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Abstract

:

Ground deformation is the direct manifestation of the earth-rock dam's hazard potential. Therefore, it is essential to monitor deformation for dam warning and security evaluation. The Liuduzhai Dam, a clay-core dam of a large reservoir in China, was reinforced with plastic concrete cut-off walls between 13 January 2009 and 29 May 2010, as it was subject to leakage and deformation. However, the deformation development and the mechanism of the dam are still unclear. In this study, the deformation fields before and after the reinforcement of the Liuduzhai Dam were yielded by using the Interferometric Synthetic Aperture Radar (InSAR) technique. Furthermore, a numerical simulation method was employed to obtain the dynamic seepage field of the dam during the InSAR observation period. The results indicated that the average deformation velocity and maximum deformation velocity are −11.7 mm/yr and −22.5 mm/yr, respectively, and the cumulative displacement exceeds 100 mm, which shows typical continuous growth characteristics in a time series. In contrast, the dam deformation tended to be stable after reinforcement, with the average deformation velocity and maximum deformation velocity being −0.4 mm/yr and −1.2 mm/yr, respectively, behaving as cyclical deformation time series. According to the results of InSAR and seepage analysis, it is shown that: (1) dynamic seepage was the main mechanism controlling dam deformation prior to reinforcement; (2) the concentrated load caused by construction and the rapid dissipation of pore water pressure caused by the sudden drop of the infiltration line were the reasons for the acceleration of deformation during and after construction; and (3) the plastic concrete cut-off walls effectively reduced the dynamic seepage field, while the water level fluctuations were the main driving factor of elastic deformation of the dam after reinforcement. This study provides a novel approach to investigating the deformation mechanism of earth-rock dams. Furthermore, it has been confirmed that InSAR can identify the seepage deformation of dams by detecting surface movements. It is recommended that InSAR deformation monitoring should be incorporated into future dam safety programs to provide detailed deformation signals. By analyzing the temporal and spatial characteristics of the deformation signal, we can identify areas where dam performance has degraded. This crucial information aids in conducting a comprehensive dam safety assessment.
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1. Introduction


Dams with a runoff regulation function have produced significant social and economic benefits in terms of preventing floods, irrigation and power generation [1,2,3]. Due to the advantages of the easy-to-obtain materials and simple construction, earth-rock dams are the most widely used type of dams and have been widely constructed over the past few decades [4]. However, numerous earth-rock dams have suffered from serious hazard potential due to factors such as aging and construction conditions, etc. [5]. Deformation is the main direct manifestation of hazard potential for earth-rock dams [6]. Due to the general failure to effectively identify dam deformation and implement appropriate preventive measures, the tragedies of dam collapses have been frequently reported in recent years [7,8,9,10,11]. Therefore, performing a long time series for deformation monitoring is essential for the safety operation and management decisions of earth-rock dams [12,13]. The Interferometric Synthetic Aperture Radar (InSAR) technique, developed in recent decades, has the advantage of a high spatiotemporal resolution, compared to traditional methods such as leveling and GNSS [14,15,16]. The temporal resolution of GNSS measurements is higher, while the InSAR technique has the capability to track historical deformations using archived satellite images and can obtain ground deformation in areas that are difficult for humans to reach [17]. It has shown enormous potential in the field of dam deformation monitoring.



With the in-orbit operation of TerraSAR-X and Sentinel-1 A/B, the abundant SAR satellite data with high spatial and temporal resolution have enabled InSAR technology to be widely used in the monitoring of earth-rock dams deformation, such as La Pedrera dam in Spain [18], Conza della Campania dam in Italy [19], Mosul dam in Iraq [20], Masjed-Soleyman dam in Iran [21], and Xiaolangdi dam in China [22]. However, ground deformation is only a direct manifestation of the hazard potential. The deformation of earth-rock dams can be induced by many complex dynamics factors, such as a seismic dynamic response [23], rapid rise and drop of the reservoir water level [11,24], and dynamic seepage [11,25]. In order to better assess the safety of and focus on rehabilitation plans for dams, the deformation mechanism needs to be clarified [3,26]. As a result, many scholars have conducted extensive analysis and research based on the deformation characteristics of dams. Luo et al. concluded that the main causes of dam deformation were reservoir water level fluctuations, dynamic seepage, and differences in the infiltration line of the cut-off walls, based on an analysis of 18 years of displacement data and seepage monitoring data from the Chengbihe reservoir dam in Guangxi, China [27]. Xiao et al. analyzed the InSAR time series deformation characteristics prior to the failure of the Uzbekistan Sardoba dam, and combined field investigations to identify that leakage caused by seepage was the main reason for the dam’s deformation and collapse [10]. Based on the time series deformation characteristics prior to the dam collapse in the Xe Pian-Xe Namnoy hydropower project in southern Laos, Xie et al. revealed that hydrostatic pressure, gravity, temperature variations, soil consolidation, and seepage erosion are the main deformation mechanisms in earth-rock dams [11].



However, the aforementioned studies of deformation mechanisms mainly rely on historical retrospective analyses based on time series deformation monitoring combined with field investigations, neglecting another critical issue that affects the deformation and stability of earth-rock dams, namely, the seepage field [4,28]. The earth-rock dams are usually filled with high-permeability dam shell materials and high water-resistance core walls [4,29]. During the operation of an earth-rock dam, it is inevitable to encounter a reduction in the anti-seepage performance of the core wall. The dynamic seepage caused by water level fluctuations in the reservoir can easily lead to leakage due to soil erosion [30,31]. According to statistics, ten thousand of earth-rock dams in China have leakage problems [32]. To address this issue, over the past 20 years, various anti-seepage reinforcement measures have been implemented in tens of thousands of earth-rock dams with leakage problems in China. For the study of seepage fields in earth-rock dams, physical model tests can obtain reliable simulation results [33]. However, this method has the disadvantages of complicated modeling and weak reusability in multiple working conditions. In contrast, the numerical simulation technique is used to establish the differential equations of seepage flow and the corresponding boundary conditions, which can accurately and efficiently solve the steady-state and transient seepage fields under a variety of working conditions [30,34]. In recent years, it has become the main approach for studying seepage fields of earth-rock dams.



