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Sudden breaching of a saddle damon July 23, 2018, on the perimeter of theXeNammoyhydroelectric-power res-
ervoir, recently constructed in theMekong basin, southern Laos, caused catastrophic flooding that resulted in fa-
talities and displaced thousands of individuals. This study aims to (1) assess the cause of the dam breach, and
(2) understand the hydrologic and geomorphic impact of the flood. Our analysis shows that the collapse of the
damoccurred as the reservoirwas nearly full, and thewater levelwas rising against the inner slope of the earthen
dam. As thewater discharged through the breach, we calculate that the reservoir fell ~22m and lost ~350million
m3, more than a third of the total stored volume on July 23. Inspection of publicly available photographs of the
failed dam confirms our interpretation that the failure was structural, involving both piping and rotational
slumping, and not due to overtopping of the dam. Failure to properly process the local materials before construc-
tion of the earth-core of the dam is the likely cause of failure. Our analysis of satellite imagery, bolstered by field
observations, reveals that the flooding inundated an area of ~46 km2 of villages and rural land in the Vang Ngao
River, a tributary of theMekong River basin. By using 1D and 2Dhydrologicalmodeling,we calculate a peakflood
discharge of ~8500m3/s, about half themean discharge of theMississippi River. The dam failure and concomitant
losses are consistent with common inadequacies in this region in assessing potential hazards, challenges of
geomorphological-geotechnical engineering when using tropical materials for construction, and emergency
planning and warning. Thus, this analysis has important implications for the safer design and construction of
the myriad of other dams that are either operating or planned within the multi-national Mekong River basin.

© 2020 Published by Elsevier B.V.
1. Introduction

The construction of dams is proliferating in the tropics. Megadams
such as Belo Monte (Xingu River) and the Madeira Hydropower com-
plex (Madeira River), have been constructed in Brazil, and N1000
dams (b30 MW) are proposed for construction in the Amazon River
basin (Peru, Brazil, Bolivia, and Ecuador), and the rivers draining Central
Brazil (Latrubesse et al., 2017; Latrubesse et al., 2019). The situation is
also critical in Southeast Asia and theMekong River basin, the most im-
portant fluvial system of the region, is facing extreme environmental
pressure. Although decades ago, the lower Mekong and its tributaries
were nearly free of dams, the construction of dams for hydropower gen-
eration has proliferated. Sixty-four dams now exist, and 187 more will
be commissioned within the next decade in the Mekong Basin
(Cochrane et al., 2014; Dang et al., 2016; Hecht et al., 2018). Water
se).
management in the lower Mekong River is an extraordinary challenge,
due to a complex natural setting, geopolitical complexities, and socio-
economic importance.

Many studies on the Mekong basins have concentrated on the im-
pacts of planned and constructed dams on the hydro-sedimentological
regime, ecological and socio-economic aspects (Dugan et al., 2010;
Grumbine and Xu, 2011; Hecht et al., 2018; Lu and Siew, 2006; Orr
et al., 2012; Winemiller et al., 2016, among many others). However,
the study of potential hazards by dam breaching in the Mekong basin
has not been deserving the necessary attention. It is a concern as dam
breaching has to be considered as the main component that would
not be included in Environmental Impact Assessments when a dam is
constructed.

Dam failures have causedmany catastrophic floods around the globe
(e.g. Jansen, 1980; Costa, 1988; MacDonald and Langridge-Monopolis,
1984; Cenderelli, 2000) and a vast literature on the risks involved by
dam breaching and hydro-geomorphologic related processes have
been generated particularly in the USA, Europe, and, China (Jansen,
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1980; MacDonald and Langridge-Monopolis, 1984; Costa, 1988;
Cenderelli, 2000; Xie and Sun, 2009; Zhang et al., 2016, among many
others). However, at our knowledge, there is not a systematic study of
the riks of dam breach for the dams being constructed in the Mekong
basin. Much of the lower Mekong River Basin is within Laos. That coun-
try has long intended, with the support of Thai capital and the approval
of the Mekong River Commission, to transform its rivers into the
region's principal hydropower generators and energy exporters
(Grumbine and Xu, 2011; Chowdhury et al., 2018). In fact, since 2008,
the export of electricity from Laos has climbed to 30% of the country's
exports (Grumbine et al., 2012; Green and Baird, 2016).

Significant parts of its hydroelectric goals are two large reservoirs on
a large plateau perched precipitously a kilometer above the Mekong
River in southern Laos (Fig. 1). The Xe Pian–Xe Namnoy hydropower
project had been recently under construction by a consortium of Ko-
rean, Thai, and Lao companies. The intent for this project, at the cost of
over US$1 billion, is for 90% of its 410-megawatt capacity to go to
Thailand (Green and Baird, 2016; PNPC, 2019). Its reservoir began to
fill in mid-2017 and continued until the catastrophic failure of one of
its dams in July 2018.
Fig. 1.Mapof reservoirs and dams atop the Bolaven Plateau and the extent of the 23 July 2018flo
basins, caused the flood.Wemapped the reservoir and flood area using ALOS-2 imagery taken t
analysis of the flood. The small square shows Laos and the location of the study area (star).
Regrettably, on July 23, 2018, Saddle Dam D of the Xe Pian–Xe
Namnoy reservoir, failed and released a deluge ofwater into agricultural
lands, forests, and settlements along the Vang Ngao River in both, Laos
and Cambodia, producing significant material damage and claiming
lives.

Thus, the purpose of this study is to (1) assess the cause of the dam
breach, (2) understand the hydrologic and geomorphic impact of the
flood.

We expect that the data and interpretations presented here will be
of some assistance in mitigating future hazards posed by this specific
project and by others along the lower Mekong River.

2. Study area

The Bolaven Plateau of southern Laos is a 5000 km2 basaltic volcanic
complex erupted through flat-lying Mesozoic non-marine clastic sedi-
mentary rocks. Our previous mapping indicates that this material is ba-
salt, part of the 100-km diameter monogenetic Bolaven volcanic field,
centered ~40 kmnorthwest of the reservoir (Sieh et al., 2020). Dated ba-
saltic flows 1.8 southeast and 3 km northwest of the saddle dam are,
od. Failure of Saddle damD, on the ridgeline between theXeNamnoy and VangNgao river
wo days after the flood. Labeled reaches of the Vang Ngao River refer to our hydrodynamic
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respectively, ~16 and ~ 1 Ma old, but many flows are b100 ka, so the
field is still active. Although basalt fills the saddle at the dam site, the
saddle cuts through ~100 m of massive, flat-lying Mesozoic fluvial
sandstone.

The basalts have beenweathered under tropical environmental con-
ditions at different levels of intensity, and the lateritization and genera-
tion of the saprolite can reach typically from 2 to 8 m (Sanematsu et al.,
2011). Commonly atop these tropical soils is a massive coarse-silty to
fine-sandy layer up to several meters thick. Thai geologists call this
“catastroloess,” because they infer it to have originated as a dusty prod-
uct of the impact of a large asteroid nearby about 0.8 Ma ago (Sieh et al.,
2020).

The plateau is characterized by a relatively flat surface ranging from
1000 to 1350m a.s.l, dissected by the drainage networks. Because of dif-
ferential erosion through the lava flows of diverse ages and thickness,
and through the underlying Mesozoic sedimentary rocks, the rivers
are incised, confined, and present knickpoints along the longitudinal
profile, with rapids and waterfalls. Climate is monsoonal, with a rainy
season extending fromMach to October. Annual precipitation averages
~3800 mm, with heavy rains of N1000 mm and 800mm in July and Au-
gust, respectively.

Because of its hydroelectrical potential of the region, the govern-
ment of Laos constructed two main dams. The Houay Ho dam on the
eastern flank of the plateau concluded in 1999 (IRN, 1999; Wyatt,
2004; Green and Baird, 2016), and the project began supplying electric-
ity to Thailand in 2002.

The second dam is Xe Pian-Xe Namnoy project, the focus of our
study. A long, covered conduit, deliverswater from theXe Pian reservoir
into themuch larger Xe Namnoy reservoir. Five “saddle” dams span low
points along the ridge that divides the Xe Namnoy and Vang Ngao
drainage basins. These allow a marked increase in the volume of
impounded water and the transmission of reservoir water through a
15-km long tunnel toward the southeastern flank of the Bolaven Pla-
teau. The generation of power was to occur there, near the base of the
~800 m high perimeter cliff of the plateau, before the release of the
water into the Xekong River, a major tributary of the Mekong.

