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Abstract: The spillway of the Swa earthen dam, constructed in Yedashe Township, Bago Region,
Myanmar, collapsed suddenly on 29 August 2018 and resulted in a huge flood to downstream areas
causing fatalities and the displacement of thousands of localities. This study aimed to assess the
spillway breaching process in terms of the breaching parameters such as the average breach width,
failure time and peak outflow, and failure mechanisms. We analyzed the event from the changes in the
study site before and after the event and used water discharge conditions from satellite data and water
level records during the event. We compared the breaching parameters using empirical equations
from past failed events with tested scenarios for failure mechanisms, such as overtopping and piping.
According to satellite data, 97% of the storage from the reservoir was discharged, and the peak breach
outflow rate was 7643 m3/s calculated from the water level records. The selected empirical formulas
were applied, and the estimated average breach widths, failure times and peak discharge from the
formulas were larger in overtopping and nearer in piping than that of the observed data for the
Swa Dam. Thus, a concrete spillway might impact the erodibility rate of breaching compared with
concrete-faced and earthen dam types.

Keywords: spillway collapse; breaching parameters; empirical formulas

1. Introduction

Although dams provide various benefits for livelihood, their failures also cause ad-
verse effects on localities downstream. A dam break can be highly fatal due to the huge and
rapid-moving waves made by the release of the reservoir water and can wash away every
obstacle downstream. By analyzing data from historical dam failures, it is established that
the majority of dam failure incidents belong to earth-fill dams [1,2]. For earth-fill dams, the
failure is characterized by a gradual erosion of the dam material, due either to overflow
or seepage, with a peak discharge more delayed with respect to the beginning of the ero-
sion [3-6]. For a concrete dam, the failure is quite instantaneous, and the potential energy
linked to the reservoir level is turned into kinetic energy. Therefore, the peak discharge
occurs in a very short time [7-9]. For instance, the Malpasset Dam, a concrete dam in
France with a height of 66.5 m and a reservoir volume of 55 million m?3, broke in 1959 and
caused flooding which killed 421 people [10]. Examples of the failure of earth dams are the
Bangiao and Shimantan dams in Henan Province, China, which collapsed in 1975 due to
Typhoon Nina causing reservoirs to swell with rainwater and resulted in a death toll of
85,000 and the loss of millions of homes and businesses [11]. Different case studies have
shown that dam hazards occur because of several failure mechanisms, such as overtopping
due to flooding, piping through the embankment or foundation, sliding downstream or
upstream, technical problems in different dam elements such as spillways, foundation and
slopes, poor management and natural disasters such as landslides and earthquakes [12-14].
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Myanmar is a country in Southeast Asia with an area of 615,678 km? and a popula-
tion of 52 million. In the past years, 236 reservoirs including 177 large dams have been
constructed in Myanmar to alleviate the water shortage problem in the central region
where annual precipitation is less than 500 mm. Earthen, embankment-type dams are
mostly constructed throughout the country mainly for rainwater storage for agriculture
and other various purposes, such as flood control, hydropower generation, navigation,
fisheries, recreation and tourism. Myanmar has already experienced several dam failure
cases; from 1966 to 2019, 11 significant dam breaches happened throughout the country
including the Swa Dam breach. The spillway of the Swa Dam located in Yadeshe Town-
ship, Bago Region, collapsed unexpectedly on 29 August 2018. Flood water burst out of
the dam, inundating acres of rice fields, 7 people died and 63,421 people were forced to
evacuate their homes. Among various factors contributing to dam failures, the failure of
spillways has been an important reason, which can occur due to several reasons including
insufficient spillway capacity, blockage of spillways by flood debris and technical failures
of the spillway structure such as water injection below the spillway slabs and consequent
erosion and scouring [12,15,16]. Several studies have investigated dam breaching and
breaching parameters (e.g., [17-26]). However, these studies were mostly about breaches
that happened in dam bodies because of various causes of failure, and there were very few
studies regarding spillway-failure-induced dam breach cases.

There are three notable studies on spillway failure: the partial collapse of the spillway
in Montedoglio Dam, Italy (2010), the spillway damaged of the Oroville Dam, CA, USA
(2017) and the spillway failure in Toddbrook Dam, UK (2019). In the Montedoglio spillway
case, the investigation found that the breach outflow was reduced because of the presence
of the spillway channel walls [27]. In the Oroville dam spillway case, late decision-making
led to spillway damage [28]. The Toddbrook Dam spillway suffered from poor maintenance,
which most likely damaged the foundation. Moreover, the spillway was poorly designed
as the concrete slabs were relatively thin and unreinforced, and it lacked a stilling basin.
The spillway was under fast-flowing water which caused the failure (e.g., [29-35]). The
Toddbrook spillway incident highlighted the urgency for reassessment of the structural
integrity of aged infrastructures in England and served as an important notice for the
safety of the dams [36]. Although spillway failure cases also cause severe impacts related
to communities similar to dam failure cases, there is insufficient documentation about
them, especially for Southeast Asian countries, including Myanmar. Moreover, the need to
collect data referring to these extreme events is of considerable interest to better address
the prevention of dam failures through more suitable methodologies. In addition, when a
dam break event occurs, it represents a great opportunity to collect data about the breach
and corresponding outflow, flood rout and impacts on the downstream area. Additionally,
understanding the process of dam breaching, and knowing the parameters that describe
the dam breaching process are important.

Considering these circumstances, this study aims to assess the Swa Dam spillway
failure case, to determine the process of spillway breaching and failure mechanisms and
the effectiveness of spillways to the breach. This study also aims to clarify the similarities
and differences between the spillway breaching event at the Swa Dam and ordinal dam
breach events, compare previous empirical relationships and obtain lessons to be learned
from this failure case for future risk mitigation of dam failure cases in Myanmar.

2. Materials and Methods
2.1. Study Area

The study site is in Yedashe Township in Bago Region, southern Myanmar. The Swa
creek which flows into the Sittaung River, Swa Dam, and its catchment and downstream
area are included in this study site. Swa Dam was constructed between 1999 and 2005
to supply irrigation water to a 14,164 ha area within the Yedashe Township. Swa Dam’s
catchment area is about 1000 km? and is located in the eastern area of the Bago Mountain
range. The highest elevation of the catchment is about 2000 m a.s.l. The Swa creek flows
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in the study area from Swa Dam to the Sittaung River which is 21.8 km in length. The
downstream area of the dam is about 247 km?, which comprises the Yangon-Mandalay
Express Road, the Yangon-Mandalay railway, the Yedashe Township and Swa City as
shown in Figure 1.
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Figure 1. Location of the study site, Bago Region, Myanmar.

