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In the Loess Plateau, extreme rainfall events frequently trigger instability in loess cut-slopes with weak structures. Nevertheless, the deformation and failure characteristics of terraced loess cut-slopes with cracks under extreme rainfalls remain insufficiently studied and poorly understood. This paper presents the centrifuge model test on the deformation and failure behaviors of the terraced loess slope under intermittent rainfall conditions. The terraced loess slope, featuring two berms and a prefabricated crack along its crest, was initially subjected to loading up to 50 g before undergoing intermittent rainfalls. The deformation and failure processes of the slope were monitored using laser displacement meters and a high-resolution digital camera mounted. Furthermore, comprehensive monitoring and analysis were conducted on the slope’s mechanical-hydrological responses, including variations of earth pressure and volumetric water content. Finally, numerical modellings using the hybrid finite-discrete element method were performed to extensively explore the effect of crack on the physical and mechanical responses to rainfall. The experimental and numerical results indicate that the slope failure process exhibits distinct evolutionary characteristics under rainfall conditions. Rainfall infiltration triggers the phased responses. Early-stage rainfall causes upper slope erosion with subsequent sediment deposition in lower sections. As rainfall continues, erosion focus shifts downward while upper slope erosion persists. Progressive infiltration leads to soil structure weakening, evidenced by reduced stress concentration and inward migration of the maximum shear stress zone. This process is accelerated by pre-existing cracks that establish preferential infiltration pathways. Notably, while increasing rainfall intensity and frequency exacerbate erosion (manifested as gully widening and deepening) and earth pressure fluctuations, the spatial distribution of erosion remains constrained by preformed cracks, particularly in controlling gully initiation points at the slope top. The findings can provide a basis for assessing the stability of fissured loess slopes and forecasting the potential for rainfall-triggered loess landslides.
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1 INTRODUCTION
The Loess Plateau is the world’s largest loess sedimentary area, covering an area of approximately 640,000 km2. Loess is characterized by a large-pore skeleton structure, abundant carbonates, vertical joints, water sensitivity and collapsibility. It is widely distributed in the northwest of China, particularly in the Loess Plateau (Peng et al., 2019). With the implementation of a series of construction projects, the urbanization of China’s Loess Plateau has further developed rapidly (Zhang et al., 2022; Tang et al., 2024). While these projects have spurred regional development, they have also generated extensive terraced cut-slopes. Due to the formative environmental conditions and excavation-induced unloading effects, these slopes contain cracks of varying scales (Ren et al., 2025). The tension cracks, developed on the slope top and near the slope shoulder where tensile stress is concentrated, are highly susceptible to rainwater infiltration, triggering the deformation and failure of loess slopes.
Rainfall is widely recognized as a primary factor inducing the landslides in the loess regions (Chen et al., 2020). Especially in recent years, with the emergence of extreme weather conditions, extreme rainfall has been frequent, exacerbating loess landslide occurrences (Lin et al., 2024). For example, a loess landslide occurred on 17 September 2011 in Xi’an, causing 32 deaths (Zhuang and Peng, 2014). A giant loess landslide induced by heavy rainfall on 1 September 2022 in Qinghai Province, Northwest China, resulting in 7 fatalities (Zhang et al., 2023). In the past few decades, numerous studies have explored loess landslide failure mechanisms under rainfall using laboratory model tests, field experiments, and numerical modellings (Tu et al., 2009; Wang et al., 2014; Peng et al., 2015; Tang et al., 2015; Li et al., 2016; Wu et al., 2017; Chen et al., 2018; Wang et al., 2019; Zhang et al., 2019; Sun et al., 2019; Sun et al., 2021; Zhang et al., 2020; Chang W. et al., 2021; Wang et al., 2022; Guo et al., 2023; Lu et al., 2023; Zhen et al., 2023; Zhu et al., 2024). Among the above methods, laboratory model tests are the most commonly applied approach. Some of researches investigated the mechanical and hydrological responses of loess slopes under heavy rainfall through performing reduced-scale model tests (Wu et al., 2017; Zhang et al., 2019; Chang Z. et al., 2021; Guo et al., 2023; Zhen et al., 2023; Jia et al., 2024; Leng et al., 2024). Previous studies reveal that cracks/fissures have a significant effect on the failure of loess slopes (Zhu et al., 2024). The influence of cracks/fissures on the loess collapse and mechanical characteristics was studied by performing triaxial shear tests, uniaxial compression tests and tensile tests (Sun et al., 2016; Xu et al., 2022; Xu et al., 2023; Liu et al., 2025). In addition to experiments on loess samples, few studies have been conducted on fissured loess slope models to assess the effect of crack on the failure mechanisms of slopes via model tests or numerical modellings (Jiang et al., 2023). For instance, Sun et al. (2019) investigated the deformation and failure process of loess slopes with and without the vertical crack under different rainfall patterns by performing physical model experiments, and reported that the vertical joint affected the integrity of the slope and accelerated its deformation during rainfall. Chang W. et al. (2021) investigated the effect of tension fissure on loess slope instability mechanism and failure evolution process under the condition of surface water infiltration and seismic action using PFC3D discrete element software. The numerical results show that the instability process of the loess slope under water infiltration into the fissure can be divided into subsidence, extrusion, failure, and stability stages. Ren et al. (2025) conducted reduced-scale model tests on loess slopes with vertical crest tension crack under extreme rainfall conditions, and found that tension cracks at the slope crest significantly affects the infiltration speed of the wetting front during extreme rainfall.
Compared to 1 g reduced-scale model tests, centrifuge model tests simultaneously achieve prototype gravity conditions and accurately replicates deformation/settlement characteristics within significantly reduced timeframes. Therefore, centrifuge testing represents the most reliable approach for simulating slope deformation and failure under true stress-field conditions. Based on centrifuge model tests, Cheng et al. (2021) explored the effect of fissures on linear loess slope stability by monitoring the displacement and internal earth pressure of loess slope during acceleration loading. They demonstrated that the fissures alter slope integrity and stress distribution, facilitate water infiltration, and critically compromise slope stability. However, up to now, the deformation and failure behaviors of terraced loess slope under intermittent extreme rainfall conditions remain poorly understood. Consequently, centrifuge model tests are required to be carried out to reveal the mechanical and hydrological responses and failure mechanisms of terraced loess slopes under extreme rainfall.