3. Methods

3.1. Estimating water level changes in the reservoir, topographic profile of
the saddle dam and the longitudinal profile of the Vang Ngao (Xe-Pian)
River

We reconstructed the filling of the reservoir by integrating three
types of satellite data. The processing of Sentinel-1 images allowed us
to distinguish flood and reservoir waters from the surrounding land-
scape. The Shuttle Radar Topography Mission (SRTM) allowed us to
overlay this onto topography. Data from the international Global Precip-
itation Measurement (GPM) mission gave us measurements of daily
rainfall for the year that the reservoir was filling. Thus, we were able
to compare the filling of the reservoir with rainfall. We were also able
to compare the elevations of the crest of Saddle Dam D with the eleva-
tion of the reservoir surface before failure.

3.1.1. Sentinel-1 data
The Copernicus Sentinel-1 mission has two identical satellites capa-

ble of imaging any point on Earth every six to twelve days. The SAR sen-
sor transmits a microwave signal that is not limited by cloud cover or
time of day. When the microwave hits water, the water surface acts as
a specular plane, and it reflects the signal forward, which results in a
very low amplitude for the small fraction of the signal returned to the
satellite and hence a high contrast between water and the non-
specular surrounding landscape. This feature makes SAR a useful tool
for flood detection, especially during rainy conditions when the ground
surface is obscured by clouds in optical imagery (see Refice et al. (2018)
for a detailed review of this approach).
We used 24 epochs of Sentinel-1 Synthetic Aperture Radar (SAR)
data from its Path 128 from April 1st, 2017 to August 6th, 2018. To pro-
cess the SAR data, we assembled single look complex (SLC) formats, ap-
plied precise orbits issued by ESA, and carried out radiometric
calibration and thermal noise calibration. Radiometric calibration ap-
plies the proper scaling to convert the pixel values to backscatter inten-
sities. Thermal noise calibration removes the additive background
energy associated with the sensing system. To create a more accurate
pixel registration, we then geocoded the SAR data using the satellite-
based topography of NASA's SRTM3. All processing steps used a revised
version of InSAR Scientific Computing Environment (ISCE; https://
github.com/isce-framework/isce2) that incorporates the necessary am-
plitude calibrations (Lin et al., 2019).

For each of the 24 SAR epochs, we classified the geocoded Sentinel-1
images into water and non-water features using the amplitude
thresholding method. Classifying a pixel as a water body versus a less-
specular surface is not so simple, because the amplitude of the water
body signal varies with time. For example, wave conditions and aquatic
plants can produce bright points or patches within a water body (Lin
et al., 2019). Our strategy for outlining thefloodwaters and the reservoir
was to determine a threshold amplitude value below which a pixel
likely representedwater. This gave us awater-body outline that ignored
bright points in the middle of the water body due to the phenomena
mentioned above. The threshold that we used to accomplish this was
0.03. We applied this threshold value to all other SAR images in the vi-
cinity of the reservoir and theflood, tomap out the changes ofwater ex-
tent in all pre-failure epochs. After the thresholding process, we
obtained the extent of water bodies for all 24 SAR epochs.

3.1.2. SRTM DEM data
NASA produced a global digital elevation model (SRTM DEM) from

C-band SAR single-pass interferometry in 2000. We utilized the 1-
arcsec (30-m) NASA SRTM3 version of these data, released in 2014
(http://www.jpl.nasa.gov/srtm), to match the shorelines of the reser-
voir to topography. To get a topographic model that fits the actual
ground surface best, we utilized a DEM made from the SRTM DEM3
that removes vegetation: The Multi-Error-Removed Improved Terrain
DEM (MERIT DEM) (Yamazaki et al., 2017) at 3-arcsec (90-m) resolu-
tion. The MERIT DEM is a terrain model that removes the vegetation
canopy and is considered to have, by far, the highest topographic accu-
racy on average for the planet.

3.1.3. Precipitation measurements and reservoir filling
The international Global Precipitation Measurement mission (GPM,

Huffman et al., 2015) level-3 IMERGE product inter-calibrated, merged,
and interpolated all satellite passive-microwave precipitation estimates
and translate into daily rainfall amounts over the Xe-Namnoy River
basin. Fig. 2 shows daily rainfall and cumulative rainfall, thus derived
for the period of reservoir filling.

3.1.4. Elevation of the saddle dam crest
Once we estimated the elevation of the reservoir surface just before

dam failure, we determined the height of the top of the dam, to see
whether or not the reservoir waters overtopped the dam. To do this,
we first generated a pre-dam topographic profile of the ridgeline saddle
that Saddle Dam D straddled. We used ALOS World 3-D (AW3D) DEM
from NTT Data (Japan) at 5 m horizontal resolution near the dam. For
work that wewill describe later, we also obtained these data for the en-
tire course of the Vang Ngao River between the Saddle Dam D and the
villages located ~30–40 km downstream in the lowlands. AW3D DEM
is the product of multiple optical images captured between 2006 and
2011. We also acquired from Planet Labs Inc. (www.planet.com) a 3-
m resolution true-colour image taken on May 12th, 2018 that shows
the entire Saddle Dam D structure before its failure. We then overlaid
this image on the AW3D DEM to obtain both the elevation profile of
the saddle prior to the construction, and the elevation of the crest of

https://github.com/isce-framework/isce2
https://github.com/isce-framework/isce2
http://www.jpl.nasa.gov/srtm
http://www.planet.com


Fig. 2. The relationship between reservoir filling and rainfall. Black squares show the sequential filling of the reservoir, estimated from sequential Sentinel-1 georeferenced to SRTMDEM
images. Blueline represents estimated daily precipitation, based upon NASA's GPM, and from which we calculated cumulative rainfall (green). The estimated water level just before the
dam failure is 782.4 m above sea level (red). The reservoir drained to a level of 760.1 m asl within 2 days.
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the dam (Fig. 3). Thus we estimate a crest elevation between 796 and
805 m ASL by reading the DEM values at both ends of the saddle dam
(point 2 and point 6 in Fig. 3).

3.2. Modeling of peak discharge, velocities, water stage, and flood dynamics

Startingwith this estimate of the total volume released, wemodeled
the peak discharge, velocities, water stage, and the dynamics of the
flood transmission, based on hydraulic calculations and both 1-D and
2D modeling. We then compared and tested these model results with
channel observations from a post-flood field survey.

While typical longitudinal profiles in rivers are concave, the Vang
Ngao River presents several reaches with a convex profile and
knickpoints, because of the geologic control when draining the Bolaven
basaltic plateau (Figs. 1 and 4).

For modeling and morphodynamic interpretation purposes, we di-
vided the Vang Ngao River into five main reaches, delimited by the
main knickpoints along with its longitudinal profile (Figs. 1 and 4).
Fig. 3. Plan and cross-sectional views of SaddleDamD. Left: Plan view from satellite imagewith
estimate of 796–805 m for the elevation of the dam crest.
Reach 1 traverse a narrow valley cut into bedrock atop the plateau,
just downstream from the dam. Reach 2 is the steepest reach and com-
prises the 400-m plunge over the edge of the plateau. Reaches 3 and 4
traverse a broad, steep valley, filled with 0.8 to 1.3 Ma basaltic lava
flows (Sieh et al., 2020). The river at Reach 5 generates a narrow flood-
plain and, slightly incised, traverses primarily a flat area formed by un-
differentiated Quaternary deposits, with cultivated lands and villages.
Reaches 1 through 4 were heavily forested and uninhabited before the
flood.

