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Abstract

:

Legacy colliery spoil tip failures pose a significant hazard that can result in harm to persons or damage to property and infrastructure. In this research, the 2020 Wattstown tip landslide caused by heavy rainfall was examined to investigate the likely mechanisms and developmental factors contributing to colliery spoil tip failures in Welsh coalfields. To achieve this, an integrated method was proposed through the combination of remote sensing mapping, stability chart analysis, 2D limit equilibrium (LE) modelling, and 3D finite difference method (FDM) analysis. Various water table geometries were incorporated into these models to ascertain the specific groundwater condition that triggered the occurrence of the 2020 landslide. In addition, sensitivity analyses were carried out to assess the influence of the colliery spoil properties (i.e., cohesion, friction angle, and porosity) on the slope stability analysis. The results indicate that the landslide was characterised by a shallow rotational failure mode and spatially constrained by the critical water table and an underlying geological interface. In addition, the results also imply that the landslide was triggered by the rise of water table associated with heavy rainfall. Through sensitivity analysis, it was found that the properties of the colliery spoil played an important role in confining the extent of the landslide and controlling the process of its development. The findings underscore the detrimental effects of increased pore pressures, induced by heavy rainfall, on the stability of colliery tips, highlighting the urgent needs for local government to enhance water management strategies for this region.
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1. Introduction


A spoil tip refers to a pile of discarded rock and soil removed during historic mining operations, which is composed of various-sized particles upwardly grading from fine silt to large boulders. Historic tips were generally formed in an uncontrolled manner by loose tipping and were geometrically characterised as conical or irregular in shape with a high profile in relation to the local topography [1]. In addition, long-term rehabilitation or stabilisation actions for visually stable spoil tips may not have occurred. As a consequence, legacy spoil tips pose a significant hazard and potential instability resulting from external disturbance or changes in equilibrium, such as increased pore pressure associated with an influx of water or dynamic loading associated with seismicity.



According to a recent investigation, Wales has 2456 disused colliery spoil tips of which 327 are regarded as posing a high potential safety risk [2]. Historic failures of spoil tips have occurred in this region, with several reported in the review undertaken by [3]. The Aberfan disaster, which caused the collapse of a National Coal Board spoil tip near the village of Aberfan, engulfed a junior school and a row of houses and killed 116 children and 28 adults. More recently, the Tylorstown landslide blocked the river valley, broke a foul sewer, covered a strategic water main with several metres of debris, and covered a footpath and cycle path [4]. The 2020 Wattstown landslide, which was spatially located close to Tylorstown (3 km S.S.E. of Tylorstown landslip) highlights the safety concerns posed for the immediate area.



As man-made slopes, spoil tips are subject to a range of factors that can impact their stability. Among these factors, soil material is recognised as playing a decisive role in determining soil mechanical properties. Since spoil tips are generally composed of rock–soil mixtures, the mechanical behaviour of these heterogeneous media is highly influenced by the nature of spoils [5], proportion of rock content [6,7], and structural properties [8]. In addition, soil porosity is another critical factor for tip stability that is dependent on the interplay of particle size, soil gradation [9], particle shape, and compressibility [10,11]. From a hydrogeological prospective, soil with high porosity is capable of storing more water content, inducing excessive levels of pore water pressure in saturated conditions [12]. The above-mentioned soil-related factors can be regarded as internal factors that can influence the stability of a spoil tip.



In terms of external factors, rainfall or increases in the water table are regarded as one of the most significant factors. Various slope instability or landslide events have demonstrated that rainfall, particularly extreme rainfall events, can cause a rise in the water table and associated pore water pressure, which can lead to the initiation of shallow failures and subsequent debris flows [13,14,15]. In addition, debuttressing can trigger or initiate landslides. This occurs when the support at the toe of slopes is lost due to water erosion [16,17], deglaciation [18,19], or anthropogenic excavation [20,21]. Earthquakes or seismic activity may also trigger for landslides through which the transmission of seismic waves causes the shaking and vibration of a ground surface [22,23].



