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Abstract

:

Detection and extraction of mining-induced ground deformation can be used to understand the deformation process and space distribution and to estimate the deformation laws and trends. This study focuses on the application of ground deformation detection and extraction combined with digital surface model (DSM), derived from China’s ZiYuan-3 (ZY-3) satellite stereo imagery and the advanced spaceborne thermal emission and reflection radiometer global digital elevation model (ASTER GDEM) data. A district covering 200 km2 around the west open-pit mine in Fushun of Liaoning Province, a city located in Northeast China, is chosen as the study area. Regional overall deformation, typical region deformation, and topographical profile deformation are extracted to analyze the distribution and the link between the regional ground deformations. The results show that the mean elevation has already increased by 3.12 m from 2010 to 2015; 71.18% of this area is deformed, and 22.72% of this area has an elevation variation of more than 10 m. Four districts of rising elevation and three districts of descending elevation are extracted. They are deformed with distinct elevation and volume changes. The total area with distinct rising elevation (>15 m) is about 8.44 km2, and the change in volume is 2.47 × 108 m3. However, the total area with distinct descending elevation (<−10 m) is about 6.12 km2, and the change in volume is 2.01 × 108 m3. Moreover, the deformation in the local mining area has expanded to the surrounding areas. Experiments in the mining area demonstrate that ground deformation, especially acute deformation such as large fractures or landslides, can be monitored using DSMs derived from ZY-3 satellite stereo images.
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1. Introduction


Detection and measurement of ground deformation associated with mining operations is an important for hazard management. The deformation appears in various forms such as ground subsidence, collapse, slope sliding, and changes in the position of buildings and landscape [1,2,3]. Further, it is known to continue after the termination of exploitation. Mining disturbances not only appear in the active mining areas but also expand to surrounding areas gradually. Open-pit mining operations involve very large quantities of overburden removal, dumping, and backfilling in excavated areas [4]. Mining activities lead to substantial deformation and an increase in the rate of dump failures and open-pit slope failures. Continuous monitoring of ground deformation under careful scrutiny is necessary to predict and prevent the damages or disasters caused by ground deformation.



Ground deformation is more dramatic in open-pit mining areas than in underground mining areas. As the largest open-pit mine in Asia, the deformation in the Fushun West open-pit mine and the surrounding areas is quite complicated in terms of its operational activities [1]. Geological disasters associated with deformation, such as landslides [5,6], rock slope failure [7,8], subsidence [9], and mining-induced seismicity, all occurred in this area [1]. Deformation monitoring using differential interferometric synthetic aperture radar (DInSAR) is limited here, because rapid change or large deformation in an abruptly morphing area could lead to a failure to estimate the correct displacement for the temporal decorrelation and phase unwrapping of SAR images [10,11,12,13,14,15,16,17,18]. Approaches with the multiple-aperture, InSAR-based small baseline [5,19,20], using image SIFT features for landslide monitoring [6], or using 3D laser scanning, have been improved for such types of large deformation detection [15]. Moreover, the traditional global positioning system (GPS) observation needs many distribution points, and points often suffer damage due to the severe deformation of their surfaces [8,21,22].



Satellite photogrammetry monitoring can provide a synoptic view of the deformation field affecting the area of interest, as well as its spatio-temporal evolution, especially with acute surface or landform changes. Stereo images can provide visible features and the 3D information of the surface using the digital surface model (DSM) or the digital elevation model (DEM) derived from the stereo images. DSMs derived from high-resolution stereo satellite images have been used for detailed landslide hazard assessment [23] and 3D gully monitoring and extraction [24,25]. A multiple pairwise image correlation technique has been used for detecting and monitoring slow-moving landslides [26]. Historic DEMs are constructed for geomorphic change detection and analysis [27].



The Chinese ZiYuan-3(ZY-3) surveying satellite, which was launched on 9 January 2012, is the first civilian high-resolution stereo mapping satellite of China [28]. Many experiments demonstrated the effectiveness of DSM and the ortho map, derived from ZY-3 satellite stereo imagery and the geometry model, because their planar and vertical accuracy is higher than 3 and 2 meters [28,29,30,31,32,33,34,35], respectively. Additionally, ZY-3 images are also used as reference maps in land cover extraction or in changes related to high accuracy [36,37]. In previous studies, the DSM derived from the ZY-3 stereo images was used to measure morphologic parameters and perform quantitative morphological analysis on gullies [25]. The generation of different DSMs and their comparison over time makes it possible to understand how the ground is moving in an up-down direction, which is also an important aspect of topography monitoring for mining areas. However, the capabilities of ZY-3 satellite stereo imagery in the measurement of active mining areas still need to be verified. Regarding the complicated deformation in the mining area, new analysis methods and experiments are needed. Not only can the external DEM be used to improve the quality of DInSAR measurements, the updated DEM’s time-series from Chinese ZY-3 satellite stereo imagery can provide deformation, which is different in scale to DInSAR techniques, as it will improve our knowledge of the whole deformation of the area. However, it is unknown what kind of deformation, or how large the deformation is, that can be detected based on the DSMs derived from ZY-3 imagery, and the accuracy of the deformation parameters are also unknown.



