
Run-out hazard assessment and drainage anti-
sliding pile control of a rainfall-induced loess
landslide
Lecheng Wang 

China University of Geosciences (Beijing)
Wenpei Wang 

China Institute for Geo-Environmental Monitoring
Feng Guo 

China Institute for Geo-Environmental Monitoring
Xiaopeng Fan 

Gansu Institute of Engineering Geology
Ruidong Li 

Gansu Institute of Engineering Geology
Junchen Liu 

China University of Geosciences (Beijing)
Kai Yang 

Nanjing Tech University

Research Article

Keywords: loess landslide, drainage anti-sliding pile, rainfall infiltration, Massflow, zoned factor of safety,
hazard mitigation

Posted Date: September 12th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10890040/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-10890040/v1
https://doi.org/10.21203/rs.3.rs-10890040/v1
https://doi.org/10.21203/rs.3.rs-10890040/v1
https://creativecommons.org/licenses/by/4.0/


Run-out hazard assessment and drainage anti-sliding pile 1 

control of a rainfall-induced loess landslide 2 

Lecheng Wang1,2, Wenpei Wang2 , Feng Guo2, Xiaopeng Fan3, Ruidong Li3, Junchen Liu1,2, Kai Yang4 3 

1 China University of Geosciences (Beijing), Beijing 100083, China; 2 China Institute for Geo-Environmental Monitoring, Beijing 4 

100081, China; 5 

3 Gansu Institute of Engineering Geology, Lanzhou 730000, China; 4 Nanjing Tech University, Nanjing 211816, China 6 

Abstract: Rainfall-induced loess landslides in irrigated terrace areas can evolve from infiltration and 7 

pore-pressure buildup to rapid run-out toward river channels. Taking the Jiaojiaya No. 13 slope in the 8 

Heifangtai platform, Gansu Province, China, as a case study, this study first assessed untreated 9 

run-out hazard using Massflow and then evaluated the stabilization effects of conventional anti-sliding 10 

piles (CAP) and drainage anti-sliding piles (DASP) using SEEP/W and SLOPE/W in GeoStudio. Under 11 

natural conditions (NC), the calibrated Massflow model showed that about 12.0×104 m3 of unstable 12 

loess could travel 504.4 m and enter the adjacent river channel, indicating significant run-out and 13 

river-intrusion hazards. GeoStudio results showed that rainfall infiltration and post-rainfall moisture 14 

redistribution reduced the time-series factor of safety under NC to 0.701, while representative stability 15 

maps gave Fs values of 0.931, 1.057 and 1.638 for NC, CAP and DASP, respectively. CAP intercepted 16 

the main through-going slip surface but provided limited pore-pressure relief. In contrast, DASP 17 

combined mechanical resistance with drainage-pressure reduction, suppressed the through-going 18 

failure surface and shifted the reinforced slope to an overall stable state with a higher safety reserve. 19 

The potential low-reserve source zone decreased to about 0.86×104 m3, 92.8% lower than the 20 

untreated source volume. These results indicate that DASP mitigates landslide hazard mainly through 21 

source control by lowering pore-water pressure and preventing large-scale source formation. 22 

Keywords: loess landslide; drainage anti-sliding pile; rainfall infiltration; Massflow; zoned factor of 23 

safety; hazard mitigation 24 
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Loess is widely distributed across northwestern China and is characterized by a loose structure, 26 

well-developed pores, vertical joints and strong water sensitivity. Upon wetting, loess can undergo 27 

collapsibility, softening and shear-strength degradation, which provide the material basis for frequent 28 

landslide hazards on the Chinese Loess Plateau [1, 2]. With increasing agricultural irrigation, 29 

engineering disturbance and extreme rainfall, the internal hydrological conditions of loess slopes have 30 

changed markedly. Rainfall or irrigation infiltration reduces matric suction, increases pore-water 31 

pressure and raises groundwater levels, thereby becoming a major trigger for loess landslides [3, 4]. 32 

The Heifangtai platform in Yongjing County, Gansu Province, is a typical high-incidence area of loess 33 

landslides in China. Long-term irrigation has raised groundwater levels within the platform and induced 34 

numerous retrogressive, clustered and flow-like loess landslides, causing serious losses of life and 35 

property [5-7]. Previous studies have systematically examined landslide types, development rules, 36 

groundwater response, kinematic features and risk assessment in Heifangtai [8], showing that 37 

long-term irrigation, groundwater rise and water-induced loess softening are the key controls on 38 

landslide activity in this area [9, 10]. In addition, fissures and preferential pathways in loess can 39 

accelerate water migration to deeper layers, increase local pore-water pressure and weaken soils near 40 

potential slip surfaces. Therefore, post-rainfall seepage redistribution and delayed pore-pressure 41 

response may also affect slope stability [11, 12]. 42 

Recent research on rainfall-induced loess landslides has shifted from single stability evaluation toward 43 

integrated analyses of unsaturated seepage, preferential fissure infiltration, rainfall-pattern uncertainty, 44 

spatial variability of soil parameters and post-failure movement. Ma et al. [13] showed that stability 45 

assessment of rainfall-induced loess landslides is highly sensitive to hydraulic conductivity, 46 

shear-strength parameters and rainfall patterns when spatial variability is considered. Duan et al. [14] 47 

