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Abstract

:

Earthquakes are one of the main factors inducing large-scale loess bedrock and especially loess-mudstone landslides in Western China, and these types of landslides are often closely related to fault zones. To study the influence of high anti-dip angle fault zones (HADAFZs) on loess-mudstone slopes (LMSs) during earthquakes, a scaled model with an HADAFZ of 80° using a shaking table test and numerical calculation, subjected to earthquake waves, was applied to reveal the rules of seismic response and failure characteristics. The acceleration dynamic response had a top surface amplification effect on the slope surface, an accelerated increase effect on the slope-surface hanging wall, an amplification effect away from the free slope face in the loess stratum, and a combination of elevation and lithology effects in the vertical section. At the loess–weathered mudstone (L–W) and weathered mudstone–mudstone (W–M) interfaces, the amplification response of a hanging wall was the largest, fault zone was the second, and foot wall was the smallest. Furthermore, the key value of input peak ground acceleration (PGA) for the dynamic response was a = 0.3 g. The hanging wall amplification effect became apparent while a > 0.3 g, and cracks appeared on the surface of the slope. The dynamic response of the soil pressure was influenced by the hanging wall amplification effect and had a positive correlation with the thickness of the overlying layers, both in the loess stratum and at the L–W interface. However, the dynamic soil pressure maximum variation (DSPMV) on both sides of the fault zone was larger than that in the fault zone. The development of an HADAFZ in the LMS hindered the integral connection of the potential sliding surface and restricted the overall sliding failure of the slope during the earthquakes.
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1. Introduction


Western China has complex geological conditions, with active tectonics and frequent seismic activities. Between 1949 and 2009, a total of 1679 earthquakes with magnitudes greater than 5.0 occurred in China, of which 1547 (92.14%) occurred in Western China [1]. Loess is distributed widely in this region, with a distribution area of 633,500 km2 and a complex and diverse genetic type; it accounts for 6.63% of the total land area in the entire country [2]. The instability of loess slopes during earthquakes is well-researched because such instability often results in serious landslide disasters, which threaten the personal and property-related safety of the residents in the surrounding areas. For example, in 1718, 59 loess landslides with ranges greater than 500 m were induced by the Gansu Tongwei earthquake (Ms = 7.5). In 1920, a loess landslide with an area of over 4000 km2 was triggered by the Haiyuan earthquake (Ms = 8.5). More than 150 loess landslides were induced by the Gansu Yongdeng earthquake (Ms = 5.8) in 1995 [3] and on 22 July 2013, an earthquake (Ms = 6.6) in Min-Zhang County, Gansu Province, resulted in more than 600 loess landslides [4,5]. The occurrence of these earthquake-induced loess landslides is related to the existence of active fault zones, which clearly affect the distribution and development of earthquake-induced landslides in western China [6].



Many studies have been carried out on the dynamic response and stability of slopes during earthquakes. The theory of sliding liquefaction has been proposed by Terzaghi et al., Sladen et al., and Lade [7,8,9], who argue that liquefaction occurs in the sliding body under the action of forced vibration. Through dynamic triaxial liquefaction tests of loess from the central United States, loess liquefaction under cyclic dynamic loadings and seismic liquefaction slip of the loess layer were rigorously analysed by Puri, Sandoval-Shannon, Ishihara, Prakash, and Guo [10,11,12,13,14]. The finite slip displacement method was proposed by Newmark [15], which provided a new idea for the quantitative evaluation of slope dynamic stability. It was subsequently confirmed that stability evaluation using this method is reliable [16,17], and it was developed and improved by Sarma, Franklin, and Constantinou et al. [18,19,20]. Bo et al. [21] proposed an efficient finite element method, based on the quasi-static method, with which to evaluate the dynamic stability of soil slopes. Davis [22] placed monitors in Nevada, USA, and found that vibration at the high point of the terrain was stronger than that on a relatively flat area. Furthermore, investigations found that the obvious topographic amplification effect caused by the 1989 San Francisco and 1994 Pacific Northridge earthquakes was the cause of several landslides [23,24]. The factors influencing slope stability during earthquakes and the slope instability mechanism were summarised by Qi et al. [25], indicating that seismic inertia force and the building up of excess-static pore pressure are two reasons for the induction of the instability of a slope. The characteristics of the distribution of earthquake-induced landslides in loess areas and the main factors affecting such landslides were analysed by Zhang et al. [26], by building a classification model based on the AHP method and indicating that the classification model is appropriate to the loess landslide zoning.



