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Slow-moving landslides, characterized by sustained destructive potential, are widely distributed in northwest China. However, research on the damage mechanisms of masonry buildings caused by slow-moving landslide-induced surface deformation is significantly lacking, which severely restricts the physical vulnerability assessment of masonry structures and the quantitative risk evaluation of slow-moving landslides. Through field investigations, CDEM numerical simulations, and statistical analyses, this study reveals the cooperative deformation characteristics and progressive failure mechanisms of masonry buildings subjected to ground cracks in slow-moving landslides, and establishes physical vulnerability curves for four distinct ground crack scenarios. The key findings indicate that masonry buildings affected by slow-moving landslides primarily exhibit transverse wall cracking and longitudinal wall inclination due to ground crack propagation. As crack propagation continues, the first-floor walls exhibit significantly higher Mises stresses compared to those on the second floor. Wall inclination rates demonstrate a distinct threshold effect during crack propagation: below the threshold, inclination increases linearly with crack displacement, while above the threshold, it exhibits exponential growth. Under identical crack displacement conditions, wall inclination rates decrease in the following order: horizontal tension, combined tension, settlement, and combined uplift scenarios. The differential effects of these scenarios on wall inclination become more pronounced with increasing crack displacement. Weibull functions were employed to fit vulnerability curves for masonry structures under four ground crack scenarios, revealing displacement thresholds of 22 cm, 26 cm, 27 cm, and 37 cm for complete structural vulnerability (V = 1) in each respective scenario. These findings provide valuable insights for vulnerability prediction and emergency rapid assessment of buildings subjected to slow-moving landslides across various disaster scenarios.
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HIGHLIGHTS
Physical vulnerability represents a critical and fundamental challenge in landslide risk assessment. Existing research has predominantly focused on generalized vulnerability assessments for rapid slope failures, including flowslides, debris flows, and rockfalls, while neglecting the long-term impacts of slow-moving landslides. Through field investigations and CDEM numerical simulations, this study elucidates the cooperative deformation mechanisms and progressive failure processes of masonry buildings subjected to ground cracks in slow-moving landslides, establishing physical vulnerability curves for four distinct scenarios, thereby addressing a critical research gap in slow-moving landslide vulnerability assessment.
(1) Longitudinal wall inclination serves as a more reliable indicator for vulnerability assessment.
(2) Wall inclination rates exhibit a distinct threshold effect during crack propagation, transitioning to exponential growth when crack displacement surpasses the threshold.
(3) Wall inclination rates decrease in the following order across ground crack scenarios: horizontal tension, combined tension, settlement, and combined uplift.
(4) Weibull functions were employed to model vulnerability curves, revealing displacement thresholds of 22 cm, 26 cm, 27 cm, and 37 cm for complete structural vulnerability (V = 1) across the four scenarios.
1 INTRODUCTION
Slow-moving landslides, creep at rates ranging from millimetres to several metres per year and can persist for years to decades (Lacroix et al., 2020). Slow-moving landslides are widely distributed in many hilly regions in China, especially in northwest loess area and southwest Three Gorges reservoir area (Chen et al., 2023; Wang et al., 2020; Zhang and Wang, 2022). These landslides did not threaten people’s lives, but caused sustained deformation and damage to buildings, which resulted in huge economic losses to local residents (Singh et al., 2019; Chen et al., 2011). Therefore, it is necessary to carry out quantitative risk assessment of slow-moving landslides. The quantitative level of vulnerability analysis of elements at risk directly determines the accuracy of disaster risk analysis results, and further affects the reliability of disaster reduction and prevention emergency plans. Therefore, the physical vulnerability of buildings is the key to solve the risk assessment of slow-moving landslides (Peduto et al., 2018; Palmisano et al., 2021; Chen et al., 2020).
The vulnerability depends on the landslide intensity and the susceptibility of buildings at risk. In recent years, the quantitative vulnerability assessment of elements at risk has attracted more and more attention in the field of geological hazard research (Luo et al., 2021; Sun et al., 2023; Ferlisi et al., 2020; Singh et al., 2019; Peduto et al., 2018). In northwest loess areas of China, masonry structure is the main structure type of buildings exposed on slow-moving landslides. The surface or deep displacements of slow-moving landslides can cause ground cracks and integral inclination of building walls (Chen et al., 2020; Chen, 2022; Mansour et al., 2011). The researches on the adaptive deformation mechanism of buildings to ground deformation mainly focused on mining subsidence and ground fissures, which the methods included field deformation monitoring, numerical simulation, physical model test and statistical analysis, while there were very few studies in the landslides (Kang et al., 2021; Peduto et al., 2018; Nicodemo et al., 2020; Palmisano et al., 2021; Chen et al., 2023; Son and Cording Edward, 2005; Mansour et al., 2011). Buildings are sensitive to non-uniform subsidence and horizontal cracks caused by the landslides creeping (Deck et al., 2003; Tan and Deng, 2004, meaning that the degree of landslide deformation can be used as the basis for the classification of building damage grades. Alexander (1986) proposed an intensity scale for structural damage caused by subsidence, compression, or extension of the ground during landslides and offered a checklist of site observations. Cooper (2008) presented a unified damage assessment scheme for buildings and infrastructures which mainly based on the UK and Italian practice and can be applied to most situations; It unified the current, disparate approaches and extended the usage of the semi-quantified approach to damage assessment. Mansour et al. (2011) confirmed the expected degree of damage to urban settlements, highways, bridges and dams could be related to the velocity or accumulating displacement of slow-moving landslides. Buildings and residential houses may tolerate higher slide velocities and total displacements than other facilities before experiencing serious damage. The researches of the above scholars show that the damage of building is directly related to the ground deformation of landslides in progressive failure mode. Chen et al. (2011) proposed the idea of dividing the landslide into two stages of deformation and