In order to assess the stability of soil slopes, stability chart approaches are commonly employed to provide a preliminarily estimate of the factor of safety (FS) for a slope that may be susceptible to circular or rotational failure. These include the Hoek and Bray chart solution [24], Taylor’s chart solution [25], Bishop solution [26], and Spencer solution [27]. However, such chart solutions have several limitations, including their inability to account for irregular slope geometry, complicated scenarios of groundwater distributions, stress and displacement problems, and heterogeneous materials. To overcome these limitations, advanced numerical methods have been developed that take into consideration the slope geometry, water table and rock/soil properties. For example, numerical limit equilibrium (LE) approaches, such as Slide2 and Slide3, can be used to estimate the slope FS (factor of safety) and undertake groundwater sensitivity analyses, as well as to assess potential remediation or stabilisation strategies [28,29,30]. However, these approaches are limited in their ability to model complex structures and interactions of soil and structures, which has led to the preference for continuum numerical modelling approaches (e.g., finite-difference methods, FDMs) [31]. Continuum approaches are able to accommodate a wide range of soil behaviour and capture pore water pressure effects effectively [32,33,34,35].



The primary aim of this research is to investigate the mechanism and development of the 2020 Wattstown tip landslide. This is achieved by utilising different analysis methods, including the use of stability charts for preliminary assessment of the slope FS, the use of LE for more accurate FS estimation and the prediction of critical slip surfaces, and the use of FDM for slope displacement modelling. The analysis incorporates different water table geometries to determine the specific groundwater condition that led to the 2020 landslide by comparing the modelling results with field observations. This research offers further insights into the groundwater control on landslide occurrence and the influences of soil characteristics on landslide development. The findings provide a basis for an improved understanding of the failure mechanisms of colliery spoil tip landslides in Wales, highlight the detrimental effects of increased pore pressures associated with heavy rainfall or future storm events, and emphasise the need for improved water management strategies for the region.




2. Study Area Description


The geometry of the Wattstown tip is a cone-shaped heap, spanning over 85,000 square m. It was created by waste or spoil discarded by the Cwch (National) Colliery, which deposited over 1,000,000 cubic m of colliery spoil on a naturally sloping terrain. In general, the colliery spoils in the Welsh coalfield are comprised of coarse-to-fine colliery discard with weak cohesion [36,37]. The tip is situated approximately 380 m south of a nearby village in the Rhondda Fach Valley that was established as a residential community for miners employed at the Cwch (National) Colliery (Figure 1).



The natural slope has undergone extensive quarrying of a sandstone unit 12 m in thickness. The unit was characterised by a massive pennant with irregular bands of grey-blue silty mudstone that reached up to 1.8 m in thickness [38]. It was exposed following the sliding of failure material as shown in Figure 2c.



On 18 December 2020, a landslide event was identified as occurring in a previously established landslide scarp, as can be seen in the comparison between Figure 2a,b. The landslide was recognised as a shallow rotational slide in the slope face. Its extent was delineated on a Google satellite image, as shown in Figure 2c, highlighting its source area and runout from the south face of the tip. The runout travelled approximately 250 m along a pre-existing trench and spread out from the source area in a fan-like shape, consequently reaching the scrubland at the toe of the slope.



HadUK-Grid provides a daily rainfall data set consisting of 5 km × 5 km grids over the UK [39]. The rainfall data located at the study area indicate that the landslide happened after continuous rainfall which commenced from 9 December 2020 with 20.7 mm and achieved a maximum of 52.8 mm daily rainfall on the day of the landslide (Figure 3).



Minor failure scars and distinct water channels were observed on the north face prior to the 2020 landslide (Figure 2a). They are also highlighted by shadows on the hillshade map (Figure 4a) that was used to simulate the effects of the sun’s rays on the three-dimensional terrain surface. The hillshade map was created from a 1-m digital terrain model (DTM) (2011) which was acquired from an open-source database, DataMapWales [40]. The existence of water erosion gullies or channels implies poor surface water management and relatively weak or easily eroded material making up the colliery spoil. The north face of the tip was characterised by a 50 m high slope with inclination ranging roughly from 30° to 40°. Both flanks (east and west) were less inclined: approximately 30° in general, as seen in Figure 4b,c.




3. Methods of Analysis


Back analysis of previous instability can provide a useful insight into understanding the underlying mechanisms controlling instability and also provide an indication of the likely material properties on specified failure surfaces or groundwater conditions required to trigger initial instability. It is also a useful approach to assess the likely material properties at failure when data such as soil strength properties are limited or scarce. Different methods have been utilised to back-analyse the 2020 landslide, including stability charts, 2D LE analysis, and 3D FDM modelling (Figure 5).