Only numerical methods can model the flash-flood wave suddenly
released by the dam collapse. In this study, we consider a one-
dimensional MIKE 11 model and a two-dimensional HEC-RAS 2D hy-
drodynamic model to simulate downstream flooding (Fig. 5). While
the 2D model can provide a complete simulation of flooding extents,
flood depths, and velocity distribution, the 1D model is an effective
tool for deriving water discharge along the floodway (e.g. Alcrudo and
Mulet, 2007; Abderrezzak et al., 2008; Carling et al., 2010). Although
1D models tend to overestimate the maximum water level and the
3-m resolution taken onMay 12, 2018. Right: Topographic profile across the saddle and our



Fig. 4. Longitudinal profile of the VangNgaoRiver between SaddleDamD and theXeKong
River.
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wave arrival time in valleys with multiple sharp bends (Frazão and
Zech, 2002), in this case, the overflow wave, except for the first 10 km,
can be considered as flowing in a straight course.

We extracted 20 cross-sections from the AW3D DEM for the down-
stream river (Fig. 6). The width of each cross-section along the Xe Kong
River was based on the inundation patterns derived from ALOS-2 im-
ages (Fig. 1). We applied sensitivity analysis to assess the influence of
Manning's n onwaterflowand found that due to thehigh kinetic energy
of the floodwaters, frictional losses were limited to negligible (Table 1).
We thus chose a value of n = 0.075, which corresponds to a floodway
with a heavy standof timber and underbrush, as existed in the overbank
flooded areas. Computational time steps in the model were 10 s to en-
sure model stability.

3.2.1. DHI Mike
DHI Mike 1D hydraulic model software package is used worldwide

for dambreak modeling (Jančíková and Unucka, 2015). A 1D dambreak
model in DHI MIKE includes two main components: a reservoir with a
dambreak structure and a downstream river network (DHI, 2017)
(Fig. 5). First, we modeled the reservoir as a storage node in the hydro-
dynamic model, in which the relationship between water levels and
water volumes of the nodewasmodified to represent the storage capac-
ity of the reservoir. The dambreak structure is immediately downstream
of the reservoir node. Due to the lack of information on the complexity
of the dam's earthen fill, we chose the time-dependent option for the
breach model.

We adjusted the development of the breach so that the amount of
water released during the event equaled our calculated ~3,500,000 m3

of the water loss from the reservoir. Information collected from the
local population, and the use of equations for predicting the breach
Fig. 5. Schematicmap for the 1D dambreakmodelingwithDHIMIKE 11. h andQ represent
nodes in which water levels and discharges are calculated, respectively.
failure time for first overtopping or failure for initial erosion/piping
(such as Von Thun and Gillette (1990), for a clay core of cohesive engi-
neering material is:

tf ¼ 0:02 � hw þ 0:25 where hw ¼ 22 m

where tf = breach formation time and hw = depth of the water above
the bottom of the breach. For more erodible materials tf = 0.015*hw

where hw = 22 m, which suggests that the breach was completed
within ~30 min or less.

We compared modeled discharge values with those obtained from
empirical equations for peak discharge. The equations relate the charac-
teristics of the dam to the discharge generated by the dam's failure.
Among several empirical equations, we used Froehlich (1995).

Q ¼ 0:607 Vw
0:295 hW

1:24

where Vw = the cubic meters of water above the breach at the time of
failure, and hw = height of water above breach bottom (m).

3.2.2. HEC-RAS 2D
The HEC-RAS 2D model was used to study flooding dynamics and

dambreak flow from the 1Dmodel as the upstream boundary of the hy-
drodynamic modeling. Besides hydrological inputs, the downstream
DEM and a Manning matrix are the compulsory inputs of the model.
We trim the DEM along the Xe Kong River and use the river as a lower
boundary due to its large water-carrying capacity. HEC-RAS 2D models
the hydrodynamic processes by dividing the study area into around 1.3
million cells of 20 × 20 m. Roughness ranges from ~0.03–0.05 in the
bedrock channel, but as explained below, it is not very relevant for the
modeling because of the high energy of the flow. For overbank flows,
we developed the Manning's n matrix from Landsat (Table 1) based
on the type of land use, and n values recommended in Chow et al.
(1959) for the surrounding vegetated area. The use of NDVI to estimate
approximated values of roughness in flooded areas is a useful tool
where detailed field calibrations are not available (Hossain et al.,
2009; Forzieri et al., 2011). As in the 1Dmodel, sensitivity analysis dem-
onstrated that water head losses owning to friction were small in this
case due to the high kinetic energy and short traveling distance of the
wave. Therefore, instead of choosing a linear change of Manning's n
based on the NDVI values, we used one single n value for a range of
NDVI.

We also calculated gross streampower for averaged slopes per chan-
nel reach at the peak of the flood. The dominant channel pattern is an
incised bedrock channel, and the flow ismostly confined into the valley,
from reaches 1 to 4:

Ω ¼ ρ g Q S

where Ω is the stream power, ρ is the density of water, g is the acceler-
ation due to gravity), Q is discharge (m3/s), and S is the channel slope.

We also calculated the specific stream power:

ω ¼ Ω=w

where ω is the unit stream power, and w is the width of the channel.

3.3. Sediment grain size and XRD-mineralogical analyses

We selected five samples from three different locations (Fig. 1).
Sample QRB15-C-3b is from a pebbly lateritic layer that lies atop an
~1 Ma old basalt flow within a large quarry that provided much of the
material for dam construction. The other four samples are from the
catastroloess. QRB15-C-3a is from above QRB15-C-3b. SDE15-A-14 is
from a 3-m thick section of catastroloess atop the ~16 Ma basalt in
Fig. 9. Two others came from catastroloess lying upon fine-grained Me-
sozoic quartz sandstone (FSE16-B-1 and 2).



Fig. 6. Twenty topographic cross-sections across the Xe Kon River floodway. (a) Plan view. (b) Representative cross-sections A-A' (black line –working cross-section) and B-B′ (gray line),
as indicated in (a), not far downstream from Saddle Dam D. See location in Fig. 1.
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Grain size analyses of sediment samples were conducted with a
Malven Masterzsizer 3000 laser grain sizer using water dispersion and
a combination of water and ultrasound dispersion method.

XRD Powder X-ray diffraction analyses were conducted to identify
minerals using a D2 PHASER X-ray diffractometer, with CuKα radiation,
an accelerating voltage of 30 kV, and a beam current of 10 mA. The scan
range (2Ѳ) was from 1 to 70° with slit 0.2 mm and a time duration of
4 h. We identified minerals and used a qualitative phase identification
by comparing the measured pattern of each crystalline phase with the
Powder Diffraction File (PDF-4) database. We conducted semi-
quantitative analyses by comparing the height of different phases and
used a correction factor from a database of knownmaterials. Both qual-
itative and semi-quantitative analyses were carried out in DIFFRAC.EVA
software package.
4. Joint analysis of reservoir filling and rainfall

Initial reasons given to the public for the failure of Saddle Dam D
were that heavy rainfall during a tropical storm had caused the water
in the reservoir to rise extremely rapidly and that the rise led to
overtopping of the dam. We tested this explanation by analysis of re-
mote sensing products and rainfall records.

Fig. 2 shows the timing of reservoir filling. Each black square repre-
sents the elevation of the reservoir surface for each epoch. The intersec-
tion of the reservoir shoreline with SRTM topography gave us the
elevation of the reservoir surface for each of the 24 times. We traced
the shoreline as a polyline and then converted that into points at 60-
m intervals. Each of these points corresponds to an elevation on the
MERIT DEM. For each epoch, the elevations of these 605+ points are
normally distributed with a small standard error of ~0.4 m. The black
squares are the averaged value of the 605+ points for each epoch.
Table 1
Landsat-driven NDVI and the corresponding Manning's n.

Value of NDVI Description Manning Expression

b0.1 Low NDVI 0.04 Light brush and trees
0.2–0.5 Moderate NDVI 0.07 Medium to dense brush
0.6–0.9 High NDVI 0.11 Dense willows
The elevations of the reservoir in the ten days before dam failure are
not observable, because the last date of the pre-dam failure data collec-
tion by Sentinel-1was 10 days prior. Hence, we used the daily GPM rain-
fall data for that period to estimate the precipitation induced-water level
rise in the reservoir in the 10 days immediately before the collapse of the
saddle dam. Cumulative rainfall into the reservoir catchment during
those ten days was 171mm.Multiplying this by the area of the drainage
basin (~258 km2), we derive a rainfall volume of ~44,000,000 m3. We
also factor in an averaged potential evapotranspiration of 3 to
4 mm/day, the highly saturated hydraulic conductivity for the region
(0.06 to 0.0695m/h) (Zhou et al., 2006), canopy interception, likely spill-
way releases from the reservoir, and the 3- to 6-m error of the MERIT
DEM (Yamazaki et al., 2017). After incorporating these additional influ-
ences,we estimate that the reservoir rose an additional ~0.6 to 1m in the
10 days prior to the dam failure. That puts the elevation of the reservoir
surface at 782.4 m above sea level (a.s.l.) just before the dam failure.