further linked extreme rainfall with creep effects in unsaturated loess slopes, emphasizing 48 

time-dependent strength degradation under sustained infiltration. Field infiltration studies have shown 49 

that rear-edge fissures and preferential pathways allow rainwater to bypass uniform shallow infiltration 50 

and rapidly reach deeper potential sliding zones [15]. Rainfall model tests also indicate that fissure 51 

propagation, wetting-front migration and localized saturation jointly control initiation positions and 52 

failure patterns [16]. For loess-palaeosol or loess-silty clay interbedded slopes, low-permeability layers 53 

can impede downward seepage, promote water retention in overlying loess and amplify delayed 54 

post-rainfall stability degradation [17]. Rainfall duration, rainfall intensity combinations and slope 55 



gradient further affect wetting-front depth, pore-pressure response time and the rate of factor-of-safety 56 

reduction [18, 19]. 57 

For landslide mitigation, conventional anti-sliding piles mainly provide mechanical resistance through 58 

pile bending stiffness and the embedded segment. However, for water-sensitive loess slopes governed 59 

by rainfall infiltration and groundwater, rigid support alone cannot efficiently release elevated 60 

pore-water pressure within the slope. Drainage wells, horizontal drains and pile-drainage combined 61 

structures have shown that active drainage can lower groundwater levels, reduce pore-water pressure 62 

and increase effective normal stress along potential slip surfaces, making it an important supplement 63 

for hydraulically driven landslides [20]. Recently, drainage anti-sliding piles and upper-hollow drainage 64 

anti-slide piles have received growing attention. Their core concept is to combine pile resistance with 65 

side collection holes, internal vertical drainage channels and slope drainage systems that release 66 

pore-water pressure around the pile [21, 22]. Reviews and engineering studies on DASP indicate that 67 

its main advantage over CAP is the conversion of passive support into coupled support-drainage 68 

control. Nevertheless, most existing studies focus on structural force, drainage capacity or local 69 

stability improvement, whereas continuous analyses linking source-volume reduction to post-failure 70 

run-out mitigation remain limited [23, 24]. 71 

In summary, previous studies have clarified how rainfall infiltration, preferential fissure flow, 72 

low-permeability layer impedance and pore-pressure lag affect loess-slope stability, and have 73 

separately advanced drainage-support design and landslide run-out modelling. However, a process 74 

gap remains: run-out simulations commonly emphasize the hazard range after failure, whereas 75 

stabilization analyses often stop at the factor of safety and do not explain how a drainage-support 76 

measure changes the source conditions that control long-distance movement. This study therefore 77 

adopts a hazard-first evaluation logic. The untreated NC slope is first simulated with Massflow to 78 

quantify the potential run-out range and river-intrusion risk. SEEP/W and SLOPE/W are then used to 79 

compare NC, CAP and DASP in terms of pore-water pressure, critical slip-surface development, factor 80 

of safety and zoned safety reserve. The overall research framework is shown in Fig. 1. This structure 81 

separates the diagnosis of the natural landslide hazard from the evaluation of reinforced-slope stability, 82 

and clarifies the source-control mechanism by which DASP mitigates rainfall-induced loess landslide 83 

hazards. 84 



 85 

Fig. 1 Research framework 86 

2 Study area 87 

The study area is located in the Heifangtai irrigation district of Yanguoxia Town, Yongjing County, 88 

Gansu Province, upstream of the confluence between the Huangshui River and the Yellow River. It 89 

belongs to a typical fourth-order terrace of the Yellow River. The platform covers approximately 90 

13.7-14.0 km2, has a generally flat surface that inclines from west to east, and has elevations of 91 

1664-1864 m. Steep marginal slopes around the platform provide favorable free-face topography for 92 

landslide initiation (Fig. 2). Since the 1960s, reservoir resettlement and long-term Yellow River 93 

irrigation have caused persistent infiltration of irrigation water and substantial groundwater rise within 94 

the platform. Because loess loses strength rapidly after wetting, clustered and flow-like landslides have 95 

frequently occurred along the platform margins, threatening riverside infrastructure, farmland and local 96 



residents. 97 

 98 

Fig. 2 Overview of the study area 99 

The Heifangtai platform mainly consists of four stratigraphic units from top to bottom. The upper layer 100 

is Upper Pleistocene Malan loess (Q3eol), 26-48 m thick, with a loose structure and well-developed 101 

vertical fissures that serve as major channels for rapid rainfall and irrigation infiltration. Beneath it lies 102 

Middle Pleistocene alluvial-diluvial silty clay (Q2al), 3-19 m thick, which is dense and weakly permeable. 103 

This layer slows groundwater flow and forms a transient or perennial phreatic zone within the overlying 104 

loess. A 1-6 m thick gravel layer (Q2al) with high permeability occurs below the silty clay, and the basal 105 

bedrock is sandy mudstone of the Lower Cretaceous Hekou Group (K1hk3), with bedding dips of 106 

125-220 degrees. Under this geological configuration, rapid infiltration through Malan loess fissures 107 

and long-term irrigation-induced wetting can easily saturate and soften loess above the interfaces, 108 

creating a typical rainfall-irrigation coupled failure mechanism in Heifangtai. 109 

