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Abstract

:

Immersion is an important part of reservoir engineering investigation and evaluation. Determining the reasonable and effective burial depth of the critical immersion water table is one of the key scientific issues in the impact assessment of the bearing capacity of reservoir immersion foundations. In this study, basic physical and mechanical property tests were carried out on the soil in the typical immersion area of Xiaonanhai Hydropower Station, and the influence mechanism of saturation on the mechanical properties of building foundation soil and immersion on the bearing capacity of a shallow foundation was obtained. According to the test results, the influence depth of the rising groundwater level on the stability of the building foundation is analyzed, and a method to determine the critical depth of immersion groundwater in the reservoir is proposed. Taking the typical building foundation of Luohuang Town in the immersion area of Xiaonanhai Reservoir as an example, the validity of the critical water depth is further verified. The results show that the safety limit depth of the independent foundation affected by the rise of the water table increases with the increase of the width of the foundation and decreases with the increase of the buried depth of the foundation. Considering the safety limit depth, the critical depth of building immersion is 4.830 m, and without considering the safety limit depth, the critical depth of building immersion is 4.05 m. To a certain extent, it can reduce the impact of water table changes on the bearing capacity of shallow foundations.
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1. Introduction


Reservoir immersion will lead to submergence, salinization, deformation, or destruction of building foundations, water filling or gushing of underground works, and a rise in surrounding groundwater levels [1,2,3]. This is a serious environmental and geological problem. Identifying dynamic submergence processes and developing economical and scientific joint mitigation measures to control groundwater submersion is a major challenge [4,5,6], as are ways to reduce the impact of immersion conditions and understand the evolution mechanism of damage [7,8,9]. It will be of great significance to strengthen the research on soil mechanics and chemistry during reservoir impoundment [10,11,12,13]. Some scholars have paid attention to the adverse effects of reservoir immersion on the foundation, analyzed the causes of immersion, and evaluated the immersion effect [14,15,16]. A series of experimental investigations, tests, and numerical simulations have been carried out on the changes in soil water level, mechanical properties, and predicted changes in the immersion area. The research focused mainly on the bearing capacity and deformation of the foundation under the influence of the groundwater level and resulted in a series of achievements [17,18,19].



Wang et al. [20], through field tests, laboratory tests, and references to other engineering experience, comprehensively analyze and propose the recommended critical value of immersion groundwater depth in typical reservoir building areas, study the safety impact of groundwater stagnation and immersion on buildings, classify the degree of impact delineation, and put forward the corresponding engineering treatment plan. Yu et al. [21] established an elastic-plastic calculation model of foundation soil under immersion conditions through many physical and mechanical tests of soils with different saturation and proposed a calculation method for the safe burial depth of shallow foundations. Tang et al. [22] proposed a finite element formula based on effective stress to calculate the bearing capacity of shallow foundations in unsaturated soils. The results show that suction and hydraulic hysteresis directly affect the bearing capacity of unsaturated foundations.



Alencar et al. [23] studied the influence of different groundwater levels on the ultimate bearing capacity of shallow rock foundations and how the groundwater level no longer affects the bearing capacity by using the finite difference method, respectively assessing the width of the foundation, the type of rock mass, the uniaxial compressive strength, and the geological strength index. Safarzadeh and Aminfar [24] studied the effect of the groundwater table drop on the bearing capacity of shallow square model footings on compact sand by conducting plate load tests and finite element software OptumG2 under different groundwater table conditions. The experimental results show that the decrease of the groundwater level increases the matrix suction, and the ultimate bearing capacity of the soil increases nonlinearly from 2.5 times to 4 times the bearing capacity of the saturated state. Roh et al. [25] used the finite element method for the load-settlement curve and axial bearing capacity of the slab foundation with the change in the groundwater level. The results show that the axial bearing capacity changes most significantly when the depth of the water table is 0 to 1.0 times the width of the raft foundation, indicating that the depth of the influence of the water table on the raft foundation is controlled by the size of the raft.