Zhang et al. [27] carried out several ring shear tests on loess soil formed by the landslide induced by the Haiyuan earthquake to study the formation mechanism of earthquake-induced loess landslides, and they indicated that the pore pressure was built-up gradually before the failure, and after that, that large pore pressure was quickly generated due to the failure of the loess soil structure. The deformation and failure characteristics of large-scale loess landslides triggered by the 1949 Khait earthquake in Tajikistan were studied by Evans et al. [28], who indicated that the Khait landslide involved the transformation of an earthquake-triggered rockslide into a very rapid flow by the entrainment of saturated loess into its movement. Wang et al. [29] discussed the types and basic features of loess landslides induced by the Tianshui (1654), Tongwei (1718), and Haiyuan (1920) earthquakes, dividing the landslides in the valley city of the loess area into three types: homogeneous loess landslide, loess interface landslide, and loess–mudstone cutting layer landslide. Through a series of undrained triaxial compression and ring shear tests, Wang et al. [30] suggested that saturated loess was susceptible to liquefaction damage, and air trapped in the loess was not the main causal factor for large-scale landslides during the 1920 Haiyuan earthquake. Through dynamic triaxial analyses and finite element numerical calculations, the probability of liquefaction and dynamic response characteristics of several loess landslides induced by the Minxian earthquake were analysed by Wu et al. [31], who indicated that continuous heavy rain before the earthquake induced an increasing moisture content and shear strength reduction in the surface loess layer of the slope. Coupled with the strong quake, tensile stress and liquefaction occurred in the surface soil layer. The dynamic response rules of loess-mudstone slopes (LMSs) with fault zones of gentle and steep dip angles using shaking table tests were studied by Huang et al. and Jia et al. [6,32], who revealed that the seismic response and failure mode of LMSs were controlled by bedding fault zones (BFZ), indicating that the fracture distribution on the slope surface is related to the dip angle of the fault zone; the smaller the dip angle, the worse the dynamic stability. To investigate the seismic response of a bedding rock slope, a time-frequency joint analysis method was proposed by Song et al. [33], which showed that the topographic and geological conditions have great impacts on the dynamic response characteristics of the slope. Novel recurrent neural networks were applied to predict the slope dynamic response by Huang et al. [34], which showed that recurrent neural networks perform well in the analysis of the seismic dynamic response of a slope and provide better predictions than the multi-layer perceptron network. To investigate the effect of both horizontal pulse-like motion and vertical components on the dynamic response of a slope, a shaking table test was performed by Zhu et al. [35] which indicated that a vertical component has limited effect on a seismic response when the horizontal component is a pulse-like ground motion, but that it can greatly enhance the seismic response of a slope under ordinary horizontal motion.



These studies mainly focused on vibration sliding liquefaction, dynamic stability evaluation, dynamic instability mechanisms, and the dynamic response characteristics of general slopes. Only a small number of studies have considered the influence of BFZ on the dynamic response of slopes. Moreover, few reports exist on the seismic response rules, deformation, and failure mechanism, along with the failure process and the mode of the LMSs with high anti-dip angle fault zones (HADAFZs) during earthquakes. Therefore, based on typical loess–mudstone landslides in the Tianshui area of Gansu Province, China, a general LMS model with an HADAFZ was constructed in this study to explore the rules of seismic response and failure for the model slope during earthquakes using a large-scale shaking table test and numerical simulation.




2. Shaking Table Test Programme


2.1. Shaking Table Equipment


The shaking table test system used in this study was produced by MTS Corporation (USA) and performed three-dimensional seismic simulations with six degrees of freedom (Figure 1). The main specifications of the shaking table are listed in Table 1. A rigid model box was used in the test which was 2.4 m in length, 1.4 m in width, and 1.5 m in height (Figure 2). To weaken the influence of the boundary effect brought by the scale model, polystyrene foam boards with 10 cm thickness were placed perpendicular to the vibration direction and lined on the front and rear sides, and a quantity of gravel was fixed with epoxy to the inside bottom of the model box. The test principle involved the earthquake wave being loaded by the computer control system, and the vibration excitation was generated by the bottom of the shaking table, which caused the model box to vibrate.




2.2. Similarity Design of the Shaking Table Test


In the test, the similitude ratio of geometry, elastic modulus, and density between the prototype and model were taken as the basic dimensions, namely    C l    =    C E    = 20.0 and    C ρ    = 1.0, respectively. In accordance with similarity criteria and the basic dimensions, the similar constants of other physical and mechanical parameters are listed in Table 2.




2.3. Selection of Similarity Materials


The stratum structure of the model slope from the ground surface included loess, weathered mudstone, and mudstone as well as an HADAFZ (80°) (Figure 2). The prototypical primary parameters of the loess-mudstone with the abovementioned fault zone were based on geotechnical test results of soil samples from the Houjiashan landslide in Tianshui. The primary parameter values of the model material were estimated based on the requirements of similar designs. Mixtures of prototype loess, sand, barite powder, quartz sand, gypsum, glycerine, and water were used to simulate each stratum. The quartz sand and barite powder acted as coarse and fine aggregates, respectively, the gypsum acted as a cement, and the glycerine as a water-retaining agent. To obtain a material mix ratio that met the estimated value range, multiple sets of orthogonal mix ratio tests were performed (Figure 3). The model material mix ratios that were obtained are shown in Table 3. The values of the primary parameters of the prototype and model slope strata are shown in Table 4.