Photos were taken at the intake tunnel (see Fig. 1 for location) show
a high-water mark on concrete pillars at an elevation of 781.5 m a.s.l.
(Fig. 7). It is just a meter lower than the estimate we obtained from
the analysis of satellite imagery. It implies that the estimates from the
imagery are reliable to within a meter or so. On the date of the photo,
April 25, 2019, the water level was 756.5 m a.s.l. It is ~4 m lower than
our estimate for reservoir level two days after the dam failure.

Together, Figs. 2, 3 and 7 show that the highest level reached by the
reservoir was 15 to 25m lower than the crest of the dam. It implies that
overtopping did not cause failure.Wemake a closer examination below.

The rainy season in southern Laos typically begins between late April
and earlyMay. Fig. 2 shows that by lateMay 2017, thewater level of the
reservoir stood at ~748 m. The level rapidly rose ~30 m through the
rainy season, to ~777mbymid-October 2017. The heaviest daily rainfall
occurred within a two-week period during which the reservoir rose
about 3 m. The greatest increases in water level during any two-week
period were about 10 m, and these occurred early in the filling of the
reservoir when it had a smaller surface area. Hence, its rise was more
sensitive to inputs of water.

Through the subsequent dry season, from November 2017 through
March 2018, the water level in the reservoir remained almost constant.
The rainy season of 2018 began in March of that year. ByMay 2018, the
water level started to experience fluctuations of about 1.5 m. We posit
that these were the result of repeated openings and closings of the
main-dam spillway that were aimed at maintaining a specific water



Fig. 7. Photograph of waterlines at the tunnel intake taken April 25, 2019, shows a highwatermark of 781.5 m, which is within a meter of our imagery-based estimate. The water level on
that date was 756.5 m, about four meters lower than our calculated level of 760.1 m two days after the flood.
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level in the reservoir. During the 2-week period of the 2018 rainy sea-
son, the water level of the reservoir increased. However, it appears
that the reservoir rose only an additional ~0.6 to 1 m – reaching
~782.4m a.s.l. in the ten days before the dam failure. From this, we con-
clude that heavy rainfall did not directly cause the failure of the dam.
Moreover, because the highest level reached by the reservoir was
~782 m, 14 to 23 m below the ~796–805-m high crest of the dam, the
impounded waters could not have caused the failure of the dam by
overtopping it.

5. Nature of the dam, the dam site, and dam failure

We examine publicly available images of the failed dam, present
nearby field observations, and analyze granulometric measurements
to address the question.
Images of the dam breach taken soon after failure provide several
significant clues. At the breach, the earthen dam rested on black rocks
that are now exposed (Fig. 8A and C). Thus, the basalt beneath the sad-
dle dam lies in a cleft in the sandstone.

The basalt beneath the dam does not appear to be contiguous in the
imagery. That is not surprising, because saprolitization or laterization of
most flows on the plateau that are a million or more years old com-
monly continues many meters into the flow, leaving non-contiguous
corestones of unweathered or laterized basalt. It is likely that the crev-
ices in the photo between intact basalt blocks were filled with
saprolitized or laterized basalt.

The core of the dam consists of an orange-brownmaterial (Fig. 8). It
was derived from clastic saprolitic and loess-like material that is com-
mon in exposures throughout the volcanic field. Basaltic flows of the
Bolaven volcanic field older than ~200 ka exhibit a high degree of



Fig. 8. Image from a movie recorded by a drone flying over breached Saddle Dam D on July 28, 2018 (five days after the collapse). A. An overview of the breach shows the rocky, basaltic
substrate upon which the dam was constructed, the local orange-brown materials from which the constructors formed the core of the dam, and the basaltic gravel of its carapace. B.
Headscarp of a rotational slump east of the breach. C. Slumping of core and carapace into the breach. The video from which these images came (https://news.v.daum.net/v/
20180803103600946?f=m) gives a clearer view of the details of dam composition and failure.
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weathering into orange-brown to reddish-brown, poorly sorted, sandy,
clayey saprolite, and laterite. Commonly atop these tropical soils is a
massive coarse-silty to fine-sandy layer up to several meters thick.
Fig. 9.Basalt is overlain by fluvial sands and gravels and “catastroloess” at a quarry 1.8 kmsouthe
construction of the saddle dams. The basalt flow in this quarry yielded an 40Ar\\39Ar date of ~16
and it remains so.
Thai geologists call this “catastroloess,” because they infer it to have
originated as a dusty product of the impact of a large asteroid nearby
about 0.8 Ma ago (Sieh et al., 2020) (Fig. 9).
ast of SaddleDamD. The photowas taken in 2014, during themining of thesematerials for
Ma (Sieh et al., 2020). The quarry submerged beneath the waters of the reservoir in 2017,

https://news.v.daum.net/v/20180803103600946?f=m
https://news.v.daum.net/v/20180803103600946?f=m


Fig. 10. Ternary grain size diagram of sediment samples analyzed by water dispersal or
water dispersal+ultrasonication. Symbols represent the same sample under both
methods (with or without ultrasound), and solid colors indicate samples without
ultrasound dispersion.
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Capping the crest and flanks of the dam is gray to black crushed ba-
salt derived from lava flows nearby (Fig. 8b and c). Fig. 9 shows mining
for the construction of the saddle dams of both the basalt and overlying
clastic materials in 2014.
Fig. 11. Semiquantitative mineralogical composition
Fig. 8 also reveals details of the dam failure. Portions of the dam on
either side of the breach exhibit evidence of rotational slumping
through the dam's core on the dam's downstream flank (Fig. 8b and
the video fromwhich it excerpted). It suggests that just before the open-
ing of the breach, pore pressurewithin the damwas high enough to ini-
tiate failure by slumping.

5.1. Analysis of regolith samples from the plateau

Anearthendamneeds to be impermeable, so that reservoirwaters are
unable to penetrate and erode it internally or to reduce its shear strength.
Hence it is important to utilize impervious clayey materials rather than
less cohesive and more permeable silts, sands, and gravels. The fact that
piping and rotational slumping occurred early in the process of collapse
implies that the dam core was not dry in the time leading up to failure.

Particle size analyses (PSA), combined with bulk density data, are
commonly used to predict water retention and unsaturated hydraulic
conductivity from sandy to clayey soils (Gee and Or, 2002). However,
the reliability of the method decreases as the level of aggregation in
soils increases, because of the effects of aggregates on the hydraulic
properties. Thus, when aggregates are present, both particle-size and a
detailed assessment of aggregate-size distributions are required for
the water retention and unsaturated hydraulic conductivity predictions
(Gee and Or, 2002; Nimmo and Perkins, 2002).

It is well known that lab procedures used to disperse soil and sedi-
ment aggregates can have a significant effect on granulometric analyses
(Slattery and Burt, 1995). Grain-size analyses of tropically weathered
materials are commonly skewed toward higher percentages of clay-
sized particles by forced mechanical and chemical disaggregation, due
to the destruction of naturally formed silty and sandy aggregates of
clayminerals during the test. It leads to labmeasurements of lower per-
meability than is present in the untreated natural soil. In reality, the
determined by XRD Powder X-ray diffraction.



Fig. 12. Surface areas associatedwith particular levels of the reservoir enable calculation of
the amount ofwater lost due to the failure of the dam. Thewater volume lost between July
23rd and 25th equals the area under the curve – about 350 million m3.
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aggregation of clay minerals in tropical soils results in higher values of
permeability than are determined in the lab (El-Swaify, 1980; Resende
et al., 1997). In highly aggregated stable clay soils, intense dispersion
coupled with chemical treatment yield a sample dominated by the
clay fraction (Gee and Or, 2002). Even using only water dispersion sig-
nificantly increases the fine sand/silt fraction. Thus, a result of these
Fig. 13. Sequential flooding depths downstream of the dam, from our HEC-RAS 2Dmodel. The
waters first breached the dam.
tests can be that the soil appears in the lab to be less permeable than
they are in thefield (Lima et al., 1990; Resende et al., 1997), and the geo-
technical use of these lab-tested materials can thus lead to unantici-
pated erodability and permeability of a dam.