2.2. Meteorological and Hydrological Conditions of the Study Site

The site is affected by tropical monsoons, and there are no rainfall stations within the
catchment area of Swa Dam. Thus, rainfall data for the study site were collected from
the rainfall station of Yedashe Township, located 16 km east of Swa Dam, which included
the yearly rainfall records of the Hydrology branch of the Irrigation and Water Utilization
Management Department (IWUMD) of Myanmar. According to the records, the average
annual precipitation in the Swa Dam catchment is about 1700 mm, ranging from 939 to 2817
mm. The average annual inflow from the catchment of the study site is about 696 million m?,
ranging from 426 to 1119 million m3. The condition of the average annual rainfall and inflow

data are shown in Figure A1 (Appendix B).

2.3. Swa Dam

The Swa Dam is an earthen embankment dam, and the reservoir function is to store
water for irrigation. For the dam dimensions, the dam crest is 7.3 m wide, the dam height is
29.56 m and the dam length is 2012 m. The upstream slope is 1:3, whereas the downstream
slope is 1:2.5 until the first berm and 1:2.75 for the rest. The storage capacity of the reservoir is
267 million cubic meters at the full storage water level (R.L-102.7 m), and the water surface
area is 2792 ha at that level. The dam is filled with clay material at the center and clay or sandy
clay at the upstream and downstream sides. The average maximum dry density (MDD) of CL
is 105 pounds per cubic foot (pcf) and the optimum moisture content (OMC) is 17.8%. The
average MDD of SC is 112.6 pcf and OMC is 15.8%. The average plasticity index of CL is
18.2% and that of SC is 13.8%. The grain size distribution of CL is clay 25.4%, silt 41.3% and
sand 33.3%, and those of SC are clay 15.3%, silt 26.8%, sand 57.2% and gravel 0.7%. The soil
parameters of the filling material of the main dam and saddle dam are as follows: dry density
(rq) (108.88 pcf), saturated density (rsat) (130.5 pcf), water content (17.75%), soil specific gravity
(2.68), cohesion (C) (0.67 kg/ cm?), internal friction angle (21°). The average permeability
rate of the filling material is 4.3 x 1077 cm/sec and was found to be within the approved
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range for dam safety. To prevent seepage injection from the upstream side, a 0.6 m-thick
diaphragm cut off wall was constructed using plastic concrete with a total length of 750 m and
an average depth of 11.5 m. At the downstream end of the main dam, the seepage in the dam
toe is 12 gal /min; therefore, an inverted sand filter and rock toe was constructed to protect
from seepage landslide. The dam has a 1.6 m-thick sand and gravel layered horizontal filter.
The dam was designed and constructed by the INUMD under the Ministry of Agriculture,
Livestock and Irrigation of Myanmar. The typical cross-section of the Swa Dam is shown in
Figure A2 (Appendix B).

2.4. Spillway Description

The spillway is a reinforced concrete bath tube (duckbill) type ogee spillway, which
has a 122 m total overflow length, and is 171 m long; the width of spillway is 36.6 m at the
bottom and about 64 m maximum at the crest of the main dam. The height of the spillway
at the dam crest is 13.7 m. The longitudinal gradient of the spillway is 1:0.7 in the mouth of
the duckbill, 1:25 in the floor of the duckbill, 1:500 in the transition and 1:10 in the chute
portion, as shown in Figure 2. The floor of the spillway is covered by 15 cm-thick lean
concrete over 0.3 m-thick reinforced cement concrete at the duckbill part and 1.2 m-thick
mass concrete at the transition and chute portions. The foundation test for the spillway
was performed by 7 test holes at the transition portion (left and right), Duckbill and chute
portion and the bulk density is from 1.52 to 1.67 t/m?, the moisture content is from 18.49 to
24.53% and the bearing capacity is from 3.26 to 4.2 kg/cm? (2.98 T.S.F to 3.84 T.S.F), and the
largest values are found to be under the left side of the transition portion. Based on the
rainfall data from the Yedashe Township station, projected floods in the Swa catchment for
different return periods (20 years to 1000 years) were prepared by the IWUMD, as shown in
Table A1 (Appendix A). The peak flood (Qp) ranged from 1758 to 3491 m® /s with respect to
the return periods. The spillway was designed to tolerate a flood that happened once in a
200-year period (2693 m®/s), and the overflow length of 120 m was designed for that flood.

Figure 2. Longitudinal section of Swa Dam’s spillway (before collapse) IWUMD).

2.5. Breach Event Description
2.5.1. Hydrological Conditions before the Breach Event

Before the breach event, 20 rainy days were observed in August; on 20 August, a
maximum rainfall of about 60 mm was observed, according to the records of the Hydrology
branch of the INUMD. According to the records, starting from 25 August 2018, rainfall
had continued for four days, and the spillway began to overflow on 26 August, as shown
in Figure 3. The estimated outflow from the spillway was about 213 m®/s on 26 August.
From 25 to 28 August 2018, the total rainfall was about 88 mm, and the water level in the
reservoir was raised to R.LL. 103.2 m, 0.5 m above the full reservoir level (R.L 102.68 m).
When the water level in the reservoir rose to R.L 103.1 m, the estimated outflow from the
spillway changed to about 1911 m3/s on 28 August. In addition, the water level of the
reservoir rose from 99 m (1 August) to 103.2 m (28 August), according to the records of the
Hydrology branch of the IWUMD.
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Figure 3. Reservoir water level and rainfall condition of Swa Dam before the breach event
(1-28 August 2018) (record by the INUMD).

2.5.2. Failure Event and Consequences Downstream

Before the event, the spillway overflowed at about 0.5 m water depth above the spillway
weir crest, and the water level was about 103.2 m which was about 4.1 m from the crest of
the dam embankment. The water level in the reservoir remained at that level until the early
morning of 29 August. According to the witnesses of the breach event, Swa’s spillway seemed
to have collapsed before 5 a.m. LT on the morning of 29 August 2018; however, the water
levels could be recorded at 5:00 a.m. The gauge watcher of the Swa Dam noticed that the water
level at the gauge of the Swa Dam suddenly went down at about 4:00 a.m. LT and the villagers
in the nearest village to the dam also reported that they found water under their residences.
When the watcher reached the event site at 6:00 A.M, the spillway had already broken and
the breach opening at the spillway had already extended to the right-side embankment of
the Swa Dam. The left side of the duckbill part remained undestroyed during the event. The
water from the reservoir flowed out from the opening continuously from 29 August to the
next day, 30 August. The conditions of the study site before and after the spillway broke can
be visualized using Google Earth images from December 2017 and 2019 as shown in Figure 4.
The breach opening expanded to the right embankment was clearly identified by comparing
the images in Figure 4.

L ¢ 4
Left side “1\ Right side

Figure 4. Collapsed spillway before and after the breach event (Google Earth images).
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As the water spilled out from the reservoir into surrounding farmland, the spillway
failure instigated immense flooding in 85 villages of 17 village tracts in Yedashe Township
and affecting over 63,000 people [37]. Then, the flood water from the spillway breach
flowed across the downstream and toured down into the Sittaung River. The collapse of
the spillway submerged the road section between mileposts 161 and 166 on the Yangon-—
Mandalay Highway (5.2 km from the dam), and the road sections between mileposts 169
and 204 on the Yangon-Mandalay old express road (10 km from the dam) were submerged
0.3 m (1 ft) to 1 m (4 ft) under water for some time, according to the media records during the
event [37]. According to the Ministry of Social Welfare, Relief and Resettlement, Myanmar,
four people died and three were missing because of the downstream flood. The cause of
the breach had not yet been identified, and the spillway collapsed because of progressive
failure, according to the records [37].