The Liuduzhai Dam, an earth-rock dam of a large reservoir in Hunan Province, China, has long been plagued by leakage and deformation. The presence of these potential dangers resembles the situations observed in the Chengbihe Reservoir Dam [27], Sardoba Dam [10], and Xe Pian-Xe Namnoy Dam [11], as mentioned above. To ensure the safety of the dam, the reservoir authority implemented dam reinforcement between 13 January 2009, and 29 May 2010. However, the complete understanding of the deformation development and the mechanism of the dams are still unclear. By exploiting the advantages of SAR data for historical analysis, this study aims to investigate the deformation mechanism of the Liuduzhai Dam based on the InSAR deformation field under multiple seepage conditions before and after reinforcement. To our knowledge, this study is one of the few applications that combined an InSAR deformation field and seepage analysis to study the deformation mechanism of earth-rock dams.



The rest of this paper is arranged as follows: In Section 2, we outline the geological background of the Liuduzhai reservoir, the basic conditions of the dam, and the SAR data used in this study. In Section 3, we describe the InSAR time series processing and the finite element numerical simulation methods of the seepage field. In Section 4, the InSAR deformation field and dynamic seepage results are presented. In Section 5, we will discuss the deformation mechanism of the dam. The conclusions are presented in Section 6.




2. Study Site and Dataset


2.1. Geography and Geological Site Setting


The Liuduzhai reservoir is located upstream of the Chenshui River in the Dongting Lake water system, Longhui County, Hunan Province, China (Figure 1a,b). The reservoir is a large (II) water conservancy project for preventing floods and providing irrigation, power generation, and water supply, which has a catchment area of 338 square kilometers and a total capacity of 123.7 million cubic meters. One kilometer downstream of the dam is the town of Liuduzhai with a population of about 50,000. Additionally, within 80 km downstream of the Liuduzhai Dam, there are three cities with a total population of approximately 1 million. It is worth noting that the operating Huai Shao Heng high-speed railway is located 30 km downstream of the study site. Therefore, the stability of the dam directly affects the safety of downstream towns and critical infrastructure.



The geological strata exposed in the reservoir area, arranged chronologically from old to new, consist of the QingbaikouBanxi Group (QbB), followed by the Lower Tanian system (Z1) and Tiaomajian Formation of the Mid-Devonian System (D2t), as well as Qiziqiao Formation of the Mid-Devonian System (D2q) and Quaternary System deposits (Q) [35]. The geological strata exposed in the dam, ranging from ancient to modern, consist of the Lower Tanian system (Z1), Tiaomajian Formation of the Mid-Devonian System (D2t), Qiziqiao Formation of the Mid-Devonian System (D2q), residual slope deposit of the Quaternary System (Qel + dl), alluvial deposit (Qal), and artificial filling soil (Qml) [35]. The regional geological map of the Liuduzhai reservoir is illustrated in Figure 2. The reservoir region is characterized by a tight and closely folded NE trending linear zone and a dominant NE trending fault zone within the Xinhuaxia Formation [35]. The primary orientation of the structural line is towards the northeast. There are a total of 42 faults of varying sizes within the dam area, with the Liuduzhai–Qijiang fault (F149) being a significant regional fault spanning over 20 km in length, trending at an angle of 30°–40° while dipping to the northwest at an inclination between 75°–87°, and featuring a fracture zone width measuring up to 34 m [35]. The fault consists of a substantial amount of grey-black gouge and breccia, as well as a minor amount of unconsolidated compressional grey clumps that exhibit thrust fault characteristics [35]. It traverses the downstream area of the dam site and serves as a primary tectonic control of the reservoir area.




2.2. Dam Description


The Liuduzhai Dam is a clay-core earth-rock dam, which is the largest earth-rock dam in Hunan Province. It was built between 1978 and 1986, and began to impound water in 1991. The height of the Liudyzhai dam is 70.0 m, with a crest length of 480 m and a width of 8 m. The dam crest elevation is 360.5 m, and the normal water level is 355.0 m. The width-to-height ratio of the dam is 2.5 to 3.5 for upstream and 3.0 to 2.5 for downstream, as shown in Figure 3a,b. The initial stage of the dam construction was suspended for a period of two years due to issues such as excessive moisture and clay content in the core, resulting in multiple surface cracks below the standard water level. In the second stage, mechanical construction was adopted, and the unqualified core walls were treated by excavation and backfilling with qualified soil materials. However, the problem of seepage-related safety has been accompanying the operation of the dam. In 2000, the Hunan Province Water Resources and Hydropower Scientific Research Institute conducted a safety assessment of the dam, concluding that the seepage safety performance was unsatisfactory and classified as a third-class dam [36]. Based on field investigations and the test analysis of drilling sampling, the main problems of the dam that exist are:




	(1)

	
The filling material for the clay-core wall does not meet the standards, resulting in a relatively high permeability coefficient.




	(2)

	
The downstream dam shell (gravel-clay mixture) is unevenly filled, resulting in a large difference in the permeability coefficient.




	(3)

	
The concentrated leakage and humid zone detected at the berm at the elevation of 345.0 m in relation to the outer slope of the dam showed that the amount of leakage and the scope of the humid zone increased with the rise of the reservoir level.









To ensure the safety of downstream towns and infrastructure, the reservoir authority implemented dam reinforcement between 13 January 2009, and 29 May 2010. A 0.6–0.8 m plastic concrete cut-off wall with an extremely low permeability coefficient was installed inside the clay-core, as shown in Figure 3b, to reduce the infiltration line and dynamic seepage of the downstream dam shell [5,37].




2.3. SAR Data


The ALOS-1 satellite from the Japan Aerospace Exploration Agency (JAXA) was launched in January 2006 and terminated operation in April 2011. In the Stripmap (SM) imaging mode, the range resolution is approximately 4.7 m, and the azimuth resolution is approximately 3.2 m. According to the investigation, 12 Ascending images from 13 January 2007 to 24 October 2010 can be obtained in the study area. Although the maximum time interval is 368 days, the data were acquired using L-band (~23.6 cm) to ensure coherence. Therefore, ALOS-1 PALSAR data can be used in this study to recover the deformation field of the Liuduzhai Dam before reinforcement.



