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Abstract

:

We used a global positioning system (GPS), levelling, and Sentinel-1 data to evaluate the stability of the Darbandikhan dam in northeast Iraq after the 2017 Mw 7.3 Sarpol-e Zahab earthquake. GPS and levelling datasets collected in March and November 2017 were used to compute the co-seismic surface displacements of the dam. Sentinel-1 synthetic aperture radar (SAR) images collected between October 2014 and March 2018 were employed to recover the displacement time series of the dam. The large-magnitude displacement gradient on the dam crest hindered the estimation of the co-seismic displacement using this medium-resolution SAR data. However, Sentinel-1 images are sufficient to examine the stability of the dam displacement before and after the earthquake. The results show that the dam was stable between October 2014 and November 2017, but after the earthquake, Sentinel-1 data shows a continuous subsidence of the dam crest between November 2017 and March 2018. To the best knowledge of the authors, this study is the first that utilises InSAR to investigate the behaviour of a dam after a large earthquake.
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1. Introduction


The 12 November 2017 Sarpol-e Zahab earthquake was one of the largest earthquakes occurring in the Iran–Zagros zone since 1900 [1]. About 396 lives were lost, and 7000 people were injured on both sides of Iraq–Iran border [2], with the majority of fatalities occurring in the Iranian city of Sarpol-e Zahab, whereas Darbandikhan was the most impacted city in Iraq. The earthquake struck the northeast of Iraq, with its epicentre 30 km away from the Darbandikhan dam (Figure 1), and there is now serious concern about the Darbandikhan dam’s safety. The dam was previously evaluated to be seismically safe under a maximum probable shaking of Mw 6.5 [3]. According to the map of the shaking intensity from the United States (US) Geological Survey (USGS) (Figure 1b), the dam lies within the region of 8 MMI (modified Mercalli intensity) for the 2017 event. Following this earthquake, the dam operators immediately lowered the water level in the reservoir because of concern about the dam’s safety. The deformation of the dam body after the earthquake is visually apparent, and the State Commission on the Survey of Iraq observed several fissures on the crest soon afterwards. In the following months, this region exhibited 53 aftershocks with Mw > 4.



Dams can be affected by earthquakes with several different types of deterioration, including: (1) slope failure; (2) cross-sectional and longitudinal cracks; (3) seepage from the foundation and the side slopes; (4) liquefaction of the dam body; (5) freeboard reduction; and (6) overtopping due to waves in the reservoir [6,7].



The response of earth fill and rockfill dams to earthquakes differs according to the acceleration and velocity of the motion [8], and also depends on the geological setting of the dam [9]. The most important factor that may affect the man-made infrastructure during an earthquake is the velocity of shaking [8]. When the acceleration is sufficiently large, the shaking causes a temporary downslope movement, which may reach 1.5 m [10]. Another critical factor is the construction quality. Dams with a low degree of compaction are most susceptible to damage by earthquakes. The crest of the dam is the most vulnerable part during a seismic event, as its slopes can temporarily slide towards the toe of the dam. The failure of the dam can lead to permanent displacements along the slope and may extend to the whole surface or just part of the dam slope [11]. Some notable dams were damaged by earthquakes with Mw > 6, e.g., the Sheffield Dam in 1925 and the San Andreas Dam in 1906 (both in California, US). Seco and Pedro [7] reviewed several case studies of dam deformation following earthquakes, based on the history of embankment dams selected from all over the world. Not far away from the Darbandikhan dam, the Mosul dam threatened millions of people living downstream, and interferometric SAR (InSAR) has been used to detect its instability after the political instability of the area in 2014 [12]. The early detection of the instability of the Mosul dam with InSAR led to a maintenance plan to stabilize the foundation of the dam before it turned into a disaster [13,14]. The worst scenario of dam failure triggered by an earthquake was the loss of 100,000 lives during the landslides following the 1786 Kangding–Luding Mw 7.7 earthquake, which struck Sichuan, southwest China [15]. Newmark (1965) discussed the mechanics of the dam structure during successive shakings. He suggested three possible movements of the dam: (1) dam slope motion either in the upstream or downstream direction; (2) creep of the whole dam in a specific direction; and (3) relative motion between the structural parts, which may lead to fissures in the dam body. The third is the most problematic, because it may be followed by internal erosion [9].