2.5.3. Field Observation and Causes of Failure

The investigation team from the IWUMD visited the spillway collapse site in Novem-
ber 2018 to find the causes of the spillway collapse. With limited information because of the
condition of the study site, the team figured that the failure causes might be related to the
foundation and climate-change-related issues. The spillway foundation was found to be
composed of sand, rocks and mudstones, and weathering was observed in the foundation
as shown in Figure 5. Duckbill-type ogee structures might suffer uplift of the water head
during high water periods; although reinforcement bars were provided in the concrete
structure of the ogee spillway to resist the uplift of the water head and other tension stresses.
On the other hand, foundation rocks become weak against tension stress caused by uplift
of the water head and the slaking would have probably occurred to those stones according
to the technical report of the investigation team. The weathering including slaking of the
foundation and uplift of the water head may have acted against ogee spillway, and many
specialists in Myanmar fault the main reason of failure on the foundation of the spillway.

_____________________
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Figure 5. The typical cross-section of the collapsed spillway (design by the IWUMD).

Actually, after the impoundment of the Swa Dam in 2005, water has overflowed from
the spillway every year according to the records of the INUMD. On the other hand, the
water level of the reservoir comes down lower than the bottom of ogee elevation starting in
the dry season of 2009 according to the records of the IWUMD. Thus, the repetition of wet
and dry conditions would lead the foundation toward slaking which would be one of the
causes of weathering in the foundation. Therefore, the changing of the climate pattern of
the study site might also be one of the factors of the failure. The team also recognized that
seepage happened at the construction joint of the spillway, and each block of the spillway
weir had a smooth surface, as shown in Figure 5. The team described that the seepage that
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happened at the construction joint might be one of the factors that affected the stability of
the structure.

2.6. Changes in the Study Site before and after the Dam Breach

As topographic data before the breach were not available for the study site, ALOS
World 3D 30 m DEM by the Japan Aerospace Exploration Agency (JAXA) [38] was used to
assess the topographic condition of the study site before the event. Meanwhile, topographic
data after the breach were gathered from elevation contours prepared by the IWUMD from
a field survey of the collapse site, which was conducted after the breach event. AW30D
DEM (survey date between 2006 and 2011) [38] was compared with the topographic data of
the field survey. The final breach opening was confirmed to have laterally expanded to the
right bank, whereas the left bank of the spillway was almost not damaged at all, as shown
in Figure 5. Compared with the cross-section of the spillway, the width expanded by 98 m
and increased three times. Moreover, the elevation of the bottom dropped by 8 m at the
center of the opening. However, about half of the original spillway on the left bank side
had almost no change in elevation at the bottom. The lowest point of the breach opening
was lower than the floor of the original spillway (R.L 89 m) and existed in the dam body,
which was about 21 m away from the right bank of the original spillway.

2.7. Water Discharge Condition
2.7.1. Total Outflow Volume by Satellite Data

Two satellite images taken on the 19 and 31 August 2018 were gathered from the synthetic
aperture radar (SAR) data of the Sentinel 1A satellite to assess the water surface area changes
before and after the breach of the Swa Dam. The SAR data were downloaded from the
Alaska Satellite Facility website (https://asf.alaska.edu/data-sets/sar-data-sets/sentinel-1/
(accessed on 24 May 2022)) [39]. The assessment of flooded areas using the Sentinel-1 SAR
imagery followed the workflow of https:/ /opengislab.com (accessed on 25 May 2022) [40]
using the SNAP software version 8 [41]. Ground range detected data of the Sentinel 1 satellite
(Acquisition date: 24 May 2022) was downloaded and treated according to the workflow,
including preprocessing, determining flooded areas, and viewing results in ArcGIS version
10.3. Detailed procedures are described at Flood Mapping with Sentinel-1 Data using SNAP
and QGIS—open.gis.lab (opengislab.com (accessed on 25 May 2022)). By applying a threshold
value, the water pixels can be separated from the non-water pixels by the SNAP software
version 8. In the SNAP software version 8, the color manipulation tab showed backscatter
values, with low values corresponding to water and high values to non-water. For the Swa
Dam case, a threshold value (e.g., 0.0515) was used to get the best representation of water, and
this threshold value was applied to calculate the water area for both images. After analyzing
the images, the results were visualized using the ArcGIS software version 10.3, and the water
spread area calculation was analyzed using the reclassify tool of ArcGIS version 10.3.

2.7.2. Calculated Outflow Using Water Level Records during the Event

The water level of Swa Dam was measured daily (5:00 a.m. LT) for the non-flood
season and hourly for the flood season (from July to October) at the gauge post located in
the conduit tower of the Swa Dam. For the breach event, the water level was measured
at 1 h intervals, starting from 5:00 a.m. on 29 August 2018 to 9:00 a.m. on 30 August
2018, using the water volume change with respect to time and water balancing in the Swa
reservoir, as shown in Equation (1).

av
Qin+ - =Q+ Qs 1

where V is the reservoir water volume with respect to the recorded water height (m?), t is
time (s), Qp is the breach discharge rate (m3/s), Qjy is the inflow rate of the reservoir (m>/s),
and Qr is the outflow through the conduit (m3/s). Q;, for the Swa Dam was recorded daily
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by the IWUMD, whereas Qf was zero for the breach event as the conduit was closed at that
time, according to the information from the IWUMD.

2.8. Comparisons with Previous Dam Breach Events
2.8.1. Dam Breaching Parameters

In this study, breach parameters were applied to assess the characteristics of breach
events, such as the dimension of the breach channel, breach outflow and failure time.
According to previous studies, several breach parameters describe the characteristics of the
breach channel, such as the depth of the breached channel (H), and average width (Bgyg)
and characteristics of the breach event, such as the height of the water surface from the
bottom of the breached channel (Hy,), the total breach outflow volume (Vy,), the failure time
of the breach (T) and the peak outflow of the breach (Qy) [42]. Moreover, the relationships
between parameters were examined by collecting actual dam breach cases [43,44]. As a
result, several empirical relationships were found (see Tables 1 and 2). In addition, previous
studies reported that some breaching parameters are related to reservoir properties [45],
such as the dam height (Hy), the dam width (Wg), and the reservoir storage (V), as
shown in Figure 6. Thus, we compared the relationships found in this study with previous
empirical relationships to clarify the similarities and differences of the spillway breaching
event in the Swa Dam and other dam breach events.

Table 1. Selected empirical equations for dam types, failure modes and erodibilities.