The Sentinel-1 A/B satellites from European Space Agency’s Copernicus program (ESA) were launched in 2014 with a revisit period of 12 days. In Interferometric wide swath mode (IW), the range resolution of Sentinel-1 A/B images is about 2.33 m, and the azimuth resolution is about 13.97 m. As of 14 January 2022, a total of 174 C-band (~5.6 cm) Sentinel-1A Ascending images were archived in the study area from 20 June 2015 to 14 January 2020, which provides an excellent opportunity for our research. In this study, Sentinel-1A data can be used to recover the deformation field of the Luduzhai Dam after reinforcement. The parameters of the ALOS-1 PALSAR and Sentinel-1A datasets used in this study are shown in Table 1.





3. Methodology


3.1. MT-InSAR


According to the principle of D-InSAR, the interferometric phase   ∅   can be decomposed into several components:


  ∅ =   ∅   t o p o   +   ∅   d e f   +   ∅   a t m   +   ∅   n o i s e    



(1)




where     ∅   t o p o     represents the residual phase of the digital elevation model (DEM),     ∅   d e f     is the deformation phase, and     ∅   a t m     is the atmospheric phase. In addition, the interferometric phase also includes the random noise phase     ∅   n o i s e    . During the processing, in order to effectively overcome the influence of temporal and spatial decorrelation error, DEM error, and atmospheric delay in D-InSAR, the Permanent Scatterers InSAR (PS-InSAR) technique was proposed [38,39]. The PS-InSAR technique utilizes permanent scatterers as point targets, which exhibit higher temporal stability, enabling effective detection of small deformations in artificial structures such as cities, bridges, and dams [38,39]. However, to guarantee the accuracy of deformation solutions, the PS-InSAR technique necessitates a larger number of images [38,39]. Different from PS-InSAR, Small Baseline Subset InSAR (SBAS-InSAR) method proposed by Berardino uses the least squares method to solve deformation parameters by selecting image pairs with temporal and spatial baselines that meet the low threshold [40]. Nevertheless, the SBAS-InSAR method employs distributed scatterers as point targets, which may introduce atmospheric delay and noise, leading to inevitable impacts on dam deformation monitoring at the mm-level [41]. Moreover, the application of spatio-temporal filtering in the SBAS-InSAR method to estimate atmospheric phase screens may result in the loss of deformation details [42]. Consequently, the SBAS-InSAR method is not as effective as PS-InSAR in detecting small deformations in terms of phase decorrelation or low coherence. Both PS-InSAR and SBAS-InSAR have demonstrated successful applications in monitoring the deformation of earth-rock dams [10,18,21,22,23,43]. However, considering the specific characteristics of the SAR dataset before and after the reinforcement of the Liuduzhai Dam, it is more reasonable to employ the PS-InSAR and SBAS-InSAR methods at different stages. Specifically, for the 12 scenes of ALOS-1 ParSAR images, the SBAS-InSAR method can be utilized to recover the deformation field before the dam reinforcement. On the other hand, for the 174 scenes of Sentinel-1A images, the PS-InSAR method is more suitable for recovering the deformation field after the dam reinforcement. The image pairs with temporal and spatial baselines are shown in Figure 4a,b.



3.1.1. SBAS-InSAR


SBAS-InSAR technology is a method proposed by Berardino in 2002 for inverting surface time series deformation. This technique involves selecting appropriate image pairs with temporal and spatial baselines to invert the time series deformation [40]. According to the unwrapped interferometric phase   δ   ∅   j   ( x )   of the   j  th interferogram at the   x  th coherent point, the following equation can be established:


  δ   ∅   j   ( x ) =   B   j   P ( x ) + δ   N   j   ( x )  



(2)




where   P   x   =       d   L P     x   ,   E z   x       T     is the parameter matrix to be estimated, with     d   L P     x     representing the low-pass deformation that can be modeled at the   x  th coherent point, such as linear and seasonal deformations, and   E z   x     representing the residual of DEM at the   x  th coherent point;     B   j     is the design matrix with its elements being coefficients related to the parameters to be estimated;   δ   N   j   ( x )   is the residual phase matrix, including the high-pass deformation, Gaussian noise, and atmospheric delay that cannot be modeled. Assuming there are M interferograms, Equation (2) forms a model with   M   equations and   n + 1   unknowns (where   n   depends on the complexity of the model used for     d   L P     x    , e.g.,   n = 1   for a linear model). When   M ≥ n + 1  , the model can be solved using the least squares method.



Subsequently, high-pass and low-pass filtering methods are applied to separate the residual phase into high-pass deformation phase   δ   N   j   d e f     x     based on the spatio-temporal correlation characteristics of atmospheric and noise effects, as proposed by [38,39]. Then, the low-pass deformation     d   L P     x     is added back to the interferogram. At this point, the interferometric phase at the   x  th coherent point on the   j  th interferogram is given by:


  δ   ∅   j   ′     x   =   ∑  k =   I S   j   + 1     I E   j        4 π   λ         t   k   −   t   k − 1       v   k     x   + δ   N   j   d e f     x    



(3)






  ∀ j = 1 , … , M  



(4)




where     v   k     x     represents the average deformation velocity between adjacent SAR image acquisition epochs. Similarly, Equation (3) can also be formulated as a model with   M   equations and   N − 1   unknowns (  N   being the number of SAR images). When   M ≥ N − 1  , parameter estimation can be performed using the least squares method. Finally, the estimated average deformation velocity     v   k     x     is integrated over time to obtain the time series of surface deformations.