Although the Darbandikhan dam lies in an active seismic region, there is no seismic instrumentation in the dam to monitor its behaviour during and after earthquakes. A previous concern about the safety of the dam was reported in [3]. This detailed report discussed the importance of monitoring the dam grouting gallery, as water seepage was observed here on more than one occasion [3]. Furthermore, it was reported that there was further concern about a landslide in the left bank and rock fill from the cliffs in the right and left abutments of the dam. Thus, there were some efforts to implement a maintenance plan between 2006 and 2010.



In this paper, we attempt to use geodetic observations (i.e., GPS, levelling and InSAR) to examine the stability of the Darbandikhan dam before and after the 2017 Mw 7.3 Sarpol-e Zahab earthquake. The paper starts with a brief description of the geological setting of the dam in Section 2. Section 3 outlines the methodology used in the monitoring, including a description of the geodetic monitoring system, the principles of InSAR, and the limitations of small baseline subset (SBAS) InSAR to monitor the slopes of the dam. The results from geodetic and InSAR techniques are presented in Section 4, followed by a discussion of the main findings in Section 5. A summary and conclusions of the study are presented in Section 6.




2. Geological Setting


The Darbandikhan dam was constructed between 1956–1961 on the Diyala Sirwan river, 230 km northeast of Baghdad and 65 km southeast of Sulaimaniyah province. Its location was selected to span the gorge formed by the intersection of the Daila river and Branand Dagh anticline. Four main geological units can be found in the area: Qarah Chauq Limestone, Green Marl Formation, Buff Formation, and Bituminous Marl Formation. The last two strata make up the dam foundation, and the core and downstream shoulder of the dam are founded on the Buff Formation [3].



The dam is located close to the collision between the Arabian and Eurasian tectonic plates in the Zagros collision zone [16]. According to Binnie et al. (1987), the dam was designed to withstand earthquakes with a maximum Mw of 6.5. The dam structure is a clay core rock-fill dam with a maximum height above the foundation of 128 m. The gradients of both the upstream and downstream slopes are 30°, and the length and width of the crest are 535 m and 17 m, respectively.



The reservoir holds three billion cubic meters of water, which is used for irrigation and power generation. According to the dam design, the water level in the reservoir should be maintained between 455–485 m. However, these limits were exceeded several times to meet the demands of the hydro station [3]. The elevation of the spillway ogee is 470 m, which allows discharge of 5700 m3/s to 11,400 m3/s when the reservoir water level varies between 485–493.5 m, respectively.




3. Methods


3.1. Dam Instrumentation


The safety of Darbandikhan dam is inspected periodically by the Ministry of Water Resources/State Commission of Survey of Iraq by observing a geodetic network to detect any abnormal behaviour. Figure 1d illustrates the monitoring pillars of the dam, which are used in this study. This network consists of pillars installed on the dam surface, where regular GPS and levelling observations are taken, as well as levelling stations within the inspection gallery for which no relevant data are available. Only two epochs of GPS and levelling data, collected in March and November 2017, were available for this study. To plot a displacement profile of the dam crest and for analysis purposes, we consider the left edge of the spillway head (Station M4) as the reference. This is also applicable for calculating the gradient of displacement in Section 3.2.



Water seepage was monitored by nine piezometers installed in the dam body, and 23 piezometers installed in the gallery. Readings of the core piezometers taken during two periods—(i) from 1976 to 1978 and (ii) from January 1980 to May 1981—indicated normal behaviour of the dam [3]. The reservoir water level is monitored by a floating instrument installed close to the power station intake. The accuracy of the reading is ±10 mm.