In the present study, centrifuge model test was conducted to investigate the deformation and failure behaviors of the terraced loess slopes under intermittent rainfall with different intensities. The deformation of the slope surface was monitored by laser displacement meters during testing. A series of images concerning the deformation and failure of the loess slope were recorded by a digital camera installed on the top of the test box. Moreover, the variations of earth pressures and volumetric water contents during loading and rainfall were monitored by the sensors embedded inside the slope. In addition, numerical simulations using the hybrid finite-discrete element method were performed to thoroughly investigate the effect of crack on the physical and mechanical responses to rainfall. The findings obtained from the current study can provide the references for scholars to evaluate the stability of terraced loess slopes with cracks, and to better understand the failure characteristics of terraced loess slopes under intermittent heavy rainfall.
2 EXPERIMENTAL METHODOLOGY
2.1 Test apparatus
Artificial rainfall model tests were conducted on a terraced loess slope using the TLJ-500 geotechnical centrifuge at the State Key Laboratory of Geohazard Prevention and Geoenvironment Protection in Chengdu University of Technology. The TLJ-500 is a high-capacity centrifuge with an effective rotation radius of 4.5 m, capable of generating a maximum centrifugal acceleration of 250 g and supporting a maximum capacity of 500 g t, making it suitable for large-scale geotechnical simulations.
A rigid test box with internal dimensions of 1,200 mm (length) × 1,000 mm (width) × 800 mm (height) was used to construct the slope model. One side of the box was made of transparent Plexiglass, allowing for real-time observation of soil deformation, water infiltration, and failure process during the test. The box was securely mounted inside the centrifuge to ensure stability under high centrifugal forces. Figure 1 illustrates the rainfall system configuration and test box arrangement within the centrifuge.
[image: Centrifuge setup with a test box for experiments. The close-up shows a connected rainfall device. An adjacent diagram illustrates parts: water storage tank, flowmeter, valve, water pipe, sprinkler, and slope model within the test box, mounted on the centrifuge platform with two cameras labeled.]FIGURE 1 | Centrifuge model test apparatus.The rainfall system was designed to simulate natural precipitation under controlled conditions. The system consists of the following key components: (1) Water storage tank: Supplies water to the system at a regulated flow rate; (2) Rainfall nozzles (9 spray heads): Generates raindrops with controlled intensity and distribution; (3) Submersible pump: Delivers water from the storage tank to the rainfall nozzles; (4) Rainfall bracket: Positioned above the test box to maintain stability during centrifugation; (5) Water pipeline and diverter: Ensures uniform water distribution across multiple nozzles; (6) Radar level meter: Monitors water levels and rainfall accumulation in real time. The rainfall system was wirelessly controlled, allowing for precise adjustments during the experiment. The effective rainfall coverage area was 1.0 m × 0.85 m, ensuring uniform application across the slope model.
2.2 Test material
The Malan loess samples employed in this study were obtained from a loess slope located in Mizhi County, Yulin City, Shaanxi Province. During sampling, each loess sample bag was sealed with plastic wrap to minimize moisture loss. Throughout the experiments, the temperature in the centrifuge room was maintained consistent with the field sampling temperature using air conditioning. To thoroughly characterize the material properties, an extensive suite of laboratory tests was performed to evaluate both the physical and mechanical characteristics of the loess. The experimental program included determinations of: natural moisture content, bulk density, specific gravity, maximum dry density, grain size distribution (as shown in Figure 2), Atterberg limits (comprising liquid limit and plastic limit), plasticity index, liquidity index, hydraulic conductivity, compression modulus, and shear strength parameters. Additionally, the soil-water characteristic curve (SWCC) of the loess was established through the transient water release and imbibition method, with the results presented in Figure 3. A comprehensive summary of the fundamental physical and mechanical properties of the investigated loess is provided in Table 1.
[image: Graph showing a particle size distribution curve, with particle size in millimeters on the x-axis and percentage finer on the y-axis. The curve indicates a sharp increase in percentage finer as particle size ranges from approximately 0.01 mm to 1 mm, illustrating a typical sieve analysis result.]FIGURE 2 | Particle size distribution of the loess.[image: A graph showing the relationship between suction (kPa) and degree of saturation (%). The Y-axis represents suction on a logarithmic scale from 10² to 10⁴, and the X-axis represents saturation from 0 to 100%. Diamonds indicate measured data, and a curve represents the predicted values, depicting a decreasing trend as saturation increases.]FIGURE 3 | Soil-water retention behavior of the tested loess.TABLE 1 | Properties of the loess.	Specific gravity	Natural moisture content (%)	Density (g·cm-3)	Optimum moisture content (%)	Maximum dry density (g•cm-3)	Liquid limit (%)	Plastic limit (%)	Plasticity index	Permeability (cm/s)
	2.70	7.15	1.55	15.41	1.72	33.67	15.63	18.04	5.7 × 10−4


2.3 Test scheme and monitoring arrangement
In the current study, the mechanical response characteristics of loess slopes, and the deformation-failure evolution process were systematically investigated by carrying out the centrifuge modeling test of loess slopes under the action of heavy rainfall. The experimental design used intermittent heavy rainfall conditions under different rainfall intensities, with the rainfall intensity increasing from 5.3 mm/h to 12.6 mm/h step by step, and the rainfall cycling three times at each level of rainfall intensity (see Figure 4). The duration of a single rainfall is 14 h, and 86.5-h interval is set at the end of each rainfall. Therefore, a total of 15 rainfall events were applied to the loess slope. The intensity and duration of the rainfall were selected to represent the realistic severe prototype storm event, in compliance with the scaling laws governing centrifuge modeling. This rainfall level was chosen both because it falls within the range of historically recorded extreme rainfall events and because of the constraints imposed by the experimental setup, which has a minimum achievable rainfall intensity of 5.3 mm/h.