3.1.2. PS-InSAR


PS-InSAR is a technique that employs differential interferometric SAR processing to measure and analyze the amplitude or phase information of multiple SAR images, in order to identify permanent scatterers (PS) that are insensitive to temporal and spatial effects. The selected PS points are then used to construct an arc and establish a functional model for deformation, topography, and the residue phase [38,39,44]. The differential interferometric phase between adjacent PS points can be expressed as:


    ∅   d i f f   =   4 π   λ       B   ⊥     R s i n θ   ∆ h +   4 π   λ   T · ∆ v + ∆   ∅   r e s    



(5)




where   ∆ h   represents the relative increment of DEM error,   ∆ v   represents the increment of deformation velocity, and   ∆   ∅   r e s     represents the residual phase term, including the atmospheric phase, non-linear deformation phase, and noise phase. Parameter estimation can be expressed as:


  β  = max      1   N     ∑  1   N    ( c o s ∆ ω + j · s i n ∆ ω )      



(6)




where   β   is the temporal coherence coefficient of the arc, where a higher value indicates a smaller model error.   ∆ ω   denotes the difference between the observed and fitted values. The residual phase of the time series can be obtained by subtracting the modeled phase from the original interferometric phase. A filtering approach can be employed to remove the atmospheric phase in both temporal and spatial domains, ultimately recovering the non-linear deformation [18,24].





3.2. Seepage Analysis


Seepage analysis is an important research topic in soil mechanics. Geostudio SEEP/W, as a popular numerical simulation software, has been widely used in steady-state and transient seepage analysis of dams [34,45] and slopes [46,47,48].



3.2.1. The Seepage Equation of Unsaturated Soil


According to Darcy’s law and the mass conservation equation, the difference between the inflow and outflow of fluid at a certain point of an element within a certain time period equals the change in the volumetric water content of the soil. The differential equations for two-dimensional seepage can be expressed as [49]:


    ∂   ∂ x       k   x     ∂ H   ∂ x     +   ∂   ∂ y       k   y     ∂ H   ∂ y     + Q =   ∂ θ   ∂ t    



(7)




where   H   represents the total hydraulic head,     k   x    ,     k   y     represent the hydraulic conductivity in the x and y directions,   Q   represents the applied boundary flux,   θ   represents the volume of water content, and   t   represents time. For steady-state seepage, the right-hand side of Equation (7) equals zero. For unsaturated soil problems, various empirical and semi-empirical equations have been used to define the soil-water characteristic curve (SWCC) [50,51,52] and hydraulic conductivity function (HCF) [53,54].


  θ =   θ   r   +     θ   s   −   θ   r         l n   e +     Ψ / a     n         m      



(8)






  k =   k   s         θ −   θ   r       θ   s   −   θ   r         p    



(9)




where     θ   s    ,     θ   r     are the saturated and residual volumetric water content,   Ψ   is the matrix suction, and   a  ,   n   and   m   are the parameters of the fitted matrix suction function.   k   and     k   s     are the hydraulic conductivity and saturated hydraulic conductivity, respectively, and   p   is a constant that depends on the soil material. According to the initial conditions and boundary conditions of the equation, the seepage field can be solved.


  H   x , y , 0   =   H   0       x , y   ∈ Ω    



(10)






  H   x , y , t   =   H   t       x , y   ∈   S   1      



(11)






  k   ∂ H   ∂   n   ′     |   S   2   = q   x , y , t       x , y   ∈   S   2      



(12)




where     H   0     is the initial total hydraulic head,   Ω   is the model calculation area,     H   t     is the instantaneous nodal head that varies with time,     S   1    ,     S   2     are the known total hydraulic head and flux boundary conditions,     n   ′     is the normal direction of the seepage surface, and   q   x , y , t     is the nodal flux that varies with time.



Currently, the finite element method has become the most efficient approach for solving the seepage equation. The basic principle is to discretize the research object into a finite number of elements and discretize the function to be solved, which can solve the difficulty of infinite degrees of freedom. Then, by interpolation, the elements are connected into a whole according to certain rules.




3.2.2. Numerical Model and Boundary Conditions


To obtain the dynamic seepage field of Liuduzhai Dam before and after the reinforcement, a finite element model of the dam was established based on the geological conditions and properties (Figure 5). Considering the geometric dimensions of the dam, the grid spacing of the plastic concrete cut-off walls and clay-core wall in the model were set to 1 m and 2 m, respectively, and the grid spacing of other materials was set to 3 m. The mesh model of the dam before reinforcement consisted of 2783 nodes and 2692 elements. The numerical model of the dam after reinforcement consisted of 3293 nodes and 3215 elements.



As shown in Equation (7), the permeability coefficient (  k  ) is a key parameter for solving the seepage field. In this study, the parameters (Table 2) used for the seepage analysis were obtained from the engineering geological report and reinforcement design report of the Liuduzhai reservoir dam project. These results were compiled by the Changjiang Institute of Survey, Planning, Design and Research and are approved for use by the Liuduzhai Reservoir Authority [35]. The parameters in the report are obtained by situ water injection test, water pressure test and laboratory soil test of the undisturbed soil samples [35]. The unsaturated soil properties of the core-wall and downstream dam shell materials were considered in this study. The SWCC was estimated based on the material sample functions of the SEEP/W module using the saturated water content, and the HCF was estimated based on the Fredlund and Xing method using the SWCC [55], as shown in Figure 6.



Regardless of steady-state or transient seepage analysis, boundary conditions are essential for solving the seepage field. To analyze the seepage characteristics before and after reinforcement, three conditions were set to the fixed water level of the upstream dam for steady seepage analysis, namely the normal water level, design flood level, and check water level, as shown in Table 3. We plotted the hydrological parameters of the Liuduzhai reservoir, as shown in Figure 7. Unsteady seepage calculation was performed based on the water level drop duration curve (Figure 7b) calculated according to the reservoir capacity curve (Figure 7a) and the discharge mode. To reveal the response characteristics of dam deformation and dynamic seepage before and after reinforcement, unsteady seepage calculation was performed based on the water level fluctuations curve during the InSAR observation period (Figure 7c,d). The total head boundary of different conditions was set upstream of the dam (Figure 5); the bottom of the model was set as impermeable. The downstream of the dam boundary above the water level of the measuring weir is set as the drainage. Below the water level of the measuring weir, it was set as the fixed water head of 295.03 m.






