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a b s t r a c t
Sudden breaching of a saddle dam on July 23, 2018, on the perimeter of the Xe Nammoy hydroelectric-power reservoir, recently constructed in the Mekong basin, southern Laos, caused catastrophic ﬂooding that resulted in fatalities 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
dam occurred as the reservoir was nearly full, and the water level was rising against the inner slope of the earthen
dam. As the water discharged through the breach, we calculate that the reservoir fell ~22 m and lost ~350 million
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 construction 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 the Mekong River basin. By using 1D and 2D hydrological modeling, we calculate a peak ﬂood
discharge of ~8500 m3/s, about half the mean discharge of the Mississippi 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 complex (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 the Mekong River basin, the most important 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 generation 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
⁎ Corresponding author.
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management in the lower Mekong River is an extraordinary challenge,
due to a complex natural setting, geopolitical complexities, and socioeconomic importance.
Many studies on the Mekong basins have concentrated on the impacts 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 caused many 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 country 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 Korean, 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.

Regrettably, on July 23, 2018, Saddle Dam D of the Xe Pian–Xe
Namnoy reservoir, failed and released a deluge of water 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 sedimentary rocks. Our previous mapping indicates that this material is basalt, part of the 100-km diameter monogenetic Bolaven volcanic ﬁeld,
centered ~40 km northwest of the reservoir (Sieh et al., 2020). Dated basaltic ﬂows 1.8 southeast and 3 km northwest of the saddle dam are,

Fig. 1. Map of reservoirs and dams atop the Bolaven Plateau and the extent of the 23 July 2018 ﬂood. Failure of Saddle dam D, on the ridgeline between the Xe Namnoy and Vang Ngao river
basins, caused the ﬂood. We mapped the reservoir and ﬂood area using ALOS-2 imagery taken two days after the ﬂood. Labeled reaches of the Vang Ngao River refer to our hydrodynamic
analysis of the ﬂood. The small square shows Laos and the location of the study area (star).
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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 been weathered under tropical environmental conditions at different levels of intensity, and the lateritization and generation 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 product 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 1350 m a.s.l, dissected by the drainage networks. Because of differential 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 from Mach to October. Annual precipitation averages
~3800 mm, with heavy rains of N1000 mm and 800 mm in July and August, respectively.
Because of its hydroelectrical potential of the region, the government 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 electricity to Thailand in 2002.
The second dam is Xe Pian-Xe Namnoy project, the focus of our
study. A long, covered conduit, delivers water from the Xe Pian reservoir
into the much 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 Plateau. 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 landscape. The Shuttle Radar Topography Mission (SRTM) allowed us to
overlay this onto topography. Data from the international Global Precipitation 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 elevation of the reservoir surface before failure.
3.1.1. Sentinel-1 data
The Copernicus Sentinel-1 mission has two identical satellites capable of imaging any point on Earth every six to twelve days. The SAR sensor 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 nonspecular 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).

3

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 process the SAR data, we assembled single look complex (SLC) formats, applied precise orbits issued by ESA, and carried out radiometric
calibration and thermal noise calibration. Radiometric calibration applies the proper scaling to convert the pixel values to backscatter intensities. 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 satellitebased 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 amplitude 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 lessspecular 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 the ﬂoodwaters and the reservoir
was to determine a threshold amplitude value below which a pixel
likely represented water. This gave us a water-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 vicinity of the reservoir and the ﬂood, to map out the changes of water extent 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 1arcsec (30-m) NASA SRTM3 version of these data, released in 2014
(http://www.jpl.nasa.gov/srtm), to match the shorelines of the reservoir 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) resolution. The MERIT DEM is a terrain model that removes the vegetation
canopy and is considered to have, by far, the highest topographic accuracy 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 we will describe later, we also obtained these data for the entire 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 3m 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
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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 SRTM DEM
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.

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
Starting with this estimate of the total volume released, we modeled
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 divided the Vang Ngao River into ﬁve main reaches, delimited by the
main knickpoints along with its longitudinal proﬁle (Figs. 1 and 4).

Reach 1 traverse a narrow valley cut into bedrock atop the plateau,
just downstream from the dam. Reach 2 is the steepest reach and comprises 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 ﬂoodplain and, slightly incised, traverses primarily a ﬂat area formed by undifferentiated 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 onedimensional MIKE 11 model and a two-dimensional HEC-RAS 2D hydrodynamic 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

Fig. 3. Plan and cross-sectional views of Saddle Dam D. Left: Plan view from satellite image with 3-m resolution taken on May 12, 2018. Right: Topographic proﬁle across the saddle and our
estimate of 796–805 m for the elevation of the dam crest.
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failure time for ﬁrst overtopping or failure for initial erosion/piping
(such as Von Thun and Gillette (1990), for a clay core of cohesive engineering 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 characteristics 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).
Fig. 4. Longitudinal proﬁle of the Vang Ngao River between Saddle Dam D and the Xe Kong
River.

