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Abstract

:

A complete case record of a deep foundation pit with pile-anchor retaining structure excavated in red sandstone stratum is presented in this study. The horizontal displacement of pile top, the horizontal displacement at various depths, the axial force of anchor cable, and ground settlement during construction are measured. A three-dimensional numerical model is established to analyze the additional stress and deformation induced by the excavation and the accuracy of the FEM model is verified by comparing with field measured results. Both the measured and numerical simulation results show that the deformation of the pile-anchor supported deep excavation is significantly affected by the spatial effect. The results show that the deformation in the middle of the foundation pit is greater than the pit angle and that the deformation of the long side is greater than that of the short side and gradually decreases from the middle to the pit angle. The deformation and stress in the middle of the long side of the foundation pit are the largest, which is the most unfavorable part. With the increase of vertical excavation depth, the spatial effects tend to increase, and the influence scope of spatial effects is about five times the vertical excavation depth in the red sandstone stratum. The ground settlement outside the pit is mainly distributed in a groove shape, and the maximum settlement occurs about 8.5 m away from the pit edge. Finally, parametric studies of reinforcement parameters indicated that 1.5–2.0 times the initial elastic modulus and cohesive force of soil should be used for reinforcement. It is recommended that the ranges for pile diameter, pile spacing, anchor cable prestressing and inclination angle should be selected as 0.8–1.2 m, 1.4–2.0 m, 100–150 kN, and 10°–20°, respectively.
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1. Introduction


With the large-scale construction of urban railways and high-rise buildings, comprehensive foundation pits are emerging [1], and the scale of foundation pits becomes larger, the excavation depth is deeper, and the surrounding environment is more and more complex and sensitive. Considering the impact of deep excavations on the stability of the existing structure and the surrounding environment, the control of deep foundation pit deformation is a key issue in design and construction progress [2,3].



The methods used to investigate pit deformation behavior include, but are not limited to, empirical methods, field monitoring, and numerical simulation. Among these research methods, the empirical method was used to find the deformation pattern of pits by analyzing a large number of existing cases of foundation pits. Xiao et al. [4] analyzed 92 cases of deep excavations in China and found that the deformation of pit sidewalls and surface settlement show regular changes with the width of the foundation pit. Finno et al. [5] proposed an empirical formula for predicting the displacements of pits at different locations under three-dimensional conditions, combining the displacement results of more than 150 pits with different lengths, widths, and excavation depths. Field monitoring can thoroughly reflect the actual situation of deep excavations. Studies of conventional diaphragm walls combined with inner supports in sandy and soft soil areas have found that the deformation near the corners is less than that in the middle, and a large amount of data suggests that there is a spatial effect in foundation excavation [6,7,8,9]. Field monitoring tests of composite structural pits in soft soil areas showed that buildings around the foundation pit were also affected by the excavation of foundation pits, with temporal and spatial effects [10,11]. Through numerical simulating, the influence of various pit excavation and support parameters on pit deformation can be comprehensively considered, so that reasonable parameters can be selected to provide a basis for the foundation pit design [12,13].



For deep and large excavations, support systems, such as diaphragm walls and inner supports, are relatively expensive. Soil nail wall is not optimal for controlling the deformation of foundation pits. Due to the simplicity of construction, capacity to control deformation, and low interference with pit excavation, pile-anchor support systems are frequently utilized for deep and large foundation pits [14,15]. The pile-anchored support structure has received the attention from engineering and academic community. Goldberg et al. [16] investigated the influence law of soil distribution and support form on the deformation of the support structure by analyzing the measurement results of several deep foundation pits. Clough et al. [17] summarized the deformation form of the supporting structure in foundation pit excavation as three categories, namely cantilever type, internal convex type, and combined type. Guo et al. [18] monitored the stress and displacement of the supporting pile in a pile-anchored support structure of a foundation pit, and the results showed that the bending moment of the pile gradually increased with the excavation depth, and the point of maximum bending moment gradually moved towards the bottom of the foundation pit. Li et al. [19] found that the crown beam in the pile-anchored support structure can play a certain coordination role in the displacement of the pile top through field tests.



Scholars have conducted an abundance of studies on pile-anchored support systems. However, in the current design of deep and large foundation pits, the deformation of the foundation pit is regarded as a plane strain problem, and its spatial effect is frequently ignored, resulting in the deformation prediction of a foundation pit that differs greatly from the actual measurement, and imposing a negative impact on the construction [20,21]. Ashraf et al. [22] compared the analysis results between two-dimensional and three-dimensional finite element models and found that the three-dimensional FEM outperformed the two-dimensional plane strain model in predicting the lateral deformation and vertical soil settlement of underground diaphragm walls. Feng et al. [11] found that the greater the long side of the foundation pit, the greater the horizontal displacement due to the spatial effect. Through case studies, Zhe et al. [23] demonstrated that the spatial variability of the soil has a considerable influence on the structural response caused by excavation. Yang et al. [24] found that considering spatial effects during excavation of extra-long foundation pits can effectively reduce the deformation of the supporting structure and the surrounding strata through numerical simulations. The foundation pit deformation results obtained from 3D finite element calculations were compared with the plane strain results, and it was found that the safety factor of the foundation pit obtained from the 3D analysis was greater than that obtained from the 2D analysis [25]. The current research mainly explores the deformation of the pile-anchored support pit excavation process under two-dimensional conditions. However, there are fewer studies on the optimal selection of design parameters of pile-anchored support, and the analysis of deformation induced by deep excavation of foundation pits considering spatial effects has often been ignored.



The field monitoring and numerical simulation were conducted to investigate the deformation characteristics of deep excavations with pile-anchor support structures in red sandstone strata. The changes in the horizontal displacement of the piles, ground settlement, and axial force of the anchor cables during the excavation of the foundation pit are compared and analyzed to verify the reliability of the numerical simulations. At the same time, considering the spatial effect of the pit excavation, numerical simulation is used to change the parameters, including the soil layer, piles and anchor cables, to determine the best parameters to control the pit deformation and to propose reasonable parameter values for the design of deep and large pile-anchor supported pits.




2. Project Background


2.1. Construction Site


The deep excavation of Ganzhou west railway station reserved metro station is located in Fenggang town, the Ganzhou economic development zone. The station is an underground three-story island platform station with a structure of three layers and one span of a reinforced concrete rectangular frame. The excavation size is 274.8 m × 62.4 m, and the excavation depth is 26.9–29.5 m. The scale of excavation is a large-span deep foundation pit. The upper part of the foundation pit is excavated by step-slope excavation and supported by soil nail walls. Vertical excavation is adopted for the lower part. The depths of the two parts are 10 m and 16.5–18.9 m. The main body of the pit is supported by bored piles and pre-stressed anchor cables.