4. Results


4.1. InSAR Mean Deformation Velocity


After over two decades of development, the MT-InSAR technique has evolved into a highly dependable method for monitoring deformation in regions with high coherence. The accuracy of InSAR results is contingent upon scatter coherence. The coherence thresholds utilized in the data processing of ALOS-1 and Sentinel-1A for this study are 0.4 and 0.6, respectively. According to the InSAR theoretical accuracy calculation method [56], the theoretical accuracy of InSAR results was calculated to be 6 mm and 1.8 mm, respectively. According to the ALOS-1 and Sentinel-1A datasets, the average Line Of Sight (LOS) deformation velocity was calculated using the SBAS-InSAR and PS-InSAR methods, shown in Figure 8, respectively. Negative values indicate movement away from the satellite direction, while positive values indicate movement towards the satellite direction. The ALOS-1 results (Figure 8a) show that the maximum deformation velocity of the dam before the reinforcement is −22.5 mm/yr, and the deformation zone is mainly concentrated in the middle of the dam body from the berm at an elevation of 331.0 m to the dam crest. The Sentinel-1A results (Figure 8b) show that after the reinforcement of the dam, the maximum deformation velocity is only −1.2 mm/yr, and the range of the deformation zone has significantly reduced compared to before. To quantitatively assess the deformation field before and after dam reinforcement, we calculated the average deformation velocity of the primary deformation zones, which were −11.7 mm/yr and −0.4 mm/yr, respectively. With the maximum deformation velocity of −1.2 mm/yr, our exhaustive survey of the existing literature has regrettably yielded no standardized methodology to quantify potential hazards for dams based on deformation velocity. However, in the case of earth-rock dams, greater emphasis is placed on determining whether the deformation pattern exhibits elastic or plastic behavior. The occurrence of plastic deformation can readily result in differential deformation, thereby exacerbating the leakage of the dam body due to cracks, as exemplified by the 2020 Sardoba dam failure [10]. The results of Sentinel-1 time series deformation show the significant periodic deformation signal characteristics after dam reinforcement, which will be presented in detail in Section 4.3. Occurrences of periodic deformation of this magnitude are commonly observed in dams affected by reservoir water fluctuations [2,57]. It is important to emphasize that the deformation velocity obtained in this study through fitting InSAR time series deformation results does not imply a direct multiplication with time to determine cumulative deformation. Due to the characteristics of side-view imaging in SAR satellites, InSAR technology is only capable of observing LOS deformation. The unavailability of descending SAR data within the study area precludes retrieval of the three-dimensional deformation field. The actual surface deformation may exceed the observed LOS deformation in magnitude [56]. However, this study exclusively focuses on characterizing the trend of before and after dam reinforcement in deformation. Since both datasets are from an ascending orbit, the SAR imaging geometry is nearly identical. Comparing Figure 8a,b, it can be concluded that the reinforcement of the dam significantly reduced the deformation magnitude and range of the dam, thus suppressing dam deformation effectively.



According to Figure 8, the deformation before and after the reinforcement is mainly located in the middle of the downstream dam with an elevation of 345.0 m in the berm, showing a spatial pattern of decreasing deformation towards the two dam abutments and the upstream and downstream sides. To reveal the detailed deformation pattern of the dam, deformation velocity profiles were plotted for two key cross-sections. Figure 9a shows that the InSAR deformation velocity observed by ALOS-1 generally decreases from the middle of the dam towards the two dam abutments. After the reinforcement, although the deformation velocity observed by Sentinel-1A has significantly reduced, the deformation trend is similar to that observed by ALOS-1. There is a jump in the deformation velocity observed by ALOS-1 at a distance of 260 m from the right dam abutment, which is not observed by Sentinel-1A. Figure 9b shows that the maximum deformation velocity on profile II-II’ with a dam height of 70 m is located near the berm of the downstream dam with an elevation of 345.0 m and gradually decreases towards the upstream and downstream sides. The explanation for why this deformation distribution pattern and maximum deformation velocity did not appear at the dam crest will be discussed in Section 5.1.




4.2. Numerical Simulation of the Seepage Field


Based on the established finite element numerical model (Figure 5a,b), the steady seepage fields under the normal water level, design flood level, and check water level conditions, as well as the unsteady seepage field under the rapid drawdown condition, were calculated (Table 3). Figure 10a–c show the pore pressure contour under normal water level, design flood level, and check water level conditions before the dam reinforcement, while Figure 10d–f show those after the reinforcement. By comparing Figure 10a–c with Figure 10d–f, it can be found that before the reinforcement of Liuduzhai Dam, the high permeability coefficient of the secondary clay-core wall resulted in a high infiltration line of the downstream dam and most of the fill materials were in a saturated state. After reinforcement, the infiltration line of the downstream dam was significantly reduced. Figure 11a,b reveals the distribution characteristics of the infiltration line of the downstream dam under the unstable seepage field caused by the rapid drawdown condition. Before the reinforcement, the infiltration line and effective stress above the 331.0 m elevation of the downstream dam were significantly affected by the fluctuation of the water level due to the relatively high permeability coefficient of the clay-core wall in the second phase. However, after reinforcement, the downstream infiltration line was significantly reduced, and the fluctuation range of the infiltration line due to the rapid drawdown of the reservoir was also significantly reduced. This resulted in the formation of a stable seepage channel and the effective stress of the downstream soil was basically in a stable state.




4.3. Time Series Deformation


To better understand the dynamic deformation characteristics of the dam, the deformation time series at point P located at the berm with an elevation of 345.0 m on the dam (Figure 8) were plotted, and the unsteady seepage results from Geostudio SEEP/W were used for analysis. As shown in Figure 12a, the time series deformation of point P observed by ALOS-1 exhibits a typically sustained growth trend, with cumulative deformation exceeding 100 mm. An obvious accelerating deformation trend began on 21 July 2009, while the infiltration line at point P fluctuated between elevations 315.0 m and 335.0 m with changes in the reservoir water level. According to the construction records, the construction of the cut-off walls began on 13 January 2009, and was completed on 29 May 2010. Based on the characteristics of each construction stage and the requirements of the site, it was mainly divided into four stages: 1. Preparation for construction (13 January 2009, to 15 July 2009); 2. Construction of the guide wall (15 July 2009, to 1 December 2009); 3. Trench and cast concrete (1 December 2009, to 1 March 2010); and 4. Removal of the guide wall and backfilling of the cutoff wall (1 March 2010, to 29 May 2010). As shown in Figure 12a, the deformation acceleration was concentrated during the guide wall construction, cast concrete, and continued until 24 October 2010 (no historical archive SAR data were available between 24 October 2010, to 20 June 2015). Starting from stage 3, with the pouring of the cut-off walls concrete, the infiltration line of P point dropped sharply to 301.0 m and remained between 301.0 m and 303.0 m with the fluctuation of the reservoir water level. Figure 12b shows that after reinforcement, the time series deformation of the P point observed by Sentinel-1A significantly decreased compared to that observed by ALOS-1, with a typical periodic feature ranging from −3 mm to 3 mm, and maintained a high correlation with reservoir water fluctuations. Meanwhile, a relatively stable dynamic seepage formed at the P point between 301.0 m and 303.0 m during the observation period of Sentinel-1A, as shown in Figure 12b. The detailed deformation analysis will be discussed in Section 5.3.