3.2. InSAR


InSAR with multiple SAR images is able to determine small movements of the ground, which are in the order of millimeters when the conditions are preferable. The applications of the InSAR technique date back to the 1970s [17,18,19] and the first spaceborne SAR mission, SEASAT, was launched in 1978 for estimating ocean waves [20]. With the increase of the number of spaceborne radar missions, InSAR has developed rapidly in the last two decades. The imaging specifications in terms of spatial and temporal resolution have improved significantly, and this has contributed to remarkable expansion in the applications of InSAR. Spaceborne InSAR has been successfully applied for large-scale applications such as topographic mapping [21,22,23,24,25,26,27,28], earthquake deformation [19,29,30,31,32], volcano monitoring [33,34,35,36,37,38], landslides [39,40,41,42,43,44], and even for generic nationwide InSAR deformation mapping [45]. Recently, SENTINEL-1 SAR data have been used for the dynamic monitoring of ground displacement [46,47] and to forecast the landslide time of failure [48]. Nevertheless, the surveillance of mass-wasting phenomena characterized by a high displacement rate or impulsive triggers is possible only using ground-based sensors as GBInSAR devices [48,49,50,51,52]



The rapid development of InSAR processing algorithms and imaging specifications has encouraged researchers to utilise InSAR to monitor the stability of dams [53,54,55,56,57,58]. Here, we utilised Sentinel-1 InSAR data for monitoring the post-seismic movement of the Darbandikhan dam.



A total of 68 Sentinel-1 images from Track 6 were collected over the Darbandikhan dam. One of the limitations of using InSAR for dam monitoring is the foreshortening of the side slopes, which may result in underestimation of the deformation magnitude. Images of objects in the SAR images are projected to the line of sight (LOS) of the radar beam. Consequently, the distances of the dam slopes and crests appear to be shorter than their actual values by a factor depending on the SAR geometry and slope aspect. First, we investigated this compression factor, which is the ratio between slant and ground ranges, for the upstream and downstream slope in each track. The compression factor can be calculated as follows [44,59]:


    R = sin  (  ϑ − β · sin  ( A )   )     



(1)




where  ϑ  is the incidence angle of radar signals, β is the dam side slope, and A is the aspect correction factor, which can be computed from the aspect of the slope (α) and the satellite heading angle (ϒ). A = α − ϒ for the ascending pass, and A = α + ϒ + 180° for the descending pass [59]. The parameters of Equation (1) are shown in Figure 2. Table 1 shows the compression ratios for different tracks of Sentinel-1 data on the upstream and downstream slopes of the dam. Over the downstream slope, tracks 72, 79, and 174 are more influenced by foreshortening than track 6, so we used images from track 6 only in this study. The same calculations over the upstream slope show that the foreshortening on the upstream slope is much more than that on the downstream slope. Although the upstream slope is often covered by water, the water level was reduced to a shallower level after the 12 November 2017 earthquake, and so part of this slope is now visible.



According to Cigna et al [59], R takes values between 0 and 1 for each pixel on the dam surface. R = 0 when the LOS is perpendicular to the sloping surface, and R = 1 when the LOS is parallel to it. All of the pixels on a level surface, such as pixels on the dam crest, have:


    R = sin  ( ϑ )     



(2)







This is yielded by considering β = 0 in Equation (1). Thus, for pixels on the dam crest, R = 0.55 for the ascending pass, and R = 0.69 in the descending pass.



In Figure 3, the dam is indicated with red circles. The downstream slope of the dam and the terrain slopes facing to the radar LOS, look brighter than the other areas in the single-look complex (SLC) image. This is because the foreshortening increases the radar intensity (having more backscatter returned into a single pixel yield more intensity); the foreshortening factor R for slopes facing the radar is smaller than that for the slopes facing away from the radar LOS. Although tracks 72 and 174 are from the same ascending pass, those slopes look brighter in track 72. This is because the SLC image subset in Figure 3 is located in the far range of track 72, while it is in the near range of track 174. In other words, their incidence angles are different, leading to different foreshortening impacts.