[image: Bar and line chart displaying intermittent rainfall intensity and accumulated precipitation over 14 intervals. Blue bars represent rainfall intensity, increasing gradually from 5.3 millimeters per hour to 12.6 millimeters per hour. A red line shows accumulated precipitation rising consistently from 0 to around 1500 milimeters.]FIGURE 4 | Relationship of rainfall intensity and number of times.As shown in 5, the modeled slope is designed as a terraced structure with overall dimensions of 1,000 mm (length) × 850 mm (width) × 527 mm (height) and a 60 mm thick foundation soil layer at the bottom. The main body of the slope consists of three secondary slopes, each with a height of 140 mm, a berm width of 50 mm, and a slope angle of 60°. A prefabricated crack was constructed at the top of the slope model, and the crack were 40 mm in depth and 4 mm in width to simulate the characteristics of crack development in natural slopes. By setting the crack condition, it can systematically reveal the influence law of structural features on slope stability. The determination of model size and crack parameters is based on the principle of similarity ratio to ensure that the test results can reflect the mechanical behavior characteristics of the prototype slope. The centrifugal model test was designed based on a geological prototype of a loess cut slope along a highway in Qingjian County, Yulin City, Shaanxi Province. A scaled indoor model was constructed using data obtained from field surveys and UAV aerial mapping. The prototype slope features a three-tiered stepped structure, with a total height of approximately 18 m (each tier being 5–7 m high) and berm measuring 2–3 m in width. Geological field investigations revealed that, under years of intermittent rainfall, erosion features such as gullies and sinkholes progressively developed on the slope. These eventually led to a landslide during rainy season in 2023.
The centrifugal acceleration in the model test is set as N = 50 g, and according to the similarity theory, it is known that the geometric similarity ratio Cl=N=50. Table 2 lists the similarity ratios in the centrifuge model test. From Table 2, it can be seen that each level of the prototype slope is 7 m high, the width of berm is 2.5 m, and the total height of the slope is about 26.35 m. The rainfall intensity in the centrifugal machine is 265–630 mm/h, and the time of each rainfall is 20.2 s. After the rainfall is over, the slope model continues to run for 124.6 s under the condition of 50 g and then rainfall is applied again.
TABLE 2 | Scale ratios in centrifuge model tests.	Parameters	Unit	Prototype	Model
	Cohesion (c)	kN/m2	1	1
	Friction angle (φ)	°	1	1
	Elastic modulus (E)	MN/m2	1	1
	Unit weight (γ)	kN/m3	1	N
	Coefficient of permeability (k)	m/s	1	N
	Seepage velocity (vs)	m/s	1	N
	Pore water pressure (u)	kPa	1	1
	Length (L)	m	1	N
	Height (H)	m	1	N
	Inclination (α)	°	1	1
	Rainfall time (t)	h	1	1/N2
	Rainfall intensity (r)	mm/h	1	N


N is the centrifugal acceleration.
In order to comprehensively capture the mechanical response and deformation evolution characteristics of loess slope under the action of heavy rainfall, this study adopts a multi-sensor collaborative monitoring system, including earth pressure, water content and displacement. Soil pressure monitoring: 5 earth pressure sensors are buried in the key locations of the slope (such as the toe of the slope, the middle of the slope, the top of the slope, etc.) to record the changes of the internal stress of the soil body during loading and rainfall. Water content monitoring: 5 volumetric water content sensors are arranged in layers along the depth direction of the slope to monitor the temporal and spatial distribution characteristics of water content during rainwater infiltration. Displacement monitoring: 3 laser displacement meters are aligned at the top and berms of the slope to measure the surface deformation of the slope during loading and rainfall. In order to visually record the macro deformation and damage process of the slope, the test adopts a camera synchronized observation scheme: a camera (downward angle) is installed on the top of the model box, focusing on the monitoring of the top of the slope settlement, the slope surface local collapse and the overall damage situation.
All sensor data are recorded in real time through a high-speed acquisition system, and the sampling frequency is set according to the test requirements to ensure the accurate capture of the dynamic process. At the same time, the camera shooting and sensor data acquisition adopt time synchronization control, which is convenient for subsequent data fusion analysis. Figure 5 shows the detailed arrangement of the sensor program.
[image: Diagram with two sections labeled (a) and (b) showing a slope profile and a plan view with various sensors placed along the slope. Earth pressure sensors (EP) are indicated by green circles, volumetric water content sensors (EC) by orange squares, and laser displacement meters (LD) by pink squares. Key features include a crack, slope shoulder, berm, and slope toe, with dimensions and sensor positions marked.]FIGURE 5 | Layout of the monitoring sensors: (a) side view and (b) plan view.2.4 Model construction and testing procedure
The construction process of the terraced loess slope model is divided into four parts:
	1. Pre-preparation work. Before filling the slope, a soft tape is pasted on the inner wall of the model box at certain distance intervals in order to measure and control the height of the slope soil during the filling process, and in addition, petroleum jelly is also coated on the inner wall in order to reduce the frictional resistance between the soil and the side wall of the test box.
	2. Filling soil. Weigh a certain mass of loess, and then spread it in the model box, scrape the surface of the soil with a scraper, and then use a tamper to tamp the filling soil. Measure each layer of filled soil after tamping to ensure that a uniform degree of compactness is achieved. To ensure that the laboratory loess accurately represents in-situ conditions, both the moisture content and compactness of the soil were strictly controlled throughout the experiment.
	3. Sensor arrangement. After the thickness of the fill soil reaches a predetermined height, the deployment of the sensors begins. First of all, use the foundation soil scraper to scrape the soil surface flat and supplemented by a level measuring tape to ensure the level of the foundation surface, and then arrange the sensors, the use of leveling bubbles to ensure that the measurement direction of the sensor is accurate.
	4. Slope excavation and leveling. Repeat the above (2) and (3) steps until the total height of the slope reaches 587 mm, at which time the filling process of the slope model is completed. After the filling is completed, the slope is excavated with scrapers at a graded level (three-stage slope), and then the surface of the excavated slope is repaired and leveled. After that, the surface was covered with plastic film and maintained for 24 h.
	5. Crack construction. After steps (1), (2), (3) and (4) are completed, a crack parallel to the direction of the slope is excavated with a tool knife on the leveled slope surface, and then medium-coarse sand is filled into the crack to facilitate the infiltration of rainwater and to prevent the soil around the crack from collapsing. After that, the surface was covered with plastic film and maintained for 24 h.

