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The thickness of aquifer is relatively large, the aquifer is not completely isolated by the diaphragm wall, and the water flow inside and outside the foundation pit flows at the bottom of the diaphragm wall. This article reports indoor experiments and theoretical methods which are used to study the deformation mechanism and law caused by dewatering in foundation pit under the condition of incomplete isolation of the inner and outer aquifers of the foundation pit based on typical geological conditions in South China. Our findings are as follows. (1) Through the experimental analysis of the mechanism of groundwater seepage around the foundation pit, the effective influence depth of precipitation in the foundation pit is greater than that outside the foundation pit, and the effective influence depth of double well precipitation is greater than that of single well precipitation. It reveals that the precipitation curve outside the foundation pit under the influence of seepage around the foundation pit presents the characteristics, and puts forward the calculation formula of surface settlement change outside the pit caused by partially penetrating well precipitation in the completely decomposed granite stratum. The calculation results of the theoretical formula are in good agreement with the experimental results, which has good accuracy and applicability. (2) The surface settlement outside the pit caused by dewatering in the foundation pit is mainly concentrated in the surrounding seepage area, and the change value of surface settlement outside the pit caused by double well dewatering is 2∼3 times greater than that caused by single well dewatering. When the whole well is vertically reinjected, the maximum surface settlement is 0.009 mm at the side near the diaphragm wall, and 0.005 mm at the side far away from the diaphragm wall. When the whole well is at an inclination of 10°, the maximum surface settlement is 0.002 mm at the side near the diaphragm wall, and 0.008 mm at the side far away from the diaphragm wall. When the whole well is at an inclination of 20°, the maximum surface settlement is −0.005 mm at the side near the diaphragm wall, and 0.011 mm at the side far away from the diaphragm wall. The full well depth recharge with an inclination of 20° has the largest influence on the surface settlement of the foundation pit, and the recharge effect is the best. (3) The lateral displacement of diaphragm wall increases by 24% compared with that without reinjection. The maximum lateral displacement of the diaphragm wall is 0.09% of the precipitation depth when the whole well is tilted at 10° for reinjection, and the lateral displacement of the diaphragm wall increases by 13% compared with that without reinjection. The maximum lateral displacement of the diaphragm wall is 0.082% of the precipitation depth when the whole well is tilted at 20° for reinjection, and the lateral displacement of the diaphragm wall increases by 4.9% compared with that without reinjection. The full well depth recharge with an inclination of 20° has the least impact on the diaphragm wall, and the recharge effect is the best. The above results can be provided as theoretical foundation for the study of the deformation mechanism and law caused by dewatering in foundation pit.
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1 INTRODUCTION
In recent years, with the increase in depth and quantity of foundation pit engineering, the degree of foundation pit dewatering will also increase, and the impact of foundation pit dewatering on the deformation of surrounding soil will become more prominent. At present, domestic and foreign scholars have achieved certain results in the research of deformation mechanisms and laws caused by foundation pit dewatering.
Based on the Pasternak elastic foundation beam theory, combined with the effective stress principle of soil and the Dupuit hypothesis Xu et al. (2021) derived the analytical solution of adjacent pipeline deformation in sandysoil caused by single well dewatering, based on the Pasternak model of elastic foundation beams, and combining the effective stress principle of soil and Dupuit hypothesis, The example calculation results are in good agreement with the results of pumping test and numerical simulation, which verifies the applicability. The law of stress and deformation for the pipeline is studied by parameter analysis. The results show that the influence of soil shear stiffness should not be ignored in the study of soil pipeline interaction and the pipeline deformation range is approximately equal to the influence radius of dewatering. Pipeline deformation and stress are greatly influenced by dewatering depth and the distance between the pipeline and the dewatering well, Before reaching the critical drawdown, the maximum value of pipeline deformation and bending moments are at the center of pipeline, increasing with the increase of dewatering depth. Lv et al. (2020) derived analytical expressions for stable flow in ancient river channels under pressure and intact wells under pressure. Based on this, apply it to foundation pit dewatering engineering and propose a method for calculating the water inflow of foundation pits in confined aquifers of ancient river channels. On this basis, it is applied to the foundation pit dewatering project, and a method for calculating the water inflow of the foundation pit of artesian aquifers in the ancient river is put forward. Taking the deep foundation pit of the underground parking lot of Liyuan Plaza in Wuhan as an example, the calculated results are compared with those of the traditional methods and the actual monitoring data. The results show that the relative error between the calculated results andthe actual water inflow of the foundation pit is only 7.4%. While the relative error of the traditional method is 54.5%. Which verifies the rationality of the proposed method. Based on the principle of continuity of groundwater seepage and combined with Darcy’s law, Zhang et al. (2021) proposed a calculation method for surface settlement considering suspended water stop curtains, and established a complete optimization method for water control design of suspended water stop curtains that considers both safety and economy in foundation pit design. Finally, an applicable procedure of dewatering of foundation pit with waterproof curtain partially penetrating aquifers was developed. in which water control cost is set as the target, and ground subsidence and groundwater inflow are set as the constraints conditions considering both safety and economy of foundation pit design. Shi et al. (2022) established a three-dimensional numerical model of seepage stress coupling based on the research background of subway deep foundation pits in a water rich geological environment, and studied the deformation and displacement process of deep foundation pits after precipitation and the influencing factors under different