2.2. Geological and Hydrogeological Data


The construction site terrain is flat and broad. The surface water is not developed and varies with the seasons. The buried depth of the stable groundwater table is 0.5–10.8 m.



The strata in this area from top to bottom are: miscellaneous filling, totally weathered red sandstone, strongly weathered red sand sandstone, and moderately weathered red sandstone. Physical and mechanical parameters of each soil layer are shown in Table 1.



Red sandstone shows favorable engineering characteristics in the natural state, including high shear strength and stability. While red sandstone is disturbed, its strength rapidly decreases, and the permeability coefficient changes as well. When red sandstone is exposed to water, it can disintegrate. To ensure that the excavation of the pit is not affected by groundwater, temporary drainage trenches and water collection wells can be installed in the pit after the construction of the crown beam is completed to allow for pumping and draining during excavation. The wells are drained when the water level rises to ensure that the water table is below the working face of the pit.




2.3. Design of the Support Structure and Excavation


The reinforced bored piles are 1.2 m in diameter, 1.4 m in pile spacing, and 20.4 m to 23.0 m in length. A reinforcement mesh of 20 cm in length and width is suspended between the piles, with 8 mm diameter reinforcement in the mesh, and a 10 cm thick C25 shotcrete surface layer. The slope angle of foundation pit excavation is 45°. The angle between soil nailing and the horizontal direction is 15°, the embedding length is 10 m, and the vertical spacing between soil nailing is 1.5 m. There are six lines of prestressed anchor cables, set every 3 m from top to bottom. The reinforced concrete top beam with 1.2 m in width and 1.0 m in height secures the first anchor cable. The waist beam also secures other five anchor cables. The anchor cable is adopted secondary pressure grouting, with water-cement ratio of 0.45~0.50. The cable is 14~30 m in length and 15° in the horizontal inclination angle. The support structure design of a typical foundation pit cross-section is shown in Figure 1.



The excavation is divided into six layers, each ranging in depth from 2.5 to 3 m. The prestressed anchor cables were installed simultaneously during the excavation of the foundation pit, and prestressing force was applied when the excavation reached the crown beam or 0.5 m below each waist beam. The construction site plan is shown in Figure 2. The contents of the foundation pit excavation working conditions are shown in Table 2.





3. Field Monitoring


3.1. Monitoring Scheme


In the field, the pit was mainly monitored by instruments and supplemented by visual observation. A master survey section was set up each 20 m along the edge of the foundation pit, which had a total of 34 master survey sections. The top and body of the pile in the foundation pit were fitted with measurement points in each main section. The TOPCOM 7001 total station, Leica DNA03 precision level, and CX-08A inclinometer were used to monitor the horizontal displacement of the top of the pile, the vertical displacement of the top of the pile, and the horizontal displacement of the body of the pile. The above monitoring instruments are highly accurate and can measure up to 0.01 mm of the deformation, which can play a good role in measuring the deformation of the foundation pit. All anchor cables in each main survey section were equipped with force gauges to monitor the axial force of the anchor cables. Two rows of measurement points were arranged at the surface of each main survey section at the vertical pit edge, with each row of four measurement points spaced at 0.5 m, 3 m, 5 m and 10 m, to measure surface settlement using Leica DNA03 precision levels. At the edge of the foundation pit, monitoring posts were placed at 20 m intervals (in line with the main survey sections). While the top of the bored piles was being filled in each main survey section, prefabricated metal markers were placed and the horizontal displacement of the pile top was measured using a total station and the polar coordinate method. At the same time, a tilt pipe hooked directly to the bored pile’s reinforcing cage was used to monitor the pile’s horizontal displacement. Before the foundation pit was excavated, initial values were measured for each project. Monitoring occurred once every three days when the excavation depth was small. The frequency of monitoring increased as the depth of the excavation increased. Monitoring once or twice each day was required when the excavation depth surpassed 15 m. Figure 3 shows the location of each measurement point, and Figure 4 shows the arrangement of a typical monitoring section. In the figure, ZQT, DBC, M, ZQC, and ZQS represent the horizontal displacement at various depths, ground settlement, anchor cable internal force, vertical displacement of the pile top and horizontal displacement of the pile top, respectively.




3.2. Analysis of Monitoring Results


The monitoring data of horizontal displacement of the pile top, ground settlement, and horizontal displacement of the pile are analyzed from sections 14 and 34 of the pit corners, section 15 on the short side BC, section 33 on the short side CD, and sections 1 to 13 on the long side AB. Figure 3 illustrates the position of each monitoring site.



3.2.1. Horizontal Displacement of the Piles


As shown in Figure 5, the maximum horizontal displacements at ZQT-7, ZQT-1, ZQT-34, and ZQT-33 are 17.93 mm, 13.63 mm, 1.54 mm, and 11.63 mm, respectively. After case 1 was completed, the pile’s horizontal displacement at different depths was modest. With the excavation of earthwork, the horizontal displacement of the pile increased steadily, peaking at 1/3 to 1/2 of the pile. The horizontal displacement curve of the pile was small at both ends and large in the middle. Similarly, the spatial effect of horizontal displacement of the pile is obvious, which is shown in Figure 6. The maximum horizontal displacement at ZQT-7 is the largest, followed by ZQT-15, and the smallest at ZQT-14 and ZQT-34. At the corner of the pit, the support structure is constrained by two directions simultaneously, which restrains the development of displacement and force in the area near the pit corner and effectively decreases the deformation of the support structure.




3.2.2. Horizontal Displacement of the Pile Top


As shown in Figure 7, ZQS-7, which is the horizontal displacement of the pile top in the middle of the long side AB, is the largest (16.18 mm) and the pile top displacement decreases gradually from the middle to the sides of the foundation pit. ZQS-34 and ZQS-14, which are the horizontal displacements of the pile top of the pit corner, are small—1.03 mm and 1.11 mm, respectively. In addition, the horizontal displacements of ZQS-15 and ZQS-33 on the short side are 8.16 mm and 7.97 mm, which are both smaller than the value at ZQS-7 and larger than ZQS-34 and ZQS-14. The distribution of horizontal displacement of the pile top presents an obvious spatial effect.




3.2.3. Ground Settlement


It can be seen from Figure 8 that the maximum value of ground settlement also has an obvious spatial distribution effect. The maximum value of the surrounding ground settlement occurs in the middle of the long side. The variation of ground settlement with working conditions for different monitoring sections is shown in Figure 9. The excavation of the foundation pit will disturb the surrounding strata and cause the ground around the pit to settle. At the early stage of excavation, the ground settlement is small. As the work proceeds, the ground settlement increases significantly and the final settlement value tends to be stable. At the same time, the distribution rule of ground settlement around the pit can be seen: the maximum settlement value is not near the pit edge, but a certain distance away from the pit edge. The maximum settlement position is about 6.5 m away from the pit edge.