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 downstream river (Fig. 6). The width of each cross-section along the Xe Kong
River was based on the inundation patterns derived from ALOS-2 images (Fig. 1). We applied sensitivity analysis to assess the inﬂuence of
Manning's n on water ﬂow and found that due to the high 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 stand of timber and underbrush, as existed in the overbank
ﬂooded areas. Computational time steps in the model were 10 s to ensure 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 hydrodynamic model, in which the relationship between water levels and
water volumes of the node was modiﬁed to represent the storage capacity 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

3.2.2. HEC-RAS 2D
The HEC-RAS 2D model was used to study ﬂooding dynamics and
dambreak ﬂow from the 1D model as the upstream boundary of the hydrodynamic 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 1D model, sensitivity analysis demonstrated 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 stream power for averaged slopes per channel reach at the peak of the ﬂood. The dominant channel pattern is an
incised bedrock channel, and the ﬂow is mostly conﬁned into the valley,
from reaches 1 to 4:
Ω¼ρgQ S
where Ω is the stream power, ρ is the density of water, g is the acceleration 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

Fig. 5. Schematic map for the 1D dambreak modeling with DHI MIKE 11. h and Q represent
nodes in which water levels and discharges are calculated, respectively.

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 Mesozoic quartz sandstone (FSE16-B-1 and 2).
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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.

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 semiquantitative analyses by comparing the height of different phases and
used a correction factor from a database of known materials. Both qualitative 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 remote sensing products and rainfall records.
Fig. 2 shows the timing of reservoir ﬁlling. Each black square represents the elevation of the reservoir surface for each epoch. The intersection 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 60m 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
0.2–0.5
0.6–0.9

Low NDVI
Moderate NDVI
High NDVI

0.04
0.07
0.11

Light brush and trees
Medium to dense brush
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 collection by Sentinel-1 was 10 days prior. Hence, we used the daily GPM rainfall 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 171 mm. 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 0.0695 m/h) (Zhou et al., 2006), canopy interception, likely spillway releases from the reservoir, and the 3- to 6-m error of the MERIT
DEM (Yamazaki et al., 2017). After incorporating these additional inﬂuences, we estimate that the reservoir rose an additional ~0.6 to 1 m 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 25 m lower than the crest of the dam. It implies that
overtopping did not cause failure. We make a closer examination below.
The rainy season in southern Laos typically begins between late April
and early May. Fig. 2 shows that by late May 2017, the water level of the
reservoir stood at ~748 m. The level rapidly rose ~30 m through the
rainy season, to ~777 m by mid-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. By May 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
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Fig. 7. Photograph of waterlines at the tunnel intake taken April 25, 2019, shows a high watermark 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.

level in the reservoir. During the 2-week period of the 2018 rainy season, the water level of the reservoir increased. However, it appears
that the reservoir rose only an additional ~0.6 to 1 m – reaching
~782.4 m a.s.l. in the ten days before the dam failure. From this, we conclude 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 saddle 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 commonly continues many meters into the ﬂow, leaving non-contiguous
corestones of unweathered or laterized basalt. It is likely that the crevices in the photo between intact basalt blocks were ﬁlled with
saprolitized or laterized basalt.
The core of the dam consists of an orange-brown material (Fig. 8). It
was derived from clastic saprolitic and loess-like material that is common in exposures throughout the volcanic ﬁeld. Basaltic ﬂows of the
Bolaven volcanic ﬁeld older than ~200 ka exhibit a high degree of
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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.

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.

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).

Fig. 9. Basalt is overlain by ﬂuvial sands and gravels and “catastroloess” at a quarry 1.8 km southeast of Saddle Dam D. The photo was taken in 2014, during the mining of these materials for
construction of the saddle dams. The basalt ﬂow in this quarry yielded an 40Ar\
\39Ar date of ~16 Ma (Sieh et al., 2020). The quarry submerged beneath the waters of the reservoir in 2017,
and it remains so.
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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 from which it excerpted). It suggests that just before the opening of the breach, pore pressure within the dam was high enough to initiate failure by slumping.
5.1. Analysis of regolith samples from the plateau

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.

Capping the crest and ﬂanks of the dam is gray to black crushed basalt 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.

An earthen dam needs to be impermeable, so that reservoir waters 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 sediment 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 claysized particles by forced mechanical and chemical disaggregation, due
to the destruction of naturally formed silty and sandy aggregates of
clay minerals during the test. It leads to lab measurements of lower permeability than is present in the untreated natural soil. In reality, the

Fig. 11. Semiquantitative mineralogical composition determined by XRD Powder X-ray diffraction.
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Fig. 12. Surface areas associated with particular levels of the reservoir enable calculation of
the amount of water lost due to the failure of the dam. The water volume lost between July
23rd and 25th equals the area under the curve – about 350 million m3.