failure to assess the vulnerability of buildings in Three Gorges Reservoir area. Negulescu and Foerster, 2010 established the building vulnerability curve of the damage degree of reinforced concrete (RC) buildings versus the ground displacement of landslide. In the field of numerical simulation research on building vulnerability, Vaiano et al. (2025) investigated the response and damage mechanisms of masonry structures subjected to vertical ground settlements using nonlinear numerical simulation methods. Chen (2022) employed ABAQUS software to simulate the failure effects of masonry structures under tension and shear crack modes, subsequently proposing critical failure loads for masonry structures. Wang et al. (2022) pioneered the application of continuous-discontinuous numerical methods to simulate the progressive failure process of masonry structures impacted by loess landslides, demonstrating the advanced capabilities of the CDEM approach in modeling structural failure processes. Nicodemo et al. (2020) and Ferlisi et al. (2020) conducted three-dimensional numerical simulations using TREMURI and EF platforms to analyze the progressive failure processes and damage patterns of masonry structures under various ground settlement conditions, ultimately developing a probabilistic framework-based vulnerability assessment methodology. Peduto et al. (2018) explored the corresponding relationship between the building damage levels and the maximum annual deformation rate of slow-moving landslides, and established the vulnerability assessment curves of buildings exposed to slow-moving landslides; This study has made a major breakthrough in the quantitative vulnerability assessment of buildings. Chen et al. (2020) pioneered a vulnerability assessment model for masonry structures by adopting the safety factor as an indicator of landslide intensity and wall inclination as the vulnerability metric, providing a foundational framework for quantitative analysis. Building upon this theoretical foundation, Chen (2022), Chen et al. (2023) further advanced the field through physical model experiments that systematically investigated the damage evolution mechanisms of masonry buildings subjected to ground tension cracks in slow-moving landslides. Their experimental work not only validated the earlier theoretical model but also bridged critical knowledge gaps by elucidating the stress transfer and progressive failure processes between landslide deformation and structural response. These studies collectively establish a cohesive progression from theoretical modeling to empirical validation, significantly enhancing the mechanistic understanding of structure-landslide interactions.
In summary, predecessors have made many pioneering achievements in the study of slow-moving landslides deformation and the dynamic damage of buildings, which also confirmed that it was viable to carry out the quantitative vulnerability assessment of buildings to slow-moving landslides according to the landslide deformation (Mansour et al., 2011; Peduto et al., 2018; Chen et al., 2020). And the research of building vulnerability is developing from qualitative and semi-quantitative to quantitative analysis (Luo et al., 2023; Lei et al., 2022; Vallero et al., 2020). However, there are still some limitations (Chen, 2022; Vaiano et al., 2025; Kang et al., 2021). For example, the ground deformation caused by landslide creeping is very complex, and the influence of horizontal and vertical composite deformation on buildings has been studied only scarcely. In addition, the transfer mechanism of stress and deformation from ground to buildings, and the adaptive deformation mechanism of buildings to slow-moving landslides also need to be further studied. These key scientific problems are very important to establish the quantitative vulnerability assessment model of buildings exposed to slow-moving landslides.
Therefore, this study focuses on the typical slow-moving landslides in the northwest loess area, and summarizes the damage characteristics of masonry structures affected by landslide deformation. The cooperative deformation characteristics and progressive failure mechanisms of masonry buildings traversing ground cracks on slow-moving landslides are systematically investigated using the Continuous-Discontinuous Element Method (CDEM). Building on this analysis, physical vulnerability curves for masonry structures under four distinct ground crack scenarios are developed, which takes the building inclination as the vulnerability indicator and the ground crack displacement as the indicator of landslide intensity. This study is significant to improving the quantitative level of risk assessment on slow-moving landslides.
2 DAMAGE CHARACTERISTICS OF MASONRY BUILDINGS ON SLOW-MOVING LANDSLIDES
2.1 Geological background of the study area
The study area is primarily located in the Beishan area of Tianshui City (Figure 1a). Tianshui City is situated in the southeastern part of Gansu Province, with a general topographic trend of higher elevation in the southeast and lower in the northwest, ranging from 700 to 3,120 m above sea level. The average elevation of the urban area is approximately 1,100 m. The eastern and southern regions have been uplifted due to the folding of ancient strata, forming mountainous landforms, while the northern area has developed loess hills and ridge-loess landforms as a result of geological subsidence and loess deposition. A small portion of the central region, influenced by latitudinal tectonic zones, has formed the Weihe Graben, which was further shaped by Quaternary fluvial erosion and deposition, resulting in the Weihe Valley landform. Geomorphologically, the study area lies at the transitional zone between erosional-accumulated ridge-hill landforms and erosional-accumulated valley landforms.
[image: Figure 1]FIGURE 1 | (a) Location of the Tianshui Beishan; (b) Distribution of slow-moving landslides in Tianshui Beishan; (c) Malan landslide; (d) Shuiyanzhai landslide.
The Tianshui Beishan area is characterized by complex neotectonic movements and sedimentary evolution, which under intense coupled endogenic and exogenic geological processes have triggered a cluster of giant landslides distributed in a belt-like pattern (Wang et al., 2023). Remote sensing interpretation and UAV surveying identified 14 landslides in the Beishan area (Figure 1b), predominantly comprising large-scale mudstone landslides and loess-mudstone interface landslides. The slip zones primarily develop within the weak layers of Neogene (N) mudstone and the strongly weathered zone at the top of the mudstone strata. Detailed field investigations revealed that six massive landslide accumulations remain in a state of long-term slow deformation: the Malan landslide, Hongqishan landslide, Xiaozhuang Village landslide, Shuiyanzhai No. 1 landslide, Shuiyanzhai No. 2 landslide, and Shuiyanzhai No. 3 landslide. Among these, the Malan and Shuiyanzhai No. 2 landslides exhibit such severe deformation that the Malan village and Shuiyanzhai village were forced to relocate entirely, resulting in significant economic and property losses.