After excavation of the foundation pit, the piles lost the support of the original inner soil as the inner soil of the pit was excavated. The piles are subjected to active earth pressure exerted by the pit soil, which causes a change in the stress and displacement fields of the soil around the pit, resulting in deformation and displacement of the support structure, which is consistent with the results in Figure 5.



The same row of piles on each side of the pit is restrained by the waist beam to form a single unit, and the forces of the structure are similar to those of a slab structure. The slab is restrained by the piles on one vertical side at the corner position of the pit and by the soil at the bottom of the pit, with the top of the piles in a free state. Both earth pressure and anchor cable forces act on the slab structure. As a result, the slab structure is subject to large deformations near the middle, with less deformation at the corners of the pit and near the bottom of the pit, in line with the results shown in Figure 6 and Figure 7.



When the piles in the pit are deformed, the soil around the pit is displaced by the active earth pressure, which will fill the space formed by the deformation of the piles and cause the settlement of the ground outside the pit. As the pile deformation in the middle of the pit is greater than the deformation in the corner of the pit, the ground settlement appears similar in nature, with the ground settlement near the middle of the pit being greater than the ground settlement near the corner of the pit, the same as the results in Figure 8.






4. Numerical Simulation


4.1. D Numerical Model


The finite element software is used to simulate the excavation of the foundation pit. To simplify the calculation and eliminate the influence of the model size effect, 1/4 of the foundation pit is chosen for modeling. The model size is 216 m × 105 m × 55 m. Figure 10 shows the 3D finite element model. All soil layers are modeled using the hardening soil (HS) model. The HS model considers not just the non-linear features of soil, but also the complex stress patterns associated with deep foundation construction. Compared with other soil principal structure models, the hardened soil principal structure model is more suitable for the calculation and analysis of deep foundation works [26,27]. At the same time, the model was considered to have the following assumptions: (1) the relative slip generated on the contact surface between the support structure and the surrounding soil is not considered, and they are considered to be in a state of coordinated deformation at all times; (2) only the initial stresses in the self-weight stress field are considered and the tectonic stress field is not considered, so that the soil layer reaches equilibrium under self-weight and then the excavation of the pit is simulated; (3) the sequence of construction steps is used to simulate the whole construction process.



The embedded beam unit is used to simulate soil nail support. The top of soil nailing is set as a rigid connection model with the concrete wall so that its displacement and rotation are consistent. The main parameters of soil nailing are shown in Table 3. The slope hanging shotcrete and the same row of bored piles are simulated by the plate element, and the relevant parameters are shown in Table 4. The equal stiffness substitution between the same row of bored piles and the plate is calculated by the following formula [28]:


   1  12     D + t    h 3  =  1  64   π  D 4  ,  



(1)




where D is the diameter of the bored cast-in-place pile; t is the net distance between the two piles; h is the thickness of the equivalent plate.



The bolt element simulates the prestressed anchor cable’s free part, whereas the embedded beam element simulates the anchoring section. Table 5 shows the main parameters. The interface element simulates the interaction between soil and structure. The discounting factor for interface strength Rinter takes into account the soil’s cohesion and internal friction angle, and the interface represents the strength relationship between soil and structure through the discounted internal friction angle and cohesion [12], with Rinter set at 0.65.



Due to the precipitation measures taken before construction, the influence of groundwater is not under consideration during the simulation process. The mesh is divided using a finite element mesh cell with 10-node tetrahedral cells. Boundary conditions of the model are established in accordance with actual circumstances. The four sides of the model have fixed constraints, the bottom of the model has fixed restrictions and the top surface of the model is free. Figure 11 represents the model’s three-dimensional mesh. The specific processes of slope excavation, soil nail wall construction, and shotcrete surfacing are not discussed in this paper.




4.2. Simulation Results and Comparative Analysis


4.2.1. Comparison of Simulation Results


Several primary sections are chosen for analysis based on the monitoring sites, and properly characterize the 3D spatial stress and deformation of the foundation pit. The sections are shown in Figure 12. The HH section on the long side and the KK section on the short side of the foundation pit are selected to compare ground settlements, horizontal displacement of the pile’s top, and the horizontal displacement of piles at various depths. The results are shown in Figure 13, Figure 14 and Figure 15.



As can be seen from Figure 13, the measured values of ground settlement at sections HH and KK are both less than the calculated values and the curve of settlement morphology in the shape of “groove” and the maximum settlement occurs around 6 m away from the edge of the pit. The simulated maximum values of sections HH and KK are 11.25 mm and 5.83 mm, respectively, more than 0.31 mm and 0.20 mm from the measured values.



Figure 14 shows that the horizontal displacement of the pile top at the pit corner is obviously less than that at the middle, no matter the measured value or the simulated value. Although the simulated values are slightly larger than the measured values, the deformation trends are consistent. The result illustrates that the spatial effect of pit deformation through the 3D simulation is correct.



It can be seen from Figure 15 that the measured horizontal displacements of the pile at sections HH and KK are slightly smaller than the calculated value. The deformation curve is the same trend for both. The curve of pile at section HH is in the shape of a “belly drum”, in which the bottom is very small and the middle and upper are large. The curve of the horizontal displacement of the pile at section KK is in the shape of a “bow”. The maximum horizontal displacements simulated for sections HH and KK were 18.44 mm and 12.32 mm, which were located 6.5 m and 7.5 m below the pile top, respectively. The measured maximum horizontal displacements were 17.43 mm and 11.38 mm, which occurred at 7.0 m and 9.0 m below the pile top, respectively.



It can be seen from the above comparison results that the numerical model in this paper can reflect the deformation of pile anchor support structure during excavation in red sandstone area moderately.




4.2.2. Spatial Effect Analysis


Figure 16 shows the spatial distribution of pit deformation during excavation under several typical working conditions. It can be seen from the figure that, as the advance of the working condition, the amount of surface settlement perpendicular to the edge of the pit and the extent of the occurrence of surface settlement gradually increase. The overall deformation of the pit shows a spatial effect during excavation, with the deformation in the middle of the pit being significantly larger than the deformation in the corners of the pit.



The deformation of the pile, as can be seen from Figure 17a, presents obvious spatial characteristics. The horizontal displacement of the pile at the foundation pit’s corner is the smallest. With the increase of the distance from the pit corner, the horizontal displacement of the pile gradually increases and reaches the maximum value at a certain distance from the corner. From sections AA1 to HH, the horizontal displacement curve of the pile changes from “bow” to “belly drum”. Moreover, the curve shape keeps the same “bow” from sections AA2 to KK.



It can be seen from Figure 17b that the ground settlement is distributed along the long side with an obvious spatial effect, with the settlement at the pit corner being smaller than that at the middle. The ground settlement perpendicular to the pit edge also has a spatial effect as well: when approaching the middle of the pit, the ground settlement tends to grow at first and then subsequently diminishes.