Equation Developer Average Breach Width (m) Failure Time (h) Peak Outflow(m3/s)
Bureau of reclamation (1982) [17] Buog =3 Ho Ty = 0.011 Bagg Qp =19.1 (H)'¥®
MacDonald et al. (1984) [18] Buog = Ver/ (Wivg Hp) Ty = 0.0179 V0364 Qp = 1.154 (Vo Hyp)*412
Vir = 0.0261(Vy, Hy)076
Pierce et al. (2010) [19] Qp =0.863 V,,0335 [1,1833 angfoéés
Soliman (2015) [20] Baog = 48.644 V0275 W, 0086 Ty=0.15 + 1.865 H~0.675 170408
Shahram et al. (2013) [21] Buug = 2.2839 V;,0-06%5 08481 Qp = 0.06577 g% V02649 17053

Qp — (H/OOll) 0.706

Tegos et al. (2022) [22] (Bag /3.321)0332 (V//0.048) 0229

Table 2. Empirical equations of Froehlich and Xu and Zhang.

Equation Developer Average Breach Width Failure Time Peak Outflow

Froehlich (1995) [23] Buwg = 0.1803 Ko Vy 032 H,010 Ty =0.00254 V;, 0% H,~09 Qp =0.607 x Vi, 025 H, 124

Froehlich (2008) [24] Buog =0.27 Ko Vi 032 H,004 Ty =63.2 y/ Vi /gH,?

Froehlich (2016) [25] Bagg = 0.28 Ky Kjy Vio!/3 Wig VO Hy/6 Ty =50\/Vyy/gH}? Wagg /Hy'/4 Qp = 0.0175 Ky K, (§Viw Hy? Hop/ Warg)*®
Buog/Hp = 0.787(H/Hy)*133(V, Ty/T, = 0.304(H/H,)*7% (Vy, Qp/ v/ Vi™3g =

Xu and Zhang (2009) [26] 1/3 /Y0652 o3 +birt5 1/3 / H,,)1-228 oB+ba+15 0.175(H/H,)? 19 (Vp /3 / Hy)~1:274 b3+ba+b5

Note(s): The symbols are the same as those in Table 1.

1. Breach parameters for the breach channel:

The depth of the breached channel (Hj) is mentioned as a breach height in many
works in the literature. It is the vertical extent of the breach measured from the crest of
the dam down to the bottom of the breach [17-26]. Previous studies advise that if there is
no information for the breach height (Hp), the height of the dam (H) could be taken as the
breach height. For the Swa Dam breach case, H, was taken as the height from the top of
the spillway crest to the bottom of the final breach which was R.L 102.68 to 81 m (details
are explained in Section 2.8.3) From the spillway crest (R.L 102.68 m) to the final bottom
elevation of the breach (R.L 81 m), the height of the breach was 21.68 m, and this height
was applied as Hy, in the empirical calculation.

Meanwhile, the average breach width (Bsyy) is the average of the breaching width of
the top and bottom width of the breached channel. For the Swa Dam case, the top width of
the breach was about 148.73 m, the bottom width of the breach was about 71.93 m, and the
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average breach width was 110.33 m taken from the topographic survey data of the IWUMD
(Figure 7). This average width measured from the survey data was applied as the observed
average breach width in the comparison of the resulting average breach widths (B,yg) by
empirical equations.
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2. Breach parameters for water discharge:

The height of the water surface from the breach inverted (Hy) is the vertical extent
of the water measured from the top of the water surface before dam failure to the bottom
of the breach, whereas V, is the volume of water with respect to Hy, [17-26]. In previous
studies, if there was no information for the breach water height (Hy) and its corresponding
water volume (Vy,), the dam height (H) could be assumed as H; in some cases such as
overtopping cases, and the full storage water level and full storage reservoir, V, could be
taken as parameters in other cases such as piping cases. For the Swa Dam case, H;, was
measured from the overflow water surface (R.L 103.2 m) before the breach day to the final
breach bottom elevation (R.L 81 m), which was 22.2 m. This height was applied as Hy, in
the empirical calculation.

The dam breach procedure should be divided into two stages (i.e., breach initiation and
beach formation), so that the failure time could be separated into two parts (i.e., initiation
time and formation time) corresponding to that in [43]. The initiation time initiates with the
first flow of water over or through the dam and ends when erosion reaches the upstream
face of the dam and produces a rapid acceleration of breach outflow and an unstoppable
failure of the dam. Meanwhile, the formation time begins when the initiation time ends and
continues until the breach has reached its maximum size [43]. However, previous studies
stated that the formation time is not until the absolute draining end of the reservoir [43].
Several previous studies also stated that the failure time of a breach (Ty) is generally
described as the time between the initiation of the breach and the development of its peak
discharge (Qp). For example, Froehlich (2008) [24] stated that the failure time is from the
initiation of a breach until it reaches its maximum size.

Two-time parameters were examined in the Swa Dam case for the failure time of
a breach (Ty) according to previous studies. In the Swa Dam, the water discharge rate
increased from zero at 5:00 a.m. LT to the maximum breach discharge rate, which was
about 7643 m?/s at 7:00 a.m. LT on 29 August 2018 Therefore, the time taken to peak
discharge was 2 h, which was from 5:00 a.m. to 7:00 a.m. LT. After that, the water discharge
rate dramatically decreased to 3000 m®/s at 9:00 a.m. After the drastic decrease, the water
discharge decreased gradually with the decrease in the water level. Therefore, the breach
development time or failure time for the Swa Dam breach was taken as 4 h. The detailed
water discharge conditions are described in Table A3.

2.8.2. Empirical Equations from Previous Studies

Empirical equations from previous studies were used to clarify the characteristics of
the breach event that happened in the Swa Dam. The empirical equations were simplified
equations derived from regression analyses of past dam failure cases [42]. Several world
dam failure datasets were compiled in previous studies and various empirical equations
have been proposed on the basis of these datasets to qualify relationships between breach
parameters such as peak outflow (Qy), average width (B,ye) and failure time of a breach (Tp).
From the empirical equations established between the 1980s and 2022, eight of them were
selected to assess the Swa Dam breach. These empirical equations could be divided into
two categories according to their distinguishing variables. Six equations were categorized
as equations for any failure modes, levels of erodibility and dam types. They include those
of the Bureau of Reclamation (USBR) (1982) [17], MacDonald and Langridge-Monopolis
(1984) [18], Pierce et al. (2010) [19], Soliman (2015) [20], Sharharm (2013) [21] and Tegos
et al. (2022) [22], as shown in Table 1. Other equations include three equations by Froehlich
established in 1995, 2008 and 2016 and that of Xu and Zhang (2009) [26] (Table 2).

