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The construction of a reservoir on a large-thickness collapsible loess cover will significantly increase the occurrence of dam break disasters. The main reason may be that although the gradation of loess particle is not uniform. The clay content is less than 10%. Piping channels easily form under the action of force and collapsibility. Near-static liquefaction of the loess in the dam body under the saturated condition will lead to piping or loss of soil strength. Therefore, it is of great significance to study the mechanical characteristics of loess in the saturated state for preventing dam break. The study investigated the 2021 dam failure of the Yang village reservoir in Ningxia, China, which resulted in millions of dollars of property damage but no casualties. The dam break is a gradual development from piping to complete dam break. This study tries to find out the real reason for dam break from the physical and mechanical properties of the foundation and the dam. We mainly carried out the research through the following three aspects: First, the dam structure was identified by using the seismograph, the compactness of the dam foundation and the dam body was determined according to the wave velocity of the soil layer, and the construction quality of the dam foundation and the dam body was comprehensively evaluated. Second, the particle size distribution confirmed the mechanism of uneven particle size distribution and clay loss. Finally, the undrained characteristics of saturated loess are tested, and the dam failure is essentially explained. The research results show that using this loess to fill the dam foundation directly and the dam body has a very high probability of piping-type dam failure. This study gives some design suggestions for using this loess for dam building, for example, through the design of the filter layer to increase the difficulty of piping occurrence.
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INTRODUCTION
By the end of 2021, China has built about 100,000 reservoirs of all types, with a total storage capacity of about 9.0 × 1011 m3 (Ministry of Water Resources of the PRC, 2021). About 280 reservoirs with a total storage capacity of 1.736 × 108 m3 have been built in the Loess region of Ningxia. The main functions of reservoirs in Ningxia are irrigation, water supply, and aquaculture. Because of the depth and breadth of loess distribution, local materials are usually needed in the design and construction process of the dam foundation and dam body. Due to the compatibility of loess, the mechanical properties in a saturated state, and the relatively uniform gradation, there are various unpredictable dam break factors in the design, and construction of reservoir dam failure risk is still an important problem in dam design, construction, and operation.
It is of great significance to learn lessons from the past dam break events and discuss the main rules of dam break for revealing the dam break mechanism of the reservoir and improving the safety management level of the reservoir. International Commission on Large Dams (ICOLD) Bulletin No. 175 extends the traditional method and concept to all stages before the operation stage. Many risks of dam operation come from other steps before the actual operation. This announcement is a first attempt to systematically describing the participants, roles, activities, and complex interactions involved in different stages of the dam life cycle (ICOLD, 2021) and to capture all related dam safety aspects in all preoperation stages. China, the United States, and Australia also conducted statistical analysis of the dam failure data in their own countries and summarized the causes of the dam failure. Since 2016, the average annual dam failure rate of reservoirs in China has been 0.03‰, the lowest in history, which is lower than the world-recognized standard of low dam failure rate of 0.1‰ (Ministry of Water Resources of the PRC, 2021). The United States Society on Dams (USSD) published Dams of the United States- A Pictorial Display of Landmark Dams (USSD, 2013), which introduced the concept and practical experience of dam safety management in the United States, which is worthy of reference and reference for the dam industry. The Australian National Committee on Large Dams Incorporated (ANCOLD) revised the Guidelines on the Consequence Categories for Dams (ANCOLD, 2020). The revised guide classifies potential loss of life (PLL) and the severity of damage and loss. The 6.0 m moraine core rockfill dam and the 4.5 m homogeneous earth dam with a dam height of 4.5 m are the most representative ones carried out by the EU investigation of extreme flood processes and uncertainty (IMPACT) project, the test demonstrates the whole process of dam break caused by piping (Morris et al.,2007). The Gleno dam is located in the Alps in Central Italy. A few days after the first impoundment of the reservoir it suddenly collapsed. The dam released almost 4.5 million cubic meters of water. The floods wreaked havoc in the lower valley, killing 356 people. This is the only event in Italian history when the dam collapsed due to a structural defect. The main information obtained from a large number of historical documents about the dam break of the Gleno Dam produced a dam break model, which is helpful to verify the mountain. (Pilotti et al., 2011). In the United States, the main reason for earth dam failure is flooded overtopping, followed by piping caused by seepage. For