In this study, we propose an extension and the potential of Chinese ZY-3 satellite stereo imagery for ground deformation detection and extraction in mining areas. Ground deformations are extracted and analyzed using DSMs derived from ZY-3 satellite stereo images in the Fushun open-pit mine and its surrounding area. We intend to evaluate the capability of ZY-3 stereo mapping and monitoring in the active mining areas. Depending on periodic observations, time series DSMs and accompanying surface changes are detected. The uncertainty of the extracted deformation and the accuracy of DSMs from time series ZY-3 and time series DSMs is analyzed based on the results. The rest of the paper is organized as follows: Section 2 is the introduction of the study area and data used in processing. Section 3 presents the method for ground deformation detection and extraction using DSMs derived from ZY-3 satellite stereo images. Section 4 describes the results, and Section 5 discusses the results of the study. Three kinds of deformation, consisting of regional overall deformation, topographical profile deformation, and typical region deformation, are extracted and analyzed. Conclusions and future perspectives are given in Section 6.




2. Study Area and Data


2.1. Study Area


The study area, covering about 200 km2, is located in the Fushun coalfield in Fushun City, which lies 47 km east of the capital city Shenyang in Northeast China (Figure 1a). The Fushun coalfield is in a relatively small east-west-trending exposure of Mesozoic and Cenozoic rocks surrounded by Precambrian terrane [38]. The principal coal beds of the Fushun coalfield are low-sulfur subbituminous and bituminous in rank, are of limnic origin, and are contained in the 55-m-thick Eocene Guchengzi Formation [38]. The outcrops consist primarily of Mesozoic volcanic tuff, basalts, and weak interlayers (fractured zone), whereas the underlying bedrock is made up of Archaean granitic gneiss [39]. Fushun coalfields developed in the Hunhe fault of the Fushun basin [39]. The Hunhe River passes through the central part of the basin (Figure 1b). Figure 1 indicates the location of the study area in China and the distribution of typical regions.



In the study area, there are five typical regions, including two open-pit mines and three waste rocks fields. Two open-pit mines, the west open-pit mine (Figure 1c) and the east open-pit mine, are the mining open-pit stopes. Three large waste rocks fields, the west waste rocks field, the Wangliang waste rocks field (Figure 1d), and the east waste rocks field, are all around the open-pit mines. The west open-pit mine has a coal mining history of more than 100 years and has made important contributions to the economic development of China. During its hundred years of mining, the west open-pit mine has been the largest open-pit coal mine in Asia, with a length of 6.6 km from east to west, a width of 2.2 km from north to south, and an average depth of approximately 500 m [6]. The east open-pit mine was a large mining field covering about 1.8 km2 before 2001. However, after the production of coal seam roof oil shale in 2001, the mining range and scale kept increasing year by year [1]. Coal mining waste rocks are piled up in the three large waste rocks fields.



Due to extensive mining and inadequate treatment of coal mine waste rocks, ground deformation including landslides, subsidence, surface collapse, and fracture has occurred since the 1990s [5,6,7,8,9]. The pentacle in Figure 1c indicates the location of Qiantai Mountain in the southern slope of the west open-pit mine, where a ground fracture with a length of about 3.1 km has appeared since 2010 [6]. The height of the scarp measured on 16 March 2013 was about 1.6 m [8,22] (Figure 2a). In June 2014, the fracture reached a width of 40 m with a maximum drop of more than 18 m [6]. Figure 2b is a picture of the fracture on 16 July 2014. The rapid displacement and ground deformation led to the uplift of the bottom and subsidence of Qiantai Mountain, as well as the damage to the surrounding environment. Moreover, the large and rapid ground deformation led to trouble in the phase unwrapping in the use of DInSAR [5,6], so this study attempts to verify the capabilities of measuring and monitoring using the Chinese ZY-3 satellite stereo imagery and derived DSMs in mining areas. Due to the backfilling process in the west open-pit mine and mining in the east open-pit mine, time series of stereo image-based DSMs is applied for the detection, extraction, and quantification of ground deformation in this area.