In the first set of equations, the USBR’s (1982) [17] equation was based on 21 failed
dams, whereas of the MacDonald and Langridge-Monopolis (1984) [18] equation was from
42 dam failure cases, Pierce et al.’s (2010) [19] equation was from 87 case studies, Soliman
(2015) [20] used 166 case studies and Sharharm (2013) [21] collected data from 142 damaged
dams. Each equation comprised three equations for three breach parameters: the average
breach width (Bayyg), failure time (Ty) and peak outflow (Qp). Pierce (2010) [19] only had
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an equation for peak outflow, whereas Soliman (2015) [20] did not have a peak outflow
equation and Sharharm (2013) [21] had no equation for failure time, as described in Table 1.
Most of the equations depended on the water height from the breach bottom (H,) and
the water volume at failure time (V) (Table 1). Some equations were governed by the
height of a breach (H) and the average dam width (W) (Table 1). Soliman’s (2015) [20]
equation was based on dam characteristics such as the storage volume (V), dam height
(H) and average dam width (Wyyy), as shown in Table 1. Here, Tegos’s (2022) equation for
peak breach outflow was also presented as it is the most updated empirical formula which
was constructed on dam characteristics such as the storage volume (V) and dam height (H)
using the database of 161 historical dam failures [22].

The second category included Froehlich’s equations and Xu and Zhang's (2009) [26]
equations, as shown in Table 2. Froehlich proposed equations for breach parameters (Bgyg,
Trand Qp) using data from 111 past dam failure cases in 3 different papers (1995, 2008
and 2016) [23-25]. Froehlich’s equations were mostly based on the height of a breach (Hp),
the water height from the breach bottom (H) and the water volume at failure time (V).
Failure modes were distinguished by the coefficient K in Froehlich’s average breach width
equations proposed in 1995 and 2008 and by Kj;, in Froehlich’s 2016 average breach width
equations. The values for the coefficient Ky were 1.4 or 1.3 for the overtopping failure mode
and 1 for piping or other failure modes. Similarly, K;;, = 1.5 or 1.85 for the overtopping
failure mode and 1 for piping or other failure modes. Froehlich’s 2016 equations for the
average breach width and peak outflow had a factor for the breach height, Kj,, which was 1
for H, < Hs and (g—g)l/g for H, > H;. A reference height Hs; = 6.1 m was used in Froehlich’s
2016 equations to separate large dams from small dams.

Xu and Zhang (2009) [26] compiled 75 dam failure cases and proposed three equations
for Bayg, Trand Q) as in Table 2 [45]. Meanwhile, Xu and Zhang (2009) [26] distinguished the
effects of the types of dams, failure modes and erodibility by inserting the coefficients b3, by
and b, respectively, for each breach parameter, as described in Table A2 (Appendix A). The
reference height H, = 15 m was used in Xu and Zhang’s equations to separate large dams
from small dams according to the International Commission of Large Dams (1998) [12],
and the reference time T, = 1 h was applied in Xu and Zhang’s (2009) equation of failure
time [26]. Thus, the comparison between the calculated characteristics using previous
empirical equations and the observed characteristics in the Swa Dam data is considered
effective for clarifying the characteristics of the breach phenomenon in the Swa Dam
compared with previous events. Further, as cases of spillway failure are very rare, this
comparison may provide insight into the role of spillways on earthen embankment dams
in reducing flood damage due to dam breaches.

2.8.3. Tested Scenarios for Failure Mechanisms

Most previous studies on dam failure have focused on two main mechanisms: over-
topping erosion and piping failure of the dam body. Meanwhile, an ogee-type spillway
failure happened in the Swa Dam case, indicating that the dam failure mechanism was
not the same as those of previous events. However, two probable processes, overtopping
erosion and piping erosion, were also considered in the spillway failure in the Swa Dam.
Because the water level data indicated that the overflow occurred at the start of the breach,
we cannot eliminate the possibility of overtopping erosion. Thus, we set two scenarios,
Scenario 1 (overtopping erosion) and Scenario 2 (piping erosion) as described in Figure 8,
to apply the selected empirical equations from previous studies.

We set the same water height from the breach bottom (Hy,) and height of the breach
(Hp) for both scenarios based on the collected survey data for the Swa Dam’s collapse
site (mentioned in Section 2.8.1). The water surface level was about R.L 103.2 m at the
beginning of the breach and the bottom level of the breach was R.L 81 m which was the
final level of the breach opening (detailed description in Section 2.8.1). The detailed setting
for the two scenarios is described in Table A4. In addition, the dam height (29.6 m), dam
width (170.7 m) and storage volume (266,863,398 m3) of the Swa Dam were applied as
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parameters related to reservoir properties such as the dam height (H), dam width (W)
and reservoir storage (V). The specific values for the coefficients of the empirical equations
of Xu and Zhang (2009) [26] were set up for the Swa Dam breach according to Table A2. The
values for by (failure mode) in Xu and Zhang (2009) [26] were different for each scenario.
Xu and Zhang (2009) [26] showed three values for b5 (erodibility), and we performed trial
calculations using such three values as there was no direct evidence of such in the Swa Dam.
Three values were also described for b3 in Xu and Zhang’s equations, which were related
to the types of dams, and two values were selected for the two dam types (concrete-faced
dam and homogeneous earth-filled dam) for the Swa Dam according to the material of the
dam and the failure that happened in the concrete spillway.
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Figure 8. Spillway breach by (a) Scenario 1: overtopping and (b) Scenario 2: piping.

3. Results
3.1. Water Discharge Characteristics

Using SAR data from Sentinel 1, water area changes in the study site before and
after the dam breach were analyzed, as shown in Figure 9. Before the breach happened,
the reservoir water area of the Swa Dam and along the Swa creek was about 27 km?,
according to a satellite image on 19 August 2018 (Figure 9a). The water area at the Swa
Dam was reduced to 3.74 km? after the breach with respect to a 31 August satellite image
(Figure 9b). The water area indicated that the water level after the breach was around
84.5 m. According to the height—volume relationship of the Swa Dam, the total volume
of discharged water was estimated at around 259 million cubic meters, indicating that
97% of the full storage was discharged. The calculated water volume above the elevation
of the spillway floor (R.L 89 m) was 39 million cubic meters.
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(a) (b)
Figure 9. Water spread area (a) before (blue) and (b) after (red) the breach of the Swa Dam.
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On the day of the collapse (29 August 2018), no rainfall was recorded, the overflow
depth of the spillway was about 0.5 m (water level 103.2 m) and the water discharge rate
drastically increased from 0 to 7217.9 m3/s within 1 h (Figure 10). The maximum breach
discharge was about 7642.8 m3 /s at a 101.1 m water level and happened at 7:00 a.m. LT on
29 August 2018, as shown in Figure 10. This peak discharge is around five times larger than
the discharge rate for the spillway design discharge (1486 m?/s). Moreover, the estimated
peak discharge was around two times larger than the designed peak flow (3491 m?/s)
because of rainfall that occurs once in 1000 years. The peak discharge continued for 1 h
until 7:00 a.m. LT, although the water level in the reservoir dropped from 102.2 to 101.1 m.
After that, the water discharge rate dramatically decreased to 3000 m>/s in 1 h with a
decrease in the water level from 100.1 to 99.5 m. After the drastic decrease, the water
discharge decreased gradually with the decrease in the water level, but the discharge rate
was still larger than 1500 m3 /s until 14:00 LT, suggesting that the water discharge exceeded
the spillway design discharge rate for around 9 h. The discharge rate became 500 m3/s 24 h
after the peak discharge. The recorded hourly water level and corresponding water volume
in the reservoir are described in Table A3 (Appendix B). The total discharged volume
until 24 h from the beginning of the breach (29 August 2018, 5:00 a.m. to 30 August 2018,
5:00 a.m.) was around 215.5 million cubic meters, as shown in Table A3.
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Figure 10. Observed dam water level and calculated outflow rate from 26 to 30 August 2018.