As can be seen from Figure 17c, the axial force of the anchor cable presents a spatial effect consistent with the horizontal displacement of the pile and ground settlement in the direction of the long side. Meanwhile, the axial force also presents a certain degree of spatial effect along with the depth of the pit. The distribution curve of axial force is approximately parabolic and reaches its maximum value at the fifth cable.



In Figure 17, the horizontal displacement, ground settlement and axial force at section JJ are smaller than that at section BB. Sections JJ and BB are at the same distance from the foundation pit corner. In addition, Figure 13 shows that the displacement of the pile top along the short side is smaller than the long side, while the two sections have the same distance from the pit corner. To a certain extent, the spatial effect of the direction of the short side of the pit is more obvious than that of the long side.



As can be seen from Figure 18, the horizontal displacement of the pile top gradually increases from the pit corner to the middle of the long side and remains stable at a certain distance from the pit corner. With excavation cases from 1 to 8, the spatial effect influence range is 3 m, 19 m, 35 m, 48 m, 60 m, 78 m, 92 m, and 92 m, respectively. With the increase of excavation depth, the influence of spatial effect also increases, and the scope of influence is 0~92 m, which is about five times the excavation depth. Beyond this scope, the displacement is almost unchanged. The short side of the pit in this project is greatly affected by the spatial effect. Within 98 m in the middle of the direction of the long side, it is less affected. In this case, it can be calculated according to the two-dimensional strain method.



As can be seen from Figure 19, with the excavation and support of the pit, the horizontal displacement of the pile gradually increases, and the deformation tends to be stable at case 7. The shape of the deformation curve changed from “cantilever” to “belly drum”. The maximum value occurs between 6.0~8.0 m, which is about 1/3 of the length of the pile. In addition, it can be found that with the increase of the excavation depth, the difference of horizontal displacement of piles in adjacent cases keeps increasing, so the influence range of the spatial effect tends to increase with the increase of the excavation depth.



The shape of ground settlement with displacement, as shown in Figure 20, is similar to the results obtained by Hsieh et al. [29]. The settlement curve is a single-peaked curve with a “trough” shape. In each case, the settlement curves are compared and analyzed. The settlement grows in each case, and the shape of the settlement curve is virtually the same in each case. In general, the excavation has an impact on surface settlement in the range of about 30 m. The settlement steadily expands with a distance in the range of 0 to 6 m. The settlement reaches a maximum at 6 m from the edge and, after exceeding 6 m, it gradually decreases and finally stabilizes. When the foundation pit was excavated to a depth of 19 m, the settlement reached a maximum of 11.23 mm. This is consistent with the change rule of horizontal displacement of the pile. With the increase of excavation depth, the settlement difference of adjacent cases also increases continuously. It can be found that the maximum horizontal displacement of the pile and the maximum ground settlement occurs in the same section. Therefore, it can be seen there is a correlation between the spatial effect of settlement and the horizontal deformation of the pile.






5. Analysis of Influence Factors


In the above modeling analysis and calculation, the horizontal displacement, ground settlement and axial force of the pile are the largest in the HH section. The characteristics of the piles in the HH section can effectively reflect the spatial effects. In exploring the influencing factors, the effect of parameters is reflected by the different behavior of piles in the HH section.



5.1. Influence of Stratum Conditions


Based on the original model, the univariate method was used to take 0.5 times, 0.75 times, 1.5 times, and 2 times of the modulus of elasticity E and cohesion C of the original model soil for the calculation of the new model, respectively.



5.1.1. Influence of Elastic Modulus


As can be seen from Figure 21, the change of the elastic modulus has a certain degree of influence on the horizontal displacement of the pile, ground settlement and axial force, but the curve forms all stay the same under each case. When the elastic modulus is 0.5 E, 0.75 E, 1.0 E, 1.5 E, and 2.0 E, maximum horizontal displacements of piles are 33.86 mm, 24.27 mm, 18.44 mm, 12.53 mm, and 9.87 mm, respectively. When the elastic modulus increases from 0.5 E to 1.0 E and then from 1.0 E to 2.0 E, the maximum displacement of the pile was reduced by 83.6% and 53.8%, respectively. The change in elastic modulus has little effect on the extent of ground settlement around the foundation pit. When the elastic modulus increases from 1.0 E to 1.5 E and then from 1.5 E to 2.0 E, the maximum settlement decreases by 46.8% and 21.2%, respectively. When the elastic modulus increases from 1.0 E to 2.0 E, the maximum axial force decreases from 142.43 kN to 120.65 kN, decreasing by 15.3%.




5.1.2. Influence of Cohesion


As can be seen from Figure 22, when the cohesion decreases from 2.0 c to 0.5 c, the changing trend of horizontal displacement of the pile, settlement, and axial force are similar to the change of elastic modulus from 2.0 E to 0.5 E. The shape of the curve is basically unchanged. When the cohesion increased from 1.0 c to 2.0 c, the maximum values of horizontal displacement, settlement and axial force decreased by 10.8%, 16.7%, and 2.3%, respectively.



It can be concluded that when the stratum conditions are poor, the spatial effect is more obvious and the elastic modulus has a greater influence than the cohesion. At the same time, the elastic modulus has a greater influence on the pit deformation and the internal force of the structure than the cohesion. It is suggested that the elastic modulus and cohesion of the soil should be increased to 1.5~2.0 times the initial value when the soil is reinforced by grouting.





5.2. Influence of Pile Parameters


Based on the original model, the single-variable method was used to calculate the effect of pile diameters D of 0.6 m, 0.8 m, 1.0 m, 1.2 m, and 1.4 m, and then the pile spacing S of 1.2 m, 1.4 m, 1.6 m, 1.8 m, and 2.0 m on the foundation pit, respectively.



5.2.1. Influence of Pile Diameter


Figure 23 indicates that, when the pile diameter is reduced by 0.2 m each time, the horizontal displacement and settlement of the pile do not grow in a constant proportion, but the rate of increase gradually increases. When the pile diameter is reduced to 0.6 m, the horizontal displacement is more than 30 mm, exceeding the maximum value allowed. The curve of horizontal displacement of the pile is no longer smooth from the top of the pile 12 m to the bottom. While the pile diameter is 0.6 m, the axial force curve shape has changed from a kind of parabolic into a growth curve along with the depth. In the range of 0.8 to 1.4 m, the lower part of the pile has little effect with the change of pile diameter, and the curve fit is tight, which indicates that the lower part of the pile is well embedded. It is suggested that the pile diameter can be reduced to 0.8~1.2 m based on the original pile diameter.