2.2. Data


Table 1 shows the datasets including ZY-3 surveying satellite stereo images and ASTER GDEM used in this study. The ZY-3 surveying satellite, which was launched on 9 January 2012, is the first civilian high-resolution stereo mapping satellite of China. It is equipped with two types of pushbroom imaging sensors for the acquisition of multispectral and panchromatic images, respectively [28]. The resolution of multispectral images is 5.8 m. However, the resolutions of panchromatic images are different for the different element sizes of the charge coupled device (CCD). The nadir image is 2.1 m, and forward and backward images are 3.6 m. The rational polynomial coefficients (RPC), which are built on the WGS84 geocentric coordinate system, are delivered together with the image data [28,29,30,31]. Panchromatic images are used for stereo mapping in this study. The forward-nadir-backward stereo images acquired at three different times are selected to derive DSMs in the mining area, and then the changes in DSMs with time are calculated. The images were acquired on 24 December 2013, 21 April 2014, and 24 October 2015.



ASTER DEM datasets (ASTGTM2_N41E123, ASTGTM2_N41E124, ASTGTM2_N42E123, and ASTGTM2_N42E124), downloaded from http://gdem.ersdac.jspacesystems.or.jp [40], are used as the benchmark of comparison with ZY-3 imagery-derived DSMs at different times.





3. Method


A combined data processing procedure using satellite stereo images to obtain the ground deformation information in the mining area is shown in Figure 3. The first step is the DSM generation from ZY-3 stereo images, which makes height comparison and feature extraction possible. GPS points are used for the refinement of RPC and precision validation. The second step is detection and extraction of deformation. By the DSM’s comparison over time, deformation in the up-down direction can be detected and extracted. Then, three kinds of deformation, including regional overall deformation, typical region deformation, and topographical profile deformation, are extracted and analyzed.



3.1. DSM Derived from ZY-3 Stereo Images


DSM derived from ZY-3 stereo imagery is the interpolation of measurements on matching points automatically recognized from stereo images with the sensor model expressed by RPC [29]. As the process shows in Figure 4, the matching points of each image pair are produced using the LPS tool of ERDAS IMAGE 2013 of Intergraph Corporation, and the initial RPC, as tie points. We also pinpoint the GPS points on the images as ground control and check points. Since the ZY-3 satellite image width is about 52 km [28], only one single scene of stereo images is used in this study. According to the reference [35], four or five points in a scene range will be enough for the adjustment; the correction accuracy will be just improved slightly with an increase in the number of GCPs. Thus, in the experiment, seven points are used as the control points and eleven points are used as the check points, which are all acquired by GPS RTK measuring in May, 2016. The vertical measurement accuracy is about 0.01 m. Considering the obviousness and accessibility of ground points, most of them are located at the road intersection, the corner of the road or farmland, and so on.



Then, the RPC is refined with the affine transformation model through block adjustment with high-accuracy ground control points and tie points using the method in a previous study to improve the quality and evaluate the accuracy of DSM [30]. The adjustment process consists of constructing and solving the error equation based on the initial RPC, which establishes the function between the image space and object space. The error equation is as follows:


Fx = a0 + a1·sample + a2·line + sample − x = 0

Fy = b0 + b1·sample + b2·line + line − y = 0



(1)




where Fx and Fy are the error corrections; (x, y) is the image coordinates of GCPs; a0, b0 are the offset coefficients; a1, b1 are the coefficients of line direction; a2, b2 are the coefficients of the column direction; and line and sample are back-projected image coordinates by the object coordinates of control points using initial RPC. With the least squares solution of the image plane refinement model of the rational function model, the coordinates of each encryption point are obtained. Then, a DSM with 10 m spatial resolution is derived using the forward intersection base on the refined RPC. The root mean square error of the surface elevation from the DSM is evaluated by the GPS check points.




3.2. Detection and Extraction of Deformation


The difference between each DSM and the ASTER GDEM is used to quantify the change in elevation in each grid [27]. It is calculated as follows:


ΔHi,j= H(t2)i,j− H(t1)i,j



(2)




where ΔHi,j is the elevation change value in the grid location (i, j), H(t2)i,j is the (i, j) elevation value of the later DSM on time t2, and H(t1)i,j is the (i, j) elevation value of the early DSM at time t1. The results represent reductions in elevation as negative values and increases in elevation as positive values. Through the recognition of elevation variations, the districts of deformation are detected and extracted automatically. Comparisons of regional, typical regions, and topographical profiles are used to analyze the deformation distribution and trends.



Since the ASTER GDEM has a spatial resolution of 30 m, DSMs derived from ZY-3 imagery are resampled to the same spatial resolution with ASTER GDEM using bilinear interpolation. After co-registering spatial resolution and location, the DSMs from ZY-3 images are compared with the ASTER GDEM used as a reference. Based on gridded models, regional overall deformation shows the entire deformation distribution in the study area. It is constructed by subtracting the elevations of ASTER GDEM from the DSMs from ZY-3 images according to the time series.