example, on 14 May 2014, the Corti-Jensen dam in Virginia had piping due to seepage, causing some dam bodies to burst, but did not cause harm to the downstream (Wu, 2020). Through a series of centrifugal model tests, the barrier lake dams failure process and mechanism due to overtopping are analyzed, and the test process of overtopping failure is simulated (Zhao et al., 2019). The Situ Gintung dam burst on 27 March 2009, according to the evaluation of the Ministry of Public Works, the main reason for the collapse of the dam body is the weakening of the dam body soil, which may be caused by the erosion and cracking of the embankment with the spillway on the left. The water in the reservoir enters the dam body through the cracks and gradually reaches a saturated state, and the shear strength of the soil body decreases (Nabilah et al., 2020). They proposed a dam risk probabilistic model (DRPM) consisting of three factors: hydrology, seepage, and slope instability, and applying this model to the Dongwushi Reservoir in Hebei Province, China, the comprehensive threshold for dam failure of the reservoir are 1.25, which indicates that the dam is in serious danger according to Guidelines On Dam Safety Evaluation of the Ministry of Water Resources of the PRC (2017). By introducing the proposed theory and method into the dam safety evaluation system, dam safety management can be carried out efficiently (Zhonget al., 2011). The BOSS-DAMBRK (this software is developed that is based on hydrodynamic flood routing) software was used to simulate the dam failure, when the entire dam collapsed at once, the extent of the downstream flood, flood propagation time, flood speed, and the impact of flood released by dam structure damage on downstream affected residents, property, and environmentally sensitive areas (Kho et al., 2009; Boss International, 1999). A total of 3,498 dam break cases in China from 1954 to 2006 are collected, and statistics are made from the historical period of a dam break, regional distribution, reservoir scale, dam height, dam type, dam break reason, dam break rate, and other aspects. The causes of the dam break and its main failure modes are preliminarily analyzed (Xie and Sun, 2009). Based on the dam break data of small reservoirs in China from 1980 to 2006, the researchers described the causes and laws of dam break of small reservoirs. They believed that the standardized management of reservoirs and the continuous promotion of reinforcement of dangerous reservoirs had laid a necessary foundation for improving the safety level of small reservoirs (Jiang and Yang, 2008).
Take the Loess dam in the Ansai area, Yan’an City, Shaanxi Province, China, as a monitoring target. The Loess dam is not fully compacted, and there may be a high permeability area in the Loess dam. Seepage channels appear in the dam body, and seepage damage occurs. These events lead to instability and damage to the dam’s body. By measuring the crack, liquid level, and pore pressure, the whole life cycle of the dam is monitored. From the beginning of monitoring to the dam failure, the dam experiences three distinct types of failure, which are referred to as “internal erosion damage, slumping damage,” and “slippery damage” (Xu et al., 2020a). The research object is a loess accumulation dam in Ansai Area, Yan’an City, Shaanxi Province, China. A triaxial undrained test of saturated remodeled loess was carried out on the dam body. The test shows that the deviatoric stress and pore water pressure of saturated remolded loess increase with the increase of shear strain and gradually approximated the horizontal under different cell pressure. According to on-site monitoring, it can be determined that there is more than three times the apparent damage to the dam. Through the comparison of in-site tests and indoor tests, the concept and calculation method of “inspection threshold” are put forward (Xu, et al., 2020b). Check dam system has been widely used in the Loess Plateau. However, due to the hidden danger of the dam breaking. The development of the check dam system is limited. A hydrodynamic simulation was carried out based on the failure of a typical check dam system on 15 July 2012. The simulation results show that the series fault in the tributary ditch will not lead to the stack of peak discharges. The peak flow at the catchment outlet is 20% higher than that without a dam break and 87% lower than that without a check dam (Zhang et al., 2021c). Check dam system has been widely used in the Loess Plateau. However, due to the hidden danger of the dam breaking. The development of the check dam system is limited. A hydrodynamic simulation was carried out based on the failure of a typical check dam system on 15 July 2012. The simulation results show that the series fault in the tributary ditch will not lead to the stack of peak discharges. The peak flow at the catchment outlet is 20% higher than that without a dam break and 87% lower than that without a check dam (Wang et al., 2021a). The characteristics of earth-rock dam failure research are reviewed, and the results of dam safety management (DSM) are reviewed from three aspects: disaster causes, dam failure process, and flood propagation. To improve the DSM system does not appear to be modifying the subject of the research on the change of the material properties of the dam body and its corresponding effect, the scale effect, the similarity criterion of the dam break process, and the uncertainty analysis of the commonly used models (Luo et al., 2012).