Given that the landslide occurred after a period of heavy precipitation, back analysis of the failure has been undertaken to assess the impact of varying groundwater tables on tip stability. Varying groundwater table geometries were assessed within the numerical modelling (LE and FDM modelling). In addition, sensitivity analyses were also conducted to assess the influence of the variation in both soil properties and groundwater levels on tip stability.



3.1. Investigation of Tip Properties


Table 1 provides the typical colliery spoil properties assumed for the analysis, including the unit weight (γ), friction angle (ϕ), cohesion (c), and porosity (φ). This was supported with data obtained from the relevant literature. However, these properties exhibit significant variability from site to site and are highly dependent on the on-site climate, topography, geology, vegetation, and human activities.



Prior to analysis, two slope models (2D and 3D) were created using the 2011 LiDAR DTM data to depict the pre-landslide tip geometry, as presented in Figure 6. The 3D model was developed through extrusion of the DTM to the base plane of 150 m above the ordnance datum (Figure 6a). Several points were placed on the surface of the model to monitor the surface slope displacement in FDM modelling (Figure 6b). The 2D model (cross section) was generated along an N–S profile that intersects the points P7–P6–P1–P8–P9 (Figure 6c).




3.2. Circular Failure Charts


Various stability chart solutions are available to estimate the FS of soil slopes. Considering their assumptions and limitations, the approach proposed by Hoek and Bray [24] was utilised to determine the FS. This approach consists of a set of 5 circular failure charts, providing a rapid check on the FS of a slope, or upon the sensitivity of FS to the change in the groundwater conditions, slope angle, and material strength properties. Figure 7 shows a representative chart to assess the slope stability where the surface water is 8×H behind the toe of the slope.



The primary assumptions for Hoek and Bray stability charts include the following:




	(1)

	
The material forming the slope is homogeneous;




	(2)

	
The shear strength (  τ  ) of the material is defined by the cohesion (  c  ) and friction angle (  Φ  );




	(3)

	
The potential circular slip surface passes through the toe of the slope.









Mean values of the soil properties were employed (Table 1). The key soil parameters in the charts include the unit weight of soil (  γ = 19   K N /   m   3    ), the height of the slope (  H = 50   m  ), the soil friction angle (  Φ = 37 °  ), and the soil cohesion (  c = 10   k P a  ). In addition, the analysis also accounts for the potential impact of the variation in the slope inclination of the north face by considering different slope angles ranging from minimum (30°) to maximum (40°), thus encompassing all possibilities associated with the stability results.
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Figure 7. A representative Hoek and Bray circular failure chart to estimate the FS of a soil slope where the surface water is 8×H behind the toe of the slope. 






Figure 7. A representative Hoek and Bray circular failure chart to estimate the FS of a soil slope where the surface water is 8×H behind the toe of the slope.
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3.3. Three-Dimensional Limit Equilibrium Analysis


In this study, Slide2 (version 9.034), developed by Rocscience Inc. (Toronto, ON, Canada) [47], was used for limit equilibrium analysis. The modelling takes into account the slope geometry, heterogeneous slope materials, and varying groundwater conditions. The programme is widely used by geotechnical engineers and researchers for analysing the stability of soil and rock slopes, designing safe slopes, and evaluating the risk of slope failures at a low computational cost [48,49,50]. The analysis incorporates different LE solutions, such as the simplified Bishop method [26] and simplified Janbu method [51], as well as the Spencer method [27], to compute the FS of critical slip surfaces.



Observations suggest that the 2020 landslide was a shallow rotational failure within the layer of colliery material. Between the colliery spoil and the underlying natural slope, a geological interface was created to act as a material boundary in LE analysis. In LE analysis, the soil mechanical behaviour was constrained by the Mohr–Coulomb failure criterion, expressed as


  τ = c + σ t a n Φ  



(1)




where   τ   is the shear strength,   c   is the soil cohesion,   σ   is the normal stress,   Φ   is the friction angle. The material properties for the model (the colliery spoil and natural slope) adopted in this research are presented in Table 2.



Back analysis was performed to explore the groundwater condition of the landslide accident. This was achieved by establishing a range of water tables in the modelling and searching for the one contributing to a limit equilibrium state of the recreated landslide profile.