Khan et al. [26] studied the load-settlement response and bearing capacity of ground footings above conduits embedded in soil slopes using laboratory model tests. The test results show that the buried depth of the conduit is the most important parameter affecting the settlement and bearing capacity of the ground footing. Park et al. [27] performed a series of model footing load and cone penetration tests using a hydraulic control room system, considering different groundwater levels and soil conditions. The bearing capacity of the footings decreased as the water table increased and was most pronounced at a water table depth equal to the footing width (1.0 B). The bearing capacity of loose soil with lower relative density decreases more with the groundwater level.



In most of the above studies, few scholars have studied the critical burial depth of building foundations from the perspective of safety impact depth and capillary water level rise to reduce the impact of water table rise in immersion areas on the bearing capacity of shallow foundations. In the process of reservoir survey and design, it is very important to evaluate and analyze the immersion problem. Currently, most engineering circles use the capillary rise height and the foundation depth as the standard for the critical depth of building immersion [28,29,30]. Since the influence of the rising groundwater level on the physical and mechanical properties of the foundation soil layer has not been fully considered, the evaluation of building flooding problems according to this standard is not perfect, and sometimes there are certain risks.



In this paper, natural and saturated soil samples with an area of S = 30 cm2 and a height of H = 2 cm were prepared in the laboratory by taking the low liquid limit clay in the immersion zone with a ring knife and the mechanical properties of compression and consolidation were tested [31,32,33]. The influence of saturation on the strength and deformation index of low liquid limit clay was analyzed. Based on the experimental research, the influence mechanism of immersion on the bearing capacity of the shallow buried foundation is analyzed, and the method for determining the critical burial depth of immersion groundwater in the reservoir is obtained. Taking the typical building foundation of Luohuang Town in the immersion area of Xiaonanhai Reservoir as an example, the influence of foundation width and burial depth on the safety limit depth was studied, and the final critical burial depth of the shallow foundation was determined. The research technology roadmap is as Figure 1:




2. Physical and Mechanical Properties Tests


2.1. Physical Properties of Soil


According to the geotechnical structure characteristics of Luohuang Town, the soil mass in Luohuang Town is mainly composed of low liquid limit clay and sand gravel. Two shallow pits were designed in Luohuang Town, and two blocks were sampled along with the depth of each pit. The soil sample numbers in Luohuang Town were LTC1−1, LTC1−2, LTC2−3, and LTC2−4. The sampling depth of LTC1−1 and LTC1−2 is 2 m, and the sampling depth of LTC1−3 and LTC1−4 is 2.5 m. According to field sampling and analysis, the soil layer affected by immersion is mainly a clay layer with a low liquid limit, and the physical properties are shown in Table 1.



Low liquid limit clay, the particles are mainly powder, the powder content was generally more than 60%, and clay content was less than 20%. The natural density was 1.69 g/cm3~2.01 g/cm3, the average was 1.83 g/cm3, the void ratio was 0.682~0.847, moisture content was 15.8~27.9%, and the converted saturated density is 1.91 g/cm3~2.01 g/cm3, the average value was 1.94 g/cm3, the liquid limit was 27.6~31.1%, the liquid index was mostly 0.07~0.84, the plastic limit was 14.9~17.4%, and the plastic index was mostly 12.7~14.0, showing a hard plastic to a soft plastic state.



In sand and gravel, the structure was mainly loose to slightly dense and partially dense. The content of pebble and gravel was generally 50% to 70%, and the particle gradation was good. The particle size was generally 2 cm to 7 cm, and the diameter of the larger one was greater than 15 cm. Most of the particles are oval or oblate in shape, with relatively good roundness, and their components are dark gray magmatic rock, milky yellow quartzite, gray-white quartz sandstone, and a small amount of purple-red siltstone. The pebbles are filled with light gray medium-fine sand, with clay clumps interposed locally.