3.2. Calculated Results Using Empirical Equations

The observed breach parameters, such as the peak outflow (Qp), average breach width
(Bavg) and the failure time of the breach (Ty) of the Swa Dam, were compared with the
calculated parameters from empirical formulas of previous research. Table 3 explains the
assessment between the calculated results from empirical equations and the observed data
for the Swa Dam for overtopping and piping scenarios.

3.2.1. Average Breach Width (Bayg)

The average breach width (B,,e) was calculated for 22 cases (Table 3). Nine cases were
calculated based on Scenario 1 using equations or coefficients for overflow events and nine
cases were calculated for Scenario 2 using coefficients for piping events. For the other four
cases, we used empirical formulas based on both overtopping erosion and piping failure.
The mean width for the 22 cases was 148 m and by comparing the observed values for
the Swa Dam (110.33 m) the average calculated breach width for all cases was 1.3 times
larger than the observed breach width of the Swa Dam. The mean widths for Scenarios 1
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were 183 m and the average breach width calculated based on Scenario 1 was 1.65 times
that of the Swa Dam. The width calculated using Xu and Zhang's (2009) equation was the
minimum (106 m) in Scenario 1 cases, and the calculated width was 0.96 times the observed
width in the Swa Dam. The mean widths for Scenarios 2 were 116 m, and the average
calculated width was almost similar (1.05 times) to the observed width of the Swa Dam
and ranged from 62 to 163 m.

Table 3. Comparison of calculated results and observed data for Scenarios 1 and 2.

Investigator Average Breach Width, Bgyg (m) Failure Time, Ty (h) Peak Outflow, Q, (m3/s)
Scenario 1 Scenario 2 Scenario 1 Scenario 2 Scenario 1 Scenario 2
Bureau of Reclamation (1982) [17] 66.6 0.73 5913
MacDonald et al. (1984) [18] 236.7 261 12,436
Pierce et al. (2010) [19] 5406
Soliman (2015) [20] 145.3 2.0
Shahram et al. (2013) [21] 106.6 7009
Tegos et al. (2022) [22] 6094
Froehlich (1995) [23] 211.34 162.57 4.74 8767
Froehlich (2008) [24] 214.85 153.46 4.3
Froehlich (2016) [25] 193.92 129.24 5.7 7988 4318
Xuand Zhang (2009) [26] (concrete-faced, 1356 79.28 15.75 15.26 6426 3239
low erodibility)
Xu and Zhang (2009) [26] (concrete-faced, 1743 101.89 5.02 486 17,242 8692
medium erodibility)
Xuand Zhang (2009) [26] (concrete-faced, 2683 156.79 2.65 2.56 24912 12,558
high erochblhtef)
Xuand Zhang (2009) [26] (homogeneous 105.4 61.62 25.59 24.78 6064 3057
earthen, low erodibility)
Xuand Zhang (2009) [26] (homogeneous 1355 79.1 8.16 7.9 16,271 8202
earthen, medium erodibility)
Xu and Zhang (2009) [26] (homogeneous
carthen, high erodibility) 208.5 121.87 4.3 4.16 23,509 11,850
Swa dam 110.33 4.0 7642.8

Here, we calculated the absolute relative errors for all empirical equations applied to
the 22 cases to evaluate the performance of these equations as shown in Figure 11. The
least error value (0.03) was found in Shahram’s equation, and Xu and Zhang's equation for
concrete-faced dams with medium erodibility (piping scenario) has a minimum error value
(0.08) for the calculated average breach width. The error values ranged from 0.03 to 1.43 as
shown in Figure 11.
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Figure 11. The absolute relative errors for the empirical formulas calculated for the average breach width.
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3.2.2. Failure Time (Tj)

The breach failure time (Ty) was calculated for 18 cases. Six cases were calculated for
Scenario 1 using equations or coefficients for overflow events and six cases were calculated
for Scenario 2 using coefficients for piping events. For the other six cases, we used empirical
formulas based on both overtopping erosion and piping failure. The average calculated
duration was 7.8 h for all cases and ranged from 0.73 h (by USBR, 1982) to 25.6 h (low-
erodibility overtopping erosion case of an earthen dam by Xu and Zhang, 2009) [26]. The
durations of low-erodibility cases of both earthen and concrete-faced dams by Xu and
Zhang (2009) [26] were dramatically longer than other estimations. Except for the low-
erodibility cases of Xu and Zhang (2009) [26], the longest calculated Ty was 8.2 h (median
erodibility overtopping erosion case of an earthen dam by Xu and Zhang, 2009) [26] and
the average Ty became 4.3 h. By comparing these with the observed values in the Swa
Dam (4 h), the average calculated durations for all cases were two times larger than the
duration for the Swa Dam. When we did not consider the low-erodibility cases, the average
of the calculated durations was about 1.2 times larger than that of the Swa Dam for both
scenarios. The average duration for Scenario 1 was 5 h, if we did not include low-erodibility
cases. Similarly, the average duration for Scenario 2 was 4.9 h, if we did not consider
low-erodibility cases. Furthermore, the calculated formation time for a medium-erodibility
concrete dam using Xu and Zhang’s (2009) [26] equation was 4.86 h in Scenario 2 (piping)
and was 1.2 times the observed time for the Swa Dam.

We calculated the absolute relative errors for all empirical equations applied to 18 cases
to evaluate the performance of these equations as shown in Figure 12. Froehlich’s 2008
equation has a minimum error value (0.08) and Xu and Zhang’s equation for a concrete-
faced dam with medium erodibility (piping scenario) has a minimum error value (0.22) for
the calculated failure time. Xu and Zhang’s equations for concrete-faced and earth dams
with low erodibility for both scenarios are found to have very high relative errors. The
error values ranged from 0.04 to 5.4 as shown in Figure 12.
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Figure 12. The absolute relative errors for the empirical formulas calculated for the failure time.

3.2.3. Peak Discharge (Qp)

The peak discharge (Qy) was calculated for 20 cases. Seven cases were calculated
for Scenario 1 using equations or coefficients for overflow events and, seven cases were
calculated for Scenario 2 using coefficients for piping events. For the other six cases,
we used empirical formulas based on both overtopping erosion and piping failure. The
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calculated discharge ranged from 3057 m3/s calculated by Froehlich (2016) [25] with a
piping coefficient to 24,912 m?/s calculated by Xu and Zhang (2009) [26], assuming a
concrete-faced high-erodibility dam with an overtopping erosion coefficient. By comparing
these with the observed values in the Swa Dam (7643 m?/s), the average calculated peak
discharge for all cases was 10,203 m3/s and 1.3 times larger than that of the Swa Dam. The
average peak discharge for Scenario 1 was 14,630 m3/s and 1.9 times larger than that of
the Swa Dam. For Scenario 2, the average peak discharge was 7416 m3/s, almost the same
(0.97 times) as the observed peak flow. The observed peak discharge of the Swa Dam was
within the range of both Scenarios 1 and 2.