3.4. Three-Dimensional Finite-Difference Method


A 3D FDM method was employed to analyse the landslide development in a real scenario of 3D slope geometry. This was carried out by utilising FLAC3D 6.0 [52] and incorporating heterogeneous slope materials. The code uses an explicit time-stepping solution to solve equations of motion, simulating the mechanical response of soils that are subject to either static or dynamic loading. Additionally, It is capable of modelling fluid through porous media using its built-in Fluid Grid Model, such as groundwater flow through soil. Thus, the code has been widely used in the field of slope stability analysis [53,54,55].



In FDM modelling, soil behaviour was constrained by the Mohr–Coulomb failure criterion. The key parameters that define the Mohr–Coulomb failure criterion are summarised in Table 3, including the friction angle (Φ), cohesion (c), tensile strength (σ), elastic bulk modulus (K), and elastic shear modulus (G). The values of the strength properties (i.e., Φ, c, and σ) used here were identical to those used in the LE analysis.



A set of 3D water table geometries were created to characterise the 3D representation of the hydrogeological conditions corresponding to the dry and partially saturated slope. The pore water pressure (u) below the water table is calculated as follows,


  u =   g   w   × h  



(2)




where     g   w     is the unit weight of water; h is the depth below the water table. The pore water pressure above the water table is 0. This became a boundary condition applied in FDM modelling. Boundaries were extended from the zone of interest to ensure no boundary effects. A fixed boundary condition was applied to the sidewalls and the base. To monitor slope displacement along with modelling timestep, 9 points were placed in the model as shown in Figure 6. Only P7 was located in the natural slope material, with the remaining points placed in the colliery spoil.




3.5. Sensitivity Analysis


The properties of colliery spoil exhibit variation across different locations. In addition, soil properties can be affected by the presence of water in the voids between soil particles [56,57], implying that they have the potential to undergo alterations during precipitation events. To evaluate the potential impact of soil variations on slope behaviour, sensitivity analysis was performed concentrating on critical colliery spoil properties, such as cohesion, friction angle, and porosity. Variations in these parameters were represented by the mean value, minimum and maximum, as shown in Table 1. For each analysed parameter, a sensitivity analysis was conducted by varying its value from the minimum to the maximum and analysing the effect of this change.





4. Results


4.1. Results of Stability Chart Analysis


Figure 8 summarises the results of stability chart analysis associated with different groundwater conditions. The figure reveals that a slope with a lower inclination obtains a relatively high FS in an analogous groundwater condition. Furthermore, all the FS lines exhibit a declining trend with an increase in water table, which is a common phenomenon induced by additional pore water pressure. The FS undergoes a sudden reduction from the 8×H groundwater condition to the 2×H groundwater condition, ultimately approaching values that are less than 1.



For a slope angle of 30°, the FS is estimated to be 1.5 when the slope is dry, indicating a stable state. It decreases to approximately 1 at the 2×H condition; For a slope angle of 35°, the initial FS of 1.3 suggests a relatively stable slope in the dry condition, but it decreases to 1 at the 4×H groundwater condition. For the slope angle of 40°, the dry slope is evaluated as a stable state as the FS is close to 1.13, but the FS drops to 0.9 at the 4×H groundwater condition.




4.2. Results of Numerical LE Analysis


Figure 9 presents the outcomes of the representative LE analysis using the simplified Bishop method, showing the recreated slip surface and associated FS values. When the slope is dry, the FS of the failure zone is approximately 1.471 (Figure 9a), which means the slope is considerably stable and the rational landslide would not happen in such a water condition. However, as the water table increases to regime_1 (Figure 9b), the FS decreases to 1 when the slope and failure zone is partially saturated. At this limit equilibrium state, the critical water table intersects the failure zone and provides the pore water pressure to drive the rotational landslide.



Table 4 summarises the FS values estimated by using different methods. Similar results were obtained from simplified Bishop and Spencer analysis. They both indicate a limit equilibrium state of the failure zone once the water table reaches regime_1. However, a lower estimation of the FS was produced by simplified Janbu compared with the other two methods.




4.3. Results of 3D FEM Modelling


All FDM simulations reached a conclusion at the 10,000 timestep for comparison and to understand the influence of the groundwater conditions on the slope stability.