To define the engineering geological conditions and provide a basis for numerical model simplification, 110 

an engineering geological section of the Jiaojiayatou No. 13 slope was established using field section 111 

data, lithology and groundwater information (Fig. 3). The section shows thick Malan loess in the upper 112 

slope, well-developed vertical fissures, landslide deposits in the middle-lower slope, and silty clay, 113 



gravel and sandy mudstone at the base. The potential slip surface mainly extends through the loess 114 

and landslide deposits toward the slope toe and converges near the silty clay and gravel layers, 115 

indicating that weak interfaces and groundwater accumulation zones jointly control the failure boundary. 116 

 117 

Fig. 3 Engineering geological section of the Jiaojiaya No. 13 slope 118 

Hydrogeologically, groundwater in the study area is mainly recharged by long-term irrigation and 119 

rainfall infiltration. Vertical fissures in the loess provide preferential pathways for downward water 120 

migration. Infiltrated water gradually accumulates near the lower loess and silty clay layers to form a 121 

saturated zone, and then discharges along the top of the silty clay layer, through the gravel layer and 122 

toward the free face at the slope toe (Fig. 4). Because of the impedance of the weakly permeable layer 123 

and toe-controlled discharge, elevated pore-water pressure and reduced effective stress can develop 124 

near the potential sliding zone. This provides an important hydrogeological basis for high-position 125 

initiation and long run-out of the Jiaojiayatou landslide under rainfall or irrigation. 126 

 127 

Fig. 4 Conceptual model of groundwater occurrence, runoff and discharge in the Jiaojiaya No. 13 slope 128 

The numerical analysis was organized in two stages. First, the untreated NC slope was used to 129 

diagnose the potential run-out hazard and river-intrusion consequence. Second, NC, CAP and DASP 130 

were compared in GeoStudio to evaluate stability control after pile installation. CAP represents 131 



mechanical interception of the main through-going slip surface, whereas DASP combines mechanical 132 

support with drainage-pressure relief. The outside optimized drainage anti-sliding pile arrangement 133 

(D-DASP) is discussed only as a conceptual extension and is not included in the main numerical 134 

comparison. 135 

3 Natural run-out hazard assessment based on Massflow 136 

3.1 Massflow parameter setting and validation 137 

UAV photogrammetry was used to obtain topographic information for the Jiaojiayatou No. 13 landslide 138 

and adjacent areas, and a three-dimensional terrain model was constructed as the base topography 139 

for Massflow simulations. Massflow was used in this stage to evaluate the possible run-out process of 140 

the untreated slope, rather than to simulate failure after engineering treatment. The initial source area 141 

was defined from the field-interpreted through-going failure boundary and constrained by previous 142 

Massflow applications, kinematic simulations, centrifuge model tests and disaster records for loess 143 

landslides in Heifangtai [25-29]. The Coulomb model was selected because it is suitable for landslides 144 

and collapsed deposits dominated by solid granular motion. Input parameters included landslide 145 

density, cohesion, internal friction angle, pore-water pressure coefficient and gravitational acceleration. 146 

These parameters describe equivalent motion resistance during the post-failure movement stage and 147 

were constrained by back-analysis of historical run-out distance, deposition area and morphology. 148 

The high-speed Jiaojiayatou landslide event of 7 February 2012 was used for Massflow parameter 149 

back-analysis. The historical landslide volume was approximately 12×104 m3, and most of the sliding 150 

mass entered the Bapanxia reservoir area, blocking the Yanlan highway and generating reservoir 151 

waves. The back-analysis used source volume, river entry, deposition extent and maximum run-out 152 

distance as the main constraints, with effective deposition volume as a mass-conservation check. 153 

Because Massflow did not include significant erosion entrainment, final volume variations among 154 

parameter combinations were limited; parameter selection was therefore mainly based on run-out 155 

distance, deposition area and river-entry behavior. A stepwise trial method was used. First, the 156 

pore-water pressure coefficient was fixed at 0.4, and cohesion was tested between 0 and 7 kPa to 157 

reflect the substantial reduction in cohesion after loess wetting. A cohesion value that reproduced the 158 



historical deposition range was then selected. Next, with cohesion near 5 kPa, the pore-water pressure 159 

coefficient was adjusted in increments of 0.1 to compare run-out extent, effective deposition area, 160 

maximum thickness and river-entry behavior. Selected back-analysis results are listed in Table 1, and 161 

final input parameters are listed in Table 2. 162 

Table 1 Back-analysis results for Massflow parameters (selected cases) 163 

Case c (kPa) lambda Effective deposition 

area (H> 0.1m) 

/104m2
 

Effective deposition 

volume (H>0.1m)/ 

104m3
 

Maximum 

thickness (m) 

Deposition 

position 

1 4 0.4 7.46 11.82 5.22 Farthest deposit 

reached the 

river margin 

2 5 0.4 7.00 11.81 5.34 Farthest deposit 

reached the 

river margin 

3 5 0.5 7.51 11.81 5.18 River intrusion 

4 5 0.6 8.13 11.80 4.87 River intrusion 

5 5 0.7 8.77 11.79 4.62 River intrusion 

 164 

Table 2 Basic input parameters for the Massflow numerical simulation 165 

Parameter ρ (kg m-3) c (kPa) φ (degrees) λ g (m s-2) 