According to field investigations, over 90% of the buildings located on the slow-moving landslides in Tianshui Beishan are masonry structures. Masonry structure has high compressive strength and low tensile and flexural strength. Therefore, masonry structure mainly bears axial or small eccentric pressure, and its ability to resist landslide deformation is relatively weak. On the Malan landslide, buildings are primarily distributed in the upper-middle section of the main body and the rear edge of secondary slides (Figure 1c). The Hongqishan landslide hosts most buildings in its middle-lower section, while those on the Xiaozhuang Village landslide are mainly clustered at the slope toe. Building distributions on the Shuiyanzhai landslide occur predominantly in both the upper section and slope toe (Figure 1d). The deformation zones of these landslides are mainly concentrated in their upper-middle sections. Consequently, buildings situated in these areas have sustained the most severe damage.
2.2 Damage characteristics of masonry buildings
As for the masonry buildings exposed on the slow-moving landslides, the additional stress caused by the differential ground deformation of the landslide will cause the structure to be damaged or even completely destroyed. Through the investigation and statistics of more than 25 slow-moving landslides in Gansu and Qinghai Provinces, it is found that there is an obvious exponential function relationship between the wall inclination and displacement of ground cracks (Figure 2). The continuous creep of Malan village landslide in Qinzhou District, Tianshui City caused many cracks on the landslide surface. These cracks are about 9∼15 cm in width, and most of them are tension and settlement cracks (Figure 3a). The longitudinal walls perpendicular to the slide direction show obvious inclination, and the inclination rate is about 2∼4% (Figures 3b,c). The cross walls parallel to the slide direction mainly present 45°∼80° shear and inclined cracks, which generally extend upward from the corners of doors, windows and walls (Figures 3d,e). Wamuchi Landslide in Minxian County, Gansu Province, is a typical slow-moving loess landslide. There are many composite tension and subsidence cracks on the landslide surface, which are about 41∼43 cm in width and 9∼13 cm in depth (Figures 4b–d). The cross walls parallel to the main slide direction mainly show shear inclined cracks, which extend upward from the corners of doors and windows (Figure 4b). The longitudinal walls perpendicular to the slide direction are seriously damaged, with obvious inclination and cracking, and the wall inclination rate is about 6%–8% (Figures 4a–c). In addition, affected by the differential deformation of the landslide surface and the length of the longitudinal wall, several inclined cracks extending from bottom to top appear in the longitudinal wall (Figure 4a).
[image: Figure 2]FIGURE 2 | Correlation curve between the differential displacement of landslide and wall inclination.
[image: Figure 3]FIGURE 3 | Damage of masonry buildings on Malan landslide in Tianshui City. (a) Tension cracks on the ground; (b,c) Inclined deformation of building walls; (d,e) Cracks on the cross wall.
[image: Figure 4]FIGURE 4 | Damage of masonry building on Wamuchi landslide in Minxian, Dingxi City. (a) The integral deformation of the building; (b) Shear cracks on the cross wall; (c) Inclination of the longitudinal wall; (d) Tensile cracks on the ground.
According to the field investigation, there are five types of cracks on slow-moving landslide: horizontal tension cracks, vertical settlement cracks, combined tension cracks, combined uplift cracks and shear cracks. Since shear cracks are mainly distributed around the minor scarps of landslides, and houses are rarely built around the minor scarps, the influence of shear cracks on house damage is not considered. In this study, to focus on the response of unreinforced masonry walls to ground cracks, we assume that the masonry buildings are not equipped with additional reinforcing structures such as ring beams or structural columns. Consequently, the structural model, as illustrated in Figures 6, 7, includes only masonry walls and floor slabs, which are prevalent in loess regions and more vulnerable to ground deformation caused by slow-moving landslides. This simplification allows us to isolate the effects of ground deformation on the walls themselves, though it may not fully represent buildings with enhanced structural integrity.
The slow-moving landslide mainly shows horizontal tension deformation and vertical settlement deformation. The mechanism of masonry buildings subject to landslide deformation is complex, and the damage characteristics and types can be summarized into two categories. (1) The longitudinal wall perpendicular to the slide direction mainly shows the characteristics of overall inclined failure. In addition, cracks may appear in the wall due to uneven landslide deformation (Figure 5a). (2) The cross wall parallel to the slide direction are prone to oblique cracks extending from bottom to top along the mortar joints, and the dip angles of these cracks are generally greater than 40° (Figure 5b).
[image: Figure 5]FIGURE 5 | Damage patterns of (a) longitudinal wall and (b) cross wall.
According to the damage characteristics of masonry structures, the damage degree of the buildings can be evaluated by wall-cracking and building inclination. If the cracks on the wall is used as the indicator of vulnerability assessment, the number, width, length of the cracks have to be considered. However, these parameters are difficult to be effectively combined and quantified in the process of establishing the vulnerability curve. Therefore, referring to the Evaluation Standard for Dangerous Buildings (Ministry of Housing and Urban–Rural Development of PRC, 2016) and the building damage grade classification standard (Alexander, 1986), the inclination rate is chosen as the indicator of building vulnerability in this study.
Based on the above analysis, this study summarizes four schematic diagrams of building damage subject to ground cracks (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic diagrams of building damage subject to ground cracks. (a) Horizontal tension crack; (b) Settlement crack; (c) Combined tension crack; (d) Combined uplift crack.