2.4. Sensors in the Test


The seismic response of acceleration and soil pressure in the model slope were monitored as shown in Figure 4. A YD-31D acceleration sensor model (denoted “A”) was used, and the X-direction of the sensor sensitivity spindle was aligned with the horizontal vibration direction. A ZFCY380 soil pressure sensor model (denoted “P”) was used, and its force surface was perpendicular to the horizontal vibration direction to measure horizontal soil pressure. Measuring point A0 was placed at the bottom of the shaking table, A1–A5 were placed on the slope surface, A6–A8 and P1–P3 in the loess stratum, and A9–A13 and P4–P8 along the loess–weathered mudstone (L–W) interface. A14, A15, A17, and A18 were arranged along the weathered mudstone–mudstone (W–M) interface and A16 was in the fault zone. A dynamic signal acquisition system (YQ2014002031, LMS Company, Leuven, Belgium) was used to collect data.




2.5. Loading Sequence of Earthquake Waves


The Minxian wave (the local wave in Tianshui, Gansu Province), El Centro wave, and Kobe wave (Figure 5) were used as input ground motions in the test. By gradually increasing the input horizontal peak ground acceleration (PGA) of the three types of earthquake waves (as shown in Table 5), the seismic response rules and failure of model slope with an HADAFZ were studied.





3. Results of the Test and Analysis


The earthquake wave loading in this test was horizontal, and the directions of the measuring sensors for acceleration and soil pressure were likewise horizontal. To verify the reliability of the test and records of the sensors, groupings of the time histories of the acceleration and the dynamic soil pressure variation were created, as shown in Figure 6. In addition, two physical quantities were cited for analysing the dynamic response conveniently: (1) The ratio of the PGA of each measuring point to that of measuring point A0 was defined as the acceleration amplification factor (AAF). (2) The absolute value of the difference between the initial and response peak value of the dynamic soil pressure was defined as the dynamic soil pressure maximum variation (DSPMV). The dynamic response rules of the model slope were explored considering the change rules of acceleration and soil pressure in each stratum, and at different lithological interfaces.



3.1. Acceleration Response Characteristics along the Slope Surface


Figure 7a demonstrates that the AAFs of the slope surface (measuring points A1–A5) increased with an increasing elevation in response to the three types of earthquake waves with an input PGA of a = 0.1 g. The increases on the hanging wall of the slope surface were larger than those on the foot wall. The AAFs were the largest in the slope top with α max = 1.60, 1.58, and 1.50 for the Minxian, El Centro, and Kobe waves, respectively. Overall, the acceleration dynamic response of the slope surface had an accelerated increase in the hanging wall amplification effect and a top surface amplification effect.




3.2. Acceleration Response Characteristics in Loess Stratum


Figure 7b shows that with the horizontal distance away from the slope’s surface increasing, the AAFs at the same elevation in the loess stratum (measuring points A2 and A6–A8) increased under the influence of the three kinds of earthquake waves with an input PGA of a = 0.1 g. The greater the distance away from the slope free face was, the larger the AAF became. Therefore, the acceleration dynamic response had an amplification effect away from the slope’s free face in the loess stratum. However, this phenomenon was affected by the underlying HADAFZ. Compared with the hanging wall (measuring points A6–A8), the AAF was smallest in the foot wall (measuring point A2), which is consistent with the hanging wall amplification effect.




3.3. Acceleration Response Characteristics at Different Lithological Interfaces


Figure 7c,d show that with the horizontal distance away from the slope toe increasing, the AAFs of the L–W interface (measuring points A9–A13) and W–M interface (measuring points A14–A18) in the slope increased nonlinearly under the influence of the three types of earthquake waves with an input PGA of a = 0.1 g. The AAFs in the fault zone (measuring points A11 and A16) were larger than those of measuring points A9–A10 and A14–A15, respectively, which were closer to the foot-wall slope surface. This indicated that there was a stronger amplification effect for earthquake waves in the fault zone. However, the AAFs in the hanging wall (measuring points A12–A13 and A17–A18) were larger than those in the fault zone (measuring points A11 and A16), respectively, showing that the amplification effect in the hanging wall was greater than that in the fault zone. Compared with the LMS with HADAFZ, the LMS with BFZ had the greatest amplification effect in the fault zone compared to both sides [6] and the amplification effect of LMS with BFZ in the fault zone (AAF of corresponding measuring point = 1.75) under the Minxian wave with a = 0.1 g was around 1.5 times greater than LMS with HADAFZ (AAF of measuring point A16 = 1.16), demonstrating that the HADAFZ was beneficial to the dynamic stability of the slope to a certain extent. The AAFs of the L–W and W–M interfaces under the influence of the Kobe wave were smaller than those under the Minxian and El Centro waves. This may be due to the steep angle of the fault zone and the loading sequence of the earthquake waves. After the loading of the Minxian and El Centro waves, the internal structure of the slope changed. Subsequently, the loading of the Kobe wave to the same level had little influence on the structure, and the AAFs decreased.