precipitation conditions. The results show that during the dewatering and excavation of foundation pits, seepage-stress has an obvious coupling effect in dewatering and excavation. The stress concentration position of retaining structure and the maximum displacement of lateral displacement are about 0.5–0.6 excavation depth of pile body. With the depth of precipitation increases, the seepage effect in the soil layer is obviously enhanced, which is not conducive to the stability of the foundation pit. Xu et al. (2022) analyzed the causes of seepage accidents in foundation pits and found potential weak areas formed by three-axis mixing piles and abandoned piles, and reinforced the foundation pit to control groundwater. The seepage failure was attributed to the defects in the three-axis mixing piles and the potential weak region created around the abandoned pile. It was finally controlled by filling the whole foundation pit with water. A systematic reinforcement of the foundation pit was carried out. The soil disturbed by the seepage failure was reinforced by two-shot process grouting and sleeve valve pipe grouting. The cast-in-place piles and prestressed assembled steel struts were constructed to strengthen the original retaining wall and support system. Yuan et al. (2013) proposed an estimation method for ground settlement caused by precipitation under lateral friction constraint. The research results show that the constraint function of lateral friction to soil settlement is mainly limited in the range of 18 m away from the waterproof curtain; the position where the constraint effect of lateral friction became most significant was at the interface of soil and waterproof curtain, The novel estimation method proposed taking the lateral friction into account can well predict the space distribution of soil subsidence induced by dewatering. Wu and Zhu (2016) proposed a calculation method for ground settlement caused by foundation pit precipitation considering the influence of unsaturated soil in the drainage zone. By ignoring the lateral displacement and the effect of the group wells, the effective stress principle of unsaturated soil was induced and the equation of the water-table depression was solved on the supposition of Dupuit presupposition. Then the settlement of the soil layers above and below the cone of water-table depression was calculated respectively based on the layer-wise summation method, and the actual settlement was the sum of them. Comparison of numerical simulation results with monitoring results of the engineering examples show that the calculation method is of practical engineering value.
Debasis and Keith (2009) conducted a study on ground settlement caused by bedrock drainage in soft soil sites. Subsurface investigation and monitoring data obtained over 5.75-year period following the construction of the structure indicated that the settlement resulted from consolidation of soft soils due to depressurization of an aquifer within the underlying bedrock caused by continuous dewatering needed for the operation of the structure. An analytical study was undertaken to project the long term settlement. Li et al. (2008) proposed a simplified algorithm for calculating ground settlement caused by drainage in foundation pits. When the lateral displacement is ignored, the layer-wise summation method can be used to calculate the settlement, The equation of the cone of water-table depression was obtained on the supposition of Dupuit presupposition, so the increment of effective stress of the soil layers above and under the cone of water-table depression could be calculated, then the settlement could be calculated by the layer-wise summation method. The restriction to the settlement by diaphragm (pile) was also taken into account, the settlement influenced by the restriction of the diaphragm (pile) was calculated by use of the relationship of the shear-displacement on the experiential assumption, and the actual settlement was the sum of the both. The settlement of a foundation pit was obtained, showing that the simplified analysis is feasible. Huang and Lu (2009) proposed an evaluation method for ground settlement caused by foundation pit precipitation in specific areas. With the method and data from the construction site of Yizhuang light railway, the optimum values of the storage coefficients of elastic and non-elastic aquifers of the site are determined, respectively. Further, with the storage coefficients and an effective stress analysis method, the land subsidence tendency of the construction site of Yizhuang light railway is evaluated. The results show that the southeastern part of the construction site will subside as large as 70–126 mm in the next 10 years (2006–2015) if the situation of groundwater extraction is not improved. Wang et al. (2009) proposed a calculation method for ground settlement induced by deep foundation pit precipitation in subway stations. Firstly, the single point deformation and compression in each layer are defined according to the law of inversed rebound, supposing that the inversed rebound and consolidation appear simultaneously but can be calculated separately; and the inversed rebound is measured by inversed rebound index. And the gradual consolidation is considered by layer division. When the inversed rebound value is greater than consolidation one, the strata willexpand. The ground subsidence can be precisely predicted by the method when the inversed rebound index anddrawdown are measured or calculated reasonably. Zhang (2014) studied the characteristics and laws of groundwater seepage field in suspended water curtain foundation pits. Liu (2016) studied the effects of factors such as interlayer permeability, head difference, and aquifer thickness on the seepage field of layered aquifers. Liu (2002) explores the feasibility of introducing the concept of “effective zone” for pumping and transforming the calculation of partially penetrating well group water inflow into an equivalent complete well group water inflow calculation method. Several examples indicate that simplified method can control the comparative error of the discharge of one pit within 20 percent, then prove that the simplified method to a certainly has practical value. Jia et al. (2016) established calculation models for soil deformation caused by single well pumping and insertion of waterproof curtains into dewatering aquifers under displacement coordination conditions. The analytical results show that elastic modulus of the overlying soil has little influence on ground surface displacement, yet thickness of overlaying soil layer shall be taken into consideration. The settlement of soils overlying confined aquifer increases up to down nearby the pumping well. Over a certain distance, the settlement does not change with depth. The drawdown outside the foundation pit can be estimated according to the demand for drawdown inside the foundation pit. Wang et al. (2015) analyzed the seepage characteristics of the flow