3 FAILURE PROCESS OF MASONRY BUILDINGS AFFECTED BY SLOW-MOVING LANDSLIDES
3.1 Numerical analysis method
According to the schematic diagrams of building damage, a two-dimensional structural model is established, which includes masonry walls and floor slabs. Monitoring points are set on the building to monitor the cumulative displacement and inclination of the building wall (Figure 7). The Continuous-Discontinuous Element Method (CDEM) is used for numerical analysis in this study. CDEM is a coupled finite/discrete element method (FEM/DEM) that has been used for a wide variety of applications (Li et al., 2004; Feng et al., 2014). A microstructural model of material comprises two elements: block element and jointed element. The model is configured such that the FEM is used inside the block, while the DEM is adopted for the interface. A two-dimensional (2-D) contact contains one normal spring (kn) and one tangent spring (ks) (Feng et al., 2014). These springs are orthogonal to each other, and their characteristics are same as the DEM. The evolution from continuous to discontinuous deformation is simulated by the breakage of springs. The Mohr–Coulomb brittle fracture model is applied on the interface, with these contacts, the discontinuous deformation between blocks can be achieved.
[image: Figure 7]FIGURE 7 | Structural model of the masonry building used in this study, consisting of masonry walls and floor slabs without ring beams or structural columns. (a) Layout of monitoring points; (b–e) Schematic diagram of four crack scenarios simulation.
In the 2D structural model developed in this study, the building walls are constructed with brick masonry, while the floor slabs are made of reinforced concrete. The thickness of the masonry walls is set to 240 mm, a common dimension in masonry buildings in Northwest China, providing sufficient load-bearing capacity and stability. The floor slab has a thickness of 200 mm, complying with the requirements for beam cross-sections specified in the Chinese building code.
Reinforced concrete is a complex engineering material, and it is theoretically feasible to establish solid models of reinforced concrete and concrete respectively for coupling analysis, but this will greatly reduce the mesh size, which makes the calculation difficult to converge, and the calculation efficiency is greatly reduced. Therefore, in our study, the integral modeling of reinforced concrete be used to replace the separate modeling, which can greatly simplify the calculation. The function of steel bars is equivalent to the mechanical parameters of the integral reinforced concrete model through the reinforcement ratio.
According to the principle of equal strength, the actual strength (Rt) of reinforced concrete can be estimated as:
[image: image]
where RC is the strength of concrete; RA is the yield strength of the reinforcement; Vs is the volume of reinforcement in the concrete, V is the volume of the concrete, n is the correction factor, typically ranging from 0.5 to 0.6. Vs/V is the reinforcement ratio in concrete. In this study, C30 concrete and HPB235 steel bars are selected as reinforced concrete materials, and the mechanical parameters of Floor slab calculated by Equation 1 are shown in Table 1.
TABLE 1 | Parameters used for the GDEM simulation.
[image: Table 1]In this numerical analysis, Mohr-coulomb model (elastoplastic constitutive and maximum tensile stress constitutive) is used for solid elements of the structural model. Since the shear and flexural failure mainly occurs in the building walls and floor slabs, virtual interfaces are set in their elements. The brittle fracture constitutive is adopted for virtual interface between solid elements to calculate the damage characteristics of the buildings. The normal and tangential contact stiffness of the virtual interface is 10 times of the material’s elastic modulus. According to Code for Design of Masonry Structures (Ministry of Housing and Urban–Rural Development of PRC, 2011), the failure of masonry buildings is generally along the section of masonry mortar joints, and the tension strength and shear strength are determined according to different mortar grades (Table 2). The strength parameters of masonry structure for this simulation mainly refer to M7.5 mortar strength. Physical and mechanical parameters used for the numerical analysis are shown in Table 1.
TABLE 2 | Tension strength (ft) and shear strength (fτ) values of brick masonry wall when it is destroyed along ash joints.
[image: Table 2]In this study, different types of ground cracks are simulated by applying different velocity boundary conditions at the base of the building. The vertical movement of the left foundation of the building is fixed, and horizontal rightward velocity is applied to the right foundation of the building to simulate the generation of horizontal tension cracks on the ground; Vertical downward velocity is applied to the right foundation to simulate the formation of subsidence cracks; Horizontal rightward and vertical downward velocity are applied to the right foundation to simulate the generation of combined tension cracks; Horizontal leftward and vertical upward velocity are applied to the right foundation to simulate the generation of combined uplift cracks. On this basis, the effects of different crack types on the failure process of building structures are analyzed. The monitoring points and boundary conditions of the model are shown in Figure 7.
3.2 Failure process of masonry building
According to Figure 8, with the continuous expansion of cracks, the walls of the building show obvious inclination, and the Mises stresses of the first-floor walls are also significantly higher than that of the second floor. Plastic hinges and cracks also appeared in the contact parts of wall and floor. Under the scenarios of horizontal tension cracks and combined tension cracks, the inclination of the walls on the first-floor is higher than that of the second-floor. Under the conditions of settlement cracks and combined uplift cracks, the inclination of the walls on the second floor is higher than that of the first floor.
[image: Figure 8]FIGURE 8 | Mises stress evolution and structural failure process of building under different crack conditions (The % represent the inclination rates of building walls). (a) Horizontal tension crack; (b) Settlement crack; (c) Combined tension crack; (d) Combined uplift crack.
According to Figure 8a, with the expansion of horizontal tension crack, wall A on the first floor was inclined first, and when the width of the crack exceeded 60 cm, walls C, B, and D also inclined in turn. The junction between wall A and the foundation first failed, and then the junction between wall A and the upper floor slab also failed and fractured, and the maximum Mises stress of the failure node was about 240 kPa. According to Figure 8b, with the vertical expansion of the settlement cracks, walls B and D of the second-floor were inclined preferentially, and the plastic hinges and cracks also occurred at the contact nodes between the second-floor wall and the floor slab. When the settlement exceeded 40 cm, the first-floor wall also inclined, and the Mises stress near the contact node between the wall C and the foundation was the largest, about 200 kPa. According to Figure 8c, with the expansion of the combined tension cracks, the wall C of the first floor was inclined preferentially, and when the total displacement of the crack exceeded 56 cm, walls A, B and D also inclined in turn. The contact node between wall C and the upper floor slab first failed and fractured, then the contact node between wall A and the foundation also failed, and the maximum Mises stress of the failure node was about 280 kPa. According to Figure 8d, with the expansion of the combined uplift crack, wall C on the first floor was inclined preferentially, followed by walls B and D on the second floor, and wall A on the first floor was almost not inclined. The contact node between the wall C and the substructure preferentially failed and fractured, and the maximum Mises stress of the failure node was about 280 kPa.