Another limitation of InSAR is the difficulty of retrieving the LOS displacement when it exceeds the maximum detectable gradient [41,49]. This limitation comes from an assumption that is made at the stage of phase unwrapping. This assumption is that the difference in the LOS phase changes between two adjacent pixels is less than π/2, which is equivalent to a difference of λ/4 in the LOS range changes because of the two-way travel path of the radar signals. To investigate the reliability of using Sentinel-1 for such large magnitude displacements, we computed the gradient along the LOS by simulating the LOS displacement from the levelling and GPS measurement on the dam crest using the following equation:


    L O  S  d i s   =  E G  sin ϑ sin φ +  N G  sin ϑ cos φ +  U L  cos ϑ    



(3)




where LOSdis is the projection of the three-dimensional (3D) displacement vector [EG NG UL] to the LOS vector. EG and NG are the easting and northing components derived from GPS, UL is the vertical component obtained from levelling, and ϑ and  φ  are the incidence angle of the radar LOS and the azimuth of the satellite flight, respectively. The spatial resolution of the SAR images can be a critical parameter in cases of steep gradients of displacement [41]. To evaluate the feasibility of the Sentinel-1 spatial resolution for such localised displacement over short distances (less than 500 m), the gradient of LOS displacement between every pair of adjacent benchmarks on the dam crest is computed by dividing the difference of their LOS displacements by the horizontal distance between them. Table 2 shows the computations of the simulated LOS displacement of Track 6 and the gradient between every pair of adjacent pillars on the dam crest.



Assuming the pixel size of the interferograms generated from Sentinel-1A/B is ≈20 m and the surface is completely flat (knowing that all of the benchmarks M4 to BM17 in Table 2 are on the crest), the maximum detectable gradient (MDG) of displacement is:


    M D G =  λ  4 D × R      



(4)




where λ is the wavelength of the SAR system (0.0555 m for Sentinel-1), D is the pixel size, and R is the compression factor. Thus, the maximum detectable gradient is ≈1 mm/m, which is less than the LOS displacement gradient between all of the benchmarks on the dam crest, as shown in Table 2. In Table 2, the maximum gradient is 3 mm/m between M6 and M7. Thus, the minimum resolution required to detect this displacement is λ/4 g, which amounts to 4.57 m. In other words, when using data with a spatial resolution less than 4.57 m, it is impossible to recover such a large gradient displacement signal, which is evidenced by all of the co-seismic interferograms (e.g., Figure S1) generated in this study. Here, we assume that the unwrapping path will follow the topmost part of the crest where the apparent displacement gradient is smallest. For points on the slope, the apparent displacement gradient G will be:


    G = g / R    



(5)




where g is the actual displacement gradient, and R is the compression factor. On the downstream slope, the gradient of the displacement will be significantly larger, because R is at most 0.69, and hence unwrapping errors are likely, hindering any estimation of co-seismic displacement using Sentinel-1 data. Following a different unwrapping path with a steeper gradient would require a spatial resolution better than 4.57 m. The High-Resolution Spotlight or the Starring Spotlight (ST) acquisition modes of TerraSAR-X are the most suitable to recover such large-gradient co-seismic displacements, but these were unavailable for our study. Consequently, Sentinel-1 data was used only to investigate the dam surface displacements before and after the earthquake, whereas the co-seismic displacements were estimated from GPS and levelling data.



The GAMMA software [60] was used for InSAR processing. Two constraints were applied to select the interferograms: (i) the perpendicular baseline should not exceed 400 m, and (ii) the time separation of the two SAR acquisitions should be less than 180 days. All of the SLC images were co-registered to one master. The differential interferograms were filtered using the adaptive filtering algorithm [61]. This step was performed to increase the signal-to-noise ratio in some incoherent pixels so as to reduce the likelihood of unwrapping errors in the next step. The differential interferograms were unwrapped using the minimum cost network flow two-dimensional (2D) unwrapping method [62,63]. The surface displacement time series and the mean linear velocities for each pixel were generated using the in-house InSAR TS+AEM software, which essentially employs the small baseline subset (SBAS) approach [64]. Recent studies suggest that tropospheric delay products from external datasets such as the Global Navigation Satellite System (GNSS) and European Centre for Medium-Range Weather Forecasts (ECMWF) can be used to reduce the atmospheric effects on radar measurements [65,66], which can, in turn, facilitate time series analysis [67,68]. However, due to the small extent of the dam, we did not expect large spatial variations in the atmospheric water vapour. Thus, no such external information was used to mitigate atmospheric effects.