This is the whole process of slope modeling and sensor placement, followed by the connection and testing of the monitoring equipment. In addition, the laser displacement meter needs to be fixed to the designed position of the rainfall support. Connect the wires of all sensors to the data acquisition system, and then detect whether the sensors work properly through the control software on the screen. One digital camera was set up on the top of the model box, after which it was connected to the control system. Figure 6 presents the construction process of the terraced loess slope model.
[image: A series of photographs depicting a soil preparation process. Panel (a) shows people mixing and sifting soil outdoors and placing it into a box. Panel (b) displays indoor activities where the soil is leveled, compacted, and measured. Panel (c) illustrates the smoothing and detailing of the soil surface, concluding with a compacted, stepped soil structure.]FIGURE 6 | Construction process of the terraced loess slope model: (a) Preparation of soil and model box, (b) Filling soil and sensor arrangement, and (c) Slope excavation and crack construction.Before applying rainfall, according to the rainfall conditions designed for the test, set the collection interval (1s) and the corresponding rainfall intensity and duration of the data acquisition instrument through the control software. After the parameters were configured, the centrifuge was started, loaded step by step to the target acceleration of 50 g, and operated stably for 5 min, so that the internal stresses of the slope model reached the equilibrium state. Subsequently, the rainfall equipment was activated to apply simulated rainfall lasting 20.2 s to the slope model. After completing the scheduled rainfall, the 50 g centrifugal force was continued for 124.6 s to observe the deformation response of the slope. If the slope did not show any obvious damage, the rainfall was applied cyclically until the overall destabilization damage of the slope occurred. Figure 7 shows the acceleration-time curve of the centrifuge model test.
[image: Graph showing acceleration in g versus time in seconds, indicating rainfall phases. Acceleration rapidly increases from 0 to 50 g around 800 seconds, marking the start of rainfall. It stabilizes around 50 g during intermittent rainfall between 1105 and 3160 seconds. Acceleration ends gradually after 3160 seconds, marking the end of rainfall.]FIGURE 7 | Curve of centrifugal acceleration versus time.3 MODEL TEST RESULTS AND ANALYSES
Based on the images captured by the digital camera and monitored data obtained by the sensors, the mechanical and hydrological behaviors of the terraced loess slope in response to the intermittent heavy rainfall were analyzed and discussed.
3.1 Deformation and failure characteristics of terraced loess slope
Slope exhibits different states under different external conditions. Figure 8 shows the terraced loess slope at initial state, acceleration of 50 g, and final state after intermittent heavy rainfall. It should be noted that the three red points on the slope surface in the figure are the measurement points of the laser displacement sensors. During the gradual acceleration of the model slope from 0 g to 50 g, the slope primarily undergoes vertical consolidation settlement. This occurs because the increase in acceleration leads to greater soil self-weight and intensified particle movement, resulting in reduced pore space and overall volume compression. The stress concentration occurs at the toe of each sublevel of the slope, especially at the bottommost toe, where the slope surface peels off. Moreover, multiple tension cracks have appeared at the top of the slope and various berms, and the prefabricated cracks at the top of the slope have expanded. After experiencing multiple rainfall events with different rainfall intensities, the slope underwent significant deformation and damage, with severe erosion from slope top to slope toe. Several gullies of varying depths and widths developed, and the loess on the slope was eroded by rainwater and accumulated at the toe of the terraced loess slope.
[image: Three-panel image showing a slope stability test. The first panel shows the original slope, which is smooth. The middle panel shows the slope at 50g, still mostly intact with minor changes. The final panel shows the slope at the end of the test, significantly eroded and cracked. Red laser points are visible on each slope.]FIGURE 8 | Different states of the loess slope in the test.Figure 9 presents the deformation and failure of terraced loess slopes under different rainfall intensities. It should be mentioned that three rainfall events were conducted under each level of rainfall intensity. In the current experiment, five different rainfall intensities were chosen, resulting in a total of 15 rainfall events applied to the slope. As shown in the figure, with the increase of intermittent rainfall frequency, the range of erosion and damage to the slope increases, and the gullies widens and deepens. Meanwhile, the slope is accompanied by local collapse phenomenon. When the rainfall intensity is relatively low (r = 5.3 mm/h), the local soil on the surface of the terraced loess slope changes from an unsaturated state to a saturated state after the first rainfall, and the third sublevel slope surface is eroded by rainfall and peels off. The eroded soil particles accumulate at the second sublevel berm. Most of the rainfall runoff at the top of the slope is collected in the prefabricated cracks at the top of the slope. The reason why erosion and damage occur first on the third sublevel slope surface is that compared to the other two berms, the catchment area between the cracks at the top of the slope and the slope shoulder is the largest. In addition, there is a certain angle between the top of the slope and the horizontal plane, leading to the rainfall infiltration rate lower than that at the berm. Therefore, under the same rainfall conditions, the runoff on the third sublevel slope surface is the largest. After the second rainfall, the slope surface suffered severe erosion and developed more gullies. Several gullies were formed on the third sublevel slope surface, and a gully connecting two berms was formed on the second sublevel slope surface. In addition, a sinkhole was formed on the first sublevel slope, and local collapse damage occurred at the toe of the slope. After the third rainfall, the gully deepened and widened, and local collapse and damage occurred on all three slope surfaces. The collapse range of the first sublevel slope expanded. The collapsed soil on the slope was eroded by rainfall and accumulated at various levels of berms and the toe of the slope due to runoff. When the rainfall intensity increases (r = 6.5 mm/h), the degree of slope erosion becomes more severe, the gullies deepen and widen further, and the range of slope collapse expands significantly. Although the intensity and frequency of rainfall have increased, the starting position of the gully at the top of the slope is controlled by prefabricated cracks. At this rainfall intensity (r = 6.5 mm/h), as the number of rainfall events increases, the degree of erosion increases, and several tensile cracks appear on the slope surface. The soil is completely saturated and severely fragmented. Afterwards, with the further increase in rainfall intensity and frequency, the erosion and damage to the slope further developed, and the gullies continued to deepen, but the number of gullies no longer increased. Rainwater collected in the existing gullies and continuously eroded the soil in the gullies, continuously transporting and accumulating soil particles towards the toe of the slope. Under multiple intermittent heavy rainfall events, the slope eventually formed a micro landform with crisscrossing gullies, and a thick accumulation area was formed at the toe of the slope.