2.2. Mechanical Properties of Soil


The original ring-knife soil sample with area S = 30 cm2 and height H = 2 cm was prepared in the laboratory. Using the DGY-2H consolidation instrument and DJY-4 direct shearing instrument, laboratory compression and consolidation quick shear tests under natural and saturated conditions were carried out for the low liquid limit clay of the building foundation in the reservoir area. The saturation adopts the pumping saturation method. For the compression test, LTC1−1, LTC1−2, LTC1−3, and LTC1−4 samples were used. Low liquid limit clays in the natural and saturated state were taken for each sample. The loading pressures were 50 kPa, 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa, respectively. For the shear test, the selection of soil samples is the same as that of the compression test. The loading pressure is changed to the consolidation pressure of 100 kPa, 200 kPa, 300 kPa, and 400 kPa, and the shear rate is set to 0.828 mm/min. For the test operation and data arrangement, please refer to the Specification for soil test (SL 237-1999) [34]. Table 2 gives the basic mechanical properties of low-liquid limit clay in natural and saturated states.



It can be seen from Table 2 that in the natural state, the compressibility av1-2 of Luohuang Town’s low liquid limit clay was 0.190 MPa−1~0.291 MPa−1, the average value was 0.254 MPa−1, the compressive modulus Es1-2 was 6.160 MPa~8.85 MPa, the average value was 7.195 MPa, Ccq was 8.9 kPa~26 kPa, the average value was 15.88 kPa, Φcq was 23.3°~27.3°, and the average value was 25.83°. Under the saturated state, its compressibility av1-2 was 0.214 MPa−1~0.399 MPa−1, the average value was 0.320 MPa−1, compressive modulus Es1-2 was 4.02 MPa~7.86 MPa, the average value was 5.67 MPa, Φcq was 3.0 kPa~11.1 kPa, the average value was 7.73 kPa, Φcq was 23.1°~29.0°, with an average value of 24.23°.



It can be seen from the above analysis that the cohesion Ccq of the low liquid limit clay in Luohuang Town has a certain discreteness under natural and saturated conditions, and the other indicators have little difference. Through the statistical analysis of the test results, it was suggested that the average value of soil mechanics parameters in Luohuang Town should be taken. The suggested values of the basic mechanical parameters of the Luohuang Town soil compression test, the average compressibility coefficients of the low liquid limit clays in the natural and the saturated state, are 0.254 MPa−1 and 0.320 MPa−1, and the average compressive moduli are 7.195 MPa and 5.67 MPa. For the shear test, the average cohesion was 0.254 kPa and 0.320 kPa, and the average internal friction angles were 25.83° and 24.23°.



Compared with the saturated moisture content, the natural moisture content of most soils in Luohuang Town was quite different, and the saturation was relatively low. Compared with the saturated state, the mechanical properties index in its natural state was smaller in compression modulus and larger in compression. The shear strength index of consolidation quick shearing strength cohesion Ccq and internal friction angle Φcq are greater than those in the saturated state. It can also be seen that in terms of the degree of influence of saturation on the mechanical property index, the influence on the cohesion was stronger than that on the internal friction angle.




2.3. Influence of Saturation on Mechanical Property of Building Foundations


To analyze the influence of reservoir water table changes on the bearing capacity of building foundations, laboratory compression and consolidation quick shear tests with different saturation levels were carried out on typical low liquid limit clay in undisturbed samples of building foundations in Luohuang Town. Using the principle of water content to control saturation, samples with different saturation were prepared by dehumidifying or adding water to the undisturbed soil in its natural state. Four kinds of saturation were prepared for typical soil samples (LTC1−1, LTC2−4), respectively, while other conditions were controlled to be as similar as possible, and the influence of saturation on the mechanical properties of building foundation soil was analyzed. For the test operation and data arrangement, please refer to Specification for soil test (SL 237-1999) [34]. Table 3 shows the basic mechanical properties of typical soil samples in Luohuang Town under different saturation conditions.