5. Discussion


After the reinforcement, Figure 8, Figure 9, Figure 10 and Figure 11 show that the deformation velocity, downstream dam infiltration line, and downstream dam dynamic seepage field are significantly reduced. Figure 12b shows that after reinforcement, the time series deformation of the P point observed by Sentinel-1A with a typical periodic feature ranging from −4 mm to 4 mm. With the exception of 2015–2016 and 2019–2020, the deformation trend exhibits a general consistency with the fluctuation characteristics observed in reservoir water levels. In order to elucidate the deformation characteristics of 2015–2016, we observed that the temporal resolution of the period from 20 June 2015 to 10 March 2016 was insufficient based on our analysis of Sentinel-1A SAR data. The longest time interval recorded was from 29 December 2015 to 10 March 2016, spanning a duration of approximately 72 days. The limited temporal resolution of the SAR data resulted in the loss of subtle temporal variations in deformation signals. The analysis of Figure 12 reveals an intriguing observation: the absence of a peak in reservoir water level during 2018. This discrepancy between InSAR deformation and reservoir water level fluctuations in 2019 may be attributed to this particular phenomenon. Taking into account the potential impact of time delay, we have calculated that the correlation between deformation and the reservoir water level is maximized at a delay coefficient of 48 days. This finding is close to the previous research on dam deformation driven by fluctuations in reservoir water levels [2]. Therefore, it is hypothesized that the deformation results from the Sentinel-1 time series exhibit a correlation with changes in reservoir water levels. To further explore the underlying factors that contribute to the deformation of earth-rock dams, we discuss the potential deformation modes of LiuduzhaiD, the reasons why the maximum deformation did not occur at the dam crest, and the deformation mechanisms before and after reinforcement.



5.1. Most Likely Deformation Pattern: Consolidation Settlement, Internal Erosion, or Elastic Deformation?


Figure 9a shows that the InSAR deformation velocity observed by ALOS-1 and Sentinel-1A decreased from the middle of the dam towards both sides of the dam abutment, which may be related to the differences in filling thickness caused by the dam being built in a “V”-shaped valley. On the same elevation platform, the thicker the filling thickness, the greater the deformation velocity. We note that in Figure 12a, the InSAR time series deformation observed by ALOS-1 shows a continuous growth trend during the observation period. Therefore, before the reinforcement, the most likely deformation pattern of the dam is consolidation settlement. However, the deformation velocity observed by ALOS-1 has a jump at a distance of 260 m from the right dam abutment, which was not observed by Sentinel-1A. The Liuduzhai Dam axis design is angular and protrudes towards the downstream side, perpendicular to two mountain slopes, in order to enhance the stability of the dam. However, this dam geometry is prone to inducing differential settlement in the core wall at its angularity, consequently leading to more significant leakage of the dam body. This could potentially explain the observed abrupt deformation results in the angularity as obtained from ALOS-1 data. The reason is that there was obvious concentrated leakage or seepage before reinforcement, which induced internal erosion and diffuse infiltration, consistent with the concentrated leakage point described in Section 2.2. In Figure 12b, unlike the ALOS-1 observation results, the InSAR time series deformation observed by Sentinel-1A after the reinforcement has typical periodic characteristics. However, consolidation settlement is the dense process of soil under the dissipation of pore water pressure. It shows linear, step or creep characteristics under the influence of dynamic water pressure, i.e., the continuous growth of accumulated displacement. Therefore, the periodic deformation observed in the flow direction during the Sentinel-1A observation period is most likely elastic deformation, which will be discussed in detail in Section 5.3.




5.2. Location of the Maximum Deformation Velocity


The deformation patterns revealed in Section 5.1, indicate that the consolidation settlement is related to the filling thickness, and multiple similar research results have confirmed that the maximum deformation for earth-rock dams occurs at the crest [11,21,27]. However, as shown in Figure 8 and Figure 9b, both the ALOS-1 observations before reinforcement and the Sentinel-1A observations after reinforcement show that the maximum deformation velocity occurs near the berm at an elevation of 345.0 m downstream of the dam. Although the filling material thickness at the crest (Figure 3b) and the range of dynamic seepage (Figure 11a,b) are higher than those of the downstream dam shell, the possible reasons for the absence of maximum deformation at the crest are: (1) the high permeability coefficient of the downstream dam is prone to cause dam leakage and induce internal erosion; (2) the compaction degree and water content of the clay-core filling material during the filling process are significantly higher than those of the downstream dam shell weathered rock and soil; (3) due to the low permeability and high cohesive force of the clay-core filling material, the deformation sensitivity of dynamic seepage is significantly weaker than that of the downstream dam shell material.




5.3. Deformation Mechanism of Liuduzhai Dam


Based on the deformation and seepage analysis results before and after the reinforcement of the Liuduzhai Dam, this study reveals the deformation mechanism of the dam. Figure 13 illustrates the mechanical process of the dam.