4. Results


4.1. InSAR Time Series


To investigate the behaviour of the dam before and after the earthquake, we generated the displacement time series using 68 Sentinel-1 A/B images collected between October 2014 and March 2018. Only acquisitions from track 6 were used to generate the SBAS time series, because they are less distorted, as discussed in Section 3.2. We separated the time series into two time spans. Figure 4 shows the spatial–temporal separation of the acquisition for each time span. For the pre-seismic period between October 2014 and 7 November 2017, we generated the SBAS time series using 54 Sentinel-1 images. Figure 5a shows the mean LOS velocity map of the dam before the earthquake. The maximum rate of displacement of any point on the dam crest, with respect to the phase unwrapping origin point on bedrock just to the east of the dam (Figure 5b), is 4 mm/year during this period. Note that the apparent uplift across areas of higher topography away from the dam most likely represents residual atmospheric effects that are unrelated to deformation across the dam, and can be neglected. The time series error map is shown in Figure S3a in the supplementary material.



Figure 5b shows the post-seismic LOS velocity map using 14 Sentinel-1A/B images between 19 November 2017 and 7 March 2018. The error map of the SBAS time series is presented in Figure S3b in the supplementary material. To connect the pre-event and post-event time series at the monitoring pillars on the dam crest, we estimated the LOS displacement for each benchmark from GPS and levelling data using Equation (3). Figure 6 illustrates the LOS displacement time series of three points on the dam crest—M6, BM14, and BM17—which are indicated in Figure 5a. BM14 is located close to the centre of the dam, and the other two are on the western and eastern edges, respectively. It can be seen that the dam was stable before the earthquake, but there is a rapid displacement of BM14 after 11 November 2017, and it is clear that the dam crest is continuously moving, even four months after the earthquake, with a 17-mm LOS displacement of BM14 between 19 November 2017 and 7 March 2018.




4.2. Co-Seismic Displacement from GPS and Levelling Measurements


The first GPS and levelling campaign was carried out in March 2017, and the second was carried out in November 2017. Figure S2 shows the absolute co-seismic displacements relative to ITRF08. Four stable points (indicated by a black oval) outside the dam body and close to the spillway moved by a similar magnitude to the spillway head and the dam toe (both indicated by red circles). The average horizontal displacement of these four stable points is approximately 0.12 m in the southwest direction, which represents the absolute co-seismic movement of the dam and its surrounding area. It is well-known that relative movements are more crucial in terms of dam safety. Therefore, the average displacement of the four stable points away from the dam body, which are indicated by the black oval in Figure S2, is subtracted from the dam movements. Figure 7 shows the vertical and horizontal relative displacements of the dam crest and its spillway measured by GPS and levelling after subtracting this average horizontal movement. The maximum relative horizontal displacement measured by GPS is 0.27 m at station BM13. The relative horizontal displacements of the left and right abutments are around 0.14 m and 0.12 m, respectively. It can be seen that the pattern of displacement of all of the points on the crest tends towards the centreline of the dam. The pillars near the centre of the dam moved perpendicular to the dam axis, while points on the right and the left of the dam moved in the northeast and northwest directions, respectively.



The relative vertical displacement measured by the levelling is shown as coloured scale circles in Figure 7a, and depicted as a blue vertical profile in Figure 7b. The subsidence of the central part of the dam is more than 0.50 m. The vertical displacements of the points on the left and right abutments range from 0.15 m to 0.45 m.





