[image: image1]Deformation Analysis and Prediction of Foundation Pit in Soil-Rock Composite Stratum

		ORIGINAL RESEARCH
published: 26 January 2022
doi: 10.3389/fphy.2021.817429


[image: image2]
Deformation Analysis and Prediction of Foundation Pit in Soil-Rock Composite Stratum
Zehong Qin1,2*, Zhe Tao2, Zechao Chen3, Ziguang Zhang4, Chuangao Tang2, Hao Liu5 and Quan Ren2
1Ande College, Xi’an University of Architecture and Technology, Xi’an, China
2The Fourth Engineering Co Ltd of CTCE Group, Hefei, China
3China Key Laboratory of Ministry of Education for Geomechanics and Embankment Engineering, Hohai University, Nanjing, China
4Anhui Jianzhu University, Hefei, China
5Nanjing Greenland Metro Line 5 Investment Development Co., Ltd, Nanjing, China
Edited by:
Wei Wang, Hohai University, China
Reviewed by:
Zheng Zhi, Guangxi University, China
Lunyang Zhao, South China University of Technology, China
Yajun Cao, Hohai University, China
* Correspondence: Zehong Qin, qweasd1830927@163.com
Specialty section: This article was submitted to Interdisciplinary Physics, a section of the journal Frontiers in Physics
Received: 18 November 2021
Accepted: 09 December 2021
Published: 26 January 2022
Citation: Qin Z, Tao Z, Chen Z, Zhang Z, Tang C, Liu H and Ren Q (2022) Deformation Analysis and Prediction of Foundation Pit in Soil-Rock Composite Stratum. Front. Phys. 9:817429. doi: 10.3389/fphy.2021.817429

The deformation prediction of foundation pit is still an open issue in geotechnique engineering. This paper focuses on a new deformation prediction method of foundation pit in soil-rock composite stratum in Nanjing area. To do so, the field monitoring deformation data of deep foundation pit adjacent to the railway in a soil-rock combined stratum is firstly analyzed. Based on these field data, the characteristics of horizontal displacement and surface settlement of rock-socketed support pile, as well as its relationship with Earth excavation are discussed. Results show that the average value of maximum horizontal displacement of support pile in zone with shallow rock depth (soil layer >15 m) is relatively large, which is 3.5 times of that with shallow soil depth (10–12 m into moderately-weathered mudstone). The depth of maximum horizontal displacement is obviously linearly related to the thickness of soil layer (H), while the surface settlement does not change with the increase of soil/rock layer thickness ratio. Utilizing the relationship between the maximum water level displacement and excavation depth, a new Gaussian-type empirical formulation is established to predict horizontal deformation of soil-rock composite stratum with rock-socketed support pile. By comparison with two other methods, it is found that the improved Gaussian curve is in good agreement with the measured horizontal displacement curve. This indicates that the new method can provide a valid reference for the design and construction of foundation pit with rock-socketed support pile in Nanjing area.
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1 INTRODUCTION
With the rapid development of urban rail transit (URT) in recent years, the underground zone gradually involves deeper foundation pit, more complex geology, and the gradually increasing scale and difficulty of construction works, which triggers higher requirements for rapid, safe and economical construction. The foundation pit of urban metro is often located in a complex surrounding environment. Thus, in consideration of economic and social benefits, it is necessary to ensure the safety and stability of surrounding roads, municipal pipelines and buildings.
Scholars did much research on the deformation regularity and environmental impact of foundation pit based on a large number of site monitoring data. The research reveals that the shape, deformation, depth of foundation pit, geotechnical geology, type of enclosure structure, excavation method, exposure time and hydro-climate affect foundation pit deformation to varying degrees. Deep soft-soil foundation pit is easy to be affected by excavation process, which causes large deformation. Through statistical analysis, Zahmakesh [1] and Wong [2] respectively obtained the deformation regularity and influence scope of foundation pit under soft soil layer in Japan and Europe. Peck [3] and Ou [4] studied the environmental effect of soft-clay area and sandy area. Several investigations [5–9] focused on the foundation pit cases in Shanghai, Hangzhou and Fuzhou and so on, and summarized the deformation law of foundation pit structure in soft clay area. Because the complexity of engineering geology has an obvious impact on the deformation law of foundation pit, the criterion of slope excavation stability in foundation pit design still needs to be classified and discussed. For the deformation prediction of foundation pit, the existing fitting method is mainly positive distribution function, which needs to be optimized by other models. The existing research trend on the deformation law of foundation pit has gradually tilted to water-rich sand layer, soil-rock composite stratum, karst and other special engineering geology in recent years.