3.4. Acceleration Response Characteristics along the Vertical Section


Figure 8 indicates that with the elevation increasing, the AAFs across the vertical lithology of each layer (measuring points A4, A7, A12, and A17) increased under the influence of the three types of earthquake waves with an input PGA of a = 0.1 g, showing a typical elevation amplification effect. When earthquake waves travelled through the loess stratum from the weathered mudstone stratum (between measuring points A12 and A7), the increase rate of the AAFs became larger. Furthermore, the AAFs of the overlying loess stratum (measuring points A4 and A7) were significantly larger than those of the mudstone (measuring points A12 and A17). This was caused by the earthquake waves travelling through different layers. When the earthquake waves crossed the L–W interface, the loose loess stratum intensified the dynamic response. In general, the dynamic response of an acceleration along the vertical section had a combined elevation and lithological amplification effect.




3.5. Influence of Different Input PGA Values on Dynamic Response of Slope Surface


Figure 9 shows that the AAFs of the slope surface (measuring points A1–A5) increased with an increasing elevation in response to different input PGA values of the Minxian wave, indicating that the general trend of slope surface acceleration changing with elevation did not change with different input PGA values. However, when a > 0.3 g (compared to a PGA value of ≤0.3 g), the AAFs of the slope-surface hanging wall (measuring points A4–A5) increased more quickly. Obviously, the curves upturned. The increasing rate of the AAFs of the slope-surface foot wall (measuring points A1–A3) differed only slightly under the different input PGA values. This indicated that the hanging wall amplification effect was greater when a > 0.3 g. Furthermore, a = 0.3 g was a crucial input PGA value of the slope-surface dynamic response. In general, the AAF of each measuring point on the slope surface increased as the PGA values’ input increased.




3.6. Seismic Response Rules of Soil Pressure in Loess Stratum


As shown in Figure 10a, with the horizontal distance away from the slope surface increasing, the three types of earthquake waves with an input PGA of a = 0.1 g caused the DSPMV at the same elevation (measuring points P1–P3) in the loess stratum to increase. This is consistent with the variation in the acceleration in the loess stratum mentioned above. Two possible reasons for this phenomenon are (1) that under the influence of the amplification effect of the hanging wall, a greater distance away from the hanging-wall fault zone resulted in a stronger dynamic response, and (2) that the overlying strata became thicker with the increasing gravity of the overlying strata and the increasing distance from the hanging-wall fault zone. The seismic response of soil pressure was stronger when the overlying strata had larger gravity. Overall, the seismic response of soil pressure was influenced by the amplification effect in the hanging wall and had a positive correlation with the thickness of the overlying layer in loess stratum.




3.7. Seismic Response Rules of Soil Pressure at L–W Interface


Figure 10b indicates that with the horizontal distance away from the slope toe increasing, the DSPMV at the L–W interface (measuring points P4–P8) initially increased, then decreased, and finally increased in response to the three types of earthquake waves with an input PGA of a = 0.1 g, showing a generally upward trend which is similar to that in the loess stratum. However, it also showed a decline at the foot wall of the fault zone (measuring points P5–P6), which is different from the LMS with BFZ [6,32]. This is because the dip of HADAFZ was opposite to the sliding trend direction and restricted the sliding failure, and the stress transmission was limited to the loose and weak fault zone under the earthquake waves. Comparing the LMS with HADAFZ and BFZ, the DSPMV of the former in the fault zone was smaller than that on either side of it, while the latter was larger. Therefore, the HADAFZ could hinder sliding failure, while the BFZ could promote it.