Value 1400 5.0 17.2 0.7 9.8 

The back-analysis showed that the farthest deposits in cases 1 and 2 reached only the river margin, 166 

whereas cases 3, 4 and 5 reproduced river-entry behavior. Considering both river entry and final 167 

deposition thickness and morphology, the parameter combination in case 5 (ρ=1400 kg/m3, c=5.0 kPa, 168 

φ= 17.2 degrees and λ= 0.7) was selected for the untreated NC run-out simulation. This combination 169 

reproduced the historical source volume of approximately 12×104 m3, long run-out and river-entry 170 

deposition. The internal friction angle φ= 17.2 degrees is consistent with the loess value used in 171 

GeoStudio, but in Massflow it acts as an equivalent friction parameter during the motion stage; its 172 

rationality is mainly constrained by historical landslide back-analysis. 173 

3.2 Run-out hazard under natural conditions 174 

An untreated NC initial source volume of approximately 12×104 m3 was adopted for the run-out 175 

simulation. This volume corresponds to the field-interpreted through-going failure zone of the 176 



Jiaojiayatou No. 13 slope and is consistent with the scale of historical loess landslides in the Heifangtai 177 

platform. To clarify the run-out characteristics and hazard range without engineering treatment, the NC 178 

process was simulated at four typical time nodes: t = 10, 20, 30 and 40 s (Fig. 5). The results indicate 179 

high mobility and severe hazard potential. After failure, gravity drove the sliding mass rapidly 180 

downslope. At t = 10 s, the rear source area showed clear shear thinning, whereas the front advanced 181 

rapidly with increasing kinetic energy; the central source area still retained a high-thickness zone of 182 

12.0-15.0 m, but the front had already stretched into a tongue-shaped pattern. During 10-20 s, the 183 

landslide entered a high-speed shearing stage. Controlled by the steep-to-gentle terrain transition, 184 

source materials were continuously supplied downslope, and the high-thickness core moved rapidly. 185 

Because of the large source volume under NC, the front crossed the middle-lower buffer platform and 186 

reached the free face at the slope base, entering the river area at t = 20 s. During 20-40 s, kinetic 187 

energy was gradually consumed by terrain-controlled friction and front expansion nearly stopped. By t 188 

= 40 s, the landslide had almost stopped. The final deposit was a long tongue-shaped body, with an 189 

effective deposition volume of approximately 11.83×104 m3 and a maximum run-out distance of 504.4 190 

m. The front formed a distinct deposition zone along the riverbank after entering the main river channel, 191 

indicating significant river-intrusion risk under untreated conditions. 192 

 193 

Fig. 5 Predicted accumulation-thickness evolution during landslide movement under NC based on 194 

Massflow: (a) 10 s; (b) 20 s; (c) 30 s; and (d) 40 s 195 

4 Stability-control simulation based on GeoStudio 196 



4.1 Numerical model construction 197 

After the untreated run-out hazard had been identified, GeoStudio was used to evaluate whether pile 198 

reinforcement could prevent development of the large source area responsible for long-distance 199 

movement. The model geometry, stratigraphic structure and initial groundwater level were determined 200 

from the engineering geological section and the conceptual model of groundwater occurrence, runoff 201 

and discharge for the Jiaojiayatou No. 13 slope (Figs. 3 and 4). The physical-mechanical parameters, 202 

soil-water characteristic curves (SWCCs) and hydraulic conductivity functions were selected by 203 

integrating engineering investigation data and previous studies in the Heifangtai area. A 204 

two-dimensional numerical model was established using SEEP/W and SLOPE/W in GeoStudio. From 205 

top to bottom, the model materials were loess, silty clay, gravel and sandy mudstone. The model had a 206 

total height of approximately 93.5 m and a total length of 230 m. To represent preferential infiltration 207 

through a rear-edge fissure, a 5 m deep and 0.2 m wide fissure was placed at the model top. 208 

The mechanical and hydraulic parameters of each soil layer were mainly determined from the field 209 

investigation report of the Jiaojiayatou No. 13 slope (Table 3). An unsaturated seepage model was 210 

established in SEEP/W using the Van Genuchten estimation method, based on saturated water 211 

content, residual water content and soil type. The SWCCs and unsaturated hydraulic conductivity 212 

functions of the soil layers are shown in Fig. 6. 213 

Table 3 Physico-mechanical and hydraulic parameters of soil layers in the loess slope 214 

Soil layer 

Unit 

weight 

(kN/m3) 

Elastic 

modulus 

(MPa) 

Poisson's 

ratio 

Porosity 

Vertical 

hydraulic 

conductivity 

(m d-1) 

Horizontal 

hydraulic 

conductivity 

(m d-1) 

Cohesion 

(kPa) 

Friction 

angle 

(degrees) 

Suction 

friction 

angle 

(degrees) 