4.3.1. Dry Slope


The modelled total displacement contour for a dry slope is presented in Figure 10. The slope achieves the maximum total displacement of approximately 0.5 m in the colliery spoil in the north face. An N–S cross section was taken through the central section of the model to inspect the total displacement in the model, and only minor total displacement was observed. In addition, the displacement curves in Figure 11 reveal that the nine points converge to constant values. These results indicate that the slope is stable under a dry condition.




4.3.2. Partially Saturated Slope


Figure 12 depicts the modelled total displacement contour when the slope is at the regime_1 water level. The modelling shows a distinct variation in soil displacement that is located in the failure zone (Figure 2). The maximum total displacement of approximately 3 m is observed in the north face, while negligible low values are observed on the other sides. The N–S cross section indicates that the modelled unstable zone is spatially constrained by the underlying interface (between natural slope and colliery spoil) and overlying water table, and it is characterised by a shallow translational failure (see Figure 12b). The displacement vectors in Figure 12a indicate that the failure body moves downslope towards N. Figure 13 presents the curves for total displacement monitored at the nine points in the regime_1 condition. The centre point (P1) has the highest displacement. P4 and P6 are displaced more than P2 and P8. The displacement of points P3, P5, P7, and P9, which are located outside the central zone showing the displacement vector, converge at 0.7 m.





4.4. Result of Sensitivity Analysis for Colliery Spoil Properties


4.4.1. Sensitivity Analysis of Soil Cohesion


The modelled unstable zone highlighted in Figure 9b and Figure 12 is consistent with the field observations (Figure 2) which infers that the Wattstown landslide is the result of changes in pore pressure associated with a rise in the water table following heavy rainfall. In this context, a further sensitivity analysis was performed to assess the impact of variations in tip material properties and is defined by a 3D representation of the regime_1 groundwater condition.



Figure 14 and Figure 15 show the results of sensitivity analysis associated with the variation in the cohesion of colliery spoil that ranges from a minimum of 0 to a maximum of 20 kPa. The total displacement curves of monitored points indicate that increased model displacement occurs when the tip is composed of cohesionless colliery material (Figure 14a) when compared to a slope material that has the mean cohesion value (Figure 13). In particular, P2 exhibits an exponential rise in displacement with the decrease in cohesion to 0. In addition, P3 becomes unstable, which is characterised by a continuous rise in displacement in Figure 14a. Once the cohesion increases to 20 kPa, the slope converts to a stable state in the modelling. The displacement curves of all monitored points achieve convergence, as seen in Figure 14b. In addition, no differential displacements are observed in the modelling following the initial equilibrium condition (Figure 15b,d).




4.4.2. Sensitivity Analysis of Soil Friction Angle


Figure 16 and Figure 17 present the results of sensitivity analysis associated with the variation in the friction angle of colliery spoil that ranges from a minimum of 32° to a of maximum 42°. The points (P3, P5, P7, and P9) remain stable when the friction angle decreases from 37° to 32° as seen in Figure 16a. In addition, the unstable zone is also constrained by the water table and the natural ground interface (Figure 17a,c). However, the model that has a decrease in the friction angle results in additional displacements of the points (i.e., P1, P2, P4, P6, and P8), which is more obvious for P2 and P8 that become unstable in the modelling.



When the friction angle is 42°, the slope becomes stable. The total displacement curves of all monitored points achieve convergence as seen in Figure 16b. In addition, no differential displacements are observed in the modelling following the initial equilibrium condition (Figure 17b,d).
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Figure 16. The curves of total displacement at 9 monitoring points. (a) Φ = 32°, (b) Φ = 42°. 






Figure 16. The curves of total displacement at 9 monitoring points. (a) Φ = 32°, (b) Φ = 42°.
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Figure 17. Results of sensitivity analysis associated with the friction angle of colliery spoil. (a) Φ = 32°, (b) Φ = 42°, (c) N–S cross section of the 32° friction angle modelling result, (d) N–S cross section of the 42° friction angle modelling result. 






Figure 17. Results of sensitivity analysis associated with the friction angle of colliery spoil. (a) Φ = 32°, (b) Φ = 42°, (c) N–S cross section of the 32° friction angle modelling result, (d) N–S cross section of the 42° friction angle modelling result.
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4.4.3. Sensitivity Analysis of Soil Porosity


Figure 18 and Figure 19 exhibit the results of sensitivity analysis related to the variation in the porosity of the colliery material that ranges from a minimum of 10% to a maximum of 30%. Similar to the modelling result of the mean porosity (Figure 4), the points (P3, P5, P7, and P9) remain stable when the porosity is 10% as seen in Figure 9a. In addition, the unstable zone is also constrained by the water table and the interface (Figure 19a,c). More displacements of the points (i.e., P1, P2, P4, P6, and P8) are identified with the decrease in porosity. P2 and P8 exhibit a trend of linear increase in the total displacement as well. When the porosity raises to 30%, the entire slope becomes stable with a maximum total displacement of approximately 2 m (Figure 19b,d).