5.2.2. Influence of Pile Spacing


As can be seen from Figure 24, the horizontal displacement of the piles is essentially the same for different pile spacings. When the pile diameter is reduced by every 0.2 m, the curve of horizontal displacement, settlement, and axial force of the pile at each pile distance are compact. Under the condition of the stratum, the pile spacing changing within the scope of 1.2 m to 2.0 m does not have a significant influence on retaining structure and settlement. Therefore, the pile spacing is suggested to be increased appropriately to 1.4~2.0 m.





5.3. Influence of Anchor Cable Parameters


To understand the effect of anchor cables on pit deformation, four prestress values (0, 50 kN, 100 kN, 150 kN, 200 kN) and four inclination angle values (10°, 15°, 20°, 25°, 30°) were used to simulate anchor cables with other parameters held constant.



5.3.1. Influence of Prestress


As can be seen from Figure 25, when the prestress increases from 0 to 250 kN, the maximum horizontal displacement of the pile decreases from 31.87 mm to 13.53 mm, with a decrease of 57.5%. The ground settlement decreases from 16.61 mm to 8.72 mm, with a decrease of 47.5%. It shows that increasing the prestress value can significantly decrease the horizontal displacement of the pile and control the ground settlement.



When the prestress is 0 and 50 kN, the maximum horizontal displacement exceeds the maximum value allowed. As the prestress increases from 150 to 250 kN, the horizontal displacement curve of the pile and the settlement curve fit tightly. It indicates that the effect of increasing prestressing force is limited in reducing the pit deformation. This is uneconomical if the prestressing force keeps increasing and it may cause the displacement of the supporting structure to the back of the pit, which may have a bad effect on the surrounding environment of the pit. Therefore, the reasonable range of prestressing is 100~150 kN.




5.3.2. Influence of Tilt Angle


It can be seen from Figure 26 that, when the tilt angle of the anchor cable increases from 10° to 30°, both the horizontal displacement of the pile and the ground settlement increase obviously. When the tilt angle is 25° and 30°, the horizontal displacement of the pile top exceeds the deformation control scope, and the supporting effect are poor. When the tilt angle is 10°~20°, the deformation of pile and ground settlement are well restrained, and the maximum horizontal displacement of the pile and ground settlement have little difference at each tilt angle. In order to give full play to the role of anchor cable, it is suggested that the tilt angle of the anchor cable should be between 10° and 20°.



Comparing the ground settlement and the horizontal displacement of the pile under various parameters in Figure 21, Figure 22, Figure 23, Figure 24, Figure 25 and Figure 26, some deformation laws can be found:




	
With the increase of distance, both the ground settlement and the horizontal displacement of the pile increase first and start to decrease after reaching the maximum value at a certain position;



	
The maximum values of both the ground settlement and the displacement of the pile occur at the position of 6–8 m of the ground or the pile;



	
The maximum horizontal displacement of the pile is 15–30 mm, while the maximum settlement of the ground is 7.5–15 mm. The length of significant deformation occurring in the pile is approximately 19 m and the extent of significant ground settlement is approximately 40 m wide.








In the field monitoring section, the maximum horizontal displacement of the pile is twice the maximum settlement of the ground, while the length of the pile deformation is half the width of the settlement occurring in the ground. According to this law, the surface settlement and pile deformation of similar foundation excavations can be predicted in advance to ensure construction safety.






6. Conclusions


Through the field measurement and numerical simulation of a deep foundation pit with pile-anchor supporting structure in red sandstone stratum, the horizontal displacement, axial force and ground settlement during construction were explored, and the spatial effect induced by the excavation was evaluated. The following conclusions were drawn from the above results and discussion:




	(1)

	
The field monitoring results show that the spatial effects of pile top horizontal displacement, the horizontal displacement at various depths, anchor cable axial force and surface settlement are obvious. The deformation decreases gradually from the middle part to the pit angle. It is suggested to make full use of the spatial effect of the pit corner in the design, to reduce the support grade appropriately at the pit corner of the foundation pit;




	(2)

	
With the excavation of the foundation pit, the form of pile deformation curve changes from cantilever type to belly drum type. The maximum horizontal displacement occurs between 6.0 and 8.0 m from the top of the crown beam, which is about 1/3 of the pile length;




	(3)

	
The axial force of the anchor cable is distributed in a parabola along with the depth of the foundation pit. The axial force of the anchor cable of layer 3, layer 4 and layer 5 is generally greater than that of layer 1, layer 2 and layer 6, and the maximum axial force appears at the anchor cable of layer 4. It is recommended to appropriately increase the distance between the bottom layer anchor cable and the upper layer anchor cable;




	(4)

	
The width of ground settlement occurring in the same monitoring section is twice the length of deformation occurring in the pile, while the maximum ground settlement is half the maximum deformation of the pile, showing an obvious deformation coordination relationship;




	(5)

	
When the stratum condition is poor, the spatial effect of foundation pit deformation is more obvious. With the increase of soil elastic modulus and cohesion, the horizontal displacement of pile, axial force of anchor cable, and surface settlement gradually decrease, and the influence of elastic modulus is more significant. It is suggested that the elastic modulus and cohesion should be increased to 1.5–2.0 times the initial value during grouting reinforcement;




	(6)

	
With the increase of the pile diameter or the decrease of the pile spacing, the horizontal displacement of the pile, the axial force of the anchor cable and the surface settlement gradually decrease, while the influence of changing the pile spacing on the spatial effect is limited; The pile diameter of 0.8–1.2 m and the pile spacing of 1.4–2.0 m are more suitable in practical engineering;




	(7)

	
With the decrease of the prestress or the increase of the tilt angle, the horizontal displacement, the axial force and the surface settlement gradually increase. The value of the axial force is suggested to be set in the range of 100–150 kN and the tilt angle ranges from 10° to 20° in the design.









The conclusions drawn from the study of deformation control technology for the deep foundation excavation of large rail transit stations in red sandstone strata have certain engineering application value for similar projects. However, there are still some problems to be further studied: the influence of the temporal effect on deep foundation excavation deformation needs to be investigated further, and the effect of temporary loads surrounding the foundation pit may influence its deformation, which is not considered in the modeling in this research.
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Figure 1. Pile and anchor support structure. 






Figure 1. Pile and anchor support structure.
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Figure 2. Construction site pictures: (a) excavation of foundation pit, (b) anchor cable and waist beam. 
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Figure 3. Schematic drawing of monitoring point arrangement. 
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Figure 4. Layout of monitoring cross-section. 
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Figure 5. Horizontal displacement curves of piles under different working conditions: (a) ZQT-7, (b) ZQT-1, (c) ZQT-34, (d) ZQT-33. 
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Figure 6. Maximum horizontal displacement of piles. 






Figure 6. Maximum horizontal displacement of piles.