Loess 15.0 46 0.35 0.52 0.12 2.4×10-2
 19.2 17.2 15.6 

Silty clay 19.5 90 0.30 0.30 2.4×10-4
 2.0×10-4

 60.0 22.0 - 

Gravel 

layer 
20.0 140 0.3 0.40 2.0 2.0 - - - 

Sandy 

mudstone 

22.0 200 0.3 0.10 1.0×10-5
 1.0×10-5

 - - - 



 215 

Fig. 6 Hydraulic properties of the four soil layers: (a) soil-water characteristic curves (SWCCs) showing 216 

volumetric water content as a function of matric suction; and (b) unsaturated hydraulic conductivity 217 

functions as a function of matric suction 218 

4.2 Stability comparison under different conditions 219 

The model boundary conditions are shown in Fig. 7. Historical daily rainfall records for Yongjing County 220 

were first examined to constrain the regional plausibility of the rainfall setting. Three high-rainfall 221 

events with clear monthly contrasts were selected, namely 24 July 2020 (84.4 mm), 15 July 2021 (61.8 222 

mm) and 17 July 2024 (72.6 mm), and their antecedent and post-peak rainfall processes are 223 

summarized in Fig. 8. On this basis, the SEEP/W analysis generalized the rainfall input into a 48 h 224 

rainfall-response scenario, consisting of rainfall loading during 0-20 h and post-rainfall moisture 225 

redistribution during 20-48 h. Segmented rainfall-flux boundaries were applied to the slope surface and 226 

the rear-edge fissure to represent short-duration intense rainfall and preferential fissure infiltration. A 227 

constant-head boundary was assigned to the fissure to represent water filling and preferential 228 

infiltration during rainfall. Lateral boundaries below the initial groundwater level were set as 229 

constant-head boundaries to approximate lateral groundwater recharge and discharge. Lateral 230 

boundaries above the initial groundwater level were set as no-flow boundaries, and the model base 231 

was set as a no-flow boundary according to the weak permeability of the underlying sandy mudstone. 232 

A zero-pressure boundary was assigned at the slope toe to represent free drainage. Other external 233 

boundaries were treated as natural boundaries. This boundary-condition scheme therefore links the 234 

observed heavy-rainfall background with a generalized seepage-stability simulation, and can represent 235 

continued internal moisture redistribution and toe discharge after short-duration intense rainfall. 236 



 237 

Fig. 7 Schematic seepage boundary conditions under (a) NC, including rainfall infiltration, fissure 238 

infiltration and constant-head boundaries; and (b) DASP, including equivalent drainage boundaries and 239 

free-outflow conditions 240 

  241 



 242 

Fig. 8 Historical heavy-rainfall events used to constrain the representative rainfall scenario for 243 

GeoStudio analysis. The stacked curves show daily rainfall before and after the rainfall peaks on 24 244 

July 2020, 15 July 2021 and 17 July 2024, and the embedded bar charts show daily rainfall 245 

distributions for the corresponding months in Yongjing County, Gansu Province 246 

The seepage results (Fig. 9) show clear temporal evolution of the pore-water pressure field within 48 h. 247 

At the early stage of rainfall, shallow parts of the slope were still dominated by negative pore-water 248 

pressure, indicating that matric suction had not been fully dissipated and that infiltration was 249 

concentrated near the slope surface and the rear-edge fissure. As rainfall continued, the shallow 250 

negative-pressure zone gradually contracted and local pressure contours extended downward, 251 

indicating a persistent influence of rainfall infiltration on the seepage field. During the middle to late 252 

rainfall stage, pore-water pressure changes became more evident near the rear-edge fissure, where 253 

contours bent locally and extended to deeper layers, suggesting the development of a relatively 254 

concentrated infiltration pathway. At approximately t = 21 h, about 1 h after rainfall had stopped, the 255 

shallow pore-pressure field had already changed markedly from the initial state: the negative-pressure 256 

zone further decreased and pore-water pressure near the potential sliding zone increased. After 257 

rainfall cessation, the water that had entered the slope did not dissipate immediately; instead, it 258 

continued to migrate downward and toward the slope toe under gravity and unsaturated suction 259 

gradients. Therefore, at t = 30, 39 and 48 h, the internal pore-pressure field still showed delayed 260 

adjustment. Overall, the contours indicate reduction of negative pore pressure, local pressure increase 261 



and post-rainfall migration, whose stability effects are evaluated using the factor of safety and potential 262 

slip-surface evolution. 263 

 264 

Fig. 9 Distribution of pore-water pressure in the loess slope during and after rainfall: (a) t = 0 h; (b) t = 5 265 

h; (c) t = 9 h; (d) t = 13 h; (e) t = 17 h; (f) t = 21 h; (g) t = 30 h; (h) t = 39 h; and (i) t = 48 h 266 

Because this study evaluates the integrated control effect of DASP on the slope seepage field and 267 

stability state, rather than the structural optimization of a single pile, DASP was represented in the 268 

model in an equivalent manner. Its anti-sliding effect was represented by pile elements that provide 269 

mechanical constraint, whereas its drainage effect was represented by free-outflow boundaries with 270 

zero pore pressure on both sides of the pile to reduce pore-water pressure around the pile and near 271 

the potential sliding zone. Studies of drainage anti-sliding piles and upper-hollow drainage anti-slide 272 

piles have shown that side collection holes and internal drainage channels can collect groundwater 273 

around the pile and discharge it through the pile body, thereby reducing groundwater level, pore-water 274 

pressure and landslide thrust. Based on this physical process, the pressure-relief effect of the pile 275 

drainage system at the slope scale was generalized as a free-outflow boundary. Both pile types were 276 