For rock-entry foundation pit, Ou [4] and Clough [10] discussed the foundation pit support system of surface soft soil and underlying weathered rock, and obtained the relationship between maximum deformation and excavation depth. Yoo [11] made a detailed study on the diaphragm wall support with sequence method and anchor bolt. Liu et al. [12] studied the design method of rock-socketed pile with large-diameter steel casing. Leung [13] carried out data statistics and analysis on the surface marine residual soil, multiple foundation pits of underlying weathered granite and diaphragm wall along the construction line, and obtained the law of maximum horizontal displacement. Basheer et al. [14] applied the stiffness degradation method (SDM) to single rock-socketed pile to predict the performance of offshore rock socketed pile under cyclic load. AI et al. [15] used the consolidation solution of layered saturated foundation as the kernel function of boundary element method to derive the flexibility matrix of soil and rock mass, and analysed the effects of rock-socketed depth, pile Young’s modulus, length diameter ratio and soil-rock interface on the load deformation of rock socketed pile in multi-layer transversely isotropic saturated medium.
There are also some cases of soil-rock composite stratum in Wuhan, Dalian, Qingdao and other places in China. Huang [16] studied on the surface settlement caused by excavation of foundation pit under the “suspended foot piles” (used as a support structure) and revealed its surface settlement characteristics. Feng [17] discussed the new technology for supporting deep foundation pit in soil-rock composite stratum in Qingdao area, and the reinforced cement soil pile anchor (RCSPA) supporting technology combining prestressed anchor technology with reinforced cement wall. Li [18] summarized the deformation characteristics of deep foundation pit under three typical strata of Xiamen Metro; Tong [19] did detailed research on the key technology of deep foundation pit in pebble stratum in Chengdu area. Chen et al. [20] studied a deformation case of pit in pit (PIP) excavation support structure in Shenzhen soil-rock composite stratum.
For environmental effects of foundation pit excavation, representative research methods currently include field measurement analysis method and numerical method. Numerical methods: Wang [21] et al. carried out finite element simulation on deep foundation pit with bulging soil-rock composite, and considered that inclination of soil-rock joint surface has an important influence on foundation pit deformation, at the same time, bulging and concave angles of soil-rock composite foundation pit have significant local effects; Bai et al. [22], did field experiment and numerical simulation, and studied the synergistic effect of composite support structure (pile + steel support + anchor cable); Janusz et al. [23], based on model experiments, proposed a time-history related numerical model of rock-socketed pile; Li [24] considered the influence of space effect, the prediction method of three-dimensional surface settlement of long and narrow deep foundation pit is deduced; Zhong [9] analyzed the effect of foundation reinforcement of soil-rock composite foundation pit by finite element method, suggesting that the foundation reinforcement can effectively reduce the deformation of foundation pit. Zhang [25] and others put forward the method of predicting settlement by normal distribution fitting curve.
In terms of on-site analysis methods, Xie [26] analyzed the excavation effect of deep foundation pit in soil-rock composite stratum in Jinhua area, and two methods for predicting horizontal displacement by volume and displacement relation are proposed. Chen et al. [27], aiming at the soil-rock composite stratum, explored how to use the stability balance theory of underground engineering to carry out tunnel excavation and support. In the research of foundation pit deformation control, more and more new algorithms such as BP neural network algorithm, LMD-PSO-LSSVM composite model are applied.
Foundation pit has strong regional characteristics. Located in the middle and lower reaches of the Yangtze River, Nanjing has a large relief and is affected by fracture structure. The topography and geomorphy, rock and soil layer types and distribution are complex and changeable. There are low hills, valleys, lakes and swamps, old channel of Qinhuai River, and floodplains of the Yangtze River in Hexi area. This paper takes Xishanqiao Station of Nanjing Metro as the research object, and studies the special soil-rock composite stratum in Nanjing area. The monitoring data of deep foundation pit of underground metro are analysed, deformation regularities of rock-socketed supporting piles and surface settlement is summarized, and deformation prediction is carried out by using Gauss curve, which can provide reference for the design and construction of underground foundation pit under such soil-rock composite stratum in Nanjing. The datum for Xishanqiao station is collected from August 2020 to September 2021.65 points are monitored and these points are divided into 5/group. As for other stations, Jiulong Lake and Kening Road station’s foundation pits are finished, Zhushan Road, Xinting Road, Shangyuan Street station are still in construction, by the time the manuscript was finished (2021.9). We collected completed points from these stations. Table 1 provides monitoring data of deep foundation pit of soil-rock composite metro in Nanjing stations, in which [image: image] refers to the depth at which pile body enters strongly weathered rock and is embedded. he refers to the depth from the bottom of foundation pit to the bottom of pile. [image: image] denotes the maximum surrounding sediment. [image: image] defines as the maximum lateral displacement of pile body.