and non flow zones formed under the influence of suspended curtains, and systematically proposed the modified large well method for calculating the inflow of groundwater and confined water under suspended curtain conditions. Luo et al. (2004) derived a formula for calculating the settlement consolidation degree caused by pressure reduction under the assumption of one-dimensional vertical consolidation. Gong and Zhang (2011) and Wang et al. (2013) proposed a formula for calculating additional distributed internal forces considering the pressure reduction effect of confined water based on the complete well theory, and derived a formula for calculating surface settlement considering the additional distributed internal forces of pressure reduction effect of confined water. By calculating steady flow of fully penetrated well of confined water, the additional force acting on the overlaying soil, which is caused by pressure-relief of confined water, is studied. Above all. The effects of some parameters on the settlement are studied, such as the thickness, modulus of the overlaying soil, head difference and transmissibility of the confined aquifer. Through an example, the settlement of the ground caused by decompression of confined water is small and agrees with the actual one. Zheng et al. (2013) used an asymmetric foundation pit project as a research example, established a numerical model, and simulated and analyzed the deformation characteristics of the foundation pit enclosure structure caused by step-by-step dewatering excavation. Due to different excavation depths of the asymmetric foundation, in the process of staged dewatering and excavation, the vertical deformation of the retaining structure is inclined along the cross-section. In the meantime, the horizontal deformation goes towards the direction of the shallow pit, which makes the eccentric rotation of the whole retaining structure. Liu et al. (2013) used transient analysis to simulate the process of foundation pit dewatering and analyzed the impact of foundation pit dewatering on the foundation pit support system and surrounding environment. Wu et al. (2012) analyzed the influence of considering groundwater seepage on the embedded depth of multi-layer support and enclosure structures in soft soil areas, revealing the importance of considering seepage in the analysis of excavation deformation and internal forces of foundation pits. The proposed controlling index to determine the embedded depth is put forward. Combined with the monitoring results, a conclusion on whether to consider the effect of seepage flows in the excavation deformation and stress analysis is drawn. Zhang et al. (2010) analyzed the monitoring data of the steel support axial force, horizontal displacement, surrounding groundwater level, and surface settlement of the enclosure structure, and obtained the variation patterns of relevant parameters. The precipitation of tube wells supported by light wells and waterproof curtain walls successfully resolves the potential hazards posed by high-pressure water. According to the analysis of monitoring data of horizontal displacements, axial forces, surface settlements and water levels, some useful variations of the parameters are obtained, and they can be used as references for the design and construction of similar projects. Ran and Hu (2009) studied the effects of factors such as soil density, internal friction angle, cohesive force, friction characteristics between retaining piles and soil around foundation pits, as well as the depth of insertion of foundation pit retaining structures into soil layers, on the infiltration failure mode and critical hydraulic gradient. Chen et al. (2008) analyzed the main reasons for changes in the surrounding environment caused by foundation pit dewatering during construction, and designed a partition pressurized water treatment plan. Through a case in Kunshan area, the causes for the influence of dewatering of the deep foundation pit on the surrounding environment were analyzed. The design for cutting off the confined water was analyzed, and a repair project was advanced. The results are of some directive significance for the design of the deep foundation pit.
These scholars have conducted research on the mechanism or pattern of deformation caused by precipitation inside and outside the foundation pit based on the Dupuit theory of precipitation curve. In fact, when the thickness of the aquifer is large and there is precipitation inside the foundation pit, due to economic and technical limitations, the connecting wall cannot completely isolate the aquifer inside and outside the foundation pit. There is a phenomenon of seepage at the bottom of the connecting wall, and groundwater will move horizontally and vertically, resulting in differences between the actual precipitation curve outside the pit and the Dupuit theory precipitation curve form, which affects the accuracy of analyzing the deformation mechanism or law caused by precipitation inside the pit based on the Dupuit theory precipitation curve. It can be seen that studying the deformation mechanism and laws caused by precipitation in the foundation pit is of great practical significance for the seepage situation at the bottom of the diaphragm wall.
This article takes the foundation pit project of a subway comprehensive hub in South China as the background, selects typical strata in South China, and uses design model tests and theoretical analysis to reveal the mechanism of water level changes outside the foundation pit caused by partially penetrating well precipitation. It proposes a calculation method for the precipitation curve outside the pit and the division of seepage zones, and then proposes a simplified calculation method for surface settlement outside the foundation pit. At the same time, the laws of surface settlement outside the pit and deformation of the diaphragm wall caused by different forms of precipitation and recharge were studied.
2 ENGINEERING BACKGROUND
The model test is based on a subway foundation pit project in South China. The strata within the excavation area are typical phreatic aquifer, which are distributed from top to bottom as a layer of silty clay, conglomerate clayey soils, completely decomposed granites, and strongly weathered granites. The physical and mechanical parameters of the actual strata related to dewatering and surface subsidence are shown in Table 1.
TABLE 1 | The physical and mechanical parameters of the actual strata.
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3.1 Experimental process
The layout plan and section of the partially penetrating wells dewatering model test in the foundation pit are shown in Figure 1. Yang et al. (2023) and Wu et al. (2022), Wu et al. (2024) provided the testing method and steps for the foundation pit dewatering model.
[image: Figure 1]FIGURE 1 | Test arrangement and section view. (A) Test Arrangement (unit: m). (B) 1-1 Section view (unit: m). (C) 2-2 Section view (unit: m).