Since the core of Saddle DamD consists of weatheredmaterial quar-
ried from nearby, we analyzed the grain size distribution for five sam-
ples from these materials. These clastic deposits and soils are
dominantly heterogeneous, porous, friable, and massive. We tested if
laboratory processing could have given a false impression of lowperme-
ability for the materials that comprise the core of the failed dam. We
used two methods. One involved mild mechanical desegregation and
water, whereas the other combined mild mechanical desegregation,
water, and 90 s of ultrasound. The use of ultrasonic dispersion in clayey
sediments from acidic tropical environments does not alter the pH of
the soil, electrical conductivity, or cation exchange capacity. Keeping
these factors unchanged during the grain size analyses is relevant be-
cause, during the construction stage, the bulk materials used for the
damare notmodified by geochemical or other kinds of physical, aggres-
sive transformations.

The twomethods yieldedmarkedly different results: Ultrasonication
led to a substantial increase in the clay fraction because it desegregated
the clay-mineral aggregates (Fig. 10). The ternary diagram shows that
sand-silt-clay grain-size analyses are dependent on whether or not
sample preparation includes ultrasonication. Each sample moved to-
ward finer grain sizes upon ultrasonication. In tropical soils,
ultrasonication commonly disaggregates sand- and silt-sized clumps
into finer-grained particles.

An additional factor when assessing aggregation is themineralogical
composition of themuddymaterials. The laterites of the plateau consist
principally of gibbsite, magnetite (titanomagnetite), goethite, hematite,
kaolinite, halloysite, anatase, opal-CT, Fe oxyhydroxides, some quartz,
and small amounts of smectite (Sanematsu et al., 2011).

The samples consist of quartz, gibbsite, kaolinite, halloysite, goethite,
ilmenite, magnetite, hematite, anatase, rutile, chlorite-serpentine,
greenalite, dickite, and amorphous material. Samples SDE15-A-14 and
FSE16-B1 and FSE16-B2 are rich in (quartz N60%) and secondarily in
gibbsite (3.2 to 9.3%) and kaolinite (4.5 to 8%). However, QRB15-C-3a,
flood wave reached the village at the beginning of reach 5 at about 11 pm, about 3 h after



Fig. 14.Water depths on the floodplain fromourHEC-RAS 2Dmodel. The star indicates the
average depth of the floodwaters on the floodplain and the surrounding plain of
Quaternary undifferentiated deposits in reach 5, (~14.731325°N, 106.508123°E).
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developed on the basalts, is very rich in gibbsite (59.9%) (Fig. 11). The
abundance of Quartz, and also of gibbsite in the clay fraction of tropical
soils also favor aggregation, and thus, the existence of a microgranular
structure with high values of permeability (Resende et al., 1997).

5.2. Analysis of the dam failure

Rotational slumps that included the core of SaddleDamDbefore fail-
ure reaffirm our earlier conclusion that overtopping did not lead to dam
failure. Instead, it appears that water within the dam's core precipitated
failure. Our analysis of samples of soil and sediment fromwhich the core
was formed, allows for the possibility that the core materials were less
clayey and hence more permeable than lab tests indicated. It would
have led to the penetration of water into the corematerials as the reser-
voir rose behind the dam.

We assume that the weakening of the fill through seepage erosion
led to some poorly understood combination of settling or particle re-
moval and strain-related weakening. This process is commonly known
as ‘piping’, and generically includes ‘seepage erosion’, ‘tunnel erosion’
(Dunne, 1990), and rotational slump-failure.

We, therefore, suggest that a lack of compaction and a potential
overestimation of the clay content by dispersion ofmud aggregates dur-
ing geotechnical analyses contributed to underestimating the risk of
piping and seepage.

6. Hydrologic and hydraulic impacts of the flood

6.1. Volume discharged during the flood

The Bolaven flood is peculiar because reservoir waters residing in
one river basin were released into another by flooding through the
Fig. 15.DHIMIKE 11flow velocities and discharges. (a) Flowvelocities 10 kmdownstream from
5). (b) Discharge 10 km downstream from the dam, in the middle reach flood path, and in the
saddle dam. Saddle Dam D served to raise a natural divide between
the Xe Namoy basin and the Vang Ngao basin (Fig. 1), so when the
dam failed, trans-basin diversion occurred.

First, we quantify the amount of water released from the reservoir.
After the breaching of the saddle dam on July 23rd, 2018, the reservoir
level quickly dropped ~22 m, from ~783 m to ~760 m a.s.l. (Fig. 2).
This elevation is a few meters below the ~766-m elevation we calcu-
lated for the pre-construction low-point in the saddle (Fig. 3). This dis-
crepancy could be the result of scouring into the natural materials
below the dam as the reservoir drained. It may also be due to the re-
moval of the clastic naturalmaterial during construction followed by re-
moval of the dam core all thewaydown to the basaltic top of the surface
scraped clean during the construction (Fig. 8). The latter of these two
seems most likely, since saprolitic and catastroloess layers atop old ba-
salts on the plateau are commonly several meters thick, and it seems
implausible that the constructors of the dam would not have removed
the loose soil and sediment that existed atop the basalt before construc-
tion. The discrepancy could also be due to error in calculating the natu-
ral pre-flood elevation of the ground surface, given that the high-
resolution AW3D topography we used to map the channel and banks
is based on optical images taken between 2006 and 2011, well before
the forest canopy had been removed for construction.

We calculate a total flood volume of ~350,000,000m3 by integrating
the volumes associatedwith each reservoir elevation between ~783 and
~ 760 m (Fig. 12).

6.2. Dynamics of the flood

2D Hydrodynamic modeling reveals that the water flow gained en-
ergy not only from the transformation of static to kinetic energy but
also from the riverbed's gradient, which increases downstream in
some reaches because of the peculiar knickpoints and convexity
through the river's longitudinal profile.

Due to its large kinetic energy, the flood wave propagated down-
stream very fast and struck the villages in Reach 5 between 11:00 PM
on 23rd July and 01:00 AM on 24th July (Fig. 13).

The greatest modeled water depth on the channel-floodplain
and the surrounding Quaternary plain was approximately 9.5 m. Thus,
the bankfull capacity of the channel (~5 m depth) was overpassed,
and the average depth of the floodwaters on the surrounding plain
was ~4.5 to 5 m at the Hinlat village, in Reach 5 (Fig. 14). The water
level started to recede at ~2 am and fell at around 0.2 m/h, slowly
when compared to the rising rate, which reached N2 m/h.

Estimated flow velocities presented differences between models.
Ten kilometer downstream from the dam (in the middle of Reach 2),
the 1D model predicts a maximum velocity N 12 m/s (Fig. 15), whereas
the running of the 2Dmodel providesmore uncertain results that range
up to a maximum value of 9 m/s (Fig. 16). As expected, velocities are
the dam (Reach 1, in themiddle reach of the flood path (Reach 4), and on the plain (Reach
plain.



Fig. 16. HEC-RAS 2D model, velocity distribution (m/s) along the waterways at the flood peak.
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high, where the gradients are high. 2D modeled flows over 9 m/s at
Reaches 1, 2, and 4, corresponding to high-gradient river reaches with
slopes of 0.0208, and 0.0107, respectively. Likewise, much smaller
flow velocities - b4 m/s at Reaches 3 and 5. Clearly, steeper topography
yields more destructive capacity per unit of cross-sectional length.

The high variation of velocities obtained in the 2D model is due to
the interaction among the cells. In contrast, the velocity in the 1D
model is a more specific function of river discharge and a wet cross-
section, so the values are more stable. Although the velocity outputs
from the 1D model are more reliable than those from the 2D model,
both modeling results imply that flows from a dam-break have
enormous energy. When the carrying capacity of the flow increases,
more destructive debris can be transported.