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 signiﬁcantly increases the ﬁne sand/silt fraction. Thus, a result of these

tests can be that the soil appears in the lab to be less permeable than
they are in the ﬁeld (Lima et al., 1990; Resende et al., 1997), and the geotechnical use of these lab-tested materials can thus lead to unanticipated erodability and permeability of a dam.
Since the core of Saddle Dam D consists of weathered material quarried from nearby, we analyzed the grain size distribution for ﬁve samples 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 low permeability 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 because, during the construction stage, the bulk materials used for the
dam are not modiﬁed by geochemical or other kinds of physical, aggressive transformations.
The two methods yielded markedly 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 toward 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 the mineralogical
composition of the muddy materials. 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,

Fig. 13. Sequential ﬂooding depths downstream of the dam, from our HEC-RAS 2D model. The ﬂood wave reached the village at the beginning of reach 5 at about 11 pm, about 3 h after
waters ﬁrst breached the dam.
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Fig. 14. Water depths on the ﬂoodplain from our HEC-RAS 2D model. 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).

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 Saddle Dam D before failure 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 from which 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 core materials as the reservoir 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 removal 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 of mud aggregates during 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
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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 calculated for the pre-construction low-point in the saddle (Fig. 3). This discrepancy could be the result of scouring into the natural materials
below the dam as the reservoir drained. It may also be due to the removal of the clastic natural material during construction followed by removal of the dam core all the way down 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 basalts 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 construction. The discrepancy could also be due to error in calculating the natural pre-ﬂood elevation of the ground surface, given that the highresolution 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 ~350,000,000 m3 by integrating
the volumes associated with 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 energy 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 downstream 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 2D model provides more uncertain results that range
up to a maximum value of 9 m/s (Fig. 16). As expected, velocities are

Fig. 15. DHI MIKE 11 ﬂow velocities and discharges. (a) Flow velocities 10 km downstream from the dam (Reach 1, in the middle reach of the ﬂood path (Reach 4), and on the plain (Reach
5). (b) Discharge 10 km downstream from the dam, in the middle reach ﬂood path, and in the plain.
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Fig. 16. HEC-RAS 2D model, velocity distribution (m/s) along the waterways at the ﬂood peak.

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 crosssection, 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 estimated by the 1D modeling, yielding a peak discharge of 9102 m3/s.
We also calculated gross stream power 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
~57,000 W/m2 to 12,000 W/m2 in conﬁned areas, where the river channel is commonly b70 m, to 3600 to 1110 W/m2 on the wider, more open
plain (Reach 5).

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 ﬂoodwaters 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 imbricated sandstone blocks up to two meters in diameter and 1.6 m in intermediate axes (Fig. 17e and f) on the Van Ngao river bed. Applying the
equation of Costa (1983) to derive velocity from clast size:

7. Field observations as tests of the modeled ﬂood parameters

where v = velocity (m/s) and d is the intermediate axis in mm, we get a
velocity of at least ~6.5 m/s.
By applying O'Connor (1993)’s equation:

Field surveys in the lowermost area of Reach 4 and throughout
Reach 5 allow connection of the modeling results with direct observations 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 the ﬂood, lush vegetation

0:487

v ¼ 0:18 d

0:60

v ¼ 0:29 d

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 calculations match well our estimation of 6.8 m/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

Fig. 17. High-resolution (5-m) Earth imagery shows the Vang Ngao River and the Sae Pra waterfall before (a) and after (b) the ﬂood. (c) The AW3D DEM over the same map extent. (d) The
longitudinal proﬁle shows the 25 m high waterfall. Photos (e) and (f) show imbricated rocks, and (g) shows rills and mushroom structures that formed during the ﬂood. This section of the
Vang Ngao River is outlined in Fig. 1 and appears in Figs. 13 and 16. For ‘e’ and ‘f’, note the rock hammer for scale.
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Fig. 18. High-resolution (5 m) 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.

7 m into alluvial sediment. The arrival time of the modeled ﬂoods
matches the information provided by the local villagers. In the late evening 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
ﬁelds with dune crests up to ~0.5 m in height (Fig. 18d). The destruction

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 deposits in Reach 5, generated under a ~ 5-m-deep water column, conﬁrm
that the ﬂoodplain experienced subcritical ﬂows. These proxy ﬁeld data
are in agreement with and therefore validate our 2D model 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

Fig. 19. Damage to infrastructure caused by the ﬂood, which reached 4.5 to 5 m depths on the general surface of the Quaternary plain. (a) The tree trunk on the roof suggested water depths
of several meters. (b) The ﬂood in Reach 5 deposited up to two meters of sandy and muddy sediments (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
from ALOS-2 imagery on July 25th, 2018, indicates that 36 km2 of the region 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 conclude that this occurred because constructors underestimated the permeability of the earthen materials from which the saddle dams were
constructed. Granulometric and mineralogical analysis of these materials 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 inappropriately permeable materials.
Our modeling of the dam break suggests that the breach was developed 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 the ﬂood path reached
levels as high as ~12 m/s and that on downstream shallower reaches,
where communities and farms had been established, maximum velocities were ~ 4 m/s. Our observations of sediment deposition and destruction 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 village 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 examine the potential risks associated with a disaster such as this. The
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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 hydropower dams for its economic welfare. But the twin tales of its hydropower 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 NamnoyXe 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 environmental 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”.
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