The dam break accident of the reservoir in the loess area has not been fully investigated, but there have been reports. The reasons for the dam break of reservoirs in the loess area are usually only judged based on experience. For example, causes of dam breaks are summarized into natural factors, engineering factors, and human factors, and specific mechanisms and experimental analyses are rarely carried out. This study attempts to analyze the fundamental cause of the dam break of the Yang village reservoir in the Loess Plateau, Ningxia, China, by using mechanical methods: The possibility of piping is judged according to the particle size distribution of the loess. According to the mechanical properties of remodeled saturated loess under undrained conditions, a reasonable explanation for the dam break of the reservoir may be made. The surface wave velocity test is carried out on the top of the dam to judge the compaction inside the dam body. According to the physical and mechanical properties of loess and the undrained triaxial test, the design proposal of anti-seepage and anti-filtration of a dam filled with loess material is put forward.
YANG VILLAGE DAM BREAK
Location and Introduction of Dam Break
This study investigates the failure of a loess-filled reservoir on the Loess Plateau in Ningxia, China, in the spring of 2021. The Yang village reservoir is located in the position shown in Figure 1. The reservoir has an area of 40,000 m2 and a design capacity of 2.0 × 105 m3. When the dam broke, the stored 1.4 × 105 m3 water was washed out. The outline and breach of the reservoir are shown in Figure 2, Figure 2A shows the outline of the whole reservoir, and Figures 2B–D show the front, side, and top views of the dam break, respectively. The breach is on the south side of the dam body, with a width of about 20 m. The sloped body on the south side of the dam body is shown in Figure 3, the slope length is 19 m, the inclination angle is 30 degrees, and the filling height of the dam body is 9.5 m. It can be seen from Figures 2B,C that the soil moisture content and layer thickness are well controlled during the construction of the dam bodies above the bottom of the breach. The damage of the dam body starts from the seepage at the bottom. It can be seen from Figure 6 that the wave velocity at the bottom of the dam body is relatively small, corresponding to the same loess filling material, it can be considered that the compaction degree of the dam body bottom is relatively low. Therefore, under the action of the seepage force, the fine particles are gradually brought out of the dam body, and a piping channel is gradually formed at the bottom of the dam, which eventually leads to a complete dam failure. The dam breaks mainly caused nearly 0.67 km2 of farmland to be flooded, but there were no casualties.
[image: Figure 1]FIGURE 1 | Location of the Yang village reservoir.
[image: Figure 2]FIGURE 2 | Reservoir contour and dam break images in different directions.
[image: Figure 3]FIGURE 3 | Measured length of the south slope of the dam body.
Geological Environment and Dam Compactness
The reservoir is located in the hinterland of the Loess Plateau the west of Hongjian Mountain. The dam foundation is directly built on the thick loess stratum, which is the Q4 (according to the classification of stratigraphic age, the loess belongs to the sediments of Cenozoic, Quaternary, and Holocene) loess layer with a detectable depth of more than 10 m. The north and west of the reservoir depend on mountains, the south and east dams are filled with loess, and the location of the dam break is just in the dam filled in the south. As can be seen from Figure 2C that the dam break started from the bottom of the dam, and there is no trace of water scouring in the middle and upper part of the dam body. The possible reason is that the compactness of the lower dam body is relatively low. After the geomembrane or geotextile blanket leakage, the water gradually infiltrates into the loess, forming a dominant channel of seepage in the dam body, resulting in the collapse of the whole dam body.
