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tailings are characterized by relatively low permeability together with high strength and stiffness. In 
particular, the effective internal friction angle generally increases with burial depth, indicating that the 
particle skeleton of the deep tailings becomes denser and its shear resistance correspondingly stronger. 
These results demonstrate that tailings spatial heterogeneity is not merely a depositional feature, but is 
further translated into a layered hydro-mechanical parameter gradient that governs seepage, 
deformation, and stability within the dam, thereby forming the internal basis for the differentiated 
responses observed under multiple scenarios. 

 
Fig. 3Tailings spatial heterogeneity and parameter zonation. 

3.2 Heavy-rainfall-induced seepage and stability response 
Under heavy rainfall, the seepage field within the dam changes markedly. As shown in Fig. 4a, with 
rainfall duration increasing from 0 h to 24 h, the phreatic line rises continuously in the shallow zone 
near the dam crest and around the dam toe, whereas changes in the middle and deeper parts of the dam 
remain relatively limited, indicating that rainfall infiltration is mainly concentrated in the surface and 
shallow tailings layers. This behavior is fundamentally attributed to the fact that the shallow tailings 
possess relatively high permeability and can therefore rapidly receive external water recharge, whereas 
the relatively low-permeability middle layers impede vertical seepage, thereby causing shallow 
perched water and pore-water-pressure concentration near the dam toe. As a result, dam stability 
decreases progressively with rainfall duration. As shown in Fig. 4b, the factor of safety declines 
gradually from 1.35 under the normal operating condition to 0.98 at 24 h. These results indicate that 
the deterioration of dam stability under rainfall is not caused simply by an increase in infiltration water 
input, but rather by the reorganization of rainfall disturbance into localized pore-pressure buildup and 
shear-strength degradation through the layered permeability contrast of the tailings. In other words, the 
weakening effect of rainfall on the dam follows a distinct evolutionary pathway of “shallow 
infiltration–middle-layer impediment–pore-pressure concentration near the dam toe–development of a 
potential slip surface.” 

 
Fig. 4 Seepage-field evolution and stability response under the heavy-rainfall scenario. 
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Differences in the physical and mechanical properties of Tailings soil at different layers lead directly 
to differences in their resistance to external disturbances. The shallow Tailings soil is generally 
characterized by a relatively high void ratio, relatively high permeability, and low dynamic stiffness, 
and its comparatively loose structure makes it the most sensitive to heavy-rainfall infiltration and 
seismic disturbance. The middle layers constitute a compaction-transition zone; their relatively low 
permeability makes them more likely to impede downward seepage during rainfall, whereas their 
structural transition characteristics make them a key zone for deformation transmission and 
concentration under seismic loading. By contrast, the deep Tailings soil is characterized by lower 
permeability, higher shear strength, and higher dynamic stiffness, with a denser structure and thus a 
relatively stronger resistance to external disturbances. In essence, the differences in dam response 
under different scenarios originate from the stratified contrasts in permeability, strength, and stiffness 
among different Tailings soil layers, as well as the resulting differences in disturbance resistance. 

 

Although heavy rainfall and earthquakes represent different external triggering mechanisms, both are 
fundamentally governed by tailings spatial heterogeneity, albeit through different response pathways. 
Under the heavy-rainfall scenario, layered permeability contrast dominates the transmission of 
disturbance: the shallow high-permeability layers preferentially receive infiltration, whereas the 
relatively low-permeability middle layers impede downward seepage, making local pore-water-
pressure accumulation more likely and further reducing effective stress and stability reserve (Theron et 
al., 2022; Du et al., 2024; Wu et al., 2025). Under the seismic scenario, by contrast, stiffness contrast 
and structural transition characteristics dominate the response mode: the shallow low-stiffness Tailings 
soil is more prone to dynamic deformation, and the middle transition zone more readily transforms 
such disturbance into localized displacement concentration. Previous studies have likewise shown that 
differences in cyclic response, permeability, and stiffness of tailings materials significantly influence 
displacement development and nonlinear deformation under seismic loading (Solans et al., 2023; Li et 
al., 2021). Therefore, heavy rainfall primarily affects dam stability through the pathway of “layered 
permeability contrast–pore-pressure accumulation–local strength degradation,” whereas earthquakes 
mainly control dam failure evolution through the pathway of “stiffness contrast–deformation 
localization–formation of potential sliding zones.” Taken together, the two scenarios indicate that 
tailings spatial heterogeneity is the key internal factor governing the zones of concentrated response 
and the failure pathways of the dam. 

4 Conclusions  
Taking an upstream tailings dam in western China as a case study, this study investigated the 
controlling effect of tailings spatial heterogeneity on the multi-scenario responses and failure evolution 
of the dam. The main conclusions are as follows: 

(1) The deposited tailings exhibit pronounced spatial heterogeneity. The beach tailings generally 
become progressively finer from the dam front toward the reservoir tail, while the vertical profile 
displays a coarse-fine-coarse depositional cyclicity, together forming a parameter zonation 
characterized by a relatively loose shallow part, a transitional middle part, and a relatively dense deep 
part. This layered structure constitutes the internal basis for the differentiated responses of the dam 
under multiple scenarios. From an engineering perspective, tailings stratification should be delineated 
as finely as possible in conjunction with the discharge year, discharge sequence, and depositional 
process. 

(2) Under the heavy-rainfall scenario, rainfall infiltration preferentially affects the dam surface and the 
shallow tailings layers, and, under the impediment of the relatively low-permeability middle layers, 
leads to shallow perched water and pore-pressure concentration near the dam toe, with the factor of 
safety decreasing from 1.35 to 0.98. The rainfall-induced response pathway can be summarized as 
“shallow infiltration–middle-layer impediment–pore-pressure accumulation–development of a slip 
surface.” 

(3) Under the seismic scenario, the middle-upper tailings zone and the area near the dam crest 
constitute the main zones of displacement concentration, while the potential sliding mass is primarily 
developed in the middle-upper deposited-tailings zone, with the factor of safety decreasing from 1.35 
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to 0.962. The horizontal displacement time history of Point P, located at the highest downstream node 
of the dam crest, further shows a final permanent displacement of 18.2 mm. The seismic response 
pathway can be summarized as “dynamic disturbance input–localized deformation concentration–
accumulation of permanent crest displacement–formation of a potential sliding zone.” The cyclic 
liquefaction behavior of tailings is a critical aspect of tailings dam stability analysis, and particular 
attention should be given to the accuracy of relevant laboratory testing and numerical simulation. 

(4) Heavy rainfall and earthquakes represent different external disturbances, yet their effects on dam 
stability are both governed by tailings spatial heterogeneity. The former is mainly controlled by 
layered permeability contrasts, whereas the latter is primarily controlled by stiffness contrasts and 
structural transitions. Stability evaluation of tailings dams should therefore place emphasis on the 
acquisition of stratified parameters, the identification of dynamic properties, and the consistency of 
parameter assignment in numerical simulations. 
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