[image: Applsci 12 00129 g006]







[image: Applsci 12 00129 g007 550] 





Figure 7. Horizontal displacement of piles top. 
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Figure 8. Maximum ground settlement. 
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Figure 9. Distribution of ground settlement around pit under different case: (a) DBC-7, (b) DBC-33, (c) DBC-34. 
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Figure 10. 3D finite element model. 
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Figure 11. 3D mesh of the model. 
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Figure 12. The positions of section. 
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Figure 13. Ground settlement: (a) HH section of the long side, (b) KK section of the short side. 
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Figure 14. Horizontal displacement of piles top: (a) HH section of the long side, (b) KK section of the short side. 
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Figure 15. Horizontal displacement of piles at various depths: (a) HH section of the long side, (b) KK section of the short side. 
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Figure 16. Cloud map of the spatial distribution of pit deformation: (a) Case1, (b) Case5, (c) Case8. 
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Figure 17. Simulation results of different sections: (a) Horizontal displacement of piles, (b) Ground settlement, (c) Axial force. 
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Figure 18. Horizontal displacement of piles top along long side. 
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Figure 19. Horizontal displacement of piles. 
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Figure 20. Ground settlement. 






Figure 20. Ground settlement.



[image: Applsci 12 00129 g020]







[image: Applsci 12 00129 g021 550] 





Figure 21. Influence curve of different elastic modulus: (a) Horizontal displacement of piles, (b) Ground settlement, (c) Axial force. 
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Figure 22. Influence curve of different cohesion: (a) Horizontal displacement of piles, (b) Ground settlement, (c) Axial force. 
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Figure 23. Influence curves of different pile diameters: (a) Horizontal displacement of piles, (b) Ground settlement, (c) Axial force. 
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Figure 24. Influence curve of different pile spacing: (a) Horizontal displacement of piles, (b) Ground settlement, (c) Axial force. 
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Figure 25. Influence curves of different prestress: (a) Horizontal displacement of piles, (b) Ground settlement. 
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Figure 26. Influence curves of different tilt angle: (a) Horizontal displacement of piles, (b) Ground settlement. 
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Table 1. Mechanical parameters of soils.
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	Soil Layer
	Depth

(m)
	γ

(kN⋅m−3)
	c

(kPa)
	φ

(°)
	Es

(MPa)
	E50ref

(MPa)
	Eoedref

(MPa)
	Eurref

(MPa)
	K0





	Miscellaneous fill
	0–10
	18.5
	14
	12
	5.0
	7.5
	7.5
	22.5
	0.79



	Totally weathered red sandstone
	10–10.7
	19.5
	17.5
	16.5
	11.0
	22
	22
	66
	0.71



	Strongly weathered red sandstone
	10.7–15.7
	23.5
	35
	22
	30.0
	60
	60
	180
	0.63



	Moderately weathered red sandstone
	>15.7
	26.6
	300
	25.7
	—
	150
	150
	450
	0.57







γ = soil unit weight; c = cohesion; φ = internal friction angle; Es = modulus of compression; E50ref = reference secant stiffness in triaxial test; Eoedref = reference tangent stiffness for oedometer loading; Eurref = reference unloading/reloading stiffness; K0 = lateral coefficient of the earth pressure.
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Table 2. Construction sequence.
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	Case
	Construction Process





	1
	Construction of pile row, excavation to −10.5 m, construction of top beam, the 1st anchor cable, 100 kN prestressing



	2
	Excavation to −13.5 m, construction of the 1st floor wale, the 2nd anchor cable, 100 kN prestressing



	3
	Excavation to −16.5 m, construction of the 2nd floor wale, the 3rd anchor cable, 100 kN prestressing



	4
	Excavation to −19.5 m, construction of the 3rd floor wale, the 4th anchor cable, 100 kN prestressing



	5
	Excavation to −22.5 m, construction of the 4th floor wale, the 5th anchor cable, 100 kN prestressing



	6
	Excavation to −25.5 m, construction of the 5th floor wale, the 6th anchor cable, 100 kN prestressing



	7
	Excavation to −29.0 m



	8
	One month after excavation to the bottom
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Table 3. Main properties of soil nailing.






Table 3. Main properties of soil nailing.





	Property
	Value





	Elastic modulus, E (GPa)
	210



	Incident angle (°)
	15



	Length (m)
	10



	Diameter (m)
	0.2
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Table 4. Main parameters of bored pile.
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Type

	
Row of Piles

	
Concrete Surface




	
Property

	






	
equivalent thickness, h (m)

	
0.955

	
0.20




	
Unit weight, γ (kN⋅m−3)

	
25

	
25




	
Elastic modulus, E/GPa

	
32.5

	
30




	
Poisson’s ratio, υ

	
0.3

	
0.3
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Table 5. Main parameters of prestressed anchor cable.






Table 5. Main parameters of prestressed anchor cable.





	

	
Number

	
1st Anchor Cable

	
2nd Anchor Cable

	
3rd Anchor Cable

	
4th Anchor Cable

	
5th Anchor Cable

	
6th Anchor Cable




	
Property

	






	
Rod body type

	
7ΦS10.8

	
5ΦS10.8

	
5ΦS10.8

	
5ΦS10.8

	
5ΦS10.8

	
5ΦS10.8




	
Incident angle (°)

	
15

	
15

	
15

	
15

	
15

	
15




	
LFS (m)

	
12

	
12

	
12

	
8

	
8

	
8




	
EAFS (×104 kN)

	
8.042

	
5.743

	
5.743

	
5.743

	
5.743

	
5.743




	
LAS (m)

	
16

	
12

	
12

	
8

	
8

	
8




	
EAAS (×104 kN)

	
5.667

	
5.437

	
5.437

	
5.437

	
5.437

	
5.437




	
Borehole diameter (m)

	
0.15

	
0.15

	
0.15

	
0.15

	
0.15

	
0.15




	
Prestress (kN)

	
100

	
100

	
100

	
100

	
100

	
100








LAS = length of anchorage segment; LFS = length of free segment; EAAS = Tensile stiffness (EA) of anchorage segment; EAFS = Tensile stiffness (EA) of free segment.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Depih/m

Depth /m

0s
25
as
65
85
105
ns
s

Displacement / mm.
03 6 9 2158

165 §

@

Displacement /mm

sy

©

Depth/m

Depihim

0s
25
as
65
55
105
s
s
165

155 8

205

0s
25
4s
65
s
105
12s
145
165
185
205

Displacement / mm
36 0o

®)

Displacement/mm
36 9 1

@

15






media/file48.jpg
Distance to pit edge / m
0369 12151821242730

Displacement /

00369 1215182124273033

Settlement / mm

(b)





media/file27.png
Horizontal displacement/m

FF GG HH

D EE
CC

——Long side simulation

——Long side measured

20

40 60 80 100 120 140
Distance to pit corner/m

(a)