Figure 9a shows that the Mises stress of the A1 and C1 nodes increases instantaneously at the initial stage of tension crack expansion (displacement < 10 cm), and the stress increment is about 90–100 kPa. After that, the Mises stress of A1 lowly increases to 240 kPa, and the Mises stress of C1 slowly decreases to 125 kPa. The Mises stress of A2 increases from 175 kPa to 225 kPa within 30 cm of tension crack extension, and then remains stable. When the crack displacement exceeds 70 cm, the Mises stress of all the bottom joints decreases suddenly, which is mainly due to the fracture of the plastic hinge elements of the A and C walls, resulting in the stress release inside the elements. Figure 9b shows that the Mises stress of the A1 and C1 nodes increases instantaneously at the initial stage of settlement crack expansion (displacement < 10 cm), and the stress increment is about 70–80 kPa. After that, The Mises stress of A1 and C1 decreases to 150 kPa and tends to be stable. When the crack displacement exceeds 40 cm, the Mises stress of C1 suddenly decreases to 100 kPa, which is mainly due to the fracture of the plastic hinge element at the C1 node with the continuous tilt of the building wall, resulting in the stress release inside the element. The stresses of A2 and C2 remain basically stable during the settlement crack expansion. Figure 9c shows that the Mises stress of A1 and C1 nodes fluctuates significantly at the initial stage of combined tension crack expansion (displacement <15 cm), with the stress variation range of about 70–100 kPa. With the crack displacement increasing to 50 cm, the Mises stress of C1 slowly increases to 240 kPa, and that of A1 slowly decreases to 150 kPa. When the crack displacement exceeds 53 cm, the Mises stress of C1 suddenly increases to 300 kPa, and then decreases to 150 kPa with the fracture of plastic hinge element. When the crack displacement exceeds 65 cm, the Mises stress of A1 suddenly increases to 225 kPa, and then decreases to 150 kPa with the fracture of plastic hinge element. The stresses of A2 and C2 remain basically stable during the combined tension crack expansion. Figure 9d shows that at the initial stage of combined uplift crack propagation (displacement < 20 cm), the Mises stress of C1 increases by about 110 kPa, that of C2 increases by about 50 kPa, and that of A1 decreases by about 100 kPa. With the crack displacement increasing to 43 cm, the Mises stress of A1 decreases to 100 kPa due to the fracture of plastic hinge element. As the crack displacement exceeds 65 cm, the Mises stress of C1 and C2 suddenly decreases due to the fracture of the plastic hinge element. The stress of A2 remain basically stable during the combined uplift crack expansion.
[image: Figure 9]FIGURE 9 | Mises stress change curves of the monitoring points under different crack conditions. (a) Horizontal tension crack; (b) Settlement crack; (c) Combined tension crack; (d) Combined uplift crack.
In summary, the stress changes of the joints of wall A and wall C can be divided into three stages under different crack expansion scenarios: stress increase stage, stress stable stage and the stress sudden drop stage. In the initial stage of crack expansion (displacement < 20 cm), with the slight inclination of the building, the Mises stress of the bottom wall nodes fluctuates greatly and shows the tendency of stress increase during the process of internal deformation and coordination of the structure. In this stage, plastic hinges are also formed at the upper and lower ends of the building walls. With the continuous expansion of the crack, the inclination of the building structure gradually increases, and the Mises stress inside the structure changes slowly and the change amplitude is small. As the crack expands to a certain threshold, the plastic hinge elements at both ends of the building wall break, resulting in a sudden decrease of Mises stress. In addition, under the four crack expansion scenarios, the stress of A1 and C1 nodes at the top of walls A and C changes greatly, while the stress of A2 and C2 nodes changes little. Therefore, the buildings exposed to slow-moving landslides need to focus on reinforcing the contact areas of walls and floors.
The three-stage stress evolution correlates with structural adaptation to ground crack propagation. The Mises stress at nodes A1 and C1 initially rises due to the redistribution of internal forces as the building adjusts to minor ground deformation. This stress accumulation facilitates the formation of plastic hinges at wall-floor junctions. As crack displacement surpasses a critical threshold, these hinges fracture, leading to a sudden stress drop, which signifies localized structural failure consistent with our simulation outcomes.
According to the Figure 10, at the initial stage of crack propagation, the plastic zone of the building mainly appears in the hinge part of the floor slab and the bearing wall, and the failure mode is mainly shear failure. With the increase of crack displacement, the inclination rate of the building increases gradually, so does the plastic zone area. The plastic zone of the second-floor wall of the building only develops in the contact part of the wall and the floor. From the perspective of plastic zone, the development area of plastic zone of the building is smaller under the scenario of horizontal tension crack and combined uplift crack, and that is the largest under the combination tension crack scenario.
[image: Figure 10]FIGURE 10 | Plastic zone development of buildings under different crack conditions. (a) Horizontal tension crack; (b) Settlement crack; (c) Combined tension crack; (d) Combined uplift crack.