5.3.1. Deformation Mechanism of the Clay-Core Dam


Before the reinforcement, the increase in the permeability coefficient due to non-standard materials of the clay-core wall, long-term operation, and partial damage resulted in the rising of the infiltration line (Figure 10a–c) and dynamic seepage field (Figure 11a). Based on Figure 12a, it can be observed that the P point infiltration line located at the downstream shell fluctuated synchronously when the reservoir water level was between 315.0 m and 335.0 m, while cumulative deformation showed a distinct continuous growth feature. This deformation pattern has been considered a consolidation settlement in Section 5.1. According to the Terzaghi effective stress principle, the total stress of soil is equal to the sum of the effective stress between soil particles and the pore water pressure. The dynamic fluctuation of the upstream water level causes the downstream shell to generate dynamic seepage, which directly changes the pore pressure distribution of soil, resulting in a periodic transition between the saturation and dissipation of pore water. This mechanical process induces significant dynamic water pressure and consolidation settlement. Therefore, the deformation mechanism of the dam before the reinforcement is mainly the continuous consolidation settlement induced by dynamic seepage, as shown in the mechanical schematic diagram in Figure 13a.




5.3.2. Deformation Mechanism during the Construction of Plastic Concrete Cut-Off Walls


According to Figure 12a, it can be observed that the time series deformation of point P, as observed by ALOS-1, has exhibited a significant acceleration trend since 21 July 2009. The construction log recorded that the construction preparation of the plastic concrete cut-off walls started on 13 January 2009, and continued until the end of the flood season (Figure 12a), which reasonably explains the reason for the lagging of the accelerated deformation after the construction of the cut-off walls. The concentrated load and disturbance generated during the construction of the impermeable wall in Stage 2 (Figure 12a) are the direct cause of the accelerated deformation, as illustrated in Figure 13b. The pouring of the concrete cut-off walls in Stage 3 greatly improved the water-resistance performance of the core wall, causing the infiltration line of the downstream dam to drop sharply (Figure 12a), which changed the mechanical state of the filling material in the downstream dam. The pore water pressure of the saturated soil, which was originally at a high infiltration line, dissipated rapidly, thereby accelerating the consolidation settlement until reaching a stable state, as illustrated in Figure 13c. However, soil consolidation usually has a creep characteristic, and its period often lasts for several years, which also explains the reason why the accelerated deformation was maintained for a period of time after the completion of the cut-off walls.




5.3.3. Deformation Mechanism of Dam after Reinforcement


After the application of plastic concrete cut-off walls, the infiltration line height and dynamic seepage of the seepage exit decreased significantly and formed a stable seepage channel, as demonstrated in Figure 10b and Figure 11b. The stable mechanical state is the main reason why the InSAR deformation results during this stage were significantly lower than the ALOS-1 observations before reinforcement. As the fill material of the dam has elastic characteristics, the periodic sharp rise and fall of the reservoir water level can also cause elastic deformation in the flow direction of the dam. Figure 8b shows that the maximum deformation velocity is −1.2 mm/yr, with the spatial deformation characteristics being similar to those before reinforcement; however, the range is significantly reduced. As illustrated in Figure 11b, it can be seen that the P point with the maximum deformation velocity exhibits a periodic characteristic consistent with the reservoir water level, and there is no continuous settlement signal. Therefore, after anti-seepage reinforcement, the dam deformation caused by the fluctuation of the reservoir water level is mainly horizontal periodic deformation in the flow direction, as shown in Figure 13d.





5.4. Lesson Learned: InSAR Monitoring to Assisted Dam Seepage Evaluation


Dam leakage is one of the main triggering factors for the deformation and failure of earth-rock dams [10,11,27]. In this regard, cut-off walls with extremely low permeability can significantly reduce the seepage line and dynamic seepage field of the downstream dam. However, with the passage of time, the stable seepage channel formed by long-term erosion of the clay-core wall and the cracks by the differential deformation of concrete cut-off walls due to the uneven distribution of pressure can lead to dam leakage [27]. A traditional piezometer tube can be used to monitor the dynamic pore pressure difference between upstream and downstream of the core-wall [27], but tends to overlook the concentrated leakage signal characteristics of the dam owing to the discrete differences of the measurement points. Ground-penetrating radar can accurately obtain the distribution of cut-off wall cracks [58]; however, they are limited by low temporal-resolution and their high cost when assisting in dynamic seepage evaluation. Although field investigations based on manual inspections can intuitively identify the concentrated seepage or diffuse infiltration distribution of the dam, they, unfortunately, produce a large workload.



Due to the advantages of dense points and the high spatiotemporal resolution of InSAR technology, the spatial distribution of an InSAR deformation field can provide a target area for seepage deformation in order to ensure an efficient dam safety assessment and early detection of differential settlement. In particular, the unique historical backtracking ability of InSAR can provide reliable historical deformation to analyze the kinetics mechanism of dam deformation and detect the accelerated deformation characteristics in time. It is worth noting that most of the research results of the earth-rock dams confirm that alterations in the seepage field provide sufficient conditions for dam deformation [10,11,25,27]. While the numerical simulation method employed in this study does not account for the calculation of the stress-strain field and dam stability due to the lack of accurate equivalent material mechanical parameters and strength parameters, the seepage analysis results also reveal that the change of permeability coefficient in the cut-off walls directly affects the InSAR observation results (Figure 8 and Figure 12). Consequently, future plans may consider using InSAR deformation fields to invert equivalent material parameters such as elastic modulus, Poisson’s ratio, cohesion, and friction angle in numerical models. Coupling InSAR and numerical modeling can be used to assist the safety assessment of dams, and then provide a scientific and effective auxiliary means for the performance detection of the dam cut-off walls and the formulation of the repair plan.





6. Conclusions


By integrating InSAR and numerical simulation techniques, this study investigated the deformation and seepage characteristics of Liuduzhai Dam before and after its reinforcement. The investigation revealed that dynamic seepage, construction loads, sudden drop of infiltration line, and reservoir water level fluctuations are the main mechanisms driving dam deformation. The conclusions are as follows:




	(1)

	
InSAR observations before and after the reinforcement revealed significant differences in the average deformation velocity values of the dam. Prior to reinforcement, the average deformation velocity was measured at −11.7 mm/yr, while after reinforcement, it reduced to −0.4 mm/yr. Similarly, the maximum deformation velocity values of the dam exhibited a noteworthy change, decreasing from −22.5 mm/yr before reinforcement to −1.2 mm/yr after reinforcement. In addition, the deformation of the dam both before and after reinforcement exhibited a spatial distribution characteristic that involved a decrease from the middle of the dam to both sides as well as upstream and downstream. The thicker the filling thickness on the same elevation platform, the greater the deformation velocity. Specifically, since the deformation sensitivity of the clay-core is significantly weaker than that of the downstream dam shell material, the maximum deformation velocity did not appear in the middle of the dam crest.