[image: A series of images showing soil erosion under different rainfall intensities and sequences. Each row represents a different rainfall intensity: 5.3 mm/h, 6.5 mm/h, 7.8 mm/h, 9.5 mm/h, and 12.6 mm/h. Each row contains three images depicting the first, second, and third rainfalls. Soil surfaces show increasing erosion and disturbance, marked by red laser dots, from the first to the third rainfall in each row. Arrows indicate the progression of the rainfall sequence.]FIGURE 9 | Deformation and failure processes of the loess slope during intermittent rainfall.Figure 10 shows the time-dependent deformation curves of the slope surface measured by three laser displacement sensors. The detailed positions of the three laser displacement sensors are shown in Figure 5. It should be noted that the five shaded stripes in Figure 10 correspond to rainfall processes of five different intensities. Each stripe includes three rainfall events and three intermittent periods, but the last stripe includes three rainfall events and two intermittent periods. According to the deformation of the slope surface, the deformation and failure of the terraced loess slope can be divided into three stages: loading-consolidation stage, rainfall erosion-deformation stage, and post-rainfall stability stage. During the loading-consolidation stage, the displacement at different points shows a regular variation with the change of acceleration. The displacement of the slope increases with the increase of acceleration, and when the acceleration reaches the predetermined value (50 g), the deformation of the slope first slightly increases and then tends to stabilize. During the rainfall erosion-deformation stage, the trend of slope deformation measured by the three displacement sensors is significantly affected by the rainfall process. During the entire rainfall process, the slope displacement (LD3) near the crack on the top of the slope increases continuously with the increase of intermittent rainfall intensity and frequency, that is, the soil at the top of the slope is continuously eroded by rainfall. The slope displacement (LD2) at the second sublevel berm first decreases and then increases in fluctuation, that is, the eroded soil on the third sublevel slope and slope top first accumulates at this berm, and then with the increase of rainfall intensity, the soil on this berm is continuously eroded. The slope displacement (LD1) at the first sublevel berm first decreases and then slightly increases with the rainfall process, that is, the berm is first accumulated with soil particles and then eroded. Among the three displacement monitoring points, LD2 has the largest displacement change amplitude, and its abrupt changes all occur during the rainfall event stage. In the early stage of rainfall, the lower part of the slope mainly receives the accumulation of soil after erosion from the upper part. In the later stage of rainfall, the soil in the lower part of the slope begins to be continuously eroded and accumulates towards the toe of the slope, while the soil at the top of the slope is continuously eroded throughout the entire rainfall process. In the stable stage after rainfall, the deformation of the slope at each monitoring point is basically stable, showing a slight increasing trend. This is because the slope soil undergoes creep under the action of rainwater infiltration and loading.
[image: Line graph showing displacement over time for three lines: LD1 (black), LD2 (red), and LD3 (blue). Displacement increases for all after rainfall starts at 1105 seconds, peaking at 3160 seconds when rainfall ends. LD2 rises steeply, LD1 slightly, and LD3 moderately. Insets show positioning of LD points.]FIGURE 10 | Slope surface deformation monitored by laser displacement meters.3.2 Earth pressure response of terraced loess slope
Figure 11 shows the variation curve of earth pressure over time measured by the earth pressure gauges embedded inside the slope. The detailed location of the earth pressure gauges is shown in Figure 5. According to the trend of earth pressure changes, the mechanical response process of the slope can also be divided into three stages: loading-stress increase stage, rainfall erosion-stress fluctuation stage, and post-rainfall stress stability stage. In the first stage, the vertical stress inside the slope increases continuously with the increase of acceleration. When the acceleration reaches 50 g, the stress inside the slope first slightly adjusts and then tends to stabilize, reaching a stress equilibrium state. During the intermittent rainfall stage (i.e., the second stage), the earth pressure at different points fluctuates with the rainfall process. EP1 has the highest earth pressure value, which is due to the thick overlying soil layer and obvious stress concentration phenomenon. The earth pressure of EP3 is the smallest, which is due to the thinnest soil layer on top of the earth pressure gauge at that location. In the early stage of rainfall, the earth pressure of EP2 and EP3 first increases and then continuously decreases. The main reason is that rainfall erosion moves the upper soil of the slope to above EP2 and EP3, causing the overlying soil layer to thicken. The reason for the slight increase in earth pressure values of EP1 and EP4 is that the soil in the slope gradually saturates, leading to an increase in soil weight. The earth pressure decrease in EP5 is due to the expansion of cracks caused by rainfall, resulting in the downward sliding of the soil at the top of the slope and a reduction in overlying earth pressure. As the rainfall continues, the earth pressure values at each point decrease, with EP1, EP2, and EP5 showing the greatest reduction. EP1 decreases continuously with the increase of rainfall intensity and frequency, which is related to the continuous erosion and peeling of the soil at the toe of the slope (see Figure 9), leading to stress release. EP2 and EP4 are buried inside the slope, and their sensitivity to changes in the overlying soil is relatively low, resulting in their value changes slight. The earth pressure of EP3 and EP5 significantly decrease in the middle and late stages of rainfall, which is related to the strong erosion caused by rainfall (see Figure 9). In the late stage of rainfall, the values of EP3 and EP5 decrease to almost zero, indicating that the soil at EP3 and EP5 is most severely eroded, and the overlying soil is almost completely eroded. The change in earth pressure reflects the variation law of the internal stress field of the slope, which is closely related to the rainfall process. The erosion stress of the soil decreases, the accumulation stress of the soil increases, and the sudden drop in earth pressure is related to the local collapse of the slope. In the third stage, after the rainfall, the slope soil undergoes internal stress adjustment due to creep, and overall the earth pressure tends to be constant.