Under the horizontal tension crack scenario, the greater the ground crack displacement, the greater the traction force in the first floor wall, resulting in obvious tension and inclination phenomenon of the wall; When the crack displacement is less than 70 cm, only the inclination rate of wall A increases linearly with the increase of the crack expansion (Figures 10A, 11a), and the inclination rates of walls B,C and D are almost 0; When the crack displacement exceeds 70 cm, the inclination rates of walls A∼D increase rapidly, and when the crack displacement reaches 78 cm, the inclination rates of walls A∼D exceed 40% (Figure 11a). Under the vertical settlement crack scenario, only walls B and D are inclined significantly with the expansion of the crack, while walls A and C are inclined slightly, with the inclination rates of less than 2% (Figures 10b, 11b); When the crack displacement is less than 43 cm, the inclination rates of walls B and D increase linearly with the increase of crack displacement; When the crack displacement exceeds 43 cm, the inclination rates of walls B and D increase exponentially (Figure 11b). Under the combined tension crack scenario, when the crack displacement is less than 70 cm, the inclination rates of walls A∼D increase linearly with the increase of crack displacement (Figures 10c, 11c), and those A∼D increase in order from large to small are: C wall > D wall = B wall > A wall; When the crack displacement exceeds 70 cm, the inclination rates of walls A and C show an exponential growth trend with the increase of crack displacement (Figure 11c). Under the combined uplift crack scenario, when the crack displacement is less than 55 cm, the inclination rates of walls B-D increase linearly with the increase of crack displacement (Figures 10d, 11d), and the growth rates are almost the same; When the crack displacement is greater than 55 cm, the inclination rates of walls B and D increase exponentially (Figure 11c), and wall C still maintains a linear growth trend. During the expansion of the combined expansion crack, the inclination rate of wall A hardly changed. In addition, the roof load and the RC floor slab significantly influence the stress and deformation of masonry walls. The roof load increases the axial compression on the walls, enhancing their shear strength but potentially exacerbating uneven settlement under ground crack propagation. The high stiffness of the RC slab restricts the relative displacement of the walls, affecting their inclination and cracking patterns. The inclusion of these factors enhances the consistency between the simulation results and field observations.
[image: Figure 11]FIGURE 11 | The variation curve of the building inclination with the displacement of the ground crack. (a) Horizontal tension crack; (b) Settlement crack; (c) Combined tension crack; (d) Combined uplift crack.
Under the four ground crack scenarios, the change of wall inclination rates shows an obvious threshold effect with the expansion of cracks; When the crack displacement is less than the threshold, the inclination rates of walls increase linearly with the crack expansion. When the crack displacement is greater than the threshold, the inclination rates of walls increase exponentially and rapidly with the crack expansion. The linear-to-exponential transition in inclination rates marks the structural yield point. For small crack displacements, deformation remains linear within the structure’s elastic limit. Beyond this threshold, an exponential increase in inclination occurs due to the onset of plastic deformation and progressive loss of structural integrity. This behavior corroborates field observations of masonry buildings subjected to slow-moving landslides. According to Figures 10, 11, the inclination rates of walls B and D are completely consistent, and that shows a regular growth trend with crack propagation in the scenarios of settlement, combined tension and combined uplift cracks. The inclination rate of wall A only increases significantly in the case of horizontal tension crack, and that is not sensitive to the expansion of the crack in the vertical direction. The wall C shows a regular growth trend with the crack expansion only under the combined tension and uplift crack scenarios.
Figure 12 shows the change curve of the inclination rate of the most dangerous wall with the fracture displacement under four crack scenarios. For crack displacements below 40 cm, the linear correlation between inclination and displacement indicates a consistent structural response. Under the same crack displacement conditions, the inclination rate of the building wall caused by the horizontal tension crack is the highest, that caused by the combined uplift crack is the smallest, and that caused by the settlement crack and the combined tensile crack is in the middle, which are basically consistent with the results of Chen (2022). Horizontal tension cracks induce the highest inclination due to direct tensile loading parallel to the slide direction. In contrast, combined uplift cracks mitigate tilt via vertical displacement counteracting horizontal strain, delaying failure.
[image: Figure 12]FIGURE 12 | Correlation between the building inclination and the displacement of the ground crack.
[image: Figure 13]FIGURE 13 | Damage grade of masonry buildings. (a) Slight damage; (b) Moderate damage; (c) Heavy damage; (d) Complete damage.
4 VULNERABILITY ASSESSMENT CURVE OF MASONRY BUILDINGS
4.1 Damage grade of masonry building
According to the Identification Standard for Dangerous Houses (Ministry of Housing and Urban–Rural Development of PRC, 2016), the overall inclination rate of a building with two or less floors exceeds 3%, and that of a building with three or more floors exceeds 2%, which should be assessed as a dangerous state. It should be noted that the dangerous state specified in this standard does not indicate the failure or collapse of the building, but it needs to be reinforced and repaired. Alexander (1986) established the classification standard of building damage grade based on the inclined state of the wall and the degree of cracking. The standard stipulates that when the wall is inclined 5∼6°, the house is uninhabitable. Based on the field investigation in Tianshui area, the buildings exposed to slow-moving landslides show different degrees of cracking and inclination. Generally, when the inclination rate of masonry buildings is less than 2%, the buildings can be normally inhabited. When it exceeds 4%, the walls show serious cracking or inclination, and the buildings are basically uninhabitable.
In this study, the damage degrees of masonry building are divided into five grades: slight damage, moderate damage, heavy damage, extreme damage and complete damage (Table 3; Figure 13). And the corresponding limits of building inclination rates are shown in Table 3. Slight damage means that the building does not need reinforcement and maintenance. Moderate and heavy damage indicate that the building needs to be strengthened and repaired. Extreme and complete damage means that the building is uninhabitable, or the cost of maintenance and reinforcement exceeds that of reconstruction.
TABLE 3 | Damage grade of masonry buildings.
[image: Table 3]4.2 Vulnerability assessment curve
The physical vulnerability of masonry building indicates the probability that the structure exceeds the specific damage state in different landslide intensities. Physical vulnerability curves are usually represented by S-shaped curves fitted with Weibull function (Papathoma-Köhle, 2016). Therefore, the physical vulnerability model of masonry building defined in this paper is as follows:
[image: image]
V is the vulnerability value, D is the ground crack displacement, a and b are the parameters to be fitted. According to the correspondence between the inclination rates and damage grades of masonry building (Table 3), the suggested values of vulnerability are given (Table 4).