20.0 m long and embedded 3.0 m into the basal gravel layer. To enhance internal drainage, DASP was 277 

configured as a split structure: the upper pile segment was treated as weakly permeable to collect 278 

groundwater from the slope and pile surroundings, while the lower segment was treated as 279 

impermeable to prevent direct leakage to the deep layer. A vertical drainage hole inside the pile 280 

connected the upper and lower parts and discharged collected water along the pile channel (Fig. 10). 281 

Based on the SEEP/W analysis, three conditions were then constructed for SLOPE/W analysis: NC, 282 

CAP and DASP. 283 

The equivalent zero pore-pressure/free-outflow boundary was not intended to resolve local 284 



three-dimensional flow inside individual drainage holes. Instead, it expresses the pore-pressure 285 

release caused by DASP at the scale of a two-dimensional slope section. In seepage analysis, a 286 

free-outflow boundary has the same physical meaning as a seepage-face boundary: once 287 

groundwater reaches a drainable boundary, pore pressure no longer accumulates and boundary head 288 

is controlled by the drainage outlet. Such boundaries are commonly used to represent natural outflow 289 

near slope faces, drainage holes or drainage wells in saturated and unsaturated seepage simulations 290 

[30]. For section-scale analysis aimed at overall slope stability and source-volume control, and in the 291 

absence of measured single-pile discharge, clogging ratio or filter-material permeability, the 292 

free-outflow boundary is a mechanism-oriented representation under effective drainage conditions. 293 

This treatment highlights the main distinction between CAP and DASP: CAP provides mainly 294 

mechanical support, whereas DASP provides both mechanical support and pore-pressure release. 295 

Thus, the results should be interpreted as an evaluation of stability and source control under 296 

unobstructed drainage channels and effective outlets, not as a detailed design check of pile drainage 297 

capacity. 298 

 299 

Fig. 10 Structural layout of anti-sliding pile measures: (a) conventional anti-sliding pile (CAP); and (b) 300 

drainage anti-sliding pile (DASP) with an internal drainage structure 301 

The simulation results (Fig. 11) show distinct mechanical responses and stability states under different 302 

measures. Under NC, rainfall infiltration rapidly dissipated matric suction in shallow soil and reduced 303 

shear strength. The most critical slip surface remained a deep circular surface, and the representative 304 

factor of safety was Fs = 0.931, indicating that the untreated slope was still in an unstable or 305 



near-critical state. After CAP was installed in the middle slope, the main through-going slip surface was 306 

mechanically intercepted and the representative Fs increased to 1.057. This indicates that the principal 307 

sliding path had been stabilized by pile resistance, although the safety reserve remained limited 308 

because CAP did not provide pore-pressure relief. Under DASP, the representative Fs increased 309 

markedly to 1.638, and the critical slip surface no longer developed as a continuous deep failure path. 310 

The colored zones in the reinforced cases should therefore be interpreted as zoned factor-of-safety 311 

distributions, namely the spatial redistribution of stability reserve, rather than as evidence that the 312 

reinforced slope would still undergo a large-scale landslide. Compared with CAP, DASP further 313 

reduced the low-reserve area and shifted most of the reinforced slope to high Fs ranges by combining 314 

mechanical resistance with drainage-pressure reduction. This interpretation is consistent with 315 

numerical simulations of an arched micropile group in the Tizicao high-position landslide and optimized 316 

pile-position analyses, which show that pile support improves overall factor of safety while local 317 

load-transfer and deformation zones may still control the spatial distribution of stability reserve [31, 32]. 318 

Overall, Fig. 11 indicates that DASP converts the slope from a near-critical through-going failure mode 319 

to an overall stable state with a substantially enhanced safety reserve. 320 

 321 

Fig. 11 Stability analysis under NC, CAP and DASP conditions: (a-c) critical slip surfaces and Fs values 322 

(0.931, 1.057 and 1.638, respectively); and (d-f) zoned factor-of-safety maps 323 

Slope stability differed markedly among the three support conditions. In the representative stability 324 



maps (Fig. 11), Fs increased from 0.931 under NC to 1.057 under CAP and 1.638 under DASP, 325 

showing a progressive improvement from a near-critical untreated state to a mechanically stabilized 326 

state and then to a drainage-reinforced stable state. During the 0-20 h rainfall period shown in the 327 

time-series analysis (Fig. 12), Fs decreased in all cases because rainfall infiltration reduced matric 328 

suction. During the post-rainfall period (20-48 h), Fs continued to decrease because of delayed 329 

moisture redistribution. NC had the lowest stability, with the time-series Fs decreasing to 0.701 and 330 

showing high sensitivity to seepage-field changes. CAP increased the time-series Fs from 1.32 to 331 

1.044 through mechanical resistance, but because it could not reduce high pore-water pressure within 332 

the slope, its post-rainfall decline trend remained nearly parallel to that of NC. DASP produced the 333 

most favorable response: the free-outflow boundaries around the pile reduced pore-water pressure 334 

near the potential sliding zone, slowed stability degradation, and kept the reinforced slope in an overall 335 

stable state. In this sense, the main contribution of DASP is not the simulation of a smaller 336 

post-treatment landslide, but prevention of the through-going source area that supplied the hazardous 337 