MATERIALS AND METHODS
Physical and Mechanical Properties of Loess
The filling materials in the south of the reservoir are all from the farmland in the dam’s south. The farmland in the south is a slope land on the Loess Hill. As shown in Figure 4, the soil samples were taken from the western slope, located 3 m above the surface. The loess is massive in the dry state and muddy in the saturated state. The basic physical and mechanical properties of loess were measured in the indoor laboratory. Table 1 gives the specific gravity, natural density, liquid limit, plastic limit, plasticity index, collapsibility coefficient, and permeability coefficient of soil samples.
[image: Figure 4]FIGURE 4 | Collection point of the test soil sample.
TABLE 1 | Physical and mechanical property parameters of loess samples.
[image: Table 1]Surface Wave Exploration
The Multichannel Analysis of Surface Waves (MASW) is a nondestructive method, which analyzes the dispersion characteristics of Rayleigh waves to determine how the shear wave velocity changes with depth in the layered underground. The surface wave method is widely used in seismic engineering, geotechnical engineering, and geological engineering. (Islam and Chik, 2011; Ismail et al., 2014; Harba et al., 2019). The surface wave method is also widely used in the exploration of the loose soil zone, foundation compactness, underground cavity, and complex shallow geological environment (Karray and Lefebvre, 2009; Khan and Yamin, 2019). To investigate the internal compactness of the Yang village reservoir, we conducted a surface wave test on a section of the dam (the surface wave detectors in Figure 5 are arranged along the longitudinal section of the fracture. There are 24 detectors in total, and the 17th detector is arranged in the center of the fracture from west to east.) to obtain the details of surface wave velocity at the first 10 m below the surface. During the field investigation, we used the OYO McSEIS-SW high-precision shallow seismic instrument, 24 channels, the frequency of geophones is 4 Hz, the interval between geophones is 2 m, and the wooden hammer is used to excite the surface wave. We ensure that the surface wave excited by each hammer meets the requirements in the test. After the test, we use Seisimager software (McSEIS-SW data post-processing section) to analyze the dam body’s wave velocity after filling to judge the dam body’s compactness.
[image: Figure 5]FIGURE 5 | Geophones arranged along the longitudinal section.
Triaxial Test of Loess
The dam body filled with natural loess materials may be partially saturated when the geomembrane or geotextile blanket and other impervious materials are damaged. To determine the mechanical properties of loess in a saturated state, we collected undisturbed and disturbed loess samples from the borrow pit wall on the south side of the reservoir. The remolded soil samples collected on-site are broken with a 2 mm sieve in the laboratory. Because the soil samples on-site are kept wet, the screening and crushing effect is perfect. The screened soil samples are used for particle size analysis and triaxial test. We used Mastersizer 3,000 laser particle sizer to test the particle size of samples by the dry method and the wet method, respectively, and each sample was tested three times. We conducted consolidated undrained (Cu) triaxial compression shear tests on loess samples under two confining pressure (100 and 200 kPa) to study the shear strength, pore water pressure development, and stress path of dam filled loess. The triaxial undrained test in this study is carried out according to ASTM standards (ASTM, 2020) are following:
1) Sample preparation: we prepare a cylindrical soil sample with a 1.5 g per cubic centimeter dry density. The height of the soil sample is 100 mm, and the diameter is 50 mm.
2) Sample installation: we protect the prepared soil sample, install the soil sample on the base of the actuator, lift the base to maintain 5N contact between the soil sample and the upper force sensor, and apply a 30 kPa confining pressure to the soil sample through the pressure–volume controller.
3) Sample saturation: we replace the saturation with carbon dioxide, and use degassed water for head saturation and back pressure saturation. We set the head pressure of 5 kPa for head saturation and keep the back pressure saturation at about 200 kPa, and the b value is more than 0.95.