Horizzontal dispalcement/m

p—
(e

S = N W B 0 N O 0 O

—— Short side simulation

—— Short side measured

5 10 15 20 25 30
Distance to pit corner/m

(b)





media/file43.png
Displacement/mm
3 6 9 12 15 18 21 24 27 30

(a)

Settlement/mm
® > B o o

[\
S

Distance to pit edge/m

0 6 12 18 24 30 36 42 48 54

oo N A~ O

i —1.0C
——1.5C

—=—2.0C

(b)

oo N B~ P O

Depth/m

100 110 120 130 140 150 160 170 180

Axial force/kN

[N

|+ 0.5C
| —0.75C
| ——1.0C
—1.5C
[ =-2.0C

A - -
I | I





media/file12.jpg
longside

«

gomner short side

XOTANOSHOTANDS

wiw Judwddedsicq

7Qs-13
ZQs-11
7Q8-9

7QS-7 -
7Q8-5
7Q83
7Qs-1

N
o
¥
; .
monitoring section

7Qs-33
7Qs-14
7QS-34





media/file14.jpg
long side

-

moni

-

orner, short side

“

12
10
8
6
4
2
0

DBC-13

o
@
Q

DBC-9
DBC-7
DBC-5
DBC-3
DBC-1 *

ction

toring se

=]
@
Q
o
<@

DBC-15
DBC-34
DBC-14





media/file35.png
Horizontal displacement/mm

Distance to pit corner/m
0 20 40 60 80 100 120 140

---Case ] —Case2 —+—Case3 —Case 4
——Case 5 ——Case 6 **+** Case 7 ——Case 8





media/file20.jpg





media/file5.png
112.4

v v v v v v
= A
e & A
N —
157 || B 8, g
2 = 30 29 28 20 19 i
o FB2ZQT Horizontal displacement of pile
s §i % &3 VDBC Ground settlement =
%) = OM  Anchor axial force
N_‘ % &3 (D ZQC Vertical displacement of pile top 0 ﬁ
E:'; & €9 ZQS Horizontal displacement of pile top
gk gl = 1 2 3 AL l 12 13 =
JE ||BAEE R B B
L7 A
Y Vv v e v Vv v
411 41/ 4|/ 411 ’]l/ ’]l/ 4» '|y
Ullit ‘m Az s le 20 20 20 20 20 20 L L

322.8






media/file19.png
Top beam





media/file45.png
Depth/m

Displacement/mm
1 4 7 10 13 16 19 22 25 28

31 34

- —=—D=0.6m
——D=0.8m
——D=1.0m
- ——D=1.2m
——D=1.4m

Settlement/mm
o o 0 B OO

Distance to pit edge/m
6 12 18 24 30 36 42 48 54

)

——D=1.4m

(b)

100 110 120 130 140 150 160 170

Axial force/kN

180

| ——D=0.6m
| —D=0.8m

——D=1.0m
——D=1.2m
_—#-D=]1.4m

oA
[ I |

(c)





nav.xhtml


  applsci-12-00129


  
    		
      applsci-12-00129
    


  




  





media/file11.png
ZQT-13
ZQT-12
ZQT-11
ZQT-10
ZQT-9
ZQT-8
7ZQT-7
7ZQT-6
ZQT-5
7ZQT-4
ZQT-3
7ZQT-2
ZQT-1
ZQT-15
ZQT-33
7ZQT-14
ZQT-34

long side

monitoring section

<
<

short side

corner
——

S0 VOTANOXOT A O
A — —

— p— p—

wiuowdde[ dsi(q





media/file41.png
Displacement/mm Distance to pit edge/m Axial force/kN

1 4 7 10 13 16 19 22 25 28 31 34 0 6 12 18 24 30 36 42 48 54 100 110 120 130 140 150 160 170 180
O T T T T T T T “ 1 O | -|A T A T T T - T 1
2
g * / * [e0sE
E 6 4 E—0.75E
£ 8 g 6 F+1.0E
=10 P S 8 [+ LSE
= 12 P, —+—0.5E A 10 F*2.0E
tdn) 14 ——0.75E
16 1 ——1.0E 12
18 r ——1.5E 14 r
—=2 0E 20 —=—2 0E 16 L

(a) (b) (c)





media/file37.png
o AN BN O

S

Depth/m
5 o

Displacement/mm

3 6 9 12 15 18 21

T T

\

——--

- ---_-~






media/file46.jpg
Distance topit edgem,
IR TR

@

Avial force kN
00 110 120 10 140 150 160 170 18

®

©





media/file10.jpg
long side

16
4
2
0
8
6
4
2
0

wipuswade|dsiq

ZQT-13
ZQT-12
ZQT-11
ZQT-10
ZQT-9
ZQT-8
ZQT-7 -
ZQT-6
ZQT-5
ZQT-4 "
ZQT-3
7QT-2
ZQT-1
ZQT-15
ZQT-33
ZQT-14
ZQT-34

lon

toring sect

monit





media/file40.jpg





media/file16.jpg





media/file3.png





media/file22.jpg





media/file25.png
Settlement / mm

Distance to pit edge / m

0 6 12 18 24 30 36 42 48 54

——Long side simulation

——Long side measured

(a)

Settlement / mm

~ SN DN B W N = O

Distance to pit edge / m

0 6 12 18 24 30 36 42 48 54

- ——Short side simulation

——Short side measured

(b)





media/file0.jpg
depth of foundation pit

i

embedded depth

2nd
3
4th

a"cflormpe
anchoy rope

chor rope

'Nchoy rope

0
anchoy Tope

Wale(T-beam)

Miscellaneous fill

Totally weathered)
red sandstone

Strongly weathere

red sandstone

Moderately weathere
red sandstone

Unitmm





media/file26.jpg
Bo EE FF GG MM

- Long side simulation
—+—Long side measured

Horizontal displacement/m

KK

- Short side simulation
=~ Short side measured

Horizzontal dispaleementm

0 w0 0 W o0 W
Distance to pit comer/m

(a)

0 s 10 15 20 25 30
Distance to pit comerim

(b)





media/file34.jpg
Horizontal displacement/mm

Distance to pit corner/m
0 20 40 60 80 100 120 140

20

---Case ] ——Case2 ——Case3 —Case 4
——Case 5 ——Case 6 *++++Case 7 ——Case 8






media/file13.png
»
v

ZQs-13
ZQSs-11
ZQS-9

ZQS-7 -
ZQS-5
7QS-3
ZQs-1

long side

4
Al

N
e
i
; .
monitoring section

ZQS-33
ZQS-14
ZQS-34

L A A A A A A A A

OO TANORXOTNO

wiw uduwddedsi(y





media/file31.png
(c)

(b)