The main body of the experimental model box measures 2 m in length, 1.8 m in width, and 1.2 m in height. There are replenishment tanks on all sides, which are separated from the main body by partitions with small holes. The thickness of the partition is 5 cm, and the opening area of the partition accounts for 48% of the total area. The maximum porosity of the test soil layer is 0.44. The number of openings in the partition can be adjusted to be consistent with the porosity of the soil layer, which meets the stable seepage water supply of the test soil layer and forms a constant head boundary condition. At the same time, a hollow cylindrical support is added to the water replenishment tank to ensure that the partition does not deform during the entire test process.
Per 10 cm formation material laid, the formation shall be tamped immediately. By injecting the water into the test tank from the water tank on high, the soil layer was made saturated from bottom to top. As certain settlement deformation may occur after saturation inside the soil layer, it is required to continue filling the soil to the required height. Only after 1–2 times of saturation and filling processes, the continued filling and installation of instruments and soil can be monitored, until filling to the height at 1.1 m as required by the test. Upon solidification of soil layer in the test tank, the water tanks and main tank around shall maintain the water level at 1.1 m high. As the formation solidifies under the weight force, when the reading change of displacement meter at the settlement observation point on the soil layer surface was less than 0.001 mm/d, it shows the soil layer solidification was basically finished. At the time, the model test had achieved the initial status prior to the construction, and meets the precipitation test condition.
In order to clearly display the location of the pore water pressure measuring points, the pore water pressure gauge in Figure 1 was filled in bold and arranged in a straight line. However, in the actual test process, the pore water pressure gauges were arranged in a staggered manner (three columns in total), with a thickness of 12.95 mm and an outer diameter of 13.18 mm, occupying a small space in the test area. Therefore, the impact on the seepage field, pore water pressure, and other factors is relatively small, and the influence of this factor can be ignored.
The test cases:
Case 1: fixed drawdown and dewatering test of partially penetrating single well outside the foundation pit in completely decomposed granites, and specified drawdown (0.1, 0.2, 0.3, 0.4, 0.5 m) dewatering test of 5# dewatering well in completely decomposed granites;
Case 2: fixed drawdown and dewatering test of partially penetrating single well in the foundation pit in completely decomposed granites, and specified drawdown (0.1, 0.2, 0.3, 0.4, 0.5 m) dewatering test of 1# dewatering well in completely decomposed granites;
Case 3: fixed drawdown and dewatering test of partially penetrating double wells in the foundation pit in completely weathered granite stratum, and specified drawdown (0.1, 0.2, 0.3, 0.4, 0.5 m) and dewatering test of 1# and 3# dewatering wells are carried out at the same time in completely decomposed granites.
3.2 Analysis of test results of effective influence depth measurement
The pore water pressure variation curves of 5#, 1#, and 1# and 3# precipitation wells in completely decomposed granites before and after stable precipitation at different depths are shown in Figure 2:
[image: Figure 2]FIGURE 2 | Curves of variation in pore water pressure at different drawdown. (A) Curves of variation in pore water pressure at different drawdown of 5#. (B) Curves of variation in pore water pressure at different drawdown of 1#. (C) Curves of variation in pore water pressure at different drawdown of 1# and 3#.
It can be seen from the comparison of the effective influence depths in Figure 2A, B that the effective influence depth of the dewatering of partially penetrating wells in the foundation pit is greater than that outside the foundation pit, which is due to the phenomenon of groundwater seepage around the bottom of the dewatering diaphragm wall in the foundation pit, which increases the effective influence depth of partially penetrating wells. The comparison of effective influence depth between Figure 2B, C shows that the effective influence depth of double well dewatering is slightly greater than that of single well dewatering, which is due to the influence of well group effect, which increases the water level drawdown in the foundation pit, and then increases the effective influence depth, but the increase is small.
It can be seen from the comparison of the effective influence depths in Figure 2A–C that The effective impact depth of incomplete well dewatering inside the foundation pit is greater than that outside the foundation pit. When other conditions are the same, the effective impact depth of incomplete well dewatering inside the foundation pit is 1.18 times that of outside the foundation pit on average. This is due to the phenomenon of groundwater seepage around the bottom of the dewatering diaphragm wall inside the foundation pit, which increases the effective impact depth of incomplete well dewatering; The effective impact depth of simultaneous dewatering of double wells in the foundation pit is greater than that of single well dewatering. The effective impact depth of simultaneous dewatering of double wells in the foundation pit is 1.12 times that of single well dewatering on average. This is due to the group well effect, which leads to an increase in seepage around the well, thereby increasing the impact on the effective impact depth.
3.3 Theoretical calculation of effective influence depth
Based on the water inflow calculation method of fully penetrating wells and partially penetrating wells in phreatic layer mentioned by Chen et al. (1999), the calculation formula of effective influence depth of partially penetrating wells is derived. As the permeability coefficient of typical phreatic strata gradually increases from top to bottom, and the bottom is strongly weathered granite stratum, the permeability coefficient is the largest, and there is no aquitard under the stratum, so the theoretical calculation can ignore the water release of aquitard itself.
The calculation formula of water inflow of fully penetrating single well is as follows:
[image: image]
Qf is the water inflow of fully penetrating single well in Phreatic strata, m3/d; k is the formation permeability coefficient, m/d; sw(f) is the drawdown of fully penetrating single well, m; R is the influence radius of dewatering well, m; rw is the radius of dewatering well, m; Ha is the thickness of the complete well aquifer, m.