TABLE 4 | The suggested values of vulnerability.
[image: Table 4]Based on the quantitative criteria of damage degree of masonry structure and correlation between the building inclination and the crack displacement, the vulnerability curves (Figure 14) of masonry building under landslide ground cracks are obtained by Weibull function (Equation 2). The results show that there is a high correlation between the ground crack displacement and the physical vulnerability, and the R2 exceeds 0.95. It should be noted that Figure 14 is only the vulnerability curve of a specific structural building (2-story masonry structure, mortar strength = M7.5). Similarly, the method proposed in this study can be used to establish vulnerability assessment models for buildings with different structures and stories. This method has a great prospect of popularization and application.
[image: Figure 14]FIGURE 14 | Vulnerability curves of 2-floors masonry building exposed on slow-moving landslide.
The vulnerability model of the 2-story masonry building under the horizontal tension crack scenario is shown in Equation 3:
[image: image]
The vulnerability model of the 2-story masonry building under the vertical settlement crack scenario is shown in Equation 4:
[image: image]
The vulnerability model of the 2-story masonry building under the combined tension crack scenario is shown in Equation 5:
[image: image]
The vulnerability model of the 2-story masonry building under the combined uplift crack scenario is shown in Equation 6:
[image: image]
According to Figure 14, the vulnerability curves of the building exposed to slow-moving landslide are S-shaped. Table 5 shows the limit displacement assumed for each damage state (DS) under four crack scenarios. The ground crack displacement thresholds for building vulnerability reaching 1 under four crack scenarios are 22 cm, 26 cm, 27 cm and 37 cm, respectively. When the displacement of ground crack is less than 10 cm, the vulnerability of the building under the four crack scenarios is less than 0.2, which belongs to the slight damage level. When the displacement of ground crack reaches 20 cm, the vulnerability of the building under the horizontal tension crack scenario is 1, which reaches the level of complete damage; Under the scenario of settlement crack and combined tensile crack, the vulnerability values of the building are 0.8, which reaches the level of extreme damage. Under the scenario of combined uplift crack, the vulnerability of the building is 0.5, which belongs to the level of moderate damage. When the displacement of ground crack reaches 30 cm, the buildings are completely destroyed under the scenarios of horizontal tension crack, settlement crack and combined tension cracks; While under the scenario of combined uplift crack, the vulnerability of the building is 0.9, which belongs to the level of extreme damage. When the displacement of ground crack exceeds 37 cm, the building is completely destroyed under the combined uplift crack scenario, and the vulnerability value reaches 1.
TABLE 5 | The limit displacement assumed for each damage state (DS) under four crack scenarios.
[image: Table 5]5 DISCUSSION
5.1 Rationality of vulnerability assessment index
The damage characteristics of masonry buildings exposed to slow-moving landslides are mainly shown as wall cracking or inclination. For buildings that have been damaged after disasters, the damage degree can be identified according to the development of the wall cracks or inclination (Alexander, 1986; Chen et al., 2023). The appearance and expansion of cracks are subject to the building stiffness. Richard et al. (2005) reported that when highly stiff buildings are very inclined due to ground deformation, the wall-cracking phenomenon is not obvious; On the contrary, if the stiffness of the building is small, the cracks on the wall becomes serious, but it is difficult to establish a equation between the crack parameters (extension length, width, number, et al.) and the landslide intensity. Therefore, the vulnerability quantification of the masonry buildings exposed to slow-moving landslides is still a major challenge.
With reference to the Classification of Earthquake Damage to Buildings and Special Structures (China National Standardization Management Committee, 2009) and Standard for Dangerous Building Appraisal (Ministry of Housing and Urban–Rural Development of PRC, 2016), it is simple and practical to assess the building vulnerability by the wall inclination (Chen et al., 2020). As for the perspective of risk assessment, although the inclination of the building cannot accurately represent the absolute damage degree of the building, once it exceeds the habitable threshold, even if the majority of the structure has not failed, we can also consider the building’s vulnerability reach 1 (Chen et al., 2020; Mansour et al., 2011). Therefore, it is reasonable to use the inclination of the building wall to assess its vulnerability.
5.2 Validations of the vulnerability curves
Since the damaged buildings exposed to the slow-moving landslide in the loess areas are mainly caused by horizontal tension cracks and combined tension cracks, the observation results of the damaged buildings in the field are compared and verified with the vulnerability curves under the two cracks scenarios (Figure 15). The results show that the vulnerability of the buildings observed in the field are basically consistent with the vulnerability curves established in this study, but the vulnerability value observed in the field is greater than the estimated value by the vulnerability curves when the crack displacement is less than 10 cm. The reasons may be as follows: (1) The numerical simulation simplifies the three-dimensional building structure into a two-dimensional structure, so it cannot accurately reflect the complex stress and deformation coordination relationship in the three-dimensional building structure. (2) In the numerical simulation, the cracks expand at uniform speed, while the cracks expansion on the slow-moving landslides observed in the field are nonlinear, which also leads to the difference between the deformation and failure characteristics of the building observed in the field and the numerical simulation results. Through the verification of some field observation results, it shows that the simulation results are reliable and reveal the damage evolution of the masonry structures affected by the horizontal and combined tensile cracks on the slow-moving landslides, and the vulnerability curves of masonry structure constructed in this study have high reliability.
[image: Figure 15]FIGURE 15 | Validation of the vulnerability curves. (a) Horizontal tension crack scenario; (b) Combined tension crack scenario.