5. Discussion


Previous research has highlighted that slopes with materials that have a low cohesion (e.g., 10 kPa cohesion of colliery spoil in this research) and tensile strength and are sensitive to groundwater variation and thus to the change in groundwater regime [58,59,60]. This is also reflected in the sensitivity analyses undertaken as part of this research, through numerical stability analysis on different groundwater regimes. The slope is evaluated as stable in a dry condition (Figure 9, Figure 10a, Figure 11 and Figure 12), which infers that the soil shear strength is competent to resist the gravity-induced driving force. In the regime_1 groundwater condition where the water table overlies the geological interface, the slope is prone to face failure (Figure 10b and Figure 15). The modelled failure occurred in the colliery spoil layer and was constrained by the water table and the underlying geological interface. The location and size of the unstable zone in the modelling is consistent with field observations (Figure 2) for the Wattstown tip failure. These results together indicate that the Wattstown tip landslide may have occurred when the slope was partially saturated (i.e., with the water table above the natural slope but below the slope geometry).



Both 2D LE analysis and 3D FDM analysis produced consistent results in terms of the slip surface estimation under different groundwater conditions. However, the main difference between the two methods lies in the computational time required. Two-dimensional LE analysis can be completed very quickly (order of minutes), while each 3D FDM simulation can take several hours (depending on the computing hardware). Despite the fact that the 2D LE analysis did not consider certain aspects, such as the 3D slope topography and soil displacement, the similarity of the results between the 2D LE analysis and the more comprehensive 3D FDM modelling suggests that the former could serve as an indicator for rapid and preliminary estimation of soil slope stability. This approach could be particularly useful in Wales, where a significant number (327) of tips have been identified as having high potential safety risks.



Sensitivity analyses have identified the impact of key soil properties on slope stability. It is found that the stability analysis of the Wattstown colliery tip is very sensitive to soil strength. For example, variations in soil cohesion from 0 to 20 kPa can lead to totally different slope stability conditions and also soil displacement behaviours.



Monitoring of the rainfall duration, intensity, and likelihood of occurrence is necessary to predict potential instability. Continuous monitoring of the rainfall can provide an early warning of potential slope failures, allowing for the timely evacuation of people and property in high-risk areas. The UKCP18 project, which is part of the UK Met Office Hadley Centre Climate Programme, produced climate change projections up to the year 2100 in the UK using previous observation data [61]. The data for projected daily precipitation provide a potential reference to assess rainfall-induced landslide events for areas such as Welsh coalfields [62]. For example, Figure 20 shows the anticipated daily precipitation projection for a 5 km grid located in the Wattstown study area from 1 July 2024 to 31 December 2028. Previous studies suggested that both extreme single-day precipitation and accumulative precipitation can trigger landslides [63,64]. In this context, Table 5 records the number of events that predicted daily precipitation exceeding specific thresholds. In addition, Table 6 summarises the number of events that the amount of three-day accumulative precipitation exceeds specific thresholds and simultaneously the single-day precipitation exceeds 10 mm. The data indicate that most of these predicted extreme precipitation events occur in winter.



Previous studies have revealed that precipitation and water infiltration can influence the strength and deposition status (e.g., porosity) of unsaturated soils [56,57,65,66]. Further research is required to assess the consequences of dynamic analysis of the mechanical behaviour of unsaturated soils in response to different conditions of precipitation. The understanding of the potential variability of soil suction and soil strength (e.g., cohesion) during precipitation can provide further insight into the mechanism and development of slope instability.