NC run-out. 338 

 339 

Fig. 12 Variation in factor of safety under different stabilization measures during and after rainfall. The 340 

blue shaded area indicates the rainfall period 341 

To characterize the time-dependent stability response during rainfall and post-rainfall seepage, the rate 342 

of safety-factor change, dFs/dt, was introduced. A negative value indicates a decrease in Fs with time, 343 

and a larger absolute value indicates faster stability degradation. This index identifies critical periods of 344 

rapid Fs decline and compares the sensitivity of different protection conditions to rainfall infiltration. Fig. 345 



13 shows the dynamic evolution of dFs/dt over 48 h for NC, CAP and DASP. Throughout the period, 346 

the rates remained negative. During the 0-20 h rainfall stage, their absolute values showed a 347 

double-peak pattern. From 0 to 5 h, the absolute values first increased rapidly and then briefly 348 

decreased, forming the first secondary peak near 3-4 h. After 9-10 h, all three curves dropped sharply 349 

again, with peak absolute rates around 14-15 h. 350 

Before rainfall stopped at 20 h, CAP showed the deepest trough, approximately -0.018, followed by NC 351 

at approximately -0.013. The DASP trough was approximately -0.015, and its curve from 10 to 20 h 352 

remained clearly above that of CAP. After rainfall stopped, the rates in all three conditions quickly 353 

approached zero and showed weak, gradually attenuating oscillations during 24-48 h, finally 354 

approaching zero at 48 h. 355 

 356 

Fig. 13 Rate of change in factor of safety under NC, CAP and DASP conditions during the 48 h 357 

rainfall-response simulation 358 

At approximately 14 h, CAP had the largest absolute decrease rate of Fs, followed by DASP, whereas 359 

NC showed a smaller rate. This is because NC had already entered a low safety-reserve state during 360 

the early to middle rainfall stage; strength degradation along the potential sliding zone had nearly 361 

developed, and subsequent Fs reduction gradually converged. CAP provided mechanical support, but 362 

pore-water pressure around the pile continued to accumulate, causing rapid effective-stress loss in the 363 

later rainfall stage. DASP reduced the growth rate of pore-water pressure near the potential sliding 364 

zone through pile-side collection and drainage holes, resulting in a smaller post-rainfall stability 365 

degradation than CAP. 366 

5 Discussion: application of drainage anti-sliding technology in 367 



loess slopes 368 

The front-positioned Massflow simulation establishes the consequence baseline for the untreated 369 

slope: once the through-going NC source is released, the large volume of wet loess can evolve into a 370 

long tongue-shaped run-out and enter the river channel. The GeoStudio results then explain how this 371 

hazard chain can be controlled before large-scale movement begins. CAP improves stability mainly by 372 

mechanical interception, but elevated pore-water pressure may still reduce the safety reserve during 373 

and after rainfall. DASP acts one step earlier in the hazard chain by lowering pore-water pressure 374 

around the piles and near the potential sliding zone, restoring effective stress and suppressing the 375 

formation of the deep through-going source. Therefore, the mitigation mechanism identified here is 376 

source-control based. DASP reduces the material supply required for long-distance movement, rather 377 

than merely blocking an already moving landslide mass. 378 

The coupled SEEP/W-SLOPE/W results further show that Fs did not immediately stop decreasing after 379 

short-duration intense rainfall ended. The reason is that rainfall cessation does not mean that internal 380 

seepage has ended. During 0-20 h, infiltration mainly reduced shallow negative pore-water pressure 381 

and increased local pore pressure near the rear-edge fissure. During 20-30 h, surface water and 382 

previously infiltrated water continued to redistribute downward along vertical fissures, preferential 383 

pathways and the top of the weakly permeable layer, allowing the pore-pressure response to reach 384 

deeper potential sliding zones. During 30-48 h, internal pore-pressure gradients gradually weakened, 385 

but high water content could persist near the weakly permeable silty clay boundary, causing delayed 386 

stability degradation. Field monitoring and model tests have similarly shown strong spatiotemporal 387 

heterogeneity in rainfall-induced loess landslides, with wetting-front and pore-pressure responses 388 

continuing after rainfall and stronger lag effects often occurring near the toe and middle-lower slope 389 

[33-35]. For CAP, high pore-water pressure around piles during intense rainfall may weaken pile-soil 390 

interaction and reduce subgrade reaction [36]. DASP, however, lowers the local phreatic line around 391 

piles through active drainage and restores effective normal stress along the slip surface [37, 38]. Its 392 

engineering performance is therefore jointly affected by rainfall intensity, rainfall duration, antecedent 393 

water content, stratigraphic permeability and fissure connectivity. 394 

For slopes with high groundwater levels, strong fissure infiltration or significant pore-pressure 395 

response between piles, a double-row or staged drainage anti-sliding pile concept (D-DASP) may be 396 



adopted. In this concept, front and rear pile rows jointly share landslide thrust and form multi-level 397 

drainage pathways. The safety-island concept used here should be understood as an engineering 398 

zoning concept rather than a claim that no deformation occurs anywhere in the slope: the protected 399 

main body remains stable, while a limited front or marginal zone may retain a lower relative safety 400 

reserve without propagating into whole-slope instability. Constructing this stable buffer outside the 401 

landslide zone is consistent with the pile-position interpretation noted above, in which pile location and 402 

parameter configuration directly affect stabilization performance. Complementary measures such as 403 

fissure filling, surface anti-seepage treatment and toe drainage may further reduce infiltration into the 404 

potential sliding zone, especially where surface runoff can rapidly enter open cracks [39]. This zoning 405 

idea is also consistent with previous work emphasizing coupled support and drainage in DASP [40]. 406 