5.3 Necessity and methods of structural strengthening
According to the Standard for Dangerous Building Appraisal (Ministry of Housing and Urban–Rural Development of PRC, 2016), when the inclination rate of a building exceeds specific thresholds, strengthening or repair is required to ensure safety. For masonry buildings affected by slow-moving landslides, strengthening measures are particularly critical to prevent further structural deterioration and ensure operational safety. The following common strengthening methods are applicable: (1) Embedding steel reinforcements in masonry walls enhances their tensile and shear strength. Belliazzi et al. (2024) proposed a non-linear analysis method for rectangular cross-section masonry, providing a dimensionless closed-form solution that supports the design of steel reinforcement. (2) Ferretti et al. (2023) demonstrated that reinforced repointing combined with Fibre-Reinforced Cementitious Matrix (FRCM) and Coated Reinforced Mesh (CRM) systems is highly effective in repairing cracked masonry and improving structural performance, particularly for walls damaged by landslides. (3) To address ground cracks and settlement caused by landslides, techniques such as grouting or pile foundations can stabilize the foundation, reducing building inclination and deformation. These strengthening methods significantly enhance the deformation resistance of masonry buildings, extend their service life, and mitigate potential risks posed by landslides.
5.4 Limitations and future research potential
The vulnerability curves proposed in this study have certain limitations. Firstly, the foundation type and depth are not taken into accounts. Chen et al. (2020) demonstrates that the foundation depth is a critical factor that affects the physical vulnerability value. Therefore, the influence of the foundation type and depth of the building on the vulnerability will be further studied. Secondly, only masonry structure with two floors is considered, however, different building structures and floors can affect the ability of buildings to resist the landslide deformation (Ferlisi et al., 2020; Nicodemo et al., 2020; Negulescu and Foerster, 2010). In order to improve the accuracy of buildings vulnerability assessment and reduce the uncertainty in the establishment of the vulnerability curves, different building structures, materials and floors will be considered in future researches. In addition, only the deformation characteristics of buildings exposed to slow-moving landslides in the loess area are used to verify the vulnerability model proposed in this paper. Due to the lack of sample data in other regions of China, the applicability of the vulnerability model has not been verified in this study. In the future, more vulnerability data of buildings exposed to slow-moving landslides will be collected to verify the accuracy of this model.
The displacement of the ground crack on the landslide only represents the relative displacement of the landslide deformation, but not the absolute displacement (Chen et al., 2020; Kang et al., 2021). Although the displacement of ground crack directly affects the landslide intensity and building damage level, it has limitations in practical application as an indicator of landslide intensity. Because common landslide hazard assessment methods such as InSAR, numerical simulation and theoretical calculation cannot directly and quantitatively characterize the displacement of ground cracks (Mansour et al., 2011; Nicodemo et al., 2020; Kang et al., 2021). Therefore, it is urgent to establish the quantitative vulnerability assessment model with landslide absolute displacement as the disaster intensity index in the future, and it is expected to solve the vulnerability prediction assessment and emergency rapid assessment of buildings exposed to slow-moving landslide in different disaster scenarios (Palmisano et al., 2021; Peduto et al., 2020; Nicodemo et al., 2020; Mansour et al., 2011).
The numerical simulation simplifies the three-dimensional building structure into a two-dimensional structure, which may affect the accuracy of building vulnerability simulation results. In the furfure research, 3D numerical simulation methods can be used to analysis and compare the building vulnerability characteristics under different ground crack scenarios. Meanwhile, it is also necessary to introduce the probability density function to analyze the influence of uncertainties such as the number of floors, floor height, and mechanical strength of building materials on the vulnerability (Luo et al., 2021; Sun et al., 2023), so as to realize the vulnerability probability evaluation of buildings in different damage states.
Although limitation exists, the numerical simulation results provide a new perspective to analyze the progressive failure process and vulnerability of masonry building across ground cracks on slow-moving landslides.
6 CONCLUSION
Through field investigations, CDEM numerical simulations, and statistical analyses, this study reveals the cooperative deformation characteristics and progressive failure mechanisms of masonry buildings subjected to ground cracks in slow-moving landslides, and establishes physical vulnerability curves for four distinct ground crack scenarios. The main findings are summarized as follows:
(1) Masonry buildings affected by slow-moving landslides primarily exhibit transverse wall cracking and longitudinal wall inclination due to ground crack propagation. Consequently, a vulnerability assessment framework was developed, utilizing longitudinal wall inclination rate and ground crack displacement as indicators for building vulnerability and landslide hazard intensity, respectively.
(2) Progressive crack propagation induces significant wall inclination, with first-floor walls exhibiting substantially higher Mises stresses compared to second-floor walls. Plastic hinges and cracks develop at wall-floor junctions. In horizontal and combined tension crack scenarios, first-floor walls demonstrate greater inclination, whereas settlement and combined uplift crack scenarios predominantly affect second-floor walls.
(3) Wall inclination rates exhibit a distinct threshold effect: below the threshold, inclination increases linearly with crack displacement, while above the threshold, it demonstrates exponential growth.
(4) A linear relationship between wall inclination and crack displacement is evident for displacements below 40 cm. Under identical crack displacement conditions, wall inclination rates decrease in the following order: horizontal tension, combined tension, settlement, and combined uplift scenarios. The differential effects of these scenarios on wall inclination become more pronounced with increasing crack displacement.
(5) The vulnerability curves of masonry structures under four ground crack scenarios are fitted by Weibull function. The thresholds of ground crack displacement for building vulnerability reaching 1 under four crack scenarios are 22 cm, 26 cm, 27 cm and 37 cm, respectively. Field observations of damaged buildings validated the proposed vulnerability curves, demonstrating high model reliability.
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10-15 01
Slight damage
15-20 02
20-23 03
Moderate damage 23-26 04
26-30 05
30-35 06
Heavy damage
35-40 07
40-45 08
Extreme damage i
45-50 09
Complete damage >5 i
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Damage grade Moderate Extreme Complete

Grade Ls1 ’ 1s2 1S3 L4 LS5

Building inclination (%) (1,2) ‘ 23) 34) (45) >5