Typical region deformation is used for statistical analysis of elevation changes within a particular local area, especially in the active mining area and the piling field in Figure 1b. According to the threshold of elevation change indicated in Equation (3), the deformation district, as well as the boundary and area of deformation, is extracted:


If ΔHi,j > δ↑, then, (i, j) is the rising area.

If ΔHi,j ≤ δ↓, then, (i, j) is the descending area.



(3)




where δ↑ and δ↓ are the thresholds of elevation change for the rising area and descending area, respectively. Then, the volumetric change is calculated from the elevation change and area of deformation district indicated in Equation (4):


ΔV = ∑ΔVi,j = ∑ΔHi,j×Si,j (i, j)∈A



(4)




where (i, j) is one pixel in A, which is the pixels set of deformation area, Si,j = Li,j×Wi,j is the area of grid location, (i,j), Li,j and Wi,j are the length and width of grid location (i,j), ΔVi,j is the volumetric change of grid location (i,j), and the volumetric change ΔV is the summation of ΔVi,j in the deformation district.



Topographical profile deformation is used to describe the changes in elevations along the specified line above the surface. It is calculated from the differences in elevation values extracted from both the compared terrain models along the profile line. The location of a profile line is drawn manually. Three profile lines that cross the active open mining pit and the waste piling field are chosen to analyze the profile deformation.





4. Results


4.1. DSM Results and Regional Overall Deformation


Figure 5 shows the ASTER GDEM and 10 m resolution DSMs from ZY-3 stereo images in the study area using the method described in Section 3. Table 2 presents the statistical results of multi-temporal DSMs using the method displayed in Figure 4. After adjustment by ground points, the root mean square (RMS) of DSM elevation in the region acquired in 2015 is reduced from 5.21 m to 1.72 m. The RMS is decreased to 2.11 m from the original 11.29 m in 2014, whereas the RMS decreases to 4.04 m from the original 28.71 m in 2013.



Figure 6 shows the overall ground deformation using the elevation difference between ZY-3 DSMs and the ASTER GDEM. Table 3 displays statistical results of elevation changes with the minimum, maximum, mean, and standard deviation values. The table shows that the elevations from ZY-3 DSMs are higher than those from ASTER GDEM, and the mean elevation changes by 8.38 m, 6.61 m, and 3.12 m in 2013, 2014, and 2015, respectively. Due to the backfilling process while mining in this area, a deformation of more than 100 m is found, especially in the active mining area, where the slope slides steeply and the pit backfill rises on the other side.



From the results, the terrain accuracy of DSM in 2015 is significantly higher than that in 2013 and 2014.The mean RMS of DSMs in 2013–2015 is 2.62 m, and the average difference between ZY-3 DSM (2015) and ASTER GDEM is 3.12 m, so the threshold for height change is set as 3 m. DSM in 2015 is used in the analysis of deformation. Table 4 shows the statistical results of elevation changes between ZY-3 DSM in 2015 and ASTER GDEM. The results show that 71.18% of this area is deformed with the threshold, and 22.27% of the area has an elevation variation of more than 10 m. Further, 30.72% of the area shows the descending elevation phenomenon, whereas 69.28% of the area shows a rising elevation change.




4.2. Typical Region Deformation


Typical region deformation means the deformation in the typical regions in the study area. To analyze the elevation and volume changes in particular local areas, five typical regions consisting of mining pits and piling fields displayed in Figure 1 are chosen to make a detailed analysis using ZY-3 DSM in 2015 and ASTER GDEM. Table 5 presents the statistical results of deformation in the five typical regions.



The districts with obvious elevation changes are extracted using Equation (3) to obtain more detailed distribution of height increase and decrease. If the elevation of pixel (i, j) increases or decreases beyond the threshold of change, it is considered an obvious elevation change. The descending threshold of obvious elevation changes δ↓ is set as −10 m, which is nearly one standard deviation of elevation changes (11.18 m in Table 3) between 2015 ZY-3 DSM and ASTER GDEM. Considering the impact of surface construction and vegetation, the rising threshold δ↑ is set as 15 m, which is larger than δ↓.. Figure 7 displays the distribution of seven districts with obvious elevation changes. Table 6 shows the statistical results with obvious elevation changes using ZY-3 DSM in 2015 and ASTER GDEM. Four districts of rising elevation (red polygons) and three districts of descending elevation (green polygons) have been extracted. Districts 1–4 show a rising elevation and Districts 5–7 show a descending elevation, which are all marked with numbers in Figure 7.



