’

7 I,:]'-"‘"

" .-,U .-.l.-{ - .

/

J
- '.l'“ .t ml".p -

-
& e wwe ..'..‘.i*-s.

lll.gn aer WA e, "o b h—:

vs#y »_ Geotextile Tube | :
\ '\ =. , " - - :.

! T "‘F:\r' ramw .}L .e'e

\'. ~

\ - -]-nn-.. ..:

. -p‘p"\ ‘;. LA LT

SUOH

\‘. %

. ‘?I
P
" LRI T T

h..-

=" s - .
\A LT 2

¢ R e e e b

.
.
tmaiatan o

7ol

e

_‘LN

L

.~ ‘.-"
v
v
,
.
-d'-‘

Ld , LR ] llul

“£resd

ttvd\:ttn-.






media/file10.png
3°38'38"N

FI8'3I5"N

|

(&

=
L

%
-
v .E—:
- . :Ennl:'ﬁ.‘-g

{

e Moy

“C_ Restorationarea 4 Existing .
Sprrar=a e EE EE o ..-'.'. L
2 e 2

'+ra"1‘-.ll .. “a .I;rlll T
i i

lllll
.........................

0 50 m

E
101'00'33"E

I
10T 00'35"E

l
10T 00'37"E






media/file11.jpg
4920°N

o

z
H
2
Existing
0 S0m  Breakwater
e

101024 E






media/file6.png





media/file36.png





media/file15.jpg
@ ®)
510
—E
Shorclinechages () i Erson () Acrction (1)






nav.xhtml


  water-13-01741


  
    		
      water-13-01741
    


  




  





media/file2.png
Gulf of Thailand

Andaman
Sea

PENINSULAR MALAYSIA

Malacca

Strait
0 200 km
1 |
Strait of Singapore

1. Klang, Selangor 6. Kuala Nerus, Terengganu

2. PortDickson, Negeri Sembilan 7. Pekan, Pahang

3. Sabak Bernam, Selangor 8. Miri, Sarawak

4. Klang, Selangor 9. Sandakan, Sabah

5. Marang, Terengganu 10.Mersing, Johor

11. Sabak Bernam, Selangor
12. Kemaman, Terengganu

13. Kukup, Johor 18. Sandakan, Sabah
14. Langkawi, Kedah
15. Rompin, Pahang

South China Sea

Sulu Sea

EAST MALAYSIA

Celebes
Sea

16. Port Dickson, Negeri Sembilan
17.Klang, Selangor

19. Kuching, Sarawak
20. Batu Pahat, Johor





media/file23.jpg





media/file24.png





media/file29.jpg
Immediate

paecion Mangrove regeneraton area

=

— i <z

e O Goctotie e 57

Rooox 10 Ao 37m  Aewexibn

Scour apron






media/file1.jpg
ot s South s sea

PENINSULAR MALAYSIA

o amkm
St ofsgapre

1 g, s © e g 1 sk e s B —

3 ekt s 3. P g 3 e e Aty

5 e g & Wit i, W i o

£ g e 3 frivrvetiy 13 g S

frea ot e Ko g 20 e





media/file12.png
02°49'29"N

02°4927° N

W

. I
‘ A’
.“ .‘.\ -.

R ;\“ \hngmv

RN
S0m  Breakwater R

& -5‘\; .\‘.',‘,‘?‘J‘-‘;.‘ - ::z
(without L-block) “* i lSKve ey
Existing A AR

SN,
. RO S
N
1 1 1 I

101°2024" E 101°2026" E






media/file9.jpg
T
10000'33"E

T
10r00'35"E

T
1010037"E






media/file42.png





media/file38.png
0 200 km
L |






media/file17.jpg





media/file30.png
Immediate
protection
dred

Mangrove regeneration area

vﬂppr{m +2.7m

x’j .E.pprr:m. 1 .Erl.:l

~
Scour apron

Approx. 3.fm

Approx. 3.5m

< |






media/file35.jpg





media/file27.jpg





media/file3.jpg
sealevel ise sealevel rise

“hold the ne- “4mited intervention”

“move seaward” “adaptation”

“managed reabgnment” “go nothing™





media/file22.png
ok
3 1

"1
prAR

=

. A
_J'

,a

.»‘v-":'
A5 Sy
| .

v é;—«-w«-\;._,-ﬁ-

o

.y
J

N

2010

118°3.414'E

2012

118°3.648'E

2014

75

a“ //
t/‘
reef balls

stone revetment

2016

6°10.656'N

Legend

[ 2016
Bl 2014

B 2012

I 2010

I FReeiballs

Il Stone revetment

6°10.422'N

118°3.414°E

118°3.648°E






media/file19.jpg





media/file40.png





media/file33.jpg
Closed with plasti o

e
s =~
2 T

Horizontalsiofs






media/file32.png
-

e T rrn ¥






media/file14.png
KM

CHENDERING
HAREOUR

Alrpodt Termac Exbanson

MARANG RIVERS" §






media/file41.jpg





media/file37.jpg





media/file46.png





media/file45.jpg





media/file16.png
(a)

R Groyne

5\ {'
3 PQ\ Breakwater 3

/U

4 Breakwater |
-

Jetiy-type
Breakwater

Distance (m) (b)
4000

¥
=40

13{1}0\\g
%-2500
—
== 1500
=+ 1000
== 500
— 2013 - 2017
L 1L L 1 | 1 | 1
] | | ( 1 | 1 1
=30 =20 ~-10 +10 +20 +30 +40

Shoreline changes (m) with Erosion (<) / Accretion (+)






media/file20.png
Esplanade D
Hawaii Beach c
Bungai F

113 440°E 113°52'0"E 14"0'0"E
Fuala Baram
aT> L\
& NIE
o 2 E
E ! : m?'&‘, g
e Sj:) e
: -
Y Y
= %"t‘i_f”’“"' Z
L i
. ,_a
& Miri River Estuary g o
=
Tanjung Lobang ¢

= =
5 5
&1 SOUTHCHINA SEA =
=5 =
=

b | | £
5 E Hawaii Beach o
o =

o Shoreline 1963
“_- Shoreline 2014
r - Erogion z
- - Accretion B
= <
0 4] 10 Km
1 i 1
HI440E 113°520°E 114°00°E

A Euala Baram

CTanjung Lobang






media/file5.jpg





media/file31.jpg





media/file25.jpg
om

Mangroves —_—
+320mLSD
-+ 150mLs0
150m
030m |

Highest Astionomical Tde = 236m LSD

Mean igh Water = +153m LS.

=1 50mLSD

Geo-tube. Moan Sea Lovol = 0.7m LSO

iosn L ow Wner =229 m LSD






media/file0.png





media/file8.png





media/file43.jpg





media/file34.png
I |
\[41
|
|
Air
Hotel
< Hotel Hyatt

Kuantan

Hotel
Shereton

Bukit Tembeling

Teluk

=

L-3

4

k

4

T

1km

Cempedak

.

Beach level

o
Closed with plastic/v

cap with filter

150mm diamete/¥ T

PVC pipe

Horizontal slots

750mm

300mm
1 100mm
300mm
1 100mm

300mm

Pipe details

Horizontal slots

90mmI

40mm

Top view