We considered the absolute relative errors for all empirical equations applied to
20 cases to evaluate the performance of these equations as shown in Figure 13. The least
error value (0.05) was found in Froehlich’s 2016 [25] equation for a piping scenario, and Xu
and Zhang's equation for a concrete-faced dam with medium erodibility (piping scenario)
also had a minimum error value (0.14) for the calculated peak outflow. Xu and Zhang's
equations for concrete-faced and earth dams with medium and high erodibility for the
overtopping scenario are found to have high relative errors. The error values ranged from
0.05 to 2.26 as shown in Figure 13.
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Figure 13. The absolute relative errors for the empirical formulas calculated for the peak discharge.

4. Discussion
4.1. Occurrence of Spillway Breach

By compiling 13 years of water level records from the INUMD, the spillway over-
flowed 38 times; 8 times in 2017 and 6 times in 2011. Generally, the maximum overflow
occurred in August and October of each year, according to the records. We compared the
overflow depth of the spillway in August 2018 with the highest overflow depth in each year,
and the overflow depth of the breach day was about 0.5 m, which was not high enough
compared with those in previous events, as shown in Figure 14. The largest overflow
depth happened in 2013, which was 1.53 m and around three times larger than the highest
overflow depth on the breach day. This suggests that the overflow depth cannot fully
explain the occurrence of the spillway breach. The surface or interior of the spillway might
have weakened over time because of other reasons.
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Figure 14. Highest overflow depths of the Swa Dam after completion IWUMD).

On the other hand, the overflow rate at the last 6 h before the breach (212 m3/s) was
smaller than the designed flow rate of the spillway (1486 m3/s). The drastic increase in the
outflow rate immediately after the start of the breach suggests that the cross-section of the
water flow suddenly increased after the start of the breach. One probable explanation for
this is that the intake of the spillway was suddenly broken and the outflow rate dramatically
increased. A similar sudden collapse also happened in the spillway of the Montedoglio
earth-fill dam in Italy during its stability test. The reservoir water level was raised to the
crest level of the spillway during the stability test, and three concrete blocks 10 m high
fractured out. In addition, no rainfall was recorded on the breach day, similar to the Swa
Dam case [21].

4.2. Erosion of the Spillway

According to the observed water level and corresponding calculated outflow rate, the
water level decreased with time; however, the discharge rate remained nearly constant in
the peak 2 h (from 5 a.m. to 7 a.m.), as in Figure 10. This suggests that the cross-sectional
area of outflow gradually enlarged with time for the first 2 h. Two possibilities for this
process are (1) the gradual erosion of the spillway intake, and (2) the gradual erosion of
the right bank and bed of the spillway. At peak flow periods, the flow rate was very large,
suggesting that the shear stress of flow to the bed and side bank of the spillway was much
larger than designed, and the drastic erosion and collapse might have occurred because
of the large shear stress. Moreover, the water flow might have been subjected to the right
bank side because only the right side of the spillway was eroded in the event. This agreed
well with the foundation test of the spillway, which found that the bearing capacity of the
left side was larger than that of the right side of the spillway (Section 2.4).

The Effectiveness of the Presence of the Spillway

The effects of the concrete spillway in the event were analyzed on the basics of
the erodibility and dam type, referring to the calculated results from Xu and Zhang’s
(2009) equations. Once we assumed the erodibility level to be the medium erodibility
and homogeneous earthen dam, the calculated peak flow, Q, was about 1.1 to 2.1 times
larger than the observed peak discharge. Meanwhile, in the case of the low-erodibility
and concrete-faced dam, the calculated peak flow was 0.4 to 0.8 times lower than the
observed peak discharge, as shown in Figure 15. This indicates that the case of the Swa
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Dam was intermediate between low and medium erodibility and was relatively close to
low erodibility, rather than medium erodibility. This suggests that the spillway in the Swa
Dam might have had a reduced erodibility compared with that of a homogeneous earthen
dam. This agrees well with the condition of the Swa Dam, where the floor of the spillway
was covered by 15 cm-thick lean concrete over 0.3 m-thick reinforced cement concrete at the
duckbill part. Moreover, the side bank of the spillway might be considered as contributing
to reducing the breach width because the left bank of the spillway was not eroded. The
collapse event that happened in the spillway of the Montedoglio earth-fill dam in Italy also
concluded that the presence of the spillway channel walls reduced the breach outflow [27].
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Figure 15. Comparison of peak discharges from Xu and Zhang’s 2009 [26] empirical equation for
different dam types and erodibilities.

4.3. Lessons from the Disaster

Further analyses are necessary to accurately determine the reason for the Swa Dam’s
sudden collapse. However, the spillway may have simply depreciated over time because
of the several reasons including the changing climate pattern. However, the Swa Dam case
suggested that even in the ordinal magnitude of rainfall, dam collapse may occur. In the
Swa Dam 1 year before the breach the overflow rate in the spillway was immediately larger
than other years after 2013 (described in Section 4.1). Therefore, regular onsite inspection is
important to check the changes in the body of the dam and its appurtenance structures and
must be done at least once a year.

Once the collapse begins, the breach flow rate increases sharply and the evacuation
time in the downstream area becomes extremely limited, according to the previous failures.
For example, in the case of the Niedow Dam failure in Poland, the earthen dam was
completely swept away within 80 min, which means that the abandon time was less than
80 min [46]. Thus, to mitigate damage, we must prepare hazard maps and alter systems in
advance. If we find signature characteristics of the collapse during regular inspections, we
must develop hazard maps and alter systems as was done in the previous studies which
prepared the hazard systems for emergency preparedness for the breach [47,48].

Another suggestion is that the previous empirical equations established from the past
dam failure cases seemed to be applicable when they were applied to the spillway failure
case. However, to apply these equations for hazard mapping before the breach, we must set
the breach height (Hp) or the water height during the breach (Hy,) as all the equations were
dominated by the heights and storage volume of the reservoir relating to those heights.
In this regard, we must determine Hj or Hy, and related parameters before using these
empirical equations.
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5. Conclusions

The spillway breach that suddenly happened in the Swa Dam for unknown reasons
was assessed in terms of changes in topography and water discharge circumstances and
breach parameters of the event. We applied selected empirical formulas from previous
studies to calculate the breach parameters and tried to find the causes of the failure. From
the field investigation, we found that the observed average breach width was about 110
m, and the breach opening was expanded to the right side of the dam embankment and
became wider from the original spillway width. The water discharge hydrograph for the
breach event was implemented from the water level records and elevation-storage data of
the Swa reservoir and the peak outflow was about 7643 m?/s, calculated from the water
level records of the event. The observed failure time is difficult to determine because of
the lack of evidence; however, we assumed it to be 4 h in this study according to the water
level records.