3.8. Dynamic Deformation Characteristics of Slope


During the test, when the input PGA of a ≤ 0.3 g, no obvious cracks or deformation failures were observed in the slope. However, when a = 0.4 g, the first fine horizontal crack appeared on the slope shoulder with a length of about 20 cm and a width of about 0.5 cm (Figure 11a). When a = 0.5 g, a second horizontal crack appeared at the slope top, indicating that a local block in the slope top had a horizontal outward movement trend under a higher input PGA. These two horizontal cracks were approximately 30 cm apart. When a = 0.6 g, the first and second cracks on the slope surface became wider and deeper, and a third crack appeared on the front of the slope. When a = 0.8 g, the cracks at the shoulder and top of the slope became more prominent, and apparent displacement occurred on the top. Three cracks appeared on the right-hand side wall and extended downward (Figure 11b,c). The crack distribution in the slope surface and on the right-hand side wall is illustrated in Figure 11d,e. From the distribution of the cracks, the slope cracks mainly appeared in the front of the slope and the loess stratum corresponding to the location of the fault zone, and the main performance of LMS with an HADAFZ under the earthquake action was not overall sliding but only cracking failure, which is different from the slope with a BFZ [6,32]. Meanwhile, it also showed that the HADAFZ in LMS was equivalent to a damping boundary, which hindered the integral connection of the potential sliding surface and restricted the overall sliding failure of the slope under the influence of earthquake waves.





4. Results of the Numerical Simulation and Analysis


The large-scale finite difference software FLAC3D was used to establish the numerical simulation model consistent with the shaking table test model. Simultaneously, to compare and analyze the difference in the seismic dynamic response of the slope with or without an HADAFZ, the model without the fault zone was also established as a counterpart. In numerical simulation calculation, a free field boundary was set around the model and a static boundary was set at the bottom of the model to reduce the reflection of seismic waves at the model boundary. The Mohr–Coulomb yield criterion constitutive model was selected for numerical simulation calculation, and all rock and soil materials were simulated by solid elements. The horizontal Minxian wave was loaded, and the dynamic response results of the numerical calculation were compared with those of the test. The measuring point layout is shown in Figure 12, and the basic parameters of the model for numerical calculation are listed in Table 6.



4.1. Comparison of Acceleration Dynamic Response


Figure 13 compares the curves of the AAFs of the model slope with an HADAFZ between the numerical simulation and the shaking table test under the influence of the Minxian wave with an input PGA of a = 0.1 g, showing that the acceleration dynamic response had similar trends at the slope surface, vertical section, L–W interface, and W–M interface. With the elevation increasing, the AAFs of the slope surface and vertical section (measuring points A1–A5 and A4–A7–A12–A17 in Figure 13a,b) both increased. Similarly, with the horizontal distance away from the slope toe increasing, the AAFs of the L–W and W–M interfaces (measuring points A9–A13 and A14–A18 in Figure 13b,c) also increased. In addition, the numerical calculation values of most measuring points were slightly larger than the corresponding experimental values. This is because in the numerical calculation, the acceleration time history curve of the output wave recorded at the measuring point A0 at the bottom of the model is the result of the superposition of the upward wave (input wave with PGA = 0.1 g) and the downward wave (reflected wave) (Figure 14). The superimposed PGA is slightly less than 0.1 g, so the AAF of the numerical calculation is slightly larger than that of the experiment.




4.2. Distribution of Plastic Zone in Model Slopes


The distribution maps of the plastic zone in the model slope with an HADAFZ in response to different input PGAs of the Minxian wave are shown in Figure 15. When a = 0.1 g, a small-scale shear plastic zone was first generated in the fault zone, a small-scale tension plastic zone appeared on the top surface of the slope, and other areas inside the slope were still elastic. When a = 0.2 g, the shear plastic zone in the fault zone expanded, extended to the loess stratum, and intersected with the striped shear plastic zone appearing at the front and middle of the L–W interface. In addition, the tension plastic zone at the top surface spread to the middle surface of the slope. When a = 0.3 g, the shear plastic zone at the front and middle of the L–W interface not only extended to the rear part, but also extended to the slope shoulder in an arc shape, forming a potential sliding surface. In addition, the tension plastic zone at the slope surface gradually extended to the slope toe of the loess stratum. When a = 0.4 g, the range of the plastic zone further expanded into one piece. Compared with the model slope without the fault zone (Figure 16), when a = 0.1–0.3 g, except for the fault zone, the appearance and expansion of the plastic zone in other areas were basically same. However, when a = 0.4 g, the tension plastic zone of the model slope without the fault zone further extended from the slope surface to the slope foot of the mudstone stratum, while the mudstone stratum of the model slope with an HADAFZ was still elastic. The dip of HADAFZ is opposite to the slope direction and sliding direction, which hinders the extension of the tension plastic zone to the mudstone, so it is different from the slope without a fault zone or with BFZ [6,32]. In comparison, the slope with an HADAFZ has a relatively higher stability under the action of an earthquake.