(1) Deformation in the west open-pit mine. The average elevation change is observed to be 5.56 m in the west open-pit mine and the total ground volume change is 9.50 × 107 m3 in the range of 17.08 km2. The west open-pit mine is now in the pit closed stage; backfill work has been started with mining exploitation only in a small area. This has led to the elevation increase on average and the gradual uplift of the bottom.



Districts 4–6 in Figure 7 are all in the west open-pit mine. Elevation increase and decrease are mixed together (Figure 8). District 4, with rising elevation, is mainly caused by backfilling. The results show that the backfill area is about 3.57 km2, the volume of backfill is about 1.37 × 108 m3, and the average rising elevation is about 36.35 m. The descending area (Districts 5 and 6) is mainly in the north and south pits. District 5 is located to the north of the slope, where small-scale mining is still continuing. At the same time, some small landslides often occurred. Therefore, the results show that the elevation is reduced by 41.77 m on average, the significant descending area is about 1.15 km2, and the descending volume is about 4.81 × 107 m3.



However, the descending area of District 6 is located to the south of the slope, where the landslide phenomenon has recently become more serious due to its long-term mining operation. The occupied area is about 1.10 km2, the average elevation is reduced by 28.66 m, and the descending volume is about 3.14 × 107 m3. The results are consistent with those of previous studies [5,6,22]. The results show that the speed of the deformation process is rapid; range and amplitude are also large. It is noteworthy that the large deformation in the southern slope is in the form of relatively small fissures at the beginning; obvious fissures were found in 2013 (Figure 2a) [22], and by July 2014, the fissure already stretched with a length of more than 3 km, a maximum width of about 40 m, and a maximum drop of about 20 m (Figure 2b). By 2015, the landslide deformation had become quite clear based on the DSM results.



(2) Deformation in east open-pit mine. The average elevation change is observed to be −15.40 m in the east open-pit mine. In the range of 4.68 km2, the total ground volume change is −7.20 × 107 m3. The east open-pit mine is still in the normal mining stage and the amount of dumping has increased after 2015 [41,42]. Due to its normal mining activities, District 7 in the east open-pit mine is the largest descending area (about 3.87 km2). The average elevation is reduced by 31.24 m, and the volume is decreased by about 1.21 × 108 m3, which is larger than the total volume change (−7.20 × 107 m3). A possible reason for this is that one part of the waste rocks is stacked in the mining area and the other part is dumped to the piling fields outside.



A small district (District 3), with an area of about 0.86 km2 to the north of the east open-pit mine, was an underground mine area previously [9] and the surface is reclaimed now, resulting in a rise in elevation.



(3) Deformation in three waste rocks fields. Elevations in the west waste rocks field, east waste rocks field, and Wangliang waste rocks field all increased with average values 3.33 m, 16.78 m, and 10.81 m, respectively. For the waste rocks dumped from the east open-pit mine, elevations show a significant increase in the east waste rocks field and Wangliang waste rocks field, as well as volume changes. The heights in Districts 1 and 2 in the east waste rocks field and Wangliang waste rocks field increase obviously. The area of the two rising districts is 2.90 km2 and 1.11 km2 and the volume change is 6.91 × 107 m3 and 2.40 × 107 m3, respectively. Since the dump area is not uniformly distributed, the volume change in District 1 is greater than the entire volume change in the east waste rocks field.




4.3. Topographical Profile Deformation


Three lines in Figure 7 indicate the detailed locations of the chosen profiles that crossed the active open mining pit and the waste field. Elevation values of the same profile are extracted from the ASTER GDEM and ZY-3 DSM in 2015. The results are shown in Figure 9. The topographic deformation along the profiles using elevation changes could be displayed.



Profile 1 crosses the Hunhe River and the west waste rocks field; the elevation in the west waste rocks field rises slightly. Profile 2 crosses the Hunhe River and the west open-pit mine; the elevation level in the west open-pit mine rises too, but with a more complicated deformation. A landslide in the north slope of the mine pit occurred, as displayed in the topographic profile of 2015. At the same time, the south edge of the mining area moved further toward the south. The south slope shows a declining deformation; the elevation is decreased by 47.28 m in the arrow location for the landslide in the south slope of the pit. The results also demonstrate a large ground fracture.



Profile 3 crosses the Hunhe River, east open-pit mine, and east waste field. It also shows the reduction in elevation change in the east open-pit mine and rising elevation level in the east waste rocks field, demonstrating similar results, as described in Section 4.2.