4) Sample consolidation: the sample is consolidated under the confining pressure of 100 and 200 kPa, respectively. The consolidation standard is that the displacement is 0.1 ml/h, and the consolidation curve hardly changes.
5) Sample shear: we use the strain control method for consolidated undrained shear. The axial strain increases at the rate of 0.01%/min. When the axial strain is close to 20%, terminate the test.
RESULTS
Dam Compactness
Now, as a conventional geophysical exploration method. MASW has been used to determine the dam structure and compactness. MASW is favored because it can distinguish weak layers and better describe the characteristics of shallow soil. The weak penetrating layer may cause the seepage and piping of the dam body. The dam body is a uniform geological body built manually, and the hidden danger is the uneven body (weak interlayer, layered loose zone, and crack) existing in the uniform medium, which is very consistent with the research method of MASW. As we all know, surface waves mainly contain shallow strata information. Hammering waves can detect cracks near the ground, and it is indisputable that surface wave velocity changes are caused by minor faults, subsidence boundaries, cavities, etc., Therefore, in detecting the surface wave velocity changes in a shallow stratum, the surface wave has formed a meaningful primary wave, which should not be simply regarded as noise. The Rayleigh wave velocity of soil is similar to its shear wave velocity, and the shear wave velocity of soil is an important index to evaluate the strength of rock and soil, which is common knowledge. Therefore, if we carry out continuous exploration with the transient Rayleigh wave method along the strike of the earth dam, we can draw the Rayleigh wave velocity profile of the dam body by using the dispersion curve to evaluate the quality of the earth dam. Figure 6 shows the shear wave velocity distribution on a typical longitudinal profile of the dam body. From Figure 6, we can find that the soil density at the dam foundation is still relatively low. In general, there is a good statistical relationship between shear wave velocity and density, for example, the experiments showed that the relationship between shear wave speed and void ratio can be expressed as follows:[image: image], where Vs, e, and [image: image] represent shear wave speed, void ratio, and soil particle density, respectively (Wang et al., 2021b).
[image: Figure 6]FIGURE 6 | Contour of spacing, depth, and wave velocity on longitudinal section.
Particle Size Distribution
The particle size grading curve of dam filling loess is measured by the dry and wet methods, respectively. Figure 7 shows the particle size grading curve of dam filling of the Yang village reservoir. It can be seen from Figure 7 that the mass of particles with a particle size of 5∼75 um accounts for 88% of the total mass, and the plasticity index is less than 10. Therefore, the loess filling the dam body is typical silt. The non-uniformity coefficient Cu = 5.9 and curvature coefficient Cc = 1.9 of loess belong to well-graded soil, but the clay content (e.g., in silt, the part with particle size less than 0.005 mm is generally called clay.) is less than 10%. Although the gradation of loess is good, the particle size range is relatively narrow. Studies have found that liquefaction usually occurs when the clay content in silt (including loess) is less than 10% (Ministry of Housing and Urban-Rural Construction of PRC, 2016). There are also kinds of literature showing that saturated loess with a clay content of less than 12% or 15% has liquefaction behavior (Dong and Xia, 2016; He et al.,2020). The infiltration and liquefaction characteristics of loess provide favorable conditions for the occurrence of piping.
[image: Figure 7]FIGURE 7 | Particle size grading curve of loess.