4.3. Distribution of Shear Strain in Model Slopes


Contour maps of the maximum shear strain increment in the model slope with an HADAFZ in response to different input PGA of the Minxian wave are shown in Figure 17. When a = 0.1–0.2 g, the max. shear strain increment was mainly concentrated in the fault zone, reaching levels of 1 × 10−2–3 × 10−2. When a = 0.3 g, the shear zone extended upward to the loess stratum and slope surface along the direction of the weak zone, reaching a level of 6 × 10−2. In addition, an arc-shaped shear zone occurred at the slope-toe side of the L–W interface, reaching a level of 1 × 10−2. When a = 0.4 g, the shear zone spread to the slope surface along the fault zone, and that at the L–W interface expanded, forming a potential arc sliding surface. Compared with the model slope without a fault zone (Figure 18), the max. shear strain increment of the model slope with an HADAFZ was mainly concentrated at the fault zone, while the level of the arc-shaped shear strain zone extending from the L–W interface to the slope shoulder was smaller than that of the model slope without a fault zone under any PGA. Therefore, the existence of the HADAFZ restrains the development of the conventional circular arc sliding surface of the slope. Under the action of an earthquake, the slope with an HADAFZ is relatively more stable than the slope without fault zone or with BFZ [6,32].




4.4. Features of the Permanent Displacement in Model Slopes


In response to the different input PGAs of the Minxian wave, contour maps of the permanent displacement in the model slope with an HADAFZ are shown in Figure 19. As the input PGA increased, the displacement difference between the two sides of the fault zone gradually increased, and a boundary appeared. The displacement in the hanging wall was always smaller than that of the foot wall in the weathered-mudstone and mudstone strata. As the input PGA increased, the displacement difference between the two sides of the extending direction of the fault zone gradually appeared in the loess stratum. Therefore, when the input PGA gradually increased, the deformation of the overlying loess stratum was greatly influenced by the HADAFZ. Contour maps of the permanent displacement in the model slope without fault zone are shown in Figure 20, showing the displacement contours gradually decreasing from the slope surface to the slope bottom, and distributing in approximately horizontal layers. However, as the PGA increased, the displacement contours gradually distributed along the circular arc sliding surface. Compared to Figure 19 and Figure 20, under any PGA, the maximum displacements at the slope surface were all similar. However, the displacement of the model slope with an HADAFZ at the mudstone stratum was smaller than that of the model slope without a fault zone. Therefore, the existence of the HADAFZ makes the mudstone stratum and slope relatively stable.





5. Conclusions


By using a scaled model of an LMS with an HADAFZ of 80° using a shaking table test and numerical calculation, the rules of the seismic response and failure characteristics, subjected to earthquake waves, were determined. The main conclusions are listed as follows:




	(1)

	
The acceleration dynamic response of the LMS with an HADAFZ had a top surface amplification effect on the slope surface, an accelerated increase effect on the slope-surface hanging wall, an amplification effect away from the free slope face in the loess stratum, and a combination of elevation and lithology effects in the vertical section. In addition, at the L–W and W–M interfaces, the amplification response of the hanging wall was the largest, the fault zone was the second, and the foot wall was the smallest.




	(2)

	
The key value of input PGA for the dynamic response of the LMS with an HADAFZ was a = 0.3 g. When a > 0.3 g, the hanging wall amplification effect became more apparent, showing that the AAFs on the slope-surface hanging wall increased significantly and that cracks began to appear on the slope surface.




	(3)

	
The seismic response of soil pressure had a positive correlation with the thickness of the overlying strata in the loess stratum and the L–W interface, simultaneously, influenced by the hanging wall amplification effect. Meanwhile, the DSPMV in both sides of the fault zone was larger than that in the fault zone, which showed that the loose and weak fault zone can weaken or reduce the dynamic earth pressure.




	(4)

	
The deformation and failure of the LMS with an HADAFZ under the earthquake action showed cracking failure rather than overall sliding and the HADAFZ in LMS was equivalent to a damping boundary, which hindered the integral connection of the potential sliding surface and restricted the overall sliding failure of the slope, and it was thus beneficial to the dynamic stability of slope to a certain extent.




	(5)