5. Discussion


5.1. Deformation Status in the Study Area


Deformation with rising or declining elevation couples together in the study area. From the distribution in Figure 7 and Table 6, the districts with remarkable elevation changes are all located in or near the typical regions. Elevation changes in the five typical regions are quite distinct due to simultaneous exploitation, backfilling, and waste dumping. For the active mining area, elevation in the west open-pit mine rises, while elevation in the east open-pit mine descends. The elevation values of the three piling fields all rise to a certain degree, and the increase in the amplitude is more obvious in east waste rocks field, which is currently the most frequently used [41,42].



In the west open-pit mine, it can be inferred that the elevation-rising area is enlarging quickly for the artificial backfill process, but the elevation-declining area is increasing slowly too for the slow deformation of slope sliding. Topographic deformation along the profiles also verifies similar results in typical regions. Large declining deformation (47.28 m) of the landslide in the south slope in Figure 9b is consistent with the results in [6], which use high-resolution remote sensing image SIFT features. However, the scarp height of the landslide was 1.6 m to 7.32 m measured in 2013 [8,22], and then the maximum drop reached more than 18 m [6]. Compared with the results in [5,6,8,22] from earlier times, the amplitude of deformation has been larger over time.




5.2. Uncertainty of Extracted Deformation


The vertical accuracy of DSMs from ZY-3 imagery is 1.72 m to 4.04 m, as shown in the results in Section 4.1, and the horizontal precision can be considered as the resolution, given the rigorous photogrammetric models created in the process. As mentioned in the above section, the deformation areas are extracted pixel by pixel and an accuracy of 0.5 pixels should be ensured in the DSM. In addition, according to the law of error propagation, the extracted parameters for deformation areas have an accuracy of √2 times the above accuracy. Based on Equation (4), the accuracy (RMS errors) of the area (S) and volume changes (ΔV) can be derived according to the law of error propagation [25]:


     ∂ S  =     (   ∂ S   ∂ W   )  2  ⋅  ∂ W 2  +   (   ∂ S   ∂ L   )  2  ⋅  ∂ L 2    ,      ∂ V  =     (   ∂ V   ∂ S   )  2  ⋅  ∂ S 2  +   (   ∂ V   ∂ H   )  2  ⋅  ∂ H 2       



(5)




where L and W are the length and width of grid location (i,j). Table 7 lists the accuracy for the parameters used in this study.




5.3. Accuracy Assessment of DSMs


DSMs are important for time series mining deformation or dynamic change. However, the accuracy of ZY-3 DSMs is different depending on the influence of the terrain and the number and distribution of ground control points [30,35]. We use twelve of the ground control points in stable areas as check points to make a comparison of the differences between the datasets and the extracted deformation. Figure 10 shows the GPS measurements and height values extracted from ASTER GDEM and ZY-3 DSM (2015) at the ground control points. Table 8 lists the statistical results. The mean difference between ASTER GDEM and GPS measurements is 2.29 m, the mean difference between ZY-3 DSM (2015) and GPS measurements is 0.70 m, while the mean difference between ZY-3 DSM (2015) and ASTER GDEM is 2.99 m. Compared with the results in Table 3, the threshold of 3 m for the height change in Section 4.1 is reasonable.



That means a large ground deformation, such as a large fracture or landslide, can be monitored using Chinese ZY-3 stereo imagery. Due to the backfilling process while mining in this area, the deformation of more than 100 m is found, especially in the active mining area, where the slope slides steeply and the pit backfill rises on the other side. Therefore, DSMs derived from ZY-3 satellite stereo imagery can be important data resources for topography and deformation monitoring in mining areas.



As the results and reasons shown in Section 4.1, the accuracy of DSMs derived from ZY-3 imagery in 2013 and 2014 is lower than that in 2015, so DSMs derived from ZY-3 imagery in 2013 and 2014 are not used for the typical region and topographic profile deformation in this study. The possible reason is that the time of the control point measurement is much closer to that of 2015. Moreover, the accuracy is relatively high in the pinpointing process of ground points on the image because the ground change is large in the mining operation area. In addition, the snow covering in some districts may have resulted in the degradation of terrain accuracy in 2013. DSM acquired in 2014 has much higher elevation in the west open-pit mine, and heavy fog may be the cause of this result (the black circle indicates the area in Figure 5c). As the minimum elevation is below −300 m in the west open-pit mine prior to 2015, the main errors of the DSMs are located here [43]. There are five ground control points around the west open-pit mine (Figure 1b), but the improvement is very slight in the west open-pit mine for DSMs in 2014 and 2013. This means more GCPs or other extracted ground features in the mining pit are needed for the DSM adjustment.



Time series deformation analysis with more datasets is very important for the development of mining deformation or the dynamic change. New ZY-3 imagery data in this area will be concerned with further deformation development. To improve the precision and quality of DSMs derived from ZY-3 imagery, more stable GCPs or a more accurate DSM will be added in the study area in the future work. In addition, ground invariant features from image feature in the mining area will also be considered as a reference for improvement.