Thus, we used DHI MIKE 11 for discharge calculations. The shapes of
the hydrographs in all reaches of the flood in Fig. 15 are similar because
rainfall, non-flood-related flow, and friction losses during the flood are
negligible. The maximum flow discharge is around 8499 m3/s 10 km
downstream. In the plain, the maximum discharge decreased slightly
to 7860 m3/s due to the backwater effect. Note as well that for the
sake of the modeling, we maintain a discharge of 5 m3/s before and
after the event, so the flow 10 km downstream maintains a velocity of
around 2 m/s (Fig. 15).
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We compared these modeled discharge values with those obtained
from empirical equations that relate the characteristics of the dam to
the discharge generated by the dam's failure. Among several empirical
equations, Froehlich (1995) provided discharges close to those esti-
mated by the 1D modeling, yielding a peak discharge of 9102 m3/s.

Wealso calculated gross streampower for averaged slopes per reach
at the peak of the flood. In the proximal area (Reach 1) gross stream
power reached ~1.7 million W/m. It increased to ~3.7 million W/m in
Reach 2, due to a steeper gradient. Even in the shallow lowermost part
of Reach 4, it was still very high (~236,911 W/m).

The specific stream power (ω) was also very high, ranging from
~57,000W/m2 to 12,000W/m2 in confined areas, where the river chan-
nel is commonly b70m, to 3600 to 1110W/m2 on thewider, more open
plain (Reach 5).

7. Field observations as tests of the modeled flood parameters

Field surveys in the lowermost area of Reach 4 and throughout
Reach 5 allow connection of the modeling results with direct observa-
tions of the effects of the flood. The field survey extended downstream
from lowermost Reach 4, immediately upstream from the ~25-m high
Sae Pra waterfall, a fluvial knickpoint where Reach 5 begins (Figs. 1
and 17). A few hundred meters upstream of the waterfall, the main
channel of the Vang Ngao River is approached from the west but not
joined by a small tributary, which veers south there to join the Vang
Ngao River by flowing on a perched paleochannel of the Vang NGao
River, near the southern limit of Fig. 17. Before theflood, lush vegetation
Fig. 17.High-resolution (5-m) Earth imagery shows the VangNgao River and the Sae Prawaterf
longitudinal profile shows the 25mhighwaterfall. Photos (e) and (f) show imbricated rocks, an
Vang Ngao River is outlined in Fig. 1 and appears in Figs. 13 and 16. For ‘e’ and ‘f’, note the roc
overhung the banks of this 40-m wide secondary stream, which flows
over weathered sedimentary rocks. The flood overtopped the west
bank of the Vang Ngao River and into the tributary. Much of the flood-
waters coursed down the tributary and removed a ~ 250-m wide
swath of its vegetated banks and saprolite, and produced erosional
rills and mushroom structures on the tributary bed (Fig. 17g).

The main channel of the Vang Ngao River has cut through the basalt
and flows into Mesozoic fluvial sandstones, which resisted scouring by
the flood. But at this point, an indicator of the power of the flow are im-
bricated sandstone blocks up to twometers in diameter and 1.6m in in-
termediate axes (Fig. 17e and f) on the VanNgao river bed. Applying the
equation of Costa (1983) to derive velocity from clast size:

v ¼ 0:18 d0:487

where v=velocity (m/s) and d is the intermediate axis inmm,we get a
velocity of at least ~6.5 m/s.

By applying O'Connor (1993)’s equation:

v ¼ 0:29 d0:60

where v is the velocity in m/s and d is the intermediate axis in cm, we
estimate a minimum velocity of 6.2 m/s for sediment transport.

These proxy-based calculationsmatchwell our estimation of 6.8m/s
from our 2D model in this sector.

The slope of the river decreases at the end of Reach 4 and through
Reach 5 and develops a narrow floodplain with a channel incised ~6 to
all before (a) and after (b) theflood. (c) TheAW3DDEMover the samemap extent. (d) The
d (g) shows rills andmushroom structures that formedduring theflood. This section of the
k hammer for scale.



Fig. 18. High-resolution (5m) Earth imagery showing a downstream section of the Vang Ngao River (a) before and (b) after the flood. The AW3D DEM pre-flood elevation profile shows
that the river surface elevation was ~66 m, and the surrounding flood plain elevation was ~71 m. Also noticeable in the profile is the dense forest around the river. The post-flood image
shows that most of the trees in the area were washed away during the flood. (c) The Vang Ngao River channel and (d) sand bars and dunes fields up to 0.5 in height generated during the
flood. See Fig. 1 for location.
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7 m into alluvial sediment. The arrival time of the modeled floods
matches the information provided by the local villagers. In the late eve-
ning of July 23rd, the water level rose dramatically in reaches 4 and 5,
reaching ~4.5 to 5 m above the floodplain by midnight to 1 AM (Fig.
18). The flood destroyed property, removed trees, washed away field
crops, and transported a large number of logs and organic debris,
reshaping the area and transferring abundant sandy sediment onto
the floodplain and surrounding Quaternary plain. (Figs. 18 and 19).
The flood rejuvenated natural levees by vertical accretion of 0.5 m to
1 m of sandy sediments and deposited widespread sandy and muddy
crevasse-splay-like sediments on field crops, including sand dunes
fieldswith dune crests up to ~0.5m in height (Fig. 18d). The destruction
Fig. 19.Damage to infrastructure causedby theflood,which reached 4.5 to 5mdepths on the ge
of several meters. (b) The flood in Reach 5 deposited up to two meters of sandy and muddy se
of property in this area was extensive, with secondary circulation and
slack water adding to the destruction caused by the initial flood itself.
In the interior of structures, the flood laid down sandy sediments up
to 2 m thick (Fig. 19). The presence of sand dunes and other sandy de-
posits in Reach 5, generated under a ~ 5-m-deepwater column, confirm
that the floodplain experienced subcritical flows. These proxy field data
are in agreement with and therefore validate our 2Dmodel estimations
of ~5-m water flows on the plain (Fig. 13 and14) and b2.8 m/s velocity
in the channel-floodplain-Quaternary plain system during the flood
peak. During our post-flood field survey, the flood deposits along
these reaches were already being colonized by pioneer vegetation
such as tropical weed Chromalaena odorota, known to colonize
neral surface of theQuaternary plain. (a) The tree trunk on the roof suggestedwater depths
diments (see Fig. 1 for the location).
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disturbed areas, and other species that appear to have survived the
flooding and sedimentation in the area, such as Jatropha, and cultivated
woody plants (e.g, Sapindaceous).

Farther downstream in Reach 5, the low-relief plain of Quaternary
fluvial deposits skirts the Bolaven plateau. There, at the confluence of
the Vang Ngao and the Xe Kong River valley, the village of Hinlat was
flooded, and the bridge at the intersection of the Vang Ngao River
with the Highway 18 collapsed. Our hydrodynamic modeling estimates
that the flood expanded broadly over this nearly horizontal floodplain,
to cover ~46 km2 by 10 AM on July 24th, 2018 (Fig. 13). Data obtained
fromALOS-2 imagery on July 25th, 2018, indicates that 36 km2 of the re-
gion was flooded (Fig. 1). The 10 km2 difference between the modeled
24 July value and the observed July 25 data likely indicates the waning
of the floodwaters, which the modeling shows should have been in
progress during the period spanning the two times (Fig. 14).

Un-official data on casualties or affected populations are available,
but the numbers differ, and uncertainties exist. A report by the United
Nations indicates that 13,100 people were affected, 6000 evacuated,
13 died and 120 remain missing, but these numbers pertain to the
floods that affected the region during the tropical storm Son Tinh, and
not specifically to the dam collapse.

8. Concluding remarks

Our remote sensing analysis shows that Saddle Dam D of the Xe
Namnoy-Xe Pian Reservoir failed catastrophically when the reservoir
waters were at least 13.6 m below the crest of the dam. Thus, the dam
did not fail due to overtopping. On the contrary, the analysis of
ground-based photography demonstrates that the earthen dam failed
because it was permeable. Failure involved the percolation of reservoir
water into and through the earthen structure and slumping. We con-
clude that this occurred because constructors underestimated the per-
meability of the earthen materials from which the saddle dams were
constructed. Granulometric and mineralogical analysis of these mate-
rials supports this hypothesis. We show that the suitability of tropical
soils such as these for impermeable earth-fill dams can be unwittingly
validated by granulometric tests that overestimate clay content and
hence underestimate permeability, and the presence of gibbsite and
Quartz.