Shear Properties
In order to understand the shear characteristics of the filled loess and master the mechanical behavior of the loess comprehensively, the gradual infiltration of the dam body in the case of damage or welding gap of geomembrane or geotechnical blanket is a saturated undrained process until piping and dam break are formed. Figure 8 compares filled loess’s undrained triaxial shear test results under two different confining pressures (100–200 kPa). Figures 8A,B shows the variation of deviatoric stress and pore water pressure with axial strain. Figure 8C depicts the effective stress path. Loess samples show significant softening behavior under excess pore water pressure, and the strength decreases significantly after peak value. This deformation characteristic of loess is similar to the static liquefaction phenomenon of loose sand (He et al., 2020; Liu et al., 2020). The so-called static liquefaction refers to the apparent strain-softening phenomenon in the partial stress-strain curve of the soil sample during loading. After the peak value, the partial stress decreases sharply and approaches zero or insufficient residual strength. The soil shows characteristics similar to fluid. Figure 8A is approximately consistent with the concept of static liquefaction; when the loess is saturated, the upper soil body has a loading effect on the lower soil body, and the lower saturated loess soon reaches its peak strength. When the excess pore water pressure does not increase and is almost equal to the confining pressure, the shear strength of the loess gradually decreases to the residual strength to achieve static liquefaction. These results are consistent with the Loess test results of sale mountain (Zhang et al., 2021d). Therefore, it is vital to evaluate the mechanical properties of the filled loess of the Yang village reservoir dam.
[image: Figure 8]FIGURE 8 | Stress–strain relationship, pore water pressure development, and the effective stress path in loess.
It can be seen from Figure 8A that the deviatoric stress peaks when the strain is minimal, and the corresponding peaks at 100 and 200 kPa are 61 and 114 kPa, respectively, and shear strength is relatively low. With the increase in the shear strain, the deviatoric stress decreases continuously from the peak value, and when the strain is significant, the deviatoric stress gradually tends to be around 25 kPa. According to the experiment, it can be seen that the residual strength of loess is deficient, showing the phenomenon of static liquefaction. The loess quickly breaks down undersaturation and deviatoric stress, further illustrating the anti-seepage arrangement’s importance. It can be seen from Figure 8B that the development of excess static pore water pressure develops very fast at minor strains, and the development of pore water pressure begins to slow down when the strain is 3%, and finally, develops to 92 and 189 kPa. The pore water pressure and the ratios of confining pressure reached 92 and 94.5%, respectively, which were almost equal to the confining pressure, and the effective stress was already very low. From Figure 8C, it can be found that the effective stress path of loess has been moving towards the stress origin along with the critical state line CSL after reaching the peak value, which also reflects the same static liquefaction trend as Figure 8A.
DISCUSSIONS
Natural Characteristics and Approximate Static Liquefaction of Loess
The spatial variability of the Quaternary Holocene loess is enormous, and the geological environment of the Yang village reservoir is typical of silty loess with strong permeability, collapsibility, and water sensitivity. Whether it is used as an engineering foundation or dam filling material, water damage to the soil should be avoided as much as possible. As a filling material for the dam body, the management of the construction process of the dam bottom, the dam body compactness, and the construction quality of anti-seepage materials such as High-Density Polyethylene (HDPE) composite geomembrane should be strengthened, as follows:
1) The compactness of the dam bottom and the dam body should be checked layer by layer to ensure that the compactness is above 95%.
2) It is ensured that the dam bottom and body are free of unevenness, thorn particles, hard debris, etc.
3) The laying of HDPE should extend from the lowest part to the high position, do not pull too tight, to reduce the damage caused by the drag of the bentonite blanket on the foundation.
4) Double-pass weld joints should be used in laying to reduce the number of welds, and the welding quality of the welds should be inspected in time to reduce leakage hazards. When there is a T-shaped seam, the base material is used to fill the scar, and the corners of the scar are rounded.
5) The dam body may settle under the action of the water body and its weight, and the sealing welding should also be designed to be flexible to allow vertical movement.
Suggestions on Filter Layer Design
There are three main internal erosion processes that can initiate dam failure (e.g., collapse): backward erosion, concentrated leak, and suffusion (Fell and Fry, 2007). Concentrated leakage is the main reason causing seepage failure in the embankment dams with cohesive soils, which appears in the defects (e.g., cracks, micro-fissures, and hydraulic fracture) of such structures. From the above analysis of field inspections and laboratory tests, this study concerned about the internal erosion in concentrated leaks initiated by the dam collapse. Some important physical parameters such as density, compactness, particle size distribution, fine content, and shear strength have an effect on the internal erosion properties and talked above. The most effective prevention and control measure are reasonably installing inverted filters for the embankment dams. This study puts a particular emphasis on the design of the filter layer of loess embankment dams.