The calculation formula of water inflow of partially penetrating single well is as follows:
[image: image]
Qp is the water inflow of partially penetrating single well in Phreatic strata, m3/d;k is the formation permeability coefficient, m/d; sw(p) is the drawdown of partially penetrating well, m; l is the filter length of dewatering well, m; R is the influence radius of dewatering well, m; rw is the radius of dewatering well, m.
The partially penetrating well can be equivalent to fully penetrating well with the same water inflow and drawdown:
[image: image]
According to Equations 1–3, the aquifer thickness Ha of the equivalent fully penetrating well can be approximately calculated by MATLAB software, that is, the effective influence depth of the partially penetrating well. The calculation results of the effective impact depth of partially penetrating well precipitation based on completely decomposed granite similar strata are shown in Table 2.
TABLE 2 | Theoretical calculated results of effective depth.
[image: Table 2]The theoretical calculation results are compared with the test results, as shown in Table 3:
TABLE 3 | Comparison of theoretical calculation results and test results in completely decomposed granite stratum.
[image: Table 3]From Table 3, it can be seen that the error between the theoretical calculation results and the test results of 5# dewatering wells outside the foundation pit is relatively small, and the error between the theoretical calculation results and the test results of 1# dewatering wells, 1# dewatering wells and 3# dewatering wells inside the foundation pit is relatively large, which are all smaller than the test results inside the foundation pit. The theoretical method is more suitable for the calculation of the effective influence depth of partially penetrating wells outside the foundation pit, and it needs to be multiplied by the amplification factor when applied in the foundation pit. When other conditions are the same, the effective influence depth of partially penetrating wells in the foundation pit is 1.18 times of that outside the foundation pit on average. The theoretical value of the effective influence depth of partially penetrating wells in the foundation pit can be obtained by multiplying the value calculated by the theoretical formula by the amplification factor of 1.18. The test result of double well simultaneous dewatering in the foundation pit is 1.12 times of the average of single well dewatering. The theoretical value of the effective influence depth of partially penetrating wells in the foundation pit can be obtained by multiplying the value calculated by the theoretical formula by the amplification factor of 1.18 in the foundation pit, and then multiplying the amplification factor of double well dewatering by 1.12.
4 PROPOSAL AND COMPARATIVE VERIFICATION OF PRECIPITATION CURVE FORMULA CONSIDERING THE INFLUENCE OF BYPASS INFILTRATION
4.1 Analysis of experimental results
After sorting out and analyzing the pore water pressure monitoring data from measuring point 3 to monitoring point 8 in the 0.5 m drawdown test of 1# dewatering well in condition 2, the water level change curve of different buried depths outside the foundation pit after the dewatering is stable can be obtained, as shown in Figure 3A. Using the same experimental method, the water level variation curve of the gravelly cohesive soil layer was obtained, as shown in Figure 3B.
[image: Figure 3]FIGURE 3 | Curves of variation in water level at different depths. (A) Curves of variation in water level of completely decomposed granite stratum at different depths. (B) Curves of variation in water level of gravelly clay stratum at different depths.
As can be seen from Figure 3, within the depth range of the diaphragm wall after stable precipitation, the change of water level in the soil layer outside the foundation pit increases with the increase of the buried depth, decreases with the increase of the distance from the diaphragm wall, and increases with the increase of the permeability coefficient of the stratum. The precipitation curve form outside the foundation pit is quite different from the Dupuit precipitation curve. In the area near the diaphragm wall, the seepage around the bottom of the diaphragm wall occurs, and the groundwater seepage occurs in both horizontal and vertical directions, resulting in a great difference from the Dupuit precipitation curve form considering only the horizontal seepage.
4.2 Theoretical calculation method
According to Figure 3, Using MATLAB data fitting function, the front section of the precipitation curve outside the foundation pit is concave downward, and the rear section is convex upward. The fitting function is determined as follows:
[image: image]
y1 is the water content thickness of the soil layer at x outside the diaphragm wall, x is the distance from the diaphragm wall, C1, C2, d and e are the parameters in the function.
By substituting the relevant test data in Figure 3 into Equation 4, the parameter values of the fitting function can be obtained as shown in Table 4, where R is the correlation coefficient.
TABLE 4 | Fitting values of parameters of completely decomposed granite stratum.
[image: Table 4]The physical quantities that affect the precipitation curve are the soil moisture thickness hw (hw=moisture thickness H-soil water level drawdown sw) closest to the diaphragm wall outside the foundation pit after stable precipitation, the soil moisture thickness H before precipitation, the soil permeability coefficient k and the effective influence depth Ha of partially penetrating wells in the foundation pit. The values of each physical quantity are shown in Table 5.
TABLE 5 | Main physical values of completely decomposed granite stratum.
[image: Table 5]By comparing the data in Tables 4, 5, it can be seen that the values of parameter C1 and hw are equal, and the values of parameter A2 and H are basically equal. Parameter C1 can be replaced by hw, and parameter C2 can be replaced by H. The mean value of parameter d is basically the same as the value of the formula [image: image]. Replace parameter d with the formula [image: image], and take parameter e as a constant, with a value of 2.8.