TABLE 1 | Monitoring data of deep foundation pit of soil-rock composite metro in Nanjing stations.
[image: Table 1]2 CONSTRUCTION WORKS STUDY
Xishanqiao Station, the first station of Nanjing Metro Line 7 Project, is located on Ningwu Highway (205 National Highway). It is arranged along the east-west direction of Ningwu Highway. As shown in Figures1, 2, the station is an underground two-store island platform station with two-pillar and three-span box-type frame structure. The total length of station is 497.0 m, the effective platform width is 14m, the standard section outer edge width is 22.7 m, and the thickness of roof covering is about 3.3 m. Φ1000 at 800 mm secant pile is used for main body enclosure of the station. For local area it is 1,000at1200 mm cast-in-place bored pile + jet grouting pile as waterproof curtain. Φ1500 mm at 1700 mm Bored cast-in-place bored piles + Φ800 mm at 550 mm triple-pipe jet grouting pile as waterproof curtain in the enlarged section of end shaft near the side of Ningwu Railway. The railway station is constructed by open excavation and normal construction method.
[image: Figure 1]FIGURE 1 | Layout of Xishanqiao station.
[image: Figure 2]FIGURE 2 | Geological profile of Xishanqiao station (left side).
The construction site of the station is located in the floodplain area of the Yangtze River. The soil layers from top to bottom are muddy silty clay, silty clay and silty sand with gravel, and the underlying bedrock is Cretaceous Pukou formation (K2P) mudstone, silty mudstone and argillaceous siltstone. The rock stratum fluctuates greatly, while the buried depth is 8.1–30.6 m. The moderately weathered rock stratum in the excavation range accounts for about 0%–56% longitudinally. The maximum depth of the launching-shield shaft-support pile at the west end of the station embedded in the moderately weathered rock is 12 m. The overall layout is shown in Figure 1, the internal support layout is shown in Figure 2. In this case, the rock entry thickness and displacement settlement effect of Metro deep foundation pit in soil-rock composite stratum are shown in Table 2.
TABLE 2 | Displacement and settlement value of foundation pit retaining piles.
[image: Table 2]The buildings (structures) around the station mainly include: Ningwu railway in the south, about 12.89 m from the main foundation pit of the station; There is a 5-storey Hotel on the north side, without basement, with prestressed tubular pipe foundation, pile length of 16.5–24 m, pile diameter of 0.4 m and distance of 8.4 m from the main foundation pit; In addition, on the north side, there are some street facades, residential houses and factories that have not been demolished, with 1–2 floors, no basement, strip foundation and 21.4 m nearest to the main foundation pit. Gas pipes, rainwater pipes, water supply pipes, power supply pipes and overhead communication pipelines are buried in the South and north of Ningwu highway, which need to be relocated or avoided. According to expert opinions, the nearby hotel has completed the special risk design, with a settlement control value of 20 mm, a differential settlement control value of 8 mm and an inclination control value of 0.002. The adjacent railway has completed the special design related to railway, with a settlement control value of 10 mm, a uplift of 0 mm and an allowable horizontal displacement of 6 mm. In addition, the anti-floating design of wall crown beam is required.
To simplify, the deformation sketch of foundation pit is shown in Figure 3, in which [image: image] and, [image: image] respectively refer to the excavation depth and the thickness of soil layer embedded in pile, [image: image] refers to the maximum horizontal displacement of pile body, [image: image] refers to the depth where the maximum horizontal displacement is located, [image: image] refers to the horizontal displacement of pile top, [image: image] refers to the influence range of surface settlement, and [image: image] refers to the maximum surface settlement.
[image: Figure 3]FIGURE 3 | Calculation diagram of surface settlement and horizontal displacement.