[image: Graph showing earth pressure in kilopascals (kPa) over time in seconds. Five lines, EP1 to EP5, represent different sensors. Earth pressure increases sharply at the start of rainfall around 1105 seconds and stabilizes after the end of rainfall at about 3160 seconds. An inset indicates sensor locations.]FIGURE 11 | Variation of earth pressure with time in the loess slope.3.3 Water content response of terraced loess slope
Figure 12 shows the variation curve of volume moisture content over time measured by the moisture content meters embedded inside the slope. The detailed location of the moisture content meters is shown in Figure 5. As shown in the figure, the transport law of water in the slope under rainfall is significantly affected by the loading and rainfall processes. During the loading and consolidation stage of the slope, except for EC2, the moisture content of each monitoring point increases with the increase of acceleration. When the acceleration reaches 50 g and runs stably for a period of time, the soil moisture content gradually tends to stabilize. The moisture content increases with the increase of acceleration, because as the acceleration increases, the self-weight load on the soil increases, and thus the soil is compacted and the pores decrease. In the end, the total volume decreases, resulting in an increase in moisture content. The moisture content measured by EC2 does not change with the acceleration, which may be because EC2 is closest to the slope surface and tensile cracks are generated near the slope surface at the second sublevel berm during the loading process, making it difficult to compact the soil. The moisture content measured by EC3 increases the most during the loading stage, which is related to the burial depth of EC3. The soil in the deep part of the slope is more compressed and consolidated, resulting in a greater reduction in volume. During the rainfall erosion and infiltration stage, the response characteristics of moisture content at different locations vary with the rainfall process. Except for EC3, the soil moisture content at each point first remains constant with rainfall and then rapidly increases. Due to the deep burial depth of EC3, the rainwater infiltration line always does not reach this point during the entire rainfall process, so the measured moisture content at this point remains unchanged. The response time of EC2 is earliest because the sensor is buried under the berm and has a shallow depth. In addition, during the loading process, tension cracks are generated at this location, making it easier for rainwater to collect and infiltrate into the interior of the slope. The special location of EC2 and the presence of internal cracks in the slope make it easy to collect and dissipate rainwater, resulting in the largest change in measured moisture content. The moisture content curve fluctuates throughout the entire rainfall and intermission period. The values of EC1, EC4, and EC5 remain basically unchanged under the first two rainfall intensity conditions, and then as the rainfall intensity and frequency increase, the infiltration line reaches the sensor position, causing a sudden increase in moisture content. Due to the presence of prefabricated cracks at the top of the slope, although EC5 is buried deeper, its measured moisture content suddenly increases slightly earlier than EC4. In the post-rainfall stage, due to the slope always being within a 50 g gravity field, rainwater continues to migrate towards the interior of the slope, resulting in a continuous decrease in the surface soil moisture content (EC2 and EC4) and a slight increase in the deep soil moisture content (EC1 and EC5).
[image: Graph showing the change in volumetric water content over time in seconds. Five curves represent different points, EC1 to EC5. Volumetric content increases notably after the start of rainfall around 1105 seconds, with fluctuations until the end of rainfall about 3160 seconds. An inset displays sensor locations.]FIGURE 12 | Variation of volumetric water content with time in the loess slope.4 NUMERICAL MODELLINGS
To extensively explore the deformation and failure processes of terraced loess slope under rainfall, numerical simulations were conducted using a hybrid finite-discrete element method (FDEM). The influence of the crack on the slope stability was investigated further.
4.1 Numerical model
A Y-Mat program was used to establish the numerical model of terraced loess slope. The theoretical basis of the Y-Mat program is the hybrid FDEM proposed by Munjiza et al. (1995), which can effectively solve material deformation and fracture problems. Y-Mat program is based on the original program Y code. Additionally, it has been improved in three aspects, including a simpler and more efficient algorithm to calculate the contact force, an algorithm for tangential contact force closer to the actual physical process, and a plastic yielding criterion (e.g., Mohr-Coulomb) to modify the elastic stress for fitting the mechanical behavior of elastoplastic materials. Then, a program integrating the core algorithm, pre-processing, and post-processing was written on the MATLAB platform to facilitate numerical simulation. More details concerning the Y-Mat program can be found in Liu et al. (2022).
Based on the results of centrifuge model test, a numerical model was established, as shown in Figure 13. The length, the left height, and the right height are 60 m, 36 m, and 10 m, respectively. The boundary condition of this model is to fix the normal displacement of the left and right sides and the bottom. The crack in depth of 2.0 m is constructed using adhesive crack model elements embedded between any two adjacent mesh elements. The numerical calculation parameters were determined based on the results obtained from laboratory experiments and trial calculation. The Y-Mat program was used to first calculate the self-weight balance of the model. Then, rainfall was applied to the model by reducing the mechanical parameters of the loess. It is mentioned that simulating landslide deformation and failure coupled with rainfall infiltration remains a challenging task in numerical modeling. A simplified approach can effectively capture the rainfall infiltration process. Unlike previous methods that uniformly weakened all parameters or those of a specific stratigraphic layer, the current strategy involves dynamically updating parameters to achieve equivalent infiltration depth, i.e., weakening parameters to depths corresponding to the actual infiltration over time. Additionally, infiltration occurs more rapidly in cracked zones compared to intact areas. Finally, the mechanical calculation was performed again to calculate the deformation and failure processes. To monitor the variation in slope surface deformation and the internal stress field, several monitoring points were established, including six displacement points and seven stress points, as shown in Figure 14.
[image: Cross-section diagram of a slope with a marked crack near the slope shoulder. Measurements show a total height of thirty-six m and a base length of sixty m. A berm extends seven m from the slope, with a berm width of two point five m. The bottom segment, labeled slope toe, is ten m high.]FIGURE 13 | Numerical mesh and monitoring points of the terraced loess slope model (unit: m).[image: Cross-section diagram of a sloped structure showing displacement and stress monitoring points. Displacement points (D1-D6) are marked with yellow triangles, and stress points (S1-S7) with red circles. A crack is noted near D6. Dimensions are 60 m wide, 36 m high, and 10 m at the base.]FIGURE 14 | Location of the displacement and stress monitoring points (unit: m).4.2 Numerical results and analyses
Figure 15 shows the deformation and failure process of the terraced loess slope obtained from the FDEM numerical simulation. The deformation and failure process of the terraced loess slope under rainfall can be mainly divided into three stages: shallow soil spalling, local collapse, and overall collapse. In the early stages of rainfall, the shallow soils experience peeling, and the surface soil becomes loose (see Figures 15b,c). As the rainfall continues, the potential sliding surfaces in sublevels of slope gradually connect, and the soil begins to collapse and accumulate towards the toe of the slope (Figure 15d). Then tension cracks appeared at the top of the slope, and the collapse range increased. The thickness of soil accumulation near the toe of the slope increased and slid further away (see Figure 15e). Finally, the loose soil on the slope slid down to the toe of the slope, causing the overall collapse of the slope, but the collapse boundary at the top of the slope was controlled by the prefabricated crack on the top of the slope (Figure 15f).