Replace the parameters of the fitting function with the relevant physical quantities, and publicity (5) can be rewritten as:
[image: image]
The fitted precipitation curve calculated by the formula is compared with the precipitation curve of the model test, as shown in Figure 4:
[image: Figure 4]FIGURE 4 | Comparison of curves of water level falling of completely decomposed granite stratum at different depths. (A) The depth of 0.07 m. (B) The depth of 0.22 m. (C) The depth of 0.37 m. (D) The depth of 0.52 m.
It can be seen from Figure 4 that the fitted precipitation curve is basically consistent with the test precipitation curve, indicating that Equation 5 can more accurately describe the precipitation trend outside the diaphragm wall.
4.3 Division of by-pass seepage zone
The precipitation curves considering the influence of seepage around are in the form of “first concave and then convex”. The concave part of the curve is the main influence area of seepage around. The characteristics of water flow are that there are horizontal and vertical seepage at the same time. The convex part of the curve is a non bypass seepage area, and the flow characteristics are mainly horizontal seepage, while the vertical seepage can be ignored. The inflection point of the curve from concave to convex is the boundary between the infiltration area and non infiltration area. It can be seen that the infiltration area and non infiltration area can be divided by finding the inflection point. As shown in Figure 5.
[image: Figure 5]FIGURE 5 | Calculation model of by-pass seepage zone partition.
Calculate the second derivative of the precipitation curve fitting formula and make the second derivative zero. The obtained x value is the distance between the inflection point of the precipitation curve and the diaphragm wall. The solution process is as follows:
Find the first derivative of h:
[image: image]
Find the second derivative of h:
[image: image]
According to Equation 8, the comparison between the inflection point position of precipitation curve obtained by theoretical calculation and the inflection point range of test precipitation curve is shown in Figures 6, 7.
[image: Figure 6]FIGURE 6 | Inflection point location of curve of water level falling in completely decomposed granite stratum. (A) The depth of 0.07 m (B) The depth of 0.22 m. (C) The depth of 0.37 m (D) The depth of 0.52 m.
[image: Figure 7]FIGURE 7 | Simplified model of soil deformation calculation considered seepage force.
It can be seen from Figure 6 that the inflection points of precipitation curves calculated by the theory of different strata are within the range of test inflection points, indicating that the theoretical method can accurately divide the surrounding seepage area and non surrounding seepage area outside the pit, which has guiding significance for the construction and monitoring of foundation pit.
5 MODIFICATION OF CALCULATION METHOD FOR SURFACE SETTLEMENT OUTSIDE PIT CAUSED BY PRECIPITATION
5.1 Correction calculation process of soil settlement outside the pit
The movement of groundwater caused by precipitation will generate a completely new seepage field and break the initial static equilibrium state, causing changes in both the seepage field and stress field of the soil around the well. The additional stress caused by seepage force is the main cause of soil consolidation and compaction due to water loss. Ignoring other secondary factors, the direction of this additional stress is approximately the same as the direction of seepage force. Due to the horizontal and vertical components of the seepage force in the seepage zone in Section 4.3, the direction of the seepage force is tangent to the stable groundwater surface at any point and points towards the foundation pit.
Based on the research ideas of Wu and Zhu (2016), after the formation of the precipitation infiltration curve, it is divided into a sparse part and a saturated part above and below the curve. Throughout the entire precipitation process, the soil in zone s1 was drained, while the soil in zone s2 remained saturated due to being below the stable groundwater level before and after precipitation. This article calculates the settlement of two separate parts of soil separately, taking into account the horizontal component of seepage force in the drained and saturated parts within the seepage zone.
The horizontal component of seepage force is considered in the drained part and saturated part within the surrounding seepage area, as shown in Figure 7.
Suppose the abscissa of any S point on the surface is x (the distance from the S point to the diaphragm wall), and calculate the tangent slope of the curve according to Equation 6:
[image: image]
According to the triangular geometry:
[image: image]
The vertical component of the additional stress caused by precipitation in the infiltration area s1 is as follows:
[image: image]
The vertical component of the additional stress caused by precipitation in the infiltration area s2 is as follows:
[image: image]
The settlement of dewatering area S1 is as follows:
[image: image]
The settlement of saturated zone S2 is as follows:
[image: image]
The final settlement of the surface outside the pit is as follows:
[image: image]
For the calculation of surface settlement in non permeable areas, the presence of horizontal components in the drained and saturated parts is not considered, and the additional stress caused by precipitation does not need to be multiplied by sinα.
5.2 Comparison of calculation results
According to Equations 7–14. The surface settlement changes of foundation pit obtained by simplified calculation method and modified calculation method in different strata are compared with the test results, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Comparison of surface subsidence curves of completely decomposed granite stratum.
It can be seen from Figure 8 that the surface settlement curve outside the pit obtained by considering the effect of seepage force in the surrounding seepage area is more consistent with the surface settlement monitoring curve in the model test, and this calculation method can be estimated accurately and quickly.
6 STUDY ON THE LAW OF SURFACE DEFORMATION OUTSIDE THE PIT CAUSED BY DEWATERING IN THE FOUNDATION PIT
The layout of the model test on the deformation law of the surface outside the pit caused by the dewatering of partially penetrating wells in the foundation pit is shown in Figure 9. Yang et al. (2023) provided the testing method and steps for the foundation pit dewatering model.
[image: Figure 9]FIGURE 9 | Test arrangement and section view. (A) Test Arrangement (unit:m). (B) 1-1 Section view (unit: m). (C) 1-1 Section view (unit: m). (D) 2-2 Section view (unit: m).