Thus, we conclude that contrary to initial public announcements
soon after the disaster, this dam failure does not appear to have been
triggered by dam overtopping due to exceptionally heavy rainfall.
Rather, the dam failed because the construction involved the use of in-
appropriately permeable materials.

Our modeling of the dam break suggests that the breach was devel-
oped within a half-hour or less. Our hydrological modeling of the flood
indicates that the flood wave reached downstream communities 3 and
5 h after the breach. Hydrological modeling of the flood shows that
water velocities on steep uninhabited portions of theflood path reached
levels as high as ~12 m/s and that on downstream shallower reaches,
where communities and farms had been established, maximum veloci-
ties were ~ 4m/s. Our observations of sediment deposition and destruc-
tion of manmade structures are consistent with these high maximum
velocities on the river floodplain and with slightly lower velocities for
subcritical flows on the surrounding Quaternary plain, where Hinlat vil-
lage is located.

The magnitude of the Bolaven disaster was amplified by two
other factors – a lack of consideration of the possibility that such a
dam failure could occur, and a lack of preparation for such an
event. Construction of the five saddle dams across swales in the
Namnoy drainage basin divide increased the reservoir capacity and
intended to improve the financial viability of the project, but it also
exposed communities in the adjacent Vang Ngao drainage basin to
the potential of catastrophic flooding.

The environmental impact assessment (PNPC, 2019) did not exam-
ine the potential risks associated with a disaster such as this. The
potential impact of dam failure on the Vang Ngao drainage basin does
not appear to have been considered before the construction. Moreover,
there does not appear to have been a significant effort to establish the
infrastructure for an emergency response to such an event.

Our results demonstrate that downstream communities could have
had at least a three-hour lead time to evacuate themselves and livestock
if they had been warned at the time the dam breach occurred.

Dam construction is growing in developing tropical countries.
Among Southeast Asian countries, Laos, in particular, is relying heavily
and strategically on the export of energy from existing and planned hy-
dropower dams for its economicwelfare. But the twin tales of its hydro-
power projects on the Bolaven Plateau have damaged its reputation for
environmentally sound and safe development. The Houay Ho dam and
reservoir, a neighbor on the Bolaven Plateau to the failed Xe Namnoy-
Xe Pian project (Fig. 1), was completed in 1998. At the time, it was
condemned as an ecological disaster and a bad economic deal (IRN,
1999; Wyatt, 2004; Green and Baird, 2016). The human and environ-
mental disaster precipitated by the failure of Saddle Dam D further
sullies the reputation of hydropower projects in the area.

We hope that our examination of the cause of this dam failure and a
brief description of its human and environmental impact will help Laos
and its international partners chart a safer and more environmentally
sound path as the “battery of Southeast Asia”.
Acknowledgments

We acknowledge ASF and NASA for providing Sentinel-1 imagery
and GPM data, respectively. Part of the research was carried out at the
Jet Propulsion Laboratory, California Institute of Technology, under a
contract with the National Aeronautics and Space Administration. EP
would like to acknowledge support by the SUG-NAP (3/19) by National
Institute of Education at NTU. We thank Lum Shawn Kaihekulani
Yamauchi for the botanical identifications, Pavel Adamek for his assis-
tance with the manuscript style, and Abang M.S. Nugraha for his assis-
tance in XRD analyses. We thank Thomas Dunne for his suggestions at
the early stages of this research. We specially thanks MoE and NRF for
their sustained support to the Earth Observatory of Singapore-EOS.
We thank as well two anonymous reviewers and Editor Zhongyuan
Chen for their critical reviews and suggestions.

References

Abderrezzak, K.E.K., Paquier, A., Gay, B., 2008. One-dimensional numerical modelling of
dam-break waves over movable beds: application to experimental and field cases.
Environ. Fluid Mech. 8, 169–198.

Alcrudo, F., Mulet, J., 2007. Description of the Tous Dam break case study (Spain).
J. Hydraul. Res. 45, 45–57.

Carling, P., Villanueva, I., Herget, J., Wright, N., Borodavko, P., Morvan, H., 2010. Unsteady
1D and 2D hydraulic models with ice dam break for Quaternary megaflood, Altai
Mountains, southern Siberia. Glob. Planet. Chang. 70, 24–34.

Cenderelli, D.A., 2000. Floods from natural and artificial dam failures. In: Wohl, E.E. (Ed.),
Inland Flood Hazards: Human, Riparian and Aquatic Communities. Cambridge Uni-
versity Press, pp. 73–103.

Chow, V.T., 1959. Open-channel hydraulic. McGraw-Hill, New York., p. 680.
Chowdhury, A.K., Dang, T., Galelli, S., 2018. Coupling hydrologic and network constrained

unit commitment models to understand the water-energy nexus in Laos. AGU Fall
Meeting Abstracts.

Cochrane, T., Arias, M., Piman, T., 2014. Historical impact of water infrastructure on water
levels of the Mekong River and the Tonle Sap system. Hydrol. Earth Syst. Sci. 18,
4529–4541.

Costa, J., 1988. Floods from dam failures. In: Baker, V.R., Kochel, R.C., Patton, P.C. (Eds.),
Flood Geomorphology. John Wiley, New York, pp. 439–463.

Costa, J.E., 1983. Paleohydraulic reconstruction of flash-flood peaks from boulder deposits
in the Colorado Front Range. Geol. Soc. Am. Bull. 94, 986–1004.

Dang, T.D., Cochrane, T.A., Arias, M.E., Van, P.D.T., de Vries, T.T., 2016. Hydrological alter-
ations from water infrastructure development in the Mekong floodplains. Hydrol.
Process. 30, 3824–3838.

DHI, 2017. MIKE 11 HD Reference Manual. Dambreak Section, Danish Hydraulic Institute.
Dugan, P.J., Barlow, C., Agostinho, A.A., Baran, E., Cada, G.F., Chen, D., Cowx, I.G., Ferguson,

J.W., Jutagate, T., Mallen-Cooper, M., 2010. Fish migration, dams, and loss of ecosys-
tem services in the Mekong basin. Ambio 39, 344–348.

Dunne, T., 1990. Hydrology, mechanics, and geomorphic implications of erosion by sub-
surface flow. Groundw. Geomorph. 1–28.

http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0005
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0005
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0005
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0010
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0010
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0015
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0015
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0015
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0020
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0020
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0020
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf5000
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0025
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0025
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0025
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0030
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0030
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0030
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0035
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0035
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0040
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0040
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0045
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0045
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0045
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0050
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0055
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0055
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0060
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0060


16 E.M. Latrubesse et al. / Geomorphology 362 (2020) 107221
El-Swaify, S., 1980. Physical and mechanical properties of Oxisols. Soils with variable
charge 303.

Forzieri, G., Degetto, M., Righetti, M., Castelli, F., Preti, F., 2011. Satellite multispectral data
for improved floodplain roughness modelling. J. Hydrol. 407, 41–57.

Frazão, S.S., Zech, Y., 2002. Dam break in channels with 90 bend. J. Hydraul. Eng. 128,
956–968.

Froehlich, D.C., 1995. Peak outflow from breached embankment dam. J. Water Resour.
Plan. Manag. 121, 90–97.

Gee, G., Or, D., 2002. Particle size analysis. Methods of Soil Analysis, Part 4. Physical
Methods. Soil Science Society of America Book Series 5, pp. 255–293.

Green, W.N., Baird, I.G., 2016. Capitalizing on compensation: hydropower resettlement
and the commodification and decommodification of nature–society relations in
southern Laos. Ann. Am. Assoc. Geogr. 106, 853–873.

Grumbine, R.E., Xu, J., 2011. Mekong hydropower development. Science 332, 178–179.
Grumbine, R.E., Dore, J., Xu, J., 2012. Mekong hydropower: drivers of change and gover-

nance challenges. Front. Ecol. Environ. 10, 91–98.
Hecht, J.S., Lacombe, G., Arias, M.E., Dang, T.D., Piman, T., 2018. Hydropower dams of the

Mekong River basin: a review of their hydrological impacts. J. Hydrol. 568, 285–300.
Hossain, A.A., Jia, Y., Chao, X., 2009. Estimation of Manning’s roughness coefficient distri-

bution for hydrodynamic model using remotely sensed land cover features. 2009
17th International Conference on Geoinformatics. IEEE, pp. 1–4.