3 REGULARITY OF HORIZONTAL DISPLACEMENT AND SURFACE SETTLEMENT DEFORMATION OF ROCK SOCKETED DEEP FOUNDATION PIT
3.1 Analysis of Horizontal Displacement of Foundation Pit
In this work, representative monitoring data of deep foundation pit of soil-rock composite of five metro stations in Nanjing area are used, the evolution of lateral displacement with pile depth of these stations are presented in detail as shown in Figure 4. In order to discuss the influence of soil-rock ratio on deformation of foundation pit, a batch of typical data is selected from monitoring data, which are divided into two groups: 1) the rock layer thickness through which rock-socketed piles pass is larger, and the depth of embedded moderately weathered rock is deeper (10–12 m); 2) the soil layer thickness through which rock-socketed piles pass is larger (soil layer >15 m), which passes by no rock stratum or shallow rock stratum. For convenience of study, “rock stratum” mentioned later refers to moderately weathered rocks.
[image: Figure 4]FIGURE 4 | Horizontal displacement curve of deep foundation pit.
The horizontal displacement curves of the rock-socketed support piles corresponding to the above two cases are shown in Figure 5. The horizontal displacement changes of the deep layer of the piles are all in a “convex” type distribution. The black line in Figure 5 represents the deeper rock-socketed depth (10–12 m), and the corresponding maximum horizontal displacement values of the rock-socketed support piles are mostly between 0.2‰H–0.55‰H, with an average value of 0.4‰H, as described in Figure 6A. The red line in Figure 5 represent the case of the deeper soil embedded depth (>15 m). The corresponding maximum horizontal displacement values of support piles are mostly between 0.2‰H–2.6‰H with an average value of 1.4‰H, as illustrated in Figure 6B.
[image: Figure 5]FIGURE 5 | Deep horizontal displacement curve of pile under two typical strata.
[image: Figure 6]FIGURE 6 | [image: image] relationship: (A) when rock layer >10 m; (B) when soil layer >15 m
It can be seen in Table 3 that the thicker the soil layer through which the support pile passes, the greater the maximum horizontal displacement value will be. Moreover, when the proportion of soil and rock layer is high, the horizontal displacement effect caused by excavation is more obvious.
TABLE 3 | Statistics of Horizontal Displacement of Rock-socketed Piles by scholars.
[image: Table 3]Monitoring data shows that the relative maximum horizontal displacement ([image: image]) increases with the increase of relative excavation depth ([image: image]), which can be approximately expressed by hyperbola:
[image: image]
Due to the large stiffness and small deformation of rock stratum, the excavation process has less impact on the horizontal displacement. The change rate decreases slowly, which can be approximately expressed as hyperbola:
[image: image]
Figure 7A shows the relationship between the position depth of the maximum horizontal displacement of the foundation pit ([image: image]) and the maximum excavation depth ([image: image]). This example belongs to the soil-rock composite stratum. The maximum horizontal displacement depth is located at 0.62 H on average, and the position of the maximum horizontal displacement increases with the deepening of the rock entry depth of the foundation pit.
[image: Figure 7]FIGURE 7 | Parameters relationship: a [image: image] relationship; b [image: image] relationship.
According to the statistical data of 65 measuring points at Xishanqiao station, the maximum horizontal displacement is generally located in the middle of the foundation pit side and below the moderately weathered rock surface of the foundation pit excavation line. When the support pile is deep into the moderately weathered rock (10–12 m), the maximum horizontal displacement occurs at the depth of 6–8 m; When the excavation surface is above the moderately weathered rock surface, the support pile does not go deep into the rock stratum, and the soil layer is deep (>15 m), the corresponding depth of the maximum horizontal displacement is deep, which is located at the depth of 8–12 m.
Figure 7B shows the relationship between the maximum horizontal displacement depth of the foundation pit ([image: image]) and the thickness of the soil layer ([image: image]). The position of the maximum horizontal displacement depth increases with the increase of the thickness of the pile into the soil layer, showing a linear relationship:
[image: image]
Through the monitoring data, it is found that the relationship between [image: image] and [image: image], [image: image] and [image: image], can be described by a hyperbolic-type functions, It can be seen that the maximum horizontal displacement ([image: image] and its depth decrease with the increase of the pile depth into the rock ([image: image]), and then tend to be stable, indicating that there is a limit value for the maximum horizontal displacement and its depth, and the diaphragm increase of the depth into the rock has no inhibitory effect on the deformation of the foundation pit.