As the spillway breach was assessed in terms of breach parameters, the empirical
equations were applied to evaluate three breaching parameters: the average breach width,
failure time and peak discharge, and the calculated results were compared to the observed
values. Additionally, we evaluated the performance of the empirical equations by the
absolute relative errors of them. From the empirical equations applied in this study,
Froehlich’s equations and Xu and Zhang’s 2009 equations exhibit the highest among the
empirical formulas; however, considering the high uncertainty of the breach phenomenon
and the lack of real-world sample to calibrate the models, all models with low absolute
errors (i.e., lower than 0.5) set out above are recommended for further application. In this
study, the effect of the spillway in the dam breaching process could be clarified in Xu and
Zhang’s empirical equations with dam types and erodibility factors.

The failure modes are uncertain because of the inconsistency of the results. From
the calculated peak outflow results, the failure reason is overtopping as the relative error
is very low in Froehlich’s 2016 equation for overtopping scenario. However, the results
from Xu and Zhang’s concrete-faced dam with medium erodibility equation suggested
that the failure mode is piping in the average breach width and failure time calculation.
In this regard, no definitive suggestions may be raised because of the lack of evidence.
Therefore, the lessons we learned from this event are that the dam breach parameters and
peak outflow could be predicted only if the appropriate empirical formulas are selected
with enough information. The uncertainty of these empirical equations was also high as
described in the study by Tony Whal (2004) [49].

Furthermore, dam breach analysis also could be performed using other methods such
as machine learning algorithms or numerical models such as two or three dimensional
CFD models. For example, the seepage rate prediction was taken at a rockfill dam in
Japan to compare the predicted and observed dam leakages using three machine learning
algorithms such as random forest (RF), extremely randomized trees (ERT) and support
vector regression (SVR) and found that they were in good agreement with each other [50].
Furthermore, the performance of the Flow-3D model was satisfied in the Mahabad Dam
(Iran) and Tignes Dam (France) cases compared to a laboratory experiment and other
models [51]. Therefore, further studies based on the hypothesis of this study should be
performed, while taking into consideration these overestimations and uncertainties, and
studies on selecting suitable empirical formulas or the use of the numerical modelling for
other dams in Myanmar should be conducted.
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Abbreviations

Qp peak outflow due to breach, m3/s.

Bavg average breach width, m.

Tf breach formation time, h.

Vuw volume of water at failure time, m3.

Hy height of the water from the breach bottom, m.

Wavg average width of the dam, m.

H, height of breach, m.

Ver volume of material eroded from the dam, m3.

g acceleration due to gravity (9.8 m/ s? in the SI units).
H dam height, m.

1% volume of water stored in the dam, m3.

Ko/Kp  coefficient for failure mode (Froehlich’s equations).
K; coefficient of the size of the dam (Froehlich’s equations).
H, reference height (15 m) (Xu and Zhang’s equation).
Hs reference height (6.1 m) (Froehlich’s equation).

T, reference time (1 h).

b3 coefficient of dam type (Xu and Zhang’s equation).
by coefficient of failure mode (Xu and Zhang’s equation).
bs coefficient of erodibility (Xu and Zhang’s equation).
Appendix A

Table A1. Design flood for different return periods at the Swa Dam site, Yedashe Township (IWUMD).

Return Period (Year)

1-Day Maximum Rainfall (mm)

Peak Flood (m3/s)

20
50
100
200
500
1000

176.5
204.5
225.6
246.4
274.3
294.9

1758
2105
2296
2693
3241
3491

Table A2. Coefficient values of Xu and Zhang's (2009) [45] empirical equations.

Coefficients

Average Breach

Failure Time, Ty

Peak Outflow, Q,

Width, Bgyg

b3, Dam with core walls —0.041 —-0.327 —0.503
b3, Concrete-faced dam 0.026 —0.674 —-0.591

b3, Homogeneous/zoned _ _ _
carth fill dam 0.226 0.189 0.649
by, Overtopping 0.149 —0.579 —0.705
by, Pipin 0.389 0.611 —1.039
bs, Low erodibility —0.391 0.579 —1.362
bs, Medium erodibility —0.14 —0.564 —0.375
bs, High erodibility 0.291 —1.205 —0.007
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Appendix B

Table A3. Hourly water level, equivalent reservoir water volume and calculated breach outflow
during the Swa Dam breach event.

Volume in the

Time (Hour) Water Level (m) Outflow Rate (m3/s) Reservoir (Mm®)
29 August, 5:00 a.m. 103.2 0.0 279.1
6:00 a.m. 102.2 7217.9 253.1
7:00 a.m. 101.1 7642.8 226.4
8:00 a.m. 100.1 5756.2 203.0
9:00 a.m. 99.5 3047.4 179.8
10:00 a.m. 98.3 6771.8 167.7
11:00 a.m. 97.6 3893.7 153.6
12:00 p.m. 97.0 2945.3 143.0
1:00 p.m. 96.1 4938.7 129.2
2:00 p.m. 95.7 1783.4 122.8
3:00 p.m. 95.3 1920.8 1159
4:00 p.m. 94.9 1646.0 109.9
5:00 p.m. 94.5 2030.1 102.6
6:00 p.m. 94.1 1203.7 98.3
7:00 p.m. 93.8 984.4 94.8
8:00 p.m. 93.6 984.7 91.2
9:00 p.m. 93.2 1203.3 86.9
10:00 p.m. 92.7 1750.5 82.6
11:00 p.m. 92.6 4375 79.0
12:00 a.m. 92.3 984.7 75.5
30 August, 1:00 a.m. 92.2 656.5 73.1
2:00 a.m. 91.9 875.1 69.9
3:00 a.m. 91.7 656.5 67.6
4:00 a.m. 91.6 547.2 65.6
5:00 a.m. 914 546.8 63.6
6:00 a.m. 91.3 240.9 62.8
7:00 a.m. 91.1 561.9 60.8
8:00 a.m. 90.9 481.7 59.0
9:00 a.m. 90.7 481.7 57.0

Table A4. Input data set for the parameters of the Swa Dam breach for different scenarios.

Scenario 1 .
. Scenario 2
(Spgl‘:z;it}; g;;g; by (Spillway Breach by Piping)
Spillway crest level (m) 102.68 102.68
Breach bottom level (m) 81 81
Water surface level (m) 103.2 103.2
Breach height, H (m) 21.68 21.68
Height of water at failure time, Hy, (m) 222 22.2
Dam height, H (m) 29.6 29.6
Average dam width, Wyye (m) 170.7 170.7
Water volume at failure time, Vy, (m?) 276,207,009 276,207,009
Storage of the Swa Dam, V (m?) 266,863,398 266,863,398
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Figure Al. Average annual rainfall and annual inflow of the study site (recorded by the INUMD).
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