The test cases are as follows:
Case 1: large drawdown (0.5 m) of a single well in the foundation pit
Case 2: large drawdown (0.5 m) of double wells in the foundation pit
Case 3: large depth (0.5 m) dewatering inside the foundation pit, and 1/2 well deep recharge outside the foundation pit;
Case 4: large depth (0.5 m) dewatering in the foundation pit, and full well deep recharge outside the foundation pit;
Case 5: large depth (0.5 m) dewatering inside the foundation pit, and 10° inclined recharge between the outside of the foundation pit and the vertical direction;
Case 6: large depth (0.5 m) dewatering inside the foundation pit, and 20° inclined recharge between the outside of the foundation pit and the vertical direction.
6.1 Deformation law of surface outside the pit caused by dewatering in the foundation pit
The time history curve of surface settlement at different distances from the diaphragm wall outside the foundation pit is shown in cases 1 and 2, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | The time history curves of surface subsidence. (A) Case 1. (B) Case 2.
It can be seen from Figure 10A that the first 120 min after the beginning of precipitation is in the period of sudden decline of land subsidence, and the subsidence rate is the highest. 770 min after the beginning of precipitation, all points of land subsidence gradually enter the period of settlement stability. The main settlement is concentrated within 0.55 m from the diaphragm wall, that is, the main settlement is concentrated within the by-pass seepage area.
It can be seen from Figure 10B that the first 120 min after the beginning of precipitation is in the period of sudden decline of land subsidence, and the subsidence rate is the highest. 870 min after the beginning of precipitation, all points of land subsidence gradually enter the period of settlement stability. The main settlement is concentrated within 0.7 m from the diaphragm wall, that is, the main settlement is concentrated within the by-pass seepage area.
The variation value of surface settlement outside the foundation pit caused by double well dewatering is 2–3 times greater than that caused by single well dewatering. It can be seen that double well dewatering will produce the superposition effect of surface settlement. Therefore, the influence of superposition effect should be considered in multi well dewatering.
6.2 Law of surface settlement outside the pit caused by dewatering inside the pit and recharging outside the pit
The time history curve of surface settlement outside the foundation pit at different distances from the diaphragm wall is in case 3–6, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | The time history curves of surface subsidence. (A) Case 3. (B) Case 4. (C) Case 5. (D) Case 6.
As can be seen from Figure 11A, when half well deep reinjection is carried out outside the foundation pit, the surface settlement of the reinjection well is negative at the side near the diaphragm wall, indicating that the surface is sinking downward. When the precipitation reinjection is stable, the maximum value is −0.005 mm. When the reinjection well is far away from the diaphragm wall, the surface settlement values are negative, indicating that the surface is sinking downward, and when the precipitation reinjection is stable, the maximum value is −0.017 mm.
It can be seen from Figure 11B that when the whole well deep reinjection is carried out outside the foundation pit, the surface settlement is positive at the side of the reinjection well adjacent to the diaphragm wall, indicating that the surface is uplifted upward. When the precipitation reinjection is stable, the maximum value is 0.009 mm. When the reinjection well is far away from the diaphragm wall, the surface settlement is positive, indicating that the surface is uplifted upward, and when the precipitation reinjection is stable, the maximum value is 0.005 mm. It can be seen that the whole well deep reinjection is more than the half deep reinjection, and the surface settlement of the reinjection well near the diaphragm wall has decreased by 0.014 m and far away from the diaphragm wall has decreased by 0.022 m.
As can be seen from Figure 11C, when the whole well deep reinjection with an angle of 10° from the vertical direction is carried out outside the foundation pit, the surface settlement value is positive at the side of the reinjection well adjacent to the diaphragm wall, indicating that the surface is uplifted upward. When the precipitation reinjection is stable, the maximum value is 0.002 mm. When the reinjection well is far away from the diaphragm wall, the surface settlement values are positive, indicating that the surface is uplifted upward, and when the precipitation reinjection is stable, the maximum value is 0.008 mm. It can be seen that the inclined 10° full well deep reinjection is better than the vertical full well deep reinjection, and the surface settlement at the side of the reinjection well adjacent to the diaphragm wall has decreased by 0.007 m, while the surface settlement at the side away from the diaphragm wall has decreased by 0.025 m.
It can be seen from Figure 11D, when the whole well deep reinjection with an angle of 20° with the vertical direction is carried out outside the foundation pit, the surface settlement change value is negative at the side of the reinjection well adjacent to the diaphragm wall, indicating that the surface is sinking downward. When the precipitation reinjection is stable, the maximum value is −0.005 mm, and the reinjection well is far away from the side of the diaphragm wall, the surface settlement values are positive, indicating that the surface is uplifted upward, and when the precipitation reinjection is stable, the maximum change value is 0.011 mm. It can be seen that the inclined 20° full well deep reinjection is better than the inclined 10° full well deep reinjection, and the surface settlement at the side of the reinjection well adjacent to the diaphragm wall has decreased by 0 m, while the surface settlement at the side away from the diaphragm wall has decreased by 0.028 m.
6.3 Deformation law of the diaphragm wall caused by dewatering in foundation pit
The variation curve of diaphragm wall lateral displacement with buried depth under different precipitation time conditions is in case 1 and case 2, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | The curves of lateral displacement of diaphragm wall with different depth under different precipitation time cases. (A) Case 1. (B) Case 2.