	
The AAFs of the shaking table test and numerical simulation showed consistency. In addition, the results of the distribution of the plastic zone and shear strain and the features of the permanent displacement in the numerical simulation all showed that the slope with an HADAFZ is relatively more stable than the slope without a fault zone.
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Figure 1. (a) Equipment and (b) control system of shaking table test. The white text on the red board is the project name in Chinese. 
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Figure 2. Schematic diagram of the model slope with model box (unit: m). 
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Figure 3. (a) Simple mould, (b) test sample, (c) uniaxial compression test, and (d) direct shear test in mixing ratio test. 
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Figure 4. Side view of sensors distribution. 
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Figure 5. Horizontal component waveform of (a) Minxian wave, (b) El Centro wave, and (c) Kobe wave. 
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Figure 6. Time-histories of (a) acceleration and (b) dynamic soil pressure variation in response to Minxian wave with input peak ground acceleration (PGA) of a = 0.1 g. 
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Figure 7. Change of acceleration amplification factors (AAFs) (a) with elevation along slope surface, (b) in loess stratum, (c) at loess–weathered mudstone (L–W) interface, and (d) weathered mudstone–mudstone (W–M) interface in response to three types of earthquake waves with an input PGA of a = 0.1 g. 
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Figure 8. Variation in AAFs with elevation along the vertical section with three types of earthquake waves with an input PGA of a = 0.1 g. 
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Figure 9. Variation in AAFs with elevation along slope surface in response to Minxian wave with different input PGA values. 
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Figure 10. Dynamic soil pressure maximum variation (DSPMV) (a) in loess stratum and (b) at L–W interface in response to three types of earthquake waves with input PGA of a = 0.1 g. 
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Figure 11. Dynamic deformation characteristics of slope at input PGA of (a) a = 0.4 g and (b,c) a = 0.8 g. (d) Top and (e) side view of fracture distribution. 






Figure 11. Dynamic deformation characteristics of slope at input PGA of (a) a = 0.4 g and (b,c) a = 0.8 g. (d) Top and (e) side view of fracture distribution.



[image: Applsci 12 06353 g011]







[image: Applsci 12 06353 g012 550] 





Figure 12. The numerical calculation model of loess-mudstone slope (LMS) (a) with a high anti-dip angle fault zone (HADAFZ) of 80° and (b) without the fault zone. 
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Figure 13. Comparison of AAFs between shaking table test and numerical simulation under influence of Minxian wave, with input PGA of a = 0.1 g at (a) slope surface, (b) vertical section, (c) L–W interface and (d) W–M interface. 
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Figure 14. Input and output acceleration time history curves. 
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Figure 15. Plastic zone in the model slope with an HADAFZ at input PGA of (a) a = 0.1 g, (b) a = 0.2 g, (c) a = 0.3 g, and (d) a = 0.4 g. 






Figure 15. Plastic zone in the model slope with an HADAFZ at input PGA of (a) a = 0.1 g, (b) a = 0.2 g, (c) a = 0.3 g, and (d) a = 0.4 g.



[image: Applsci 12 06353 g015]







[image: Applsci 12 06353 g016 550] 





Figure 16. Plastic zone in the model slope without fault zone at input PGA of (a) a = 0.1 g, (b) a = 0.2 g, (c) a = 0.3 g, and (d) a = 0.4 g. 
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Figure 17. Increment of shear strain in the model slope with an HADAFZ at input PGA of (a) a = 0.1 g, (b) a = 0.2 g, (c) a = 0.3 g, and (d) a = 0.4 g. 
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Figure 18. Increment of shear strain in the model slope without fault zone at input PGA of (a) a = 0.1 g, (b) a = 0.2 g, (c) a = 0.3 g, and (d) a = 0.4 g. 
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Figure 19. Permanent displacement in the model slope with an HADAFZ at input PGA of (a) a = 0.1 g, (b) a = 0.2 g, (c) a = 0.3 g, and (d) a = 0.4 g (unit: m). 
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Figure 20. Permanent displacement in the model slope without fault zone at input PGA of (a) a = 0.1 g, (b) a = 0.2 g, (c) a = 0.3 g, and (d) a = 0.4 g (unit: m). 
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Table 1. Specifications of the shaking table.
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Name

	
Parameter

	
Name

	
Parameter






	
Table size

	
4 m × 4 m

	
Max acceleration

	
X direction: ±1.5 g




	
Frequency

	
0.1~50 HZ

	
Y direction: ±1.0 g




	
Max loading

	
30 t

	
Z direction: ±1.0 g




	
Max overturning moment

	
80 t·m

	
Max displacement

	
X direction: ±15 cm




	
Max eccentric torque

	
30 t·m

	
Y direction: ±25 cm




	
Shaking direction

	
X,Y,Z

	
Z direction: ±10 cm
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Table 2. Similar constants of physical and mechanical parameters in the test [6].
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	Physical Quantities
	Similar Constants
	Similarity Ratio (Prototype/Model)





	Length (l) (controlled quantity)
	    C l    
	20.0



	Density (ρ) (controlled quantity)
	    C ρ    
	1.0



	Elastic modulus (E) (controlled quantity)
	    C E    
	20.0



	Cohesion (c)
	    C c  =  C E    
	20.0



	Internal friction angle (φ)
	    C φ    
	1.0



	Stress (σ)
	    C σ  =  C E    
	20.0



	Strain (ε)
	    C ε    
	1.0



	Shaking time (t)
	    C t  =  C ρ     1 / 2    C E     − 1 / 2    C l    
	4.472



	Frequency (f)
	    C f  = 1 /  C t    
	0.224



	Acceleration (a)
	    C a    
	1.0



	Velocity (v)
	    C v  =  C ρ     − 1 / 2    C E     1 / 2     
	4.472



	Displacement (u)
	    C u  =  C l   C ε    
	20.0
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Table 3. Mixture ratios of each similarity material [6].
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	Material (%)
	Prototype Loess
	Sand
	Barite Powder
	Quartz Sand
	Gypsum
	Glycerin
	Water