Attention should be drawn to the safety of these colliery spoils in Wales. To prevent similar landslide events in the region, slope stabilisation measures should be taken in time. Considering the key role of groundwater conditions in controlling the slope stability as identified by stability chart analysis (Figure 8), LE analysis (Figure 9), and FDM modelling (Figure 10 and Figure 12), improved surface water management or the reprofiling of tips should be undertaken to minimise instability risks for colliery spoils. As such, drainage is a potential economical and efficient measure to divert water away from spoil tips and reduce the water table in wet seasons. In addition, the revegetation of disturbed land, such as the water erosion channels displayed in Figure 2a, is able to mitigate water infiltration into the slope.




6. Conclusions


This research has investigated the mechanism of the 2020 Wattstown tip landslide through remote-sensing mapping, Hoek and Bray stability chart analysis, 2D LE analysis, and 3D FDM modelling. Different water table geometries were incorporated into these analyses to identify the groundwater regime that triggered the landslide. In addition, sensitivity analyses of the colliery spoil properties were carried out to estimate the influence of the soil properties on the slope stability analysis. This research provides an improved understanding of the control of groundwater regimes on the development of the landslide. Several conclusions can be made, including the following:




	(1)

	
The 2020 Wattstown tip landslide was characterised by a shallow rotational failure mode. It occurred in the steepest north face of the tip with the mean inclination of 35°, travelling along a pre-existing trench and spreading out from the source area in a fan-like shape;




	(2)

	
Three-dimensional FDM modelling is capable of recreating the landslide and identifying its source area in the north face. The modelling result was validated by field observation and satellite remote-sensing data post event;




	(3)

	
Three-dimensional FDM modelling confirms that the rise of the water table following heavy rainfall most likely triggered the landslide;




	(4)

	
The modelling results highlight that the landslide was spatially constrained by the critical water table and an underlying geological interface;




	(5)

	
The study demonstrates that as a preliminary investigation tool, both the stability chart analysis and 2D LE analysis are able to effectively predict the slope stability condition of the Wattstown tip. Good consistency was observed between the preliminary investigation and the more sophisticated 3D FDM modelling.









The stability of the colliery tip was assessed using static analysis, assuming that the mechanical and physical properties of soil remain unchanged. This approach may lead to inaccurate modelling of soil behaviours under varying water conditions. Advanced research into the potential variability of soil properties during precipitation is essential to explore the development of colliery tip failure in greater depth in Wales.
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Figure 1. Study area—Wattstown tip which is south of Wattstown in the county borough of Rhondda Cynon Taf, Wales, and displayed on ESRI world imagery. 
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Figure 2. Images of Wattstown standard tip. (a) A Google satellite image prior to the landslide (05/2020), (b) a Google satellite image after the landslide (07/2021), (c) delineation of the landslide boundary. 
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Figure 3. Daily rainfall located at the study area from November 2020 to December 2020 (Met Office Hadley Centre, 2023). 
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Figure 4. Remote-sensing mapping of the Wattstown standard tip prior to the 2020 landslide occurrence. (a) Hillshade map, (b) aspect map, and (c) slope angle map. 
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Figure 5. Methodology of this research, including the input part to collect data for landslide analysis, the methods part of different methods used for landslide analysis, the output part of the final results obtained using these methods, and the validation process using post-landslide satellite images. 
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Figure 6. Slope models for numerical analysis. (a) A 3D model and 9 monitoring points, (b) a satellite image showing the position of the 9 points, (c) a 2D model constructed along an N–S profile in the 3D model. 






Figure 6. Slope models for numerical analysis. (a) A 3D model and 9 monitoring points, (b) a satellite image showing the position of the 9 points, (c) a 2D model constructed along an N–S profile in the 3D model.



[image: Land 13 01311 g006]







[image: Land 13 01311 g008] 