It can be seen from Table 3 that when the saturation of the LTC1−1 soil sample increased from 51.0% to 100.0%, its compressive index increased from 0.252 MPa−1 to 0.399 MPa−1, and the compressive modulus decreased from 7.24 MPa to 4.02 MPa. The cohesive force was reduced from 26.0 kPa to 6.5 kPa, and the internal friction angle was reduced from 27.3° to 24.1°. When the saturation of the LTC2−4 soil sample increased from 46.50% to 100.0%, its compressive index increased from 0.195 MPa−1 to 0.297 MPa−1, and the compressive modulus decreased from 9.28 MPa to 6.02 MPa. The cohesion force was reduced from 26.9 kPa to 11.1 kPa, and the internal friction angle was reduced from 27.8° to 23.1°.



Figure 2 and Figure 3 show the variation curves of the compressive and mechanical indexes of Luohuang Town LTC1−1 and LTC2−4 soil samples with saturation. It can be seen from the figure that under the same other conditions, with the increase of saturation, the compressive index of low liquid limit clay gradually increases, while the compressive modulus gradually decreases. At the same time, the cohesion and internal friction angle gradually decrease with the increase in saturation. The degree of influence of saturation on the compressive index and compressive modulus was almost the same, and the degree of influence on the cohesion was larger than that of the internal friction angle. It is generally believed that the properties of the soil itself, the structure and composition of the soil, and the bonding between the fine particles affect its shear strength index. The cohesion of soil [35,36,37,38] is the result of the interaction of attraction and repulsion between soil particles, which mainly comes from the mutual attraction between soil particles, the cementation between particles, the mutual connection of water films, etc., while the friction angle [39,40] mainly includes sliding friction and bite friction between solid particles. For low liquid limit clay, with the increase of water content, the lubrication effect of water between particles gradually increases, the bonding force of water film gradually decreases, and the relative motion between soil particles becomes larger. The friction resistance of the clay decreases gradually, and its ability to resist deformation gradually decreases so that the cohesion, internal friction angle, and compressive modulus of the low liquid limit clay gradually decrease, and the compressibility coefficient increases gradually. This will closely relate to the bearing capacity and burial depth of the buildings in the immersion area of the reservoir.





3. Influence of Immersion on the Bearing Capacity of Shallow Buried Foundation


The prediction of the immersion range of the reservoir is to calculate the stagnant groundwater height through the corresponding formula or seepage software and predict the groundwater return level elevation. The backwater elevation in a certain area is compared with the burial depth of the critical groundwater level; when the burial depth is higher than the critical groundwater level, it can be considered that the immersion phenomenon occurs. Therefore, determining a reasonable and effective immersion critical groundwater level is one of the key scientific issues in reservoir immersion impact assessment.



According to the Code for Hydropower Engineering Geological Investigation (GB50287-2006) [41], the capillary rise height plus the depth of the building foundation is used as the critical burial depth of the building immersed in groundwater. The Code for Engineering Geological Investigation of Water Resources and Hydropower (GB 50487-2008) [42] has two standards, the living environment standard and the building safety standard. When the living environment is used as the standard, the critical burial depth of immersed groundwater is equal to the capillary rise of the topsoil. When the safety of the building is taken as the standard, the value of the critical burial depth of immersion groundwater is equal to the depth of the building foundation plus the capillary rise.



From the experimental research results of the effect of different saturation on soil mechanical properties in Section 2.2, it can be seen that with the rise of the groundwater level, the water content of the soil gradually increases, and the soil changes from an unsaturated state to a saturated state. The compressive index increases, the compressive modulus, cohesion, and internal friction angle also decrease gradually, the soil gradually softens, and the shear strength decreases, which leads to the decrease in the bearing capacity of the foundation and the increase of the foundation deformation. However, the impact assessment of building immersion in the code does not consider the impact of immersion on the bearing capacity of the foundation. That is, the depth of the safe impact of groundwater level rise on the stability of the building foundation is not considered. For low liquid limit clay foundations, after the groundwater rises into the foundation bearing layer, it will impact the bearing capacity and deformation stability of the building foundation, and its degree will gradually become serious with the rise of the groundwater level.