6. Conclusions


This study demonstrates the application and potential of Chinese ZY-3 satellite stereo imagery for accurate DSMs generation from satellite images with a higher temporal frequency. Mapping and quantifying the ground deformation in the mining area with DSMs derived from ZY-3 images are techniques that can be used to detect elevation and volume changes, especially in the open-pit area with its large ground deformation. Regional overall deformation, typical region deformation, and topographical profile deformation are used to analyze the deformation distribution and trends based on the elevation changes. The application in the Fushun case study indicates that:




	(1)

	
Deformations in the mining area are complicated for its opencast operational activities. Districts with rising and descending elevations couple together in the active mining area. Deformations, such as landslides, not only occurred in the pit wall but also expanded to the pit outside of the case study. The large deformation around the south slope in the west open-pit mine is a representative example. It means that the ground deformation caused by mining activities has expanded from local deformation to regional ground deformation.




	(2)

	
The reasons for the rising elevation are mainly the backfilling of the west open-pit mine and waste rocks from the mining operation in the two open-pit mines. However, in addition to the mining excavation, the slope slippage is a significant reason for the deformation areas with descending elevations.




	(3)

	
Ground deformation, especially acute deformation such as large fractures or landslides, can be monitored using Chinese ZY-3 stereo imagery. The experiments using ZY-3 stereo image-derived DSMs in this study present preliminary results of deformation analysis in the mining area.




	(4)

	
The numerical results of deformation need more precise ground control data for validation. Multi-temporal and multi-resources of satellite-visible stereo images, LiDAR data, and others can provide more detailed information. However, due to the effect of the mining disturbance, the validation data should keep invariant features and an invariant location. Invariable features will be extracted to constrain the DSM co-registration in future investigations, not just the control points.
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Figure 1. (a) Location of the Fushun study area. The red box marks the coverage of the study area in this study. The background is a shaded image of ASTER GDEM. The left-upper inset is an index map to mark the location of the study area in China. (b) Locations of five typical regions in the study area. The yellow polygons indicate the boundaries of the typical regions, which are the main open mining areas and waste rocks piling fields in the study area. The red triangles mark the locations of ground control points used in this area. The base image was captured by China’s ZY-3 satellite in October in 2015. (c) The scene of the west open-pit mine from Google Images in 2017. The pentacle indicates the location of Qiantai Mountain. (d) The scene of the Wangliang waste rocks field from Google Images. 
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Figure 2. (a) A picture of ground fissure at the Qiantai Mountain peak on 16 March 2013 quoted from the article [8,22]; and (b) a picture of the same ground fissure at the Qiantai Mountain peak taken on 16 July 2014. 
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Figure 3. Main procedure of ground deformation extraction using ZY-3 stereo images. 
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Figure 4. The flowchart of DSM derived from ZY-3 stereo images. 
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Figure 5. DSMs in the study area. (a) ASTER GDEM in July 2010 [40]; (b) ZY-3 DSM on 24 December 2013; (c) ZY-3 DSM on 21 April 2014 (the black circle indicates an area of high elevation not real). (d) ZY-3 DSM on 24 October 2015. 
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Figure 6. Overall ground deformation based on the elevation differences. (a) ZY-3 DSM in 2013 and ASTER GDEM; (b) ZY-3 DSM in 2014 and ASTER GDEM; and (c) ZY-3 DSM in 2015 and ASTER GDEM. 
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Figure 7. Distribution of the seven districts with obvious elevations increase (red polygons) and elevations decrease (green polygons). 
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Figure 8. Deformation in the west open-pit mine and distribution of the Districts 4–6 with obvious elevations increase (red polygons) and elevations decrease (green polygons). 
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Figure 9. Topographic deformation along three profiles that cross the active open mining pit and the waste rocks field. (a) Topographic deformation along Profile 1, (b) Profile 2, and (c) Profile 3. 






Figure 9. Topographic deformation along three profiles that cross the active open mining pit and the waste rocks field. (a) Topographic deformation along Profile 1, (b) Profile 2, and (c) Profile 3.



[image: Ijgi 06 00361 g009]







[image: Ijgi 06 00361 g010 550] 





Figure 10. Comparison of height values extracted from ASTER GDEM and ZY-3 DSM (2015) with twelve ground control points. 
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Table 1. Datasets used in this study.
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Data Resource

	
Acquisition Time

	
DSM Spatial Resolution (m)






	
ZY-3 stereo images

	
2013-12-24

	
10




	
2014-04-21

	
10




	
2015-10-24

	
10




	
ASTER GDEM

	
2010-7

	
30
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Table 2. Results of multi-temporal DSMs in the study area.