3.2 Analysis of Settlement Around Foundation Pit
In order to analyze the deformation behavior of foundation pit, it is also necessary to do research on the settlement around foundation pit. Here we take Nanjing Metro Line 5 as an example. Figure 8 describes the typical settlement trend of each station of Nanjing Metro Line 5. The deformation caused by deep foundation pit excavation has pile top settlement and surface settlement in the vertical direction, mainly in the form of surface settlement, mostly in the form of groove. The settlement prediction curve in Figure 9 shows that the area within the excavation range twice the distance from the foundation pit is the area with large settlement, and the settlement outside 2H from the foundation pit is very small. Therefore, the distribution influence of surface settlement behind the pile is mainly within 2H from the pile top, which is smaller than that estimated by peck [3] and clough [10].
[image: Figure 8]FIGURE 8 | Typical settlement trend of stations of Nanjing Metro Line 5.
[image: Figure 9]FIGURE 9 | [image: image] relationship.
Nine measuring points of the foundation pit of Xishanqiao station are taken to compare the influence regularity of maximum settlement excavation depth. With the increase of excavation depth, the maximum surface settlement increases. The average value of the maximum surface settlement is 0.24‰ H–0.77‰ H, which is similar to the variation regularity of the maximum settlement of deep foundation pit in pebble stratum in Chengdu (basically less than 0.73‰ H) according to Tong J [19], Xie [26] and others calculated that the average settlement of the case is 0.035‰ H, and the average settlement of this case is 0.24‰H. Meanwhile, under the condition of soil-rock composite stratum, the surface settlement outside the foundation pit does not change obviously with the increase of soil layer thickness, nor does it change obviously with the increase of rock depth.
When the foundation pit is excavated to the bottom, the ratio of the location of the maximum settlement (distance from the edge of the foundation pit) to the excavation depth is less than 50%, accounting for 60% of the total. The maximum surface settlement is mainly distributed in the range of 0.1–0.5H.
3.3 Relationship Between Horizontal Displacement in Deep Foundation Pit and Surrounding Settlement
Figure 10 shows relationship between the relative maximum surface settlement of foundation pit ([image: image])- relative maximum horizontal displacement ([image: image]). Compared with the dimensionless maximum horizontal displacement of retaining wall and the maximum surface settlement curve proposed by A. I. mana and M. long [29], the data of this example roughly meet the requirements [image: image] = 0.99 [image: image]. It shows that when the excavation reaches a certain depth, the maximum surface settlement is approximately equal to the maximum horizontal displacement.
[image: Figure 10]FIGURE 10 | [image: image]- [image: image] relationship.
4 PREDICTION METHOD OF FOUNDATION PIT DEFORMATION
The deformation mode of retaining structure is closely related to the excavation process of foundation pit. Analyzing and studying the monitoring data of rock foundation pit can master the excavation characteristics of foundation pit in soil-rock composite stratum, predict the deformation of foundation pit through the summarized regularities, and take measures in advance for the potential problems after foundation pit deformation. Therefore, the foundation pit deformation prediction based on mathematical statistics is very necessary and has certain practical guiding significance.
Peck [3] made statistics on the deformation data of foundation pits in Norway and other places, and put forward an empirical method for predicting the surface settlement behind the wall for the first time. Based on OU’s research, Hsieh et al. [30] gave the prediction methods of triangle and groove settlement forms. Y. Tan et al. [31] combined with the case of foundation pit in hard clay soil layer in Suzhou, considered that the method of predicting land settlement in the existing articles were not applicable to the case. Xie [26] predicted the horizontal displacement of Metro deep foundation pit in soil-rock composite stratum in Jinhua area by using the displacement relationship and volume relationship of foundation pit deformation.
Nanjing Xishanqiao station is only 6 m away from the existing railway line. It is a high-risk area with special geographical location. In this paper, Gaussian curve and hyperbola are used to predict the surface settlement and pile horizontal displacement, and compared with the actual monitoring results.
4.1 Calculation of Foundation Pit Settlement Curve
According to the monitoring data of the foundation pit of the shield launching shaft constructed in the early stage, the approximate foundation pit settlement shape can be observed, and the contour curve is shown in Figure 8. Axis x refers to distance from the edge of foundation pit. Axis z refers to the depth of pile body.