According to the characteristics of shear strength of loess in Ningxia and the potential of static liquefaction trend, a good filter design for loess will help the geotechnical and hydraulic structures in the Ningxia area maintain safety. Based on the field exploration and laboratory test results, the main reason that caused the Yang village dam break is that the internal erosion caused seepage failure because of water storage. So, the internal erosion caused potential risks should be paid special attention to this water storage structure in the loess area and filter design. Based on the current filter design theory, a well-designed filter can protect the base soil, which relates to the filter and base soil material, the hydraulic condition and the pressure acting on the base soil-filter system, shear strength of base soil, and filter soil (Zhang et al., 2021a). However, there is no filter design method related to loess. The loess soil is a kind of cohesive soil, and the cohesive soil has the ability of self-filtration (Locke and Indraratna, 2002), an improved design method of filter gradation band curves are chosen for the preliminary design of filter soils. In addition, there is an excellent possibility of dispersion for loess (Vakili et al., 2015), so the compaction of filter and base soil and other special measures should be considered for the filter design of loess.
Based on the above-mentioned analysis, a coupled design method is proposed, containing two parts. First, a filter gradation band curves design method is introduced considering the self-filtration index of loess (Zhang et al., 2021b), The preliminary filter band can be designed for the chosen filter soil; Second, a constriction size distribution (CSD) based method (Vakili et al., 2015) is chosen considering the compaction of loess and the chosen filter and the potential characteristic of dispersion. (Vakili et al., 2015), and can be used for dispersive cohesive soils, which shows as follows: [image: image], when fine content F = 40∼85%, with dispersive percent larger than 65%; [image: image], when fine content F = 40∼85%, with no dispersion; [image: image], when fine content F ≥ 85%, with no dispersion, where, [image: image] means the size of filter material of which 15% mass passes; [image: image] constriction size whereby 35% of filter constriction is finer than this; [image: image] means d85 size calculated using modified PSD curve by neglecting base soil particles larger than [image: image]; [image: image] has the similar meaning as [image: image].
The coupled filter design method for loess is used in the Yang village dam, where the particle size distribution (PSD) of loess (Figure 7) is chosen as an example to verify the proposed method. The process of the proposed method is divided into two steps. First, the possible filter design band curves are designed using the Zhang et al. method (Figure 9). Second, determine the compaction and dispersive condition by choosing a possible filter in the design band curves (Figure 10). Figure 9, possible filter material chosen band intuitively displayed in Figure 9, we can choose one filter PSD for further compaction and dispersion verification. Finally, the chosen possible filter PSD in Figure 8 works well when its compaction exceeds 50% (relative density greater than 50%). Figure 10. The above-mentioned analysis shows that the proposed filter design method for loess can work well, which can be a reference for the study of internal erosion caused failure problems in loess areas.
[image: Figure 9]FIGURE 9 | The preliminary filter material design method.
[image: Figure 10]FIGURE 10 | The compaction verification of chosen filter using the CSD method.
CONCLUSION
When the silty loess leaks in the anti-seepage materials such as the dam body’s composite geomembrane, water forms the most explicit infiltration path in the silty loess, and the strength of loess is almost entirely lost, causing rapid dam failure and vast loss of life and property. We investigated a small reservoir in a typical silty loess area in Ningxia, China. The dam failure accident of this reservoir formed a typical case study of silty loess filling dam materials. In addition, the MASW survey confirmed that it could be used as a dam bottom and method for the detection of dam compactness.
Our triaxial shear tests show that the loess exhibits a near-static liquefaction phenomenon under undrained conditions, and the strength of silty loess quickly peaks with increasing strain and then gradually softens, forming a mud-like non-Newtonian fluid. Among them, the excess static pore water pressure and the effective stress path directly indicate the poor engineering properties of saturated loess (U.S. National Committee of ICOLD, 2013).
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