	Loess
	47.6
	14.3
	33.3
	0.0
	0.0
	0.0
	4.8



	Weathered mudstone
	0.0
	0.0
	33.0
	55.0
	2.0
	2.5
	7.5



	Mudstone
	0.0
	0.0
	33.5
	55.5
	2.3
	2.2
	6.5



	Fault zone
	0.0
	0.0
	33.5
	55.5
	2.0
	2.5
	6.5
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Table 4. The values of primary parameters of prototype and model strata [6].
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Soil

	
Type

	
Unit Weight (γ)/(kN·m−3)

	
Cohesion (c)/kPa

	
Internal Friction Angle (φ)/(°)

	
Elastic Modulus (E)/MPa

	
Poisson’s Ratio (μ)






	
Loess

	
Prototype

	
18

	
5.0~10.0

	
18~22

	
6.00~9.00

	
0.33~0.38




	
Model

	
18

	
0.4

	
20

	
0.41

	
0.36




	
Weathered mudstone

	
Prototype

	
18.5

	
15.0~20.0

	
22~28

	
70~100

	
0.28~0.31




	
Model

	
18.5

	
0.9

	
26

	
4

	
0.30




	
Mudstone

	
Prototype

	
21

	
35~43

	
26~32

	
196.00~220.00

	
0.27~0.33




	
Model

	
21

	
2

	
30

	
10.59

	
0.32




	
Fault zone

	
Prototype

	
20

	
15~22

	
18~23

	
98.00~109.00

	
0.29~0.34




	
Model

	
20

	
1

	
20

	
5.29

	
0.32











[image: Table] 





Table 5. Loading sequence of three types of input earthquake waves.
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Test Content

	
The ID of Condition

	
The Type of Inputting Wave

	
Inputting Peak Acceleration/g






	
The first sweep frequency test

	
S-W1

	
White noise

	
0.03




	
The loading as first level

	
S-M1

	
Minxian wave

	
0.1




	
S-E1

	
El Centro wave

	
0.1




	
S-K1

	
Kobe wave

	
0.1




	
The second sweep frequency test

	
S-W2

	
White noise

	
0.03




	
The loading as second level

	
S-M2

	
Minxian wave

	
0.2




	
S-E2

	
El Centro wave

	
0.2




	
S-K2

	
Kobe wave

	
0.2




	
The third sweep frequency test

	
S-W3

	
White noise

	
0.03




	
The loading as third level

	
S-M3

	
Minxian wave

	
0.3




	
S-E3

	
El Centro wave

	
0.3




	
S-K3

	
Kobe wave

	
0.3




	
The fourth sweep frequency test

	
S-W4

	
White noise

	
0.03




	
The loading as fourth level

	
S-M4

	
Minxian wave

	
0.4




	
S-E4

	
El Centro wave

	
0.4




	
S-K4

	
Kobe wave

	
0.4




	
The fifth sweep frequency test

	
S-W5

	
White noise

	
0.03




	
The loading as fifth level

	
S-M5

	
Minxian wave

	
0.5




	
S-E5

	
El Centro wave

	
0.5




	
S-K5

	
Kobe wave

	
0.5




	
The sixth sweep frequency test

	
S-W6

	
White noise

	
0.03




	
The loading as sixth level

	
S-M6

	
Minxian wave

	
0.6




	
S-E6

	
El Centro wave

	
0.6




	
S-K6

	
Kobe wave

	
0.6




	
The seventh sweep frequency test

	
S-W7

	
White noise

	
0.03




	
The loading as seventh level

	
S-M7

	
Minxian wave

	
0.8




	
S-E7

	
El Centro wave

	
0.8




	
S-K7

	
Kobe wave

	
0.8




	
The eighth sweep frequency test

	
S-W8

	
White noise

	
0.03
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Table 6. Basic parameters for numerical calculation.






Table 6. Basic parameters for numerical calculation.





	Soil
	Density/(kg·m−3)
	Bulk Modulus/MPa
	Shear Modulus/MPa
	Cohesion/kPa
	Internal Friction Angle/°





	Loess
	1800
	0.49
	0.15
	0.4
	20



	Weathered mudstone
	1850
	3.33
	1.54
	0.9
	26



	Mudstone
	2100
	9.81
	4.01
	2.0
	30



	Fault zone
	2000
	4.90
	2.00
	1.0
	20
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