However, pile spacing, drain spacing, hole diameter, inclination, filter gradation and anti-clogging 407 

capacity should be optimized according to hydraulic conductivity, design rainfall and allowable 408 

groundwater drawdown. The present conclusions are mainly applicable to water-sensitive loess slopes 409 

and colluvial slopes with a clearly defined potential sliding zone. For rock slopes, strongly 410 

three-dimensional convergent-flow slopes or slopes subjected to long-term vibration, the coupled 411 

drainage-support effect of DASP should be re-evaluated using site monitoring and dedicated models. 412 

Future optimization should further consider the hydraulic coupling between the filling/filter material 413 

inside the drainage pile and the basal gravel layer. In DASP, the filling medium controls not only the 414 

water-collection capacity of the pile body but also whether the idealized free-outflow boundary used in 415 

the present model can be achieved in engineering practice. If the filler permeability is too low, 416 

pore-water pressure around the pile may not be released efficiently; if it is too high but lacks proper 417 

retention capacity, fine particles from loess may migrate into the drainage channel and reduce 418 

long-term discharge capacity. Numerical work on upper-hollow drainage anti-slide piles has shown that 419 

the stabilizing effect of drainage-type piles is sensitive to permeability conditions [41], and recent 420 

analyses of horizontal drains further indicate that groundwater drawdown and phreatic-line lowering 421 

are transient and spatially localized processes controlled by drain geometry, hydraulic conductivity and 422 

boundary connection [42]. For the Jiaojiaya No. 13 slope, the gravel layer may serve as a lateral 423 

drainage corridor if it is hydraulically connected with the pile drainage channel. Under this condition, 424 

water collected by the pile could be discharged into the high-permeability gravel layer, lowering the 425 

local phreatic line near the pile rows and reducing the hydraulic gradient toward the potential sliding 426 



zone. Therefore, future design should test the sensitivity of water-level drawdown to filler permeability, 427 

gradation, porosity, hydraulic contact with the gravel layer and outlet elevation. The permeability of 428 

granular drainage media is strongly related to grain-size distribution, effective diameter and grading 429 

coefficient [43], whereas fine-particle clogging can reduce filter permeability and drainage capacity 430 

over time [44]. Thus, the DASP drainage boundary adopted in this study should be regarded as an 431 

effective-drainage scenario, and subsequent engineering design should be supported by filter-material 432 

tests, anti-clogging evaluation and long-term monitoring of groundwater levels around the pile-gravel 433 

drainage system. 434 

6 Conclusions 435 

This study first assessed the untreated run-out hazard of the Jiaojiaya No. 13 loess slope using 436 

Massflow, and then evaluated the stability-control effects of CAP and DASP using SEEP/W and 437 

SLOPE/W. The main conclusions are as follows. 438 

1. Rainfall infiltration in the loess slope showed three stages. During the first 20 h of rainfall, infiltration 439 

was limited by the high matric suction of unsaturated loess. During 20-30 h after rainfall cessation, 440 

surface water provided a continued hydraulic head and drove the wetting front downward. During 441 

30-48 h, infiltration rate decreased substantially as the slope approached a new seepage equilibrium. 442 

This staged behavior identifies a critical post-rainfall window during which slope stability may continue 443 

to deteriorate even after surface rainfall has stopped. 444 

2. In the time-series stability analysis under the simulated rainfall event, Fs under NC decreased to 445 

0.701, indicating deep-seated instability risk. CAP increased Fs to 1.044 through mechanical 446 

resistance. However, CAP could not dissipate elevated pore-water pressure within the slope, and its 447 

post-rainfall Fs decay trend was nearly parallel to that under NC; therefore, neither NC nor CAP 448 

reached the target safety threshold in the post-rainfall response. 449 

3. DASP suppressed the formation of a through-going slip surface through the combined action of 450 

mechanical resistance and internal drainage. In the representative stability map, Fs reached 1.638 451 

under DASP, much higher than NC (0.931) and CAP (1.057). The continuous low-reserve source zone 452 

was reduced to a limited local zone, and the overall slope changed from near-critical through-going 453 

instability to an overall stable state with substantially enhanced safety reserve. The drainage structure 454 



locally lowered the phreatic line, restored effective normal stress along the potential slip surface and 455 

slowed rainfall-induced stability degradation. 456 

4. Massflow simulations of the untreated NC slope showed that approximately 12.0×104 m3 of unstable 457 

material could move over a maximum distance of 504.4 m, with an effective deposition volume of 458 

approximately 11.83×104 m3. The sliding mass entered the adjacent river channel, indicating significant 459 

river-intrusion risk and confirming the need for source-area stabilization before failure. 460 

5. DASP improved slope stability through coupled drainage-pressure reduction and mechanical 461 

resistance. Its hazard mitigation effect should be understood mainly as prevention of the large 462 

through-going source area identified under NC. For water-sensitive loess slopes controlled by rainfall 463 

infiltration and groundwater, mitigation design should therefore consider both factor-of-safety 464 

improvement and source-volume control. 465 
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