It is assumed that the influence range of foundation pit settlement is 1.5H+ a (confidence 95%), and [image: image]∼ 0.4, and the slope at zero point can be taken as [image: image], [image: image] where ϕ (x) Is the standard normal distribution function. By substituting the above parameters, it can be solved as follows: [image: image], set the settlement curve equation as:
[image: image]
The settlement influence line equation of foundation pit is given as follow:
[image: image]
The envelope area of influence line, i.e. the lost volume of topsoil around the pile is:
[image: image]
According to the statistical regularity of foundation pit of Nanjing Xishanqiao station, take α = 0.4, that is, the influence range of foundation pit settlement in Nanjing is about 2H, then [image: image], where H defines as the excavation depth at a certain time, [image: image] defines as the maximum settlement around the foundation pit at the corresponding time. According to the above settlement curve equation and relationship, if the excavation depth and the maximum settlement around the foundation pit are monitored at a certain time, the settlement curve and settlement volume near the point can be approximately obtained.
4.2 Horizontal Displacement Prediction
The displacement of wall (pile) can generally be calculated by elastic foundation beam method, bar system finite element method or field measurement, but these two algorithms have a large amount of calculation. The horizontal displacement curve of soil-rock composite stratum pile is predicted by structural model and statistical regularity.
Xie et.al [26]. used displacement method and volume method to predict here. This paper uses Gaussian curve to fit. The data regularity of the maximum horizontal displacement at a certain depth of nearly 40 test points of trial excavation can be reflected by Gaussian curve fitting. It is divided into two groups according to the soil layer thickness and rock layer thickness.
The fitting results of Gaussian curve are shown in Figure 5, and the distribution formula is listed as follows:
[image: image]
Where [image: image] refers to the displacement value of foundation pit retaining pile, [image: image] refers to the maximum displacement of retaining pile. [image: image] refers to the initial displacement. [image: image] refers to the position depth of a measuring point. [image: image] refers to the depth of the position where the maximum displacement of the retaining pile is located, [image: image] are parameters reflecting the shape of Gaussian curve, where [image: image] corresponds to the soil depth [image: image] at a certain time. By fitting each completed measuring point, [image: image], standard error, [image: image] of each measuring point can be obtained. According to the monitoring data (Table 2 and Figure 7B), it can be observed that [image: image]and [image: image], [image: image] and [image: image], has an obvious linear relationship:
[image: image]
[image: image]
The following Method 1, Method 2 and Method 3 are used to estimate the horizontal displacement of retaining pile. Method 1 and Method 2 adopt Gaussian simulation. The difference is that Method 1 is based on the statistical regularity between [image: image] and [image: image], [image: image] and [image: image], Method 2 does not consider the statistical rule between [image: image] and [image: image], but considers the statistical rule between a and H: Method 3 adopts hyperbolic fitting.
Method 1. Gaussian curve fitting is adopted based on the statistical rule between [image: image] and [image: image], [image: image] and [image: image]:It is easy to know according to the rule of Gaussian curve:
[image: image]
Here, we might as well use the statistical average value for [image: image]. If the supporting pile is deep into the moderately weathered rock (10–12 m), the [image: image] average value = 0.4‰ [image: image] (read from Figure 6A); If the depth of the supporting pile into the soil layer h (>15 m) is deep, [image: image] average value = 1.4 ‰H (read from Figure 6B); . According to Figure 7A in chapter 3.1, [image: image], then the following formula can be obtained:
[image: image]
Method 2. If Gauss curve fitting is adopted based on the statistical rule between [image: image] and [image: image], [image: image] and [image: image], then:
[image: image]
Method 3. Proposed by Xie et.al. [26], the research result of foundation pit in soil-rock composite stratum for Jinhua, Zhejiang use hypobolic function to fit the horizonal displacement. It illustrates that the change rate of maximum horizontal displacement of enclosure structure decreases in a hyperbolic trend. Here also use hyperbolic fitting function to predict Nanjing’s foundation pit:
[image: image]
The maximum horizontal displacement depth is averaged in [image: image] accordance with Figure 7A, when [image: image], Maximum displacement value. [image: image]Depending on the hyperbolic properties, x = 0 or [image: image], y = 0; If the rock-socketed piles penetrate deeper soil layers, they can be obtained as follows:
[image: image]
4.3 Prediction Verification
4.3.1 Predict the Horizontal Displacement When the Soil Penetration Depth is More Than 15 m
According to the existing design, the depth of 8# and 10# piles crossing the soil layer is 15.54 m, and at last the foundation pit is excavated to H = 18 m. Here Method 1, Method 2 and Method 3 are used for checking and comparing with the measured data. The details are listed as follows:
According to Method 1.Take average [image: image] average [image: image]
[image: image]
result is:
According to Method 2. Average y0 = 1.07 mm, average w = 6.61. If the thickness of soil layer h = 15.54m, the result is:
[image: image]
According to Method 3. yc average value is 1.4‰H = 25.2 m, xc average value is 11.16, the result is:
[image: image]
[image: image]
Other pile measuring points are calculated in the same way and the results are compared as shown in Figure 11A.