[image: Six diagrams labeled a to f illustrate different slope formations. Diagrams a to c show steep, angular slopes with sharp edges. Diagrams d to f display more gradual slopes with smoother, eroded edges, indicating a progression from sharp to smooth.]FIGURE 15 | Deformation and failure processes of the terraced loess slope during rainfall. (a) step 0; (b) step 40000; (c) step 75000; (d) 130000; (e) 215000 and (f) 405000.Figure 16 shows the cloud map of the total displacement of the terraced slope during the rainfall. As shown in the figure, the maximum displacement of the slope under the action of rainfall shifts from the top of the slope to the slope surface, and the total displacement of the shallow soil on each sublevel of slope surface increases. As the rainfall infiltration continues, the deformation of the slope intensifies, and the shallow soil undergoes significant subsidence, with the shallow sliding surfaces of each sublevel slope interconnected. As rainfall gradually infiltrates into the deep soil, the displacement range of the slope increases and deformation intensifies. Some of the soil collapses and accumulates on the toe of the slope and berms, resulting in multiple tensile cracks at the top of the slope. Afterwards, the rainfall further infiltrated, causing the slope to continue collapsing, and the soil at the top of the slope also accumulated towards the toe of the slope, pushing the soil to accumulate further away. Finally, almost all of the loose soil on the slope collapsed to the toe of the slope and further away, and the collapse boundary at the top of the slope was controlled by the prefabricated crack.
[image: Six graphs labeled (a) to (f), each depicting slope changes over time. The color gradient from purple to yellow represents increasing thickness from zero meters to varied maximums per image. Progression shows a reduction in slope size and thickness.]FIGURE 16 | Total displacement contour of the terraced loess slope during rainfall. (a) step 0; (b) step 40000; (c) step 75000; (d) 130000; (e) 215000 and (f) 405000.Figure 17 plots the displacement (horizontal, vertical, and total) against the calculation step for all six monitoring points during the rainfall event. It can be observed that the displacement variations at different locations differ significantly, which is closely associated with the slope deformation and failure process. Regarding horizontal displacement, the order of magnitude is D3 > D2 > D4 > D5 > D6 > D1, with the largest displacements observed in the middle part of the slope (D2 and D3). Major deformation occurs mainly at the crest of each sublevel slope (D2, D3, D4), while displacement at the slope toe (D1) remains relatively small. Due to the presence of pre-existing cracks at the slope top, the outer side of the crack experiences substantial deformation, whereas the inner side shows minimal horizontal displacement. Moreover, the deformation rate at D5 lags behind that at D4 because the slope at D4 collapses first, resulting in the loss of lateral support at D5, which in turn accelerates its subsequent deformation. The variation pattern of vertical displacement differs from that of horizontal displacement. The order of vertical displacement magnitude is D4 > D5 > D3 > D2 > D6 > D1, with the maximum value occurring at the crest of the third sublevel slope (D4) and the minimum at the slope toe (D1). Except for D5, the vertical displacement rate at each point initially increases and then decreases, indicating that under rainfall infiltration, the slope undergoes accelerated deformation first before tending to stabilize. Based on the total displacement curves, the greatest deformation is observed in the upper part of the slope. In contrast, deformation at the slope toe and inside the crack is relatively small. The displacement values at the slope top (D6) and the slope toe (D1) are almost equal and represent the least deformed areas throughout the slope.
[image: Three line graphs showing displacement over steps for D1 to D6. Graph (a) shows horizontal displacement, highest for D3 and lowest for D1. Graph (b) shows vertical displacement, highest negative for D4 and lowest change for D1. Graph (c) shows total displacement, highest for D3 and lowest for D1.]FIGURE 17 | Displacement curves of the monitoring points in terraced loess slope during rainfall: (a) horizontal displacement, (b) vertical displacement and (c) total displacement.Figure 18 shows the shear stress cloud map of the terraced loess slope during rainfall. As shown in the figure, in the early stage of rainfall, the maximum shear stress is located at the toe of each sublevel slope, indicating a significant stress concentration phenomenon at the toe of the slope. As the rainfall continues, the shallow soil gradually saturates, and the internal stress of the soil is released, with the maximum shear stress located near the toe of the lowest slope. With the intensification of rainfall infiltration, the soil on the slope becomes loose, and thus the stress concentration effect weakens, resulting in the maximum shear stress gradually developing towards the interior of the slope. Subsequently, as the rainfall continues and the soil collapses, the internal stress of the slope adjusts and becomes more uniform.
[image: Six pressure distribution maps labeled (a) to (f) depict varying pressure levels on a slope. Each map has a color scale ranging from blue for lower pressures to yellow for higher pressures, measured in kilopascals (kPa), illustrating pressure changes across different scenarios.]FIGURE 18 | Shear stress contour of the terraced loess slope during rainfall. (a) step 0; (b) step 40000; (c) step 75000; (d) 130000; (e) 215000 and (f) 405000.Figure 19 plots the stress (maximum principal stress, minimum principal stress and shear stress) against the calculation step for all seven monitoring points during the rainfall event. It can be seen that the characteristics of the stress duration curves at the monitoring points vary significantly with location and can be categorized into two types. The first type corresponds to internal monitoring points within the sliding mass (S1–S6). Located inside the sliding body, these points are directly influenced by slope deformation and inter-particle collisions. Their stress duration curves exhibit large fluctuations until the slope deformation enters a relatively stable phase, after which the amplitude of stress variation decreases markedly. The second type refers to the external monitoring point (S7), which lies outside the sliding zone and is only indirectly affected by slope movement. As a result, its stress duration curve remains generally stable. Although some initial variation occurs due to stress redistribution within the slope, the curve stabilizes in later stages without pronounced fluctuations.