It can be seen from Figure 12 that the lateral displacement of the diaphragm wall increases gradually with the increase of precipitation time for both single well and double well dewatering. The maximum lateral displacement of the diaphragm wall with a single well dewatering depth of 0.5 m is 0.39 mm, which is 0.078% of the precipitation depth. The maximum lateral displacement of the diaphragm wall with a double well dewatering depth of 0.5 m is 0.58 mm, which is 0.12% of the precipitation depth.
6.4 Deformation law of diaphragm wall caused by dewatering inside foundation pit and recharging outside foundation pit
The variation curve of diaphragm wall lateral displacement with buried depth under different precipitation time conditions is in case 3–6, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | The curves of lateral displacement of diaphragm wall with different depth under different precipitation time cases. (A) Case 3. (B) Case 4. (C) Case 5. (D) Case 6.
It can be seen from Figure 13A that with the increase of precipitation recharge time, the displacement value of diaphragm wall to the inner side of foundation pit gradually increases. The maximum lateral displacement of diaphragm wall is 0.25 mm, which is 0.05% of the precipitation depth. The lateral displacement value of diaphragm wall decreases by 34% compared with that without recharge. This is because within the range of reinjection depth, the displacement of replenished soil particles to the diaphragm wall decreases with the reinjection depth being 1/2 of the well depth, and the reinjection seepage force towards the diaphragm wall is small, which causes the diaphragm wall to move to the inside of the pit much less than the reduced displacement of soil particles to the diaphragm wall, resulting in that when the reinjection depth is 1/2 of the well depth, the lateral displacement of the diaphragm wall is less than that without reinjection.
It can be seen from Figure 13B that with the increase of precipitation reinjection time, the displacement value of diaphragm wall to the inner side of foundation pit gradually increases, and the maximum lateral displacement of diaphragm wall is 0.51 mm, which is 0.1% of the precipitation depth. The lateral displacement value of diaphragm wall increases by 24% compared with that without reinjection. This is because within the range of reinjection depth, the displacement of replenished soil particles to the diaphragm wall decreases with the reinjection depth being the full well depth, and the reinjection seepage force towards the diaphragm wall is large, causing the diaphragm wall to move to the inside of the pit more than the reduced displacement of soil particles to the diaphragm wall, resulting in the lateral displacement of the diaphragm wall greater than that without reinjection when the reinjection depth is the full well depth.
It can be seen from Figure 13C that with the increase of precipitation reinjection time, the displacement value of diaphragm wall to the inner side of foundation pit gradually increases. The maximum lateral displacement of diaphragm wall is 0.45 mm, which is 0.09% of the precipitation depth. The lateral displacement value of diaphragm wall increases by 13% compared with that without reinjection. The lateral displacement of the diaphragm wall of the inclined 10° full depth reinjection is significantly reduced compared with the vertical full depth reinjection.
It can be seen from Figure 13D that with the increase of precipitation recharge time, the displacement value of the diaphragm wall to the inner side of the foundation pit gradually increases. The maximum lateral displacement of the diaphragm wall is 0.41 mm, which is 0.082% of the precipitation depth. The lateral displacement value of the diaphragm wall increases by 4.9% compared with that without recharge. The lateral displacement value of the diaphragm wall of the inclined 20° full well deep reinjection is less than that of the inclined 10° full well deep reinjection.
7 CONCLUSION

(1) Through the experimental analysis of the mechanism of groundwater seepage around the foundation pit, the effective influence depth of precipitation in the foundation pit is greater than that outside the foundation pit, and the effective influence depth of double well precipitation is greater than that of single well precipitation. It reveals that the precipitation curve outside the foundation pit under the influence of seepage around the foundation pit presents the characteristics of “first concave and then convex”, and puts forward the calculation formula of surface settlement change outside the pit caused by partially penetrating well precipitation in the completely decomposed granite stratum. The calculation results of the theoretical formula are in good agreement with the experimental results, which has good accuracy and applicability.
(2) The surface settlement outside the pit caused by dewatering in the foundation pit is mainly concentrated in the surrounding seepage area, and the change value of surface settlement outside the pit caused by double well dewatering is 2–3 times greater than that caused by single well dewatering. When the whole well is vertically reinjected, the maximum surface settlement is 0.009 mm at the side near the diaphragm wall, and 0.005 mm at the side far away from the diaphragm wall. When the whole well is at an inclination of 10°, the maximum surface settlement is 0.002 mm at the side near the diaphragm wall, and 0.008 mm at the side far away from the diaphragm wall. When the whole well is at an inclination of 20°, the maximum surface settlement is −0.005 mm at the side near the diaphragm wall, and 0.011 mm at the side far away from the diaphragm wall. The full well depth recharge with an inclination of 20° has the largest influence on the surface settlement of the foundation pit, and the recharge effect is the best.
(3) The lateral displacement of diaphragm wall increases by 24% compared with that without reinjection. The maximum lateral displacement of the diaphragm wall is 0.09% of the precipitation depth when the whole well is tilted at 10° for reinjection, and the lateral displacement of the diaphragm wall increases by 13% compared with that without reinjection. The maximum lateral displacement of the diaphragm wall is 0.082% of the precipitation depth when the whole well is tilted at 20° for reinjection, and the lateral displacement of the diaphragm wall increases by 4.9% compared with that without reinjection. The full well depth recharge with an inclination of 20° has the least impact on the diaphragm wall, and the recharge effect is the best.
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