[image: Figure 11]FIGURE 11 | Comparison of horizontal displacement fitting curves of piles. (A) The thickness of soil layer :15 m. (B) The thickness of soil layer :6 m.
4.3.2 Predict the Horizontal Displacement When the Pile Depth Into the Rock is More Than 10 m
According to the existing design, 2# and 61# piles should go through the soil layer depth h = 6.2 m, the depth of pile into rock is >10 m, and the foundation pit is finally excavated to H = 18 m.
use Method 1. If the thickness of soil layer is h = 6.2m, average w = 5.99, for consideration of deep rock, take xc = 0.62H = 11.16m, take yc = 0.4‰ × 18 = 7.2mm, the result is:
[image: image]
use Method 2. Average y0 = 1.07 mm, average w = 5.99. If the soil thickness h = 6m, xc = 7.44. the result is:
[image: image]
[image: image]
use Method 3. Final excavation depth H = 18 m, yc average 0.4‰H 7.2mm, xc = 0.62H 11.16mm, the result is:
[image: image]
[image: image]
Other pile measuring points are calculated in the same way and the results are compared as shown in Figure 11B.
4.3.3 Verification
Comparing the horizontal displacement curves predicted by the three algorithms with the site monitoring data, it can be seen from Figures 11A,B that whether the pile is relatively deep into the soil or into the rock, the Gaussian prediction of Method 1 is relatively accurate and has little difference from the actual monitoring, and the Gaussian prediction of Method 2 and the hyperbolic prediction of Method 3 are quite different from the site monitoring data. When the pile depth into the rock is large, the hyperbola is larger than the actual monitoring value, and cannot reflect the displacement below the excavation surface of the foundation pit. In contrast, the Gaussian curve can be fully reflected, which is relatively consistent with the actual monitoring data. For the two Gaussian fitting curves, it is more accurate to predict the horizontal displacement by using the relationship between the maximum horizontal displacement and the excavation depth.
5 CONCLUSION
According to previous studies, we can get several conclusions as follows:
1) Based on the analysis of the monitoring data of soil-rock composite stratum of metro foundation pit in Nanjing, the average value of the maximum horizontal displacement in the section of thick soil layer is 1.4 ‰H, and the average value of the maximum horizontal displacement in the section with deep moderately weathered rock (10–12 m) is 0.4‰ H; With the increase of the excavation depth of the foundation pit, the change rate of the maximum horizontal displacement in the deep layer of the pile decreases in a hyperbolic trend; The maximum horizontal displacement depth appears at the depth of about 0.62H, which has no obvious relationship with the depth of the pile into the rock, and has an obvious linear relationship with the increase of the thickness of the soil layer. In this example, the maximum horizontal displacement of the pile in the soil-rock composite stratum is less than 2 ‰H, which can ensure the construction safety and the safety of the sideward railway.
2) The influence range of surface settlement of foundation pit excavation in soil-rock composite stratum in Nanjing is 1–2H, and the maximum settlement point is about 0.1–0.5H away from the edge of foundation pit; The average value of the maximum surface settlement is 0.2 ‰H–0.76 ‰H, and the average value is about 0.33 ‰H. The surface settlement has no obvious regularity with the increase of the thickness of the pile into the soil layer/rock layer.
3) On the basis of considering the influence range (2H) of foundation pit settlement in Nanjing soil-rock composite stratum area. According to the subsection function and relationship of settlement curve fitted by the monitoring data, the settlement curve and settlement volume near a monitoring point in this area can be effectively predicted.
4) Three calculation methods for predicting the horizontal displacement curve of rock-socketed retaining structure in soil-rock composite stratum in Nanjing are proposed. Compared with hyperbolic prediction, the Gaussian curve is in good agreement with the measured value. The prediction using the relationship between the maximum horizontal displacement and excavation depth is more accurate, which can provide a reference for the construction of rock related foundation pit of metro in this area.
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