5. Discussion


The LOS mean velocity maps in Figure 5, which were derived from the InSAR time series, show different patterns of settlement on the left and right parts of the dam. It is understood that the water level in the reservoir was lowered immediately after the earthquake, which could be the reason why there was no water seepage crossing the dam body at that stage. The emergence of cracks on the downstream side slope can be more dangerous than those upstream or on the crest. No crack has yet been observed on the downstream slope of the Darbandikhan dam, but minor cracks could be hiding beneath the boulder-covered face of the slope due to the difficulty of observing cracks in such a surface.



It is clear in Figure 7 that different parts of the dam displaced with different magnitudes in both the vertical and horizontal directions, although the maximum displacement is focussed in the centre. As suggested by Newmark [8] and Herndon [69], such behaviours are expected for Earth fill dams during an earthquake. Shaking the embankment of the dam results in the non-uniform displacement of different parts of the embankment, depending on the acceleration. Figure 8a shows one plausible mechanism of the Earth fill dam movement after three successive shocks [8]. The direction of the shaking may impact the magnitude of the displacement, while the movement must be along the slope aspect in spite of the direction of the shaking, because of the gravity. In addition, the slope in the centre of the dam is expected to be longer than the left and right sides, suggesting a V section of the bedrock along the dam axis. This suggestion is evidenced by the gallery design that was constructed along the dam axis following the bedrock and leaving 75 m of the dam section without any gallery [3]. We expect that this section was left without the gallery because the bedrock along the river section is too steep, which may hinder the construction of the gallery in this section. Therefore, the most affected part of the dam is the crest, and maximum deformation can be observed close to the dam centre when the embankment height and the slope length are maximum. This behaviour is evidenced by several cracks that appeared on the left and right abutment of the Darbandikhan dam after the earthquake. Figure 8b shows one of the major cracks crossing the dam axis located in the left abutment.



According to Cordell et al. [3], the dam’s surrounding area exhibited several landslide events in the past. The GPS displacement vectors above the reservoir to the east of the dam show consistent downslope local movements. Thus, continuous monitoring of the area is essential, especially given that the region exhibited several minor aftershock events. Higher-resolution radar images (e.g., TerraSAR-X and COSMO-SkyMED) are desirable for monitoring the upstream dam slope, which is expected to move more than the downstream slope, according to the GPS and levelling data.



Figure 9 shows six displacement cross-sections derived from the SBAS InSAR time series between November 2017 and March 2018. The location of each cross-section is depicted in Figure 7a. Figure 9a–c are cross-sections that are parallel to the dam axis, arranged from the top to the toe of the dam, respectively. As inferred from the GPS and levelling, the topmost section shows the greatest displacement. Figure 9d–f show the displacement on three cross-sections along the downstream slope that are arranged from the west to east abutment, respectively. Figure 9e is along the centreline of the slope, and similarly shows the greatest displacement at the dam crest.