Table 2. Results of multi-temporal DSMs in the study area.





	Time
	Data Source
	Minimum (m)
	Maximum (m)
	Mean (m)
	Standard Deviation (m)
	RMS (m)





	2010-07
	ASTER GDEM
	−326.00
	228.00
	90.83
	50.24
	8.68 [40]



	2013-12-24
	ZY-3 DSM
	−125.64
	206.01
	96.54
	39.52
	4.04



	2014-04-21
	ZY-3 DSM
	−97.97
	202.33
	97.41
	33.71
	2.11



	2015-10-24
	ZY-3 DSM
	−312.49
	228.39
	93.86
	49.85
	1.72
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Table 3. Statistical results of elevation changes between ZY-3 DSMs and ASTER GDEM.
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	Data Sets
	Minimum (m)
	Maximum (m)
	Mean (m)
	Standard Deviation (m)





	2013 ZY-3 DSM and ASTER GDEM
	−75.25
	338.58
	8.38
	23.63



	2014 ZY-3 DSM and ASTER GDEM
	−72.94
	361.32
	6.61
	31.69



	2015 ZY-3 DSM and ASTER GDEM
	−153.20
	110.76
	3.12
	11.18
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Table 4. Statistical results of elevation changes between ZY-3 DSM in 2015 and ASTER GDEM.
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	Range of Elevation Changes
	Ratio
	Range of Elevation Changes
	Ratio





	<−10 m
	5.85%
	>10 m
	16.42%



	−10 m~−3 m
	12.70%
	3 m~10 m
	36.21%



	−3 m~0 m
	12.17%
	0 m~3 m
	16.65%



	Total descending
	30.72%
	Total rising
	69.28%
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Table 5. Results of the deformation in typical regions with ZY-3 DSM in 2015 and ASTER GDEM.
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Name of Typical Regions

	
Parameters of Elevation Changes (m)

	
Area (km2)

	
Volume Change (m3)




	
Minimum

	
Maximum

	
Mean

	
Standard Deviation






	
1.West open-pit mine

	
−153.20

	
110.76

	
5.56

	
25.53

	
17.08

	
9.50 × 107




	
2.East open-pit mine

	
−79.04

	
44.04

	
−15.40

	
23.01

	
4.68

	
−7.20 × 107




	
3.West waste rocks field

	
−26.60

	
32.42

	
3.33

	
5.99

	
10.96

	
3.65 × 107




	
4.East waste rocks field

	
−26.11

	
58.96

	
16.78

	
10.42

	
3.96

	
6.65 × 107




	
5.Wangliang waste rocks field

	
−21.20

	
43.78

	
10.81

	
11.09

	
2.38

	
2.57 × 107
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Table 6. Results of the deformation areas with obvious elevation changes using ZY-3 DSM in 2015 and ASTER GDEM.






Table 6. Results of the deformation areas with obvious elevation changes using ZY-3 DSM in 2015 and ASTER GDEM.





	Districts with Obvious Elevation Changes
	Elevation Increase (↑) or Decrease (↓)
	Average of Elevation Change (m)
	Area (km2)
	Volume Change (m3)





	① In east waste rocks field
	↑
	23.80
	2.90
	6.91 × 107



	② In Wangliang waste rocks field
	↑
	21.59
	1.11
	2.40 × 107



	③ In the north of east open-pit mine
	↑
	19.22
	0.86
	1.65 × 107



	④ In west open-pit mine
	↑
	36.35
	3.57
	1.37 × 108



	⑤ In west open-pit mine
	↓
	−41.77
	1.15
	−4.81 × 107



	⑥ In west open-pit mine
	↓
	−28.66
	1.10
	−3.14 × 107



	⑦ In east open-pit mine
	↓
	−31.24
	3.87
	−1.21 × 108
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Table 7. Accuracy (root mean square (RMS) errors) for the parameters used in the extracted deformation.
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	Parameters
	RMS





	H (m)
	2.43 a



	S (km2)
	0.00089



	V (m3)
	2.36 × 103







a Refers to the accuracy of DSM in 2015. H is for height change, S is for deformation area, and V is for deformation volume.
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Table 8. Comparison of height values in twelve ground control points.
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	Height Differences in GCPs
	Minimum (m)
	Maximum (m)
	Mean (m)
	Standard Deviation (m)





	ASTER GDEM and GPS measurements
	−11.01
	12.05
	−2.29
	7.27



	ZY-3 DSM (2015) and GPS measurements
	−1.97
	3.07
	0.70
	1.64



	ZY-3 DSM (2015) and ASTER GDEM
	−9.62
	9.84
	2.99
	6.07











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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