[image: Three line graphs (a, b, c) display stress values over steps. (a) shows maximum principal stress, (b) minimum principal stress, and (c) shear stress, measured in kilopascals (kPa) against the step count. Each graph includes data from seven samples (S1-S7) distinguished by color-coded lines. Steps range from zero to approximately five hundred thousand. In all graphs, S7 shows distinct initial fluctuations, with the other samples stabilizing more quickly.]FIGURE 19 | Stress curves of the monitoring points in terraced loess slope during rainfall: (a) maximum principal stress, (b) minimum principal stress and (c) shear stress.5 DISCUSSIONS
Centrifuge model tests provided direct physical evidence of the slope failure process under controlled conditions, yielding valuable observational data such as deformation patterns and the timing of failure initiation. These experimental results were used to calibrate and validate a numerical model, ensuring its accuracy in replicating key features like the deformation-time history and final failure mode. The numerical model also enabled continuous monitoring of the internal stress field and displacement field distribution within the slope over time. More importantly, once validated, the model allowed the investigation of parameters difficult to measure experimentally, such as the evolution of shear strain and the progressive failure mechanism at different depths.
Previous experimental and numerical studies have shown that both rainfall patterns and slope geometry significantly influence the deformation and failure behavior of loess slopes (Sun et al., 2019; Zhang et al., 2019). Rainfall intensity primarily affects the temporal progression of slope deformation and failure, with less impact on the overall failure mode. When the rainfall intensity reached a certain level, the rainwater not only infiltrated into the slope but also flowed along the slope surface (Sun et al., 2021). In the present study, the minimum rainfall intensity is 5.3 mm/h, which is relatively large, thus the scouring failure replace the damage pattern of landslides and become the main failure pattern of slopes. Under these conditions, scouring failure tends to replace landslides as the dominant failure pattern, a finding consistent with Zhen et al. (2023). Furthermore, the failure mode differs between continuous and intermittent heavy rainfall. Under intermittent rainfall, erosion often occurs at the slope shoulder, while collapse is observed at the toe. After multiple rainfall events, tension cracks frequently develop at the trailing edge of the slope.
Slope geometry also plays a critical role in failure mode. Studies involving nearly vertical, linear, and terraced slopes have revealed distinct failure mechanisms (Sun et al., 2019; Zhang et al., 2019; Chang Z. et al., 2021; Guo et al., 2023). For instance, nearly vertical fill slopes are prone to intermittent, sudden shallow failures under short-term continuous rainfall, whereas terraced fill slopes exhibit gradual shallow failures during prolonged rainfall. The linear and terraced slopes show different deformation responses, largely due to variations in rainwater infiltration patterns and rates. Infiltration is typically faster on slope berms than on slope surfaces, leading to spatially heterogeneous shear strength distribution. After several intermittent rainfall events, cracks often develop, particularly along the slope crest. These tension cracks, in turn, significantly influence wetting front advancement during subsequent extreme rainfall (Ren et al., 2025), highlighting the important role of cracks in slope stability. Key crack characteristics—such as depth, location, width, and filling condition—govern their function as preferential flow paths and strongly affect failure initiation. It should be noted that the current conclusions are based on specific test conditions, and their generalizability may be limited. Future work will focus more closely on the influence of fissures on the rainfall-induced failure process of loess slopes.
6 CONCLUSION
In this paper, centrifuge model tests were carried out to investigate the deformation and failure behaviors of the terraced loess slope under heavy rainfall. The terraced loess slope has two berms and three sublevel slopes with gradient of 60°. The deformation and failure characteristics of the loess slope under rainfall infiltration were obtained by the digital camera installed on the top of the test box. Additionally, the surface deformation, earth pressure, volumetric water content in response to the rainfall were monitored by the sensors buried inside the slope. Furthermore, numerical modellings were performed to thoroughly investigate the effect of crack on the physical and mechanical responses to rainfall. Based on the analyses of centrifuge model test and numerical simulation results, the following conclusions can be drawn:
	1. During gradual acceleration, the slope primarily experiences vertical consolidation settlement. Stress concentrations occur at the toe of each sublevel slope, particularly at the lowest toe, where surface peeling occurs. As intermittent rainfall intensity and frequency increases, soil erosion and slope damage expand, and gullies widen and deepen. Despite increased rainfall intensity and frequency, the gully’s initiation point at the slope top remains controlled by prefabricated cracks.
	2. Based on slope surface deformation, the failure process of terraced loess slope can be categorized into three stages: loading-consolidation, rainfall-induced erosion-deformation, and post-rainfall stabilization. During early rainfall, eroded soil from the upper slope primarily accumulates in the lower section. In later stages, continuous erosion shifts to the lower slope, transporting sediment toward the toe, whereas the upper slope experiences sustained erosion throughout rainfall.
	3. The mechanical response of the slope, as reflected by earth pressure trends, progresses through three distinct phases: loading-induced stress increase, rainfall-triggered stress fluctuation, and post-rainfall stress stabilization. The change in earth pressure reflects the variation law of the internal stress field of the slope, demonstrating a strong correlation with rainfall patterns. As erosion-induced stress diminishes and accumulation-induced stress rises, abrupt earth pressure reductions correlate with localized slope failures.
	4. Overall, the water content exhibits a positive correlation with acceleration, rainfall intensity, and frequency. During rainfall, the water content remains initially stable before undergoing rapid increase upon wetting front arrival at the monitoring point. Pre-existing and developing cracks on the slope form preferential flow paths that significantly enhance rainwater infiltration into the slope interior.
	5. The deformation and failure process of the terraced loess slope under rainfall can be mainly divided into three stages: shallow surface spalling, localized collapse, and global slope failure. With continued rainfall infiltration, progressive slope collapse occurs, transporting soil from the upper slope toward the toe and causing distal accumulation. Progressive rainfall infiltration leads to soil loosening, reducing stress concentration effects and causing the maximum shear stress zone to migrate deeper into the slope.
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