6. Conclusions


In this study, we investigated the impact of the Mw 7.3 Sarpol-e Zahab earthquake on the deformation of the Darbandikhan dam in northeast (NE) Iraq. We used three geodetic techniques to investigate the dam movements before, after, and during the earthquake. Due to the steep gradients of the co-seismic displacements, GPS and levelling measurements were utilised to observe the distortion of the dam body caused by the earthquake, suggesting movements of up to 270 mm in the horizontal direction and 500 mm in the vertical direction. We discussed the limitations of using InSAR techniques for monitoring sloping surfaces, and the spatial and temporal resolution required to recover large-gradient displacements. The rate of the dam displacement before and after the earthquake was investigated using InSAR time series analysis with 68 Sentinel-1 images collected between October 2014 and March 2018. Our results suggest that the dam was relatively stable before the event, with a maximum LOS velocity of 4 mm/year, but after the event, the crest of the dam was still creeping at a rate of up to 70 mm/year until at least March 2018. These results suggest that spaceborne InSAR monitoring of the post-seismic dam deformation is useful to inform maintenance plans, but that episodic terrestrial surveys remain essential in case of large-gradient deformation during future earthquakes.
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The following are available online at http://www.mdpi.com/2072-4292/10/9/1426/s1, Figure S1. Co-seismic interferogram (7 November 2017–19 November 2017): (a) Interferogram, and (b) Coherence. Derbandkhan dam is indicated with white oval. Figure S2. The horizontal (indicated by arrows) and vertical (indicated by circles) displacements of the monitoring pillars on Derbandkhan dam measured by GPS and levelling. The source of the background image is from [5]. Note that (i) the horizontal displacements are referenced to ITRF08, and (ii) the pillars labelled with letter H were measured with GPS only. Figure S3. The corresponding error maps of the mean linear velocity maps in Figure 4a,b respectively. Note that the error maps show the RMS differences between InSAR derived displacements and a temporally linear deformation model. Table S1. Acquisition dates of Tracks, 6, 79, 72 and 174.
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Figure 1. The geological settings of the Darbandikhan dam. (a) Regional map of Iraq, (b) shaking intensity map of the earthquake with geological faults indicated by black lines [4]. The colour bar refers to the shaking intensity magnitude, the green star indicates the epicenter [4], (c) optical image showing the location of the Darbandikhan dam [5], (d) the instrumentation network and the main features of the Darbandikhan dam. Triangles refer to the pillars observed with GPS, and levelling while circles indicate the pillars observed with GPS only. 
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Figure 2. The foreshortening effect on the slopes of embankment dams. Plotted after Cigna et al [59]. 
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Figure 3. The foreshortening effects on the slope surface; four images from four tracks of Sentinel-1 images over the Darbandikhan dam. The dam is indicated with red circles. 
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Figure 4. The perpendicular baseline network for a small baseline subset (SBAS) time series (a) before the earthquake and (b) after the earthquake. 
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Figure 5. (a) The mean linear velocity estimated from Sentinel-1A/B before the earthquake event, during the period from 30 October 2014 to 7 November 2017, (b) the mean linear velocity after the earthquake, during the period from 19 November 2017 to 7 March 2018. Note that (i) the earthquake occurred on 12 November 2017 at 18:18 UTC, (ii) the reference point for phase unwrapping is indicated by the red dot in the abutment southeast of the dam, and (iii) positive implies that the Earth’s surface moved away from the radar sensor (i.e., subsidence in the radar line of sight), and negative implies uplift in the radar LOS. 






Figure 5. (a) The mean linear velocity estimated from Sentinel-1A/B before the earthquake event, during the period from 30 October 2014 to 7 November 2017, (b) the mean linear velocity after the earthquake, during the period from 19 November 2017 to 7 March 2018. Note that (i) the earthquake occurred on 12 November 2017 at 18:18 UTC, (ii) the reference point for phase unwrapping is indicated by the red dot in the abutment southeast of the dam, and (iii) positive implies that the Earth’s surface moved away from the radar sensor (i.e., subsidence in the radar line of sight), and negative implies uplift in the radar LOS.



[image: Remotesensing 10 01426 g005]







[image: Remotesensing 10 01426 g006 550] 