Huffman, G.J., Bolvin, D.T., Braithwaite, D., Hsu, K., Joyce, R., Xie, P., Yoo, S.-H., 2015. NASA
global precipitation measurement (GPM) integrated multi-satellite retrievals for
GPM (IMERG). Algorithm Theoretical Basis Document (ATBD) Version. 4, p. 26.

IRN, 1999. Power Struggle: The Impacts of Hydro-development in Laos. International Riv-
ers Network.

Jančíková, A., Unucka, J., 2015. DTM impact on the results of dam break simulation in 1D
hydraulic models. In: Růžičková, K., Inspektor, T. (Eds.), Surface Models for
Geosciences. Springer, Cham, pp. 125–136 Springer.

Jansen, R.B. 1980. Dams and public safety. Available from U. S. Government Printing Office,
Washington D. C. 20402 Stock.

Latrubesse, E.M., Arima, E., Ferreira, M.E., Nogueira, S.H., Wittmann, F., Dias, M.S., Dagosta,
F.C., Bayer, M., 2019. Fostering water resource governance and conservation in the
Brazilian Cerrado biome. Conserv. Sci. Pract. 1, e77.

Latrubesse, Arima, E.Y., Dunne, T., Park, E., Baker, V., d’Horta, F., Wight, C., Wittmann, F.,
Zuanon, J., Baker, P., Ribas, C., Norgaard, R., Filizola, N., Ansar, A., Flyvbjerg, B.,
Stevaux, J.C., 2017. Damming the rivers of the Amazon Basin. Nature 546, 363–369.

Lima, J., Curi, N., Resende, M., Santana, D., 1990. Dispersão do material de solo em água
para avaliação indireta da erodibilidade de latossolos. Rev. Bras. Cienc. Solo 14, 85–90.

Lin, Y.N., Yun, S.-H., Bhardwaj, A., Hill, E.M., 2019. Urban flood detection with sentinel-1
multi-temporal synthetic aperture radar (SAR) observations in a Bayesian frame-
work: a case study for hurricane Matthew. Remote Sens. 11, 1778.

Lu, X.X., Siew, R., 2006. Water Discharge and Sediment Flux Changes over the Past De-
cades in the Lower Mekong River: Possible Impacts of the Chinese Dams.
MacDonald, T.C., Langridge-Monopolis, J., 1984. Breaching charateristics of dam failures.
J. Hydraul. Eng. 110, 567–586.

Nimmo, J.R., Perkins, K.S., 2002. 2.6 Aggregate stability and size distribution. Methods of
Soil Analysis: Part 4 Physical Methods. 5, pp. 317–328.

O’Connor, J.E., 1993. Hydrology, Hydraulics, and Geomorphology of the Bonneville Flood
(Geological Society of America).

Orr, S., Pittock, J., Chapagain, A., Dumaresq, D., 2012. Dams on the Mekong River: lost fish
protein and the implications for land and water resources. Glob. Environ. Chang. 22,
925–932.

PNPC, 2019. PNPC-Xepian Xenamnoy Power Company. PNPC-Xepian Xenamnoy Power
Company.

Refice, A., D’Addabbo, A., Capolongo, D., 2018. Methods, techniques and sensors for preci-
sion flood monitoring through remote sensing. Flood Monitoring Through Remote
Sensing. Springer, pp. 1–25.

Resende, M., Curi, N., Rezende, S., CORRÊA, E., Ker, J., 1997. Pedologia: base para distinção
de ambientes. rev. amp. Núcleo de Estudos de Planejamento e Uso da Terra, Viçosa.

Sanematsu, K., Moriyama, T., Sotouky, L., Watanabe, Y., 2011. Mobility of rare earth ele-
ments in basalt-derived laterite at the Bolaven Plateau, southern Laos. Resour. Geol.
61, 140–158.

Sieh, K., Herrin, J., Jicha, B., Angel, D.S., Moore, J.D., Banerjee, P., Wiwegwin, W., Sihavong,
V., Singer, B., Chualaowanich, T., 2020. Australasian impact crater buried under the
Bolaven volcanic field, Southern Laos. Proc. Natl. Acad. Sci. 117, 1346–1353.

Slattery, M., Burt, T., 1995. Size characteristics of sediment eroded from agricultural soil:
dispersed versus non-dispersed, ultimate versus effective. River Geomorphol 1, 1–17.

Von Thun, J.L., Gillette, D.R., 1990. Guidance on Breach Parameters. US Department of the
Interior, Bureau of Reclamation.

Winemiller, K., McIntyre, P., Castello, L., Fluet-Chouinard, E., Giarrizzo, T., Nam, S., Baird, I.,
Darwall, W., Lujan, N., Harrison, I., 2016. Balancing hydropower and biodiversity in
the Amazon, Congo, and Mekong. Science 351, 128–129.

Wyatt, A.B., 2004. The case of build-own-operate-transfer projects in Vietnam and Laos.
Collective Goods: Collective Futures in East and Southeast Asia, p. 121.

Xie, J., Sun, D., 2009. Statistics of dam failures in China and analysis on failure causations.
Water Resour. Hydropower Eng. 40, 124–128.

Yamazaki, D., Ikeshima, D., Tawatari, R., Yamaguchi, T., O’Loughlin, F., Neal, J.C., Sampson,
C.C., Kanae, S., Bates, P.D., 2017. A high-accuracy map of global terrain elevations.
Geophys. Res. Lett. 44, 5844–5853.

Zhang, L., Peng, M., Chang, D., Xu, Y., 2016. Dam FailureMechanisms and Risk Assessment.
John Wiley & Sons.

Zhou, M., Ishidaira, H., Hapuarachchi, H., Magome, J., Kiem, A., Takeuchi, K., 2006. Estimat-
ing potential evapotranspiration using Shuttleworth–Wallace model and NOAA-
AVHRR NDVI data to feed a distributed hydrological model over the Mekong River
basin. J. Hydrol. 327, 151–173.

http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0065
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0065
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0070
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0070
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0075
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0075
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0080
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0080
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0085
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0085
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0090
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0090
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0090
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0095
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0100
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0100
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0105
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0105
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0110
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0110
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0110
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0115
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0115
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0115
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0120
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0120
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0125
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0125
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0125
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0130
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0130
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0135
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0140
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0140
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0145
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0145
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0145
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0150
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0150
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0155
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0155
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0160
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0160
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0165
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0165
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0170
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0170
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0170
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0175
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0175
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0180
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0180
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0180
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0185
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0185
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0190
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0190
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0190
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0195
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0195
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0200
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0200
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0205
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0205
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0210
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0210
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0215
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0215
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0220
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0220
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0225
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0225
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0230
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0230
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0235
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0235
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0235
http://refhub.elsevier.com/S0169-555X(20)30193-8/rf0235

	G-362-107221_cover
	G-362-107221_o
	Dam failure and a catastrophic flood in the Mekong basin (Bolaven Plateau), southern Laos, 2018
	1. Introduction
	2. Study area
	3. Methods
	3.1. Estimating water level changes in the reservoir, topographic profile of the saddle dam and the longitudinal profile of...
	3.1.1. Sentinel-1 data
	3.1.2. SRTM DEM data
	3.1.3. Precipitation measurements and reservoir filling
	3.1.4. Elevation of the saddle dam crest

	3.2. Modeling of peak discharge, velocities, water stage, and flood dynamics
	3.2.1. DHI Mike
	3.2.2. HEC-RAS 2D

	3.3. Sediment grain size and XRD-mineralogical analyses

	4. Joint analysis of reservoir filling and rainfall
	5. Nature of the dam, the dam site, and dam failure
	5.1. Analysis of regolith samples from the plateau
	5.2. Analysis of the dam failure

	6. Hydrologic and hydraulic impacts of the flood
	6.1. Volume discharged during the flood
	6.2. Dynamics of the flood

	7. Field observations as tests of the modeled flood parameters
	8. Concluding remarks
	Acknowledgments
	References