	(2)

	
The InSAR observation results before and after the reinforcement showed that the temporal characteristics of dam deformation changed from sustained linear deformation to periodic elastic deformation. The results of unstable seepage showed that the plastic concrete cut-off walls significantly reduced the infiltration line and dynamic seepage of the downstream dam, turning the soil of the downstream dam into a stable mechanical state.




	(3)

	
The comprehensive analysis of InSAR and unstable seepage results showed that dynamic seepage is the main mechanism affecting dam deformation before reinforcement; concentrated loads caused by construction and the rapid dissipation of pore water pressure caused by a sudden drop of the infiltration line are the reasons for accelerated deformation during and after construction; periodic reservoir water level fluctuations are the main driving force for the elastic deformation of the dam after anti-seepage reinforcement.









In summary, InSAR-assisted dam seepage evaluation provides a modern approach to analyzing the deformation mechanism of Liuduzhai Dam. This study reveals the detailed evolution process of dam deformation before and after reinforcement and provides an auxiliary tool for future dam seepage safety evaluations. Deformation prediction plays a pivotal role in dam warning and risk mitigation. Nevertheless, this study encounters certain challenges. Such as, the time resolution of SAR satellites is limited to 12 days and accurately predicting the performance of the dam remains elusive through modeling, etc. In our future research agenda, we intend to undertake this investigation.
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Figure 1. The location of the study area and the Liuduzhai reservoir. (a) DEM image of the Liuduzhai reservoir: black rectangle delineates the location of the Liuduzhai Dam, blue and red rectangles correspond to the frame covered by ascending Sentinel-1A and ALOS-1 data. (b) UAV image of the Liuduzhai Dam: the inset shows the location of the dam in China. 
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Figure 2. The regional geological map of the Liuduzhai reservoir. 
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Figure 3. (a) The plan view of the dam (I-I’: the profile line at the berm with an elevation of 345.0 m; II-II’: typical profile line with maximum dam height). (b) The typical geological profile of the Liuduzhai Dam. 
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Figure 4. InSAR image pairs. (a) ALOS-1(Path: 463). (b) Sentinel-1A (Path: 84). 
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Figure 5. Numerical model of the Liuduzhai Dam. (a) Clay-core wall. (b) Plastic concrete cut-off walls. 
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Figure 6. Unsaturated characteristics of the Liuduzhai Dam. (a) SWCC. (b) HCF. 
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Figure 7. Hydrological parameters of the Liuduzhai reservoir. (a) Reservoir capacity curve. (b) Rapid drawdown duration curve. (c) Water level from 2002 to 2012 (red dashed box indicates the observation period of ALOS-1, gray background box indicates the time span of dam reinforcement). (d) Water level from 2012 to 2022 (blue dashed box indicates the observation period of Sentinel-1A). 
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Figure 8. LOS deformation velocity maps of the Liuduzhai Dam. (a) ALOS-1. (b) Sentinel-1A. The red dotted line represents the primary deformation zone of the dam. 






Figure 8. LOS deformation velocity maps of the Liuduzhai Dam. (a) ALOS-1. (b) Sentinel-1A. The red dotted line represents the primary deformation zone of the dam.



[image: Remotesensing 15 04110 g008]







[image: Remotesensing 15 04110 g009] 





Figure 9. Deformation velocity profiles of the dam cross sections. (a) Cross section I-I’. (b) Cross section II-II’. 
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Figure 10. The pore pressure contour of steady seepage analysis: the blue dotted line represents the saturation line. (a–c) Seepage analysis results for the clay-core wall. (d–f) Seepage analysis results for the plastic concrete cut-off walls: (a,d) represent the normal water level condition, (b,e) represent the design flood condition, (c,f) represent the check water condition. 
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Figure 11. Dynamics of seepage under the rapid drawdown condition of the reservoir level (pore pressure contour with the dead water level as the background). (a) Clay-core wall. (b) Plastic concrete cut-off walls. 
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Figure 12. The time series deformation characteristics of the P point. (a) Before reinforcement. (b) After reinforcement. 
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Figure 13. The schematic sketch for the deformation on the Liuduzhai Dam. (a) Dynamic seepage. (b) Construction load. (c) Consolidation. (d) Hydrodynamic pressure. 
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Table 1. SAR data parameters.






Table 1. SAR data parameters.





	Sensor
	ALOS-1
	Sentinel-1A





	Orbit number
	463
	84



	Orbit direction
	Ascending
	Ascending



	Heading angle (°)
	349.7
	349.9



	Look angle (°)
	38.7
	43.9



	Pixel spacing(m; Range × Azimuth)
	4.7 × 3.2
	2.3 × 13.9



	Timespan
	13 January 2007–24 October 2010
	20 June 2015–14 January 2022



	Number of scenes
	12
	174










 





Table 2. The Saturation Hydraulic conductivity of the numerical model.
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	Materials
	Core (I)
	Core (II)
	Dam Shell (D)
	Dam Shell (U)
	Cut-Off Walls
	Backfilter
	Bedrock
	Drainage Prism





	m/d
	7.0 × 10−2
	4.1 × 10−1
	1.88
	3.9
	2.8 × 10−4
	4.1
	2.0 × 10−3
	100.0










 





Table 3. Computational conditions for seepage analysis.






Table 3. Computational conditions for seepage analysis.





	Conditions
	Analysis Type
	The Upstream Boundary/m





	Normal water level
	steady seepage
	355.0



	Design flood level
	steady seepage
	355.64



	Check water level
	steady seepage
	358.4



	Rapid drawdown
	unsteady seepage
	Rapid drawdown duration curve (Figure 7b)



	Operation water level
	unsteady seepage
	Water-level during InSAR observation period (Figure 7c,d)
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