(a)





media/file39.png
Settlement/mm

12

Distance to pit edge/m
18 24 30 36

—e— Case 8

42






media/file18.jpg





media/file9.png
Depth / m

Depth / m

0.5
2.5
4.5
6.5
8.5
10.5
12.5
14.5
16.5
18.5
20.5

-

Displacement / mm
0 3 6 9 12 15 18 21

—=—casel
—e—case2
——case3
——cased
—<—cased
——case6b
—e—case’/
—-#-cased

(a)

Displacement / mm
1.0 2.0

4

Oy B tE IR pa*iEonl _an

- _=casel
—+—case2
——case3
—-cased
—cased
—+—case6b
—8-case’
—+-cased

Depth / m

Displacement / mm

0 3 6 9 12 15

0.5
2.5
4.5
6.5
8.5
10.5
12.5 ‘ V;A";"'{A -mcasel
14.5 —e-case?
i —A—case3
16.5 ——case4
—<-cases
18.5 —+—caseb
-5-case’/
20.5 —4-caseg
(b)
Displacement/mm
0 3 6 9 12 15
0.5
2.5
4.5
6.5
8.5
10.5
12.5
14.5 -=-casel
—+—case2
16.5 —+—case3
185 —cased
—<-case)d
20.5 ——caseb
25 —-=-case’/
—+—case§

(d)





media/file42.jpg
Asisl foresAN
0 10 10 50 140 150 160 10 180

00 8 VEER T 0w
- o

e W
eo—ome WL\
e \
3:7 2= W)
) £
M

@






media/file23.png
20

20

20

20

20

20 | 20

A






media/file50.jpg
Displacement/mm

Distance o pit edge /m
003 6 9 1215182 2

0369 121518212427 30

E
E
g
H
E
o
3

10 @

s

~20°

pe

300

(a) (b)





media/file36.jpg
Displacement/mm
6 9 12 15 18






media/file15.png
)
@
G2
@

o
&
6

o ©
® @
& 0
9 o

long side

O
o~}
Q
<

O
o
Q
o

o
o9)
Q3
monitoring sectio

DBC-33

- corner short side
> -—
o
o ™
O 0O
VORLIN
2 O

S 0 O T A O
T WW/JUdWRNIRS

12





media/file28.jpg
Depth/ m

® oo

Displacement / mm
02468101214161820

Displacement / mm
002 4 6 8 100214

~+-Long side measured
~+-Long side simulation

(a)

Depth /m

~+-Short side measured
~+-Short side simulation

(b)





media/file49.png
Displacement / mm
0 3 6 9 121518 21 24 27 30 33

——250kN

Settlement / mm

Distance to pit edge / m
0 3 6 9 121518 21 24 27 30

(b)





media/file2.jpg





media/file32.jpg





media/file6.jpg
embedded depth
RZ}

Unit: m






media/file24.jpg
Settlement / mm

06

Distance to pit edge / m
12 18 24 30 36 42 48 54

~-Long side simulation
~+-Long side measured

(a)

Settlement / mm

Distance to pit edge / m
0 6 12 18 24 30 36 42 48 54

~+-Short side simulation
~+-Short side measured

(b)





media/file29.png
Depth / m

Displacement / mm
0 2 4 6 8 10121416 1820

—+Long side measured
——Long side simulation

(a)

Depth / m

o N B~ D O

Displacement / mm
4 6 8 10 12 14

-+ Short side measured

——Short side simulation

(b)





media/file1.png
depth of foundation pit

embedded depth

»

\Wale(T-beam)

red sandstone

Strongly weathered
red sandstone

Moderately weathered}:

red sandstone

Unitmm

Totally weathered ,//

.
IR
»‘0.0.0.0.0’0.1
leteletele!
DR
b o,

SRS

28






media/file7.png
embedded depth

34

10

B zqr

¥ DBC
Pu

(D zac
& 7QS

Unit: m

DBC





media/file33.png
6

Displacement/mm

9

12

15

18 21 24

Settlement/mm

A~ N

o0

Distance to pit edge/m
12

18 24 30 36 42 48 5

4

co oo B~ N O

Depth/m
1S

80

Axial force/kN

% 100

o GG - HH -0 I

(c)

_._.4-JJ

]

——AA —BB —+—CC —+—DD & EE —<—FF





media/file44.jpg
L ggopyd Disance to it edgem Avial force kN
(AR LENEY LALd [EEERECEE] 100 110 120 130 140 150 160 10 150
o

® ©





media/file47.png
Distance to pit edge/m Axial force/kN

Displacement/mm
3 6 9 12 15 18 21 24 ) 0 6 12 18 24 30 36 42 4 54 100 110 120 130 140 150 160 170 180
T T T T T of - 1 I I I I I I I O : I Py I : I : I
2 ) |
4
E 6 4 F*S=1.2m
= q = 6 ——5=1.4m
QE) | = —+S=1.6m
S 10 2 8 [~8=18m
ng —-$=1.2m A 10 Lo S=2.0m
14 —S=1.4m ol
S lom 16 ——S=1.6m
——S=1.4m ——5=1.8m 14 F
18
——S=1.6m ——S=2.0m
e S=1.8m 20 16 *

(a)

—=—S=2.0m

(b)






media/file38.jpg
8

s

I~}

Settlement/mm

EN

12

Distance to pit edge/m
18

24 30

36

42

48

54






media/file17.png
Settlement / mm

Distance to pit edge / m
0 3 6 9 12 15 18 21

O T T T T T T 1

D) _‘\’\‘—///o

4 \\\7

6 \/

P — 0
\X/

10 |

12 L

-—=-casel <+ case2 —+-case3 —e-cased

——-caseS5 —x-case6 —e—case7 ——casel

(a)

Settlement / mm
(@) i SN (9] (\] —_ (e}

S

Distance to pit edge / m
3 6 9 12 15 18

21

-=-casel <+ case2 —+-case3 e+ -cased
—--case5 < case6 —=-case7 —<—case8

(b)

Settlement / mm

AN L B W NN = O

Distance to pit edge / m

0 3

6 9 12 15 18 21

-=—casel
———cased

—+-case2 —+—case3 —e-cased
—x—-case6 —=-case7 ——casel

(c)





media/file4.jpg
1124

: B N
o 29 28
~ D2 Horizontsl displacesent of pile
S| v || BlE voec oromd seciement
Bl BN Aschor axial force
T v || B8 D2 Vertical displacesent of pile top A
a WS Horizontal displacesent of pile top
2 112 =
= v
L P e e H—f——F
S — M RE AT 20"20:" 207 ]
. EET 27438 sy






media/file30.jpg





media/file51.png
Displacement/mm

0 3 6 9 12 15 18 21 24 27

~+-30°
(a)

Settlement / mm

Distance to pit edge / m
36 9 121518 21 24 27 30

——25°
—=-3()°

(b)





media/file21.png