Figure 6. The LOS displacement of two time series: from October 2014 to March 2018 of three points on the Darbandikhan dam crest: M6 (top row), BM14 (middle row), and BM17 (bottom row). The location of each point is indicated in Figure 5a. (a–c) The time series of the displacement before the earthquake. (d–f) The time series before and after the earthquake is connected using the co-seismic movement estimated from GPS and levelling. (g–i) The post-seismic movement estimated from the SBAS time series. The ranges of panels (a–c) and (g–i) are identical. Note, to be consistent with GPS and levelling displacements, interferometric synthetic aperture radar (InSAR)-derived displacements were multiplied with −1, so that positive implies that the Earth’s surface moved towards the radar sensor (i.e., uplift in the radar LOS), and negative implies subsidence in the radar LOS. 
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Figure 7. The relative vertical and horizontal co-seismic displacements inferred from levelling and GPS measurements collected in March and November 2017. The source of the background image from [5] (a) arrows indicate the direction and magnitude of the horizontal displacements, and different colours of circles represent different magnitudes of the vertical displacements. The red lines labelled with C1–C8 refer to the displacement cross-sections in Figure 9. (b) The cross-section of C7–C1 for both the vertical and horizontal displacements. 
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Figure 8. (a) The suggested mechanism of embankment dam behaviours during successive earthquake shakings [6], which is believed to be the case for the Darbandikhan dam; (b) one of the major cracks that emerged in the Darbandikhan dam after the earthquake. 
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Figure 9. Cross-sections of InSAR-derived LOS displacement time series during the period from November 2017 to March 2018. (a) C1–C7, (b) C6–C2, (c) C5–C3, (d) C7–C5, (e) C8–C4, and (f) C1–C2. Note (i) negative values indicate that the surface moved away from the satellite radar; (ii) the location of each cross-section is shown in Figure 7a. 
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Table 1. Foreshortening compression factors over the upstream (UPS) and downstream (DNS) slopes of the Darbandikhan dam for both ascending (As) and descending (Ds) tracks. Note that (i) the average incidence angle for the dam area is provided for each track; (ii) the downslope of the dam (β) is 30°, and the aspect (α) is 220° for downstream and 40° for the upstream slopes. LOS: line of sight.
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Track No.

	
Flight Direction

	
Heading (ϒ)°

	
LOS Inc (θ)°

	
A

	
Compression Factor




	
UPS

	
DNS

	
UPS

	
DNS






	
6

	
Ds

	
−167.0

	
45.6

	
53.0

	
233.0

	
0.29

	
0.90




	
174

	
As

	
−13.0

	
32.3

	
53.0

	
233.0

	
0.11

	
0.81




	
79

	
Ds

	
−167.0

	
34.9

	
53.0

	
233.0

	
0.15

	
0.84




	
72

	
As

	
−13.0

	
43.6

	
53.0

	
233.0

	
0.27

	
0.89
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Table 2. The gradient of LOS displacement simulated from the global positioning system (GPS) and levelling data collected in March and November 2017 on the dam crest benchmarks. The incidence angle of the radar LOS is 45.65°, and the azimuth of the satellite flight is 260.59°.
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	BM
	Latitude (Decimal Degrees)
	Longitude (Decimal Degrees)
	Orthometric Elevation (m)
	East Displacement (m)
	North Displacement (m)
	Vertical Displacement (m)
	Distance from M4 (m)
	LOS Displacement (m)
	Gradient (mm/m)





	M4
	35.11375536
	45.70548463
	477.959
	0.103
	0.069
	−0.144
	0
	−0.187
	



	M5
	35.11370024
	45.70557167
	479.410
	0.121
	0.066
	−0.154
	10.01
	−0.207
	−2.0



	M6
	35.11362193
	45.70569536
	481.547
	0.143
	0.068
	−0.185
	24.24
	−0.244
	−2.6



	M7
	35.1133471
	45.70612983
	482.839
	0.193
	0.119
	−0.342
	74.21
	−0.395
	−3.0



	BM12
	35.11307236
	45.70656465
	479.039
	0.173
	0.149
	−0.470
	124.2
	−0.474
	−1.6



	BM13
	35.11279793
	45.70699924
	478.886
	0.169
	0.205
	−0.509
	174.14
	−0.505
	−0.6



	BM14
	35.11252439
	45.70743219
	480.342
	0.127
	0.225
	−0.462
	223.91
	−0.445
	1.2



	BM15
	35.11224962
	45.70786674
	479.169
	0.103
	0.236
	−0.391
	273.88
	−0.380
	1.3



	BM16
	35.11197574
	45.70830231
	483.574
	0.057
	0.232
	−0.249
	323.86
	−0.247
	2.7



	BM17
	35.11169989
	45.70873661
	489.682
	0.013
	0.139
	−0.123
	373.89
	−0.117
	2.6
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