Figure 8. FS values of the slope angle of 30° (grey line), 35° (red line), and 40° (blue line) in response to different groundwater conditions. 
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Figure 9. Results of 2D LE analysis based on the simplified Bishop method, showing FS estimation corresponding to the slip surface. (a) Dry slope, (b) partially saturated slope (regime_1). 
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Figure 10. FDM modelling result showing the total displacement of a dry slope (regime_1). (a) overview of the modelling result, (b) an N–S cross section of the total displacement contour. 
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Figure 11. The curves of total displacement at 9 monitoring points when the slope is in a dry condition. 
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Figure 12. FDM modelling result of a partially saturated slope (regime_1). (a) Contour of slope displacement and modelled displacement vectors of the unstable zone, (b) an N–S cross section of the slope displacement contour, (c) close-up image of the N–S cross section showing the geometry of the unstable zone and monitoring points P1, P6, and P8 on the slope. 
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Figure 13. The curves of total displacement at 9 monitoring points when the slope is in the regime_1 water condition. 
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Figure 14. The curves of total displacement at 9 monitoring points. (a) c = 0, (b) c = 20 kPa. 
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Figure 15. Results of sensitivity analysis associated with the cohesion of colliery spoil. (a) c = 0, (b) c = 20 kPa, (c) N–S cross section of the cohesionless modelling result, (d) N–S cross section of the 20 kPa modelling result. 
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Figure 18. The curves of total displacement at 9 monitoring points. (a) φ = 10%, (b) φ = 30%. 
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Figure 19. Results of sensitivity analysis associated with the porosity of colliery spoil. (a) φ = 10%, (b) φ = 30%, (c) N–S cross section of the 10% porosity modelling result, (d) N–S cross section of the 30% porosity modelling result. 
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Figure 20. UKCP18 daily precipitation projection of a 5 km grid located in the study area from 1 July 2024 to 31 December 2028. 
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Table 1. Colliery spoil properties characterised by their variations from minimum to maximum values with the summary of references.
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Soil Property

	
Mean

	
Minimum

	
Maximum

	
Reference






	
Unit weight (KN/m3)

	
19

	
17

	
21

	
[37,41,42,43,44,45,46]




	
Friction angle (°)

	
37

	
32

	
42




	
Cohesion (KPa)

	
10

	
0

	
20




	
Porosity (%)

	
20

	
10

	
30











 





Table 2. Soil properties for the colliery tip and underlying natural slope for LE numerical analysis.
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	Friction Angle
	Cohesion
	Tensile Strength
	Porosity





	Colliery tip
	37°
	1 × 104 Pa
	0
	20%



	Natural slope
	40°
	1 × 105 Pa
	5 × 104 Pa
	10%










 





Table 3. Strength and deformability properties of colliery spoil and natural slope used for FDM modelling.
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	Friction Angle
	Cohesion
	Tensile Strength
	Bulk Modulus
	Shear Modulus





	Colliery spoil
	37°
	1 × 104 Pa
	0
	1.67 × 108 Pa
	0.77 × 108 Pa



	Natural slope
	40°
	1 × 105 Pa
	5 × 104 Pa
	8.33 × 108 Pa
	4 × 108 Pa










 





Table 4. FS estimation in various hydrogeological conditions by using different LE methods, including the simplified Bishop method, simplified Janbu method, and Spencer method.






Table 4. FS estimation in various hydrogeological conditions by using different LE methods, including the simplified Bishop method, simplified Janbu method, and Spencer method.





	Method
	Dry Slope
	Partially Saturated Slope (Regime_1)





	Simplified Bishop
	1.471
	1



	Simplified Janbu
	1.28
	0.897



	Spencer
	1.464
	1.019










 





Table 5. The number of events that the amount of single-day precipitation exceeds specific thresholds from 1 July 2024 to 31 December 2028.
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2024

	
2025

	
2026

	
2027

	
2028




	

	






	
50–60 mm

	
1

	
2

	
3

	
3

	
1




	
60–70 mm

	
1

	
1

	
1

	
0

	
1




	
≥70 mm

	
1

	
1

	
0

	
0

	
1











 





Table 6. The number of events that the amount of three-day accumulative precipitation exceeds specific thresholds from 1 July 2024 to 31 December 2028.
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2024

	
2025

	
2026

	
2027

	
2028




	

	






	
100–115 mm

	
0

	
0

	
1

	
2

	
1




	
115–130 mm

	
0

	
1

	
0

	
0

	
0




	
≥130 mm

	
0

	
0

	
0

	
1

	
0

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 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 (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Displacement (m)

)

——P1
——P2
——P3
—— P4
-~ P5
——— P8
——P7
——P8

—— P9

1 ! I
5000 10000

Timestep

Displacement (m)

1.4 -

1.2 4

—— P1
—— P2
——P3
—— P4
——P5
——P6
——P7
——P8
—— P9

1
5000

Timestep

1
10000






media/file30.png
Displacement (m)

3.00 -

2.25

1.50

0.75 -

0.00

|
5,000
Timestep

I
10,000





media/file39.jpg
3
3

5
5

Daily precipitation (mm)

N
8

2024114 2025MA 2026 2027111 2028