In this section, according to the load type, foundation type, and foundation buried depth of the building, the self-weight stress, additional stress, and foundation bearing capacity of the foundation at different buried depths of groundwater are analyzed and calculated according to the different depths of the groundwater level below the base. Based on the safety sensitivity analysis of the building foundation, an appropriate method to determine the critical buried depth of groundwater is sought. The typical building foundation of Luohuang Town in the immersion area of Xiaonanhai reservoir was analyzed as an example, which provides a strong basis for the delimitation of the treatment scope of immersion buildings in the reservoir area.



3.1. Influence Mechanism of Reservoir Immersion on Bearing Capacity of Shallow Buried Foundation


After the completion of reservoir construction and water storage, the groundwater level in the foundation soil of buildings has been at a high level for a long time. Under specific geological and topographic conditions, the buildings in the reservoir area will be immersed, resulting in adverse effects. The rise of groundwater level has a particularly obvious impact on shallow foundation buildings, and the harm is relatively large.



When the groundwater level is low, the water content of the building foundation soil is small, the effective weight of the soil body is large, and the cohesion and internal friction angle are large. Thus, the bearing capacity of the foundation is high, and the bearing capacity of the building foundation is high, and deformation stability can meet the requirements. From the research on the influence of different saturation degrees on soil mechanical properties in Section 2.2, it can be seen that under the same other conditions, with the increase of saturation, the compressive index of low liquid limit clay gradually increases, while the compressive modulus gradually decreases. At the same time, the cohesion and internal friction angle gradually decrease with the increase of saturation. When the groundwater level rises, the soil changes from an unsaturated state to a saturated state. For the soil immersion below the groundwater level, due to the loss of the apparent cohesion formed by weak binding force or capillary stress, the internal friction angle of the soil gradually decreases, the compressive index increases, and the compressive modulus gradually decreases. The soil gradually softens and the shear strength decreases, resulting in a decrease in the bearing capacity of the foundation and an increase in the deformation. At the same time, due to the existence of groundwater, the effective weight of the soil decreases, which leads to a decrease in the bearing capacity of the soil. The immersion of the reservoir affects the bearing capacity of the shallow foundation in two aspects.




3.2. Depth of Safety Impact of Rising Groundwater Level on Building Foundation Stability


According to the test and analysis of the influence of different saturation degrees on soil mechanical properties, it can be seen that the bearing capacity and strength characteristics of clay foundations with a low liquid limit are highly correlated with their moisture content. After the groundwater rises into the foundation bearing layer, it will impact the bearing capacity and deformation stability of the building foundation, and its degree will gradually become serious with the rise of the groundwater level. Therefore, it is necessary to conduct an in-depth analysis of the depth of the safety impact of the rise of the groundwater level on the stability of the low liquid limit clay foundation to provide a basis for the definition of the immersion affected area. According to the analysis of the immersion mechanism of buildings in Section 3.1, combined with the physical and mechanical properties test of low liquid limit clay in typical immersion areas in Section 2, when the distance from the groundwater level to the bottom of the foundation is at a certain value, the bearing capacity of the foundation is equal to the sum of the additional stress of the building and the self-weight stress of the soil. This value is the safe depth affected by the rise of the groundwater level, as shown in Figure 4. The following will detail the method to obtain the foundation bearing capacity of the soil layer at the groundwater level and the additional stress of the building there.



According to article 5.2.7 of the Code for Design of Building Foundations (GB50007-2011) [43], the sum of additional stress and self-weight stress at the groundwater table should satisfy the following formula:


Pk = ((Fk + Gk)/A) ≤ fac



(1)




where Fk is the vertical force value transmitted from the superstructure to the top surface of the foundation corresponding to the standard combination of the load-open effect. Gk is the sum of the foundation and the soil self-weight on the foundation. A is the foundation bottom area. fac is the corrected eigenvalues of foundation bearing capacity.



The Pz value in the figure can be solved by the corner point method according to the additional stress under the corner points of the rectangular uniform load, that is, Pz = 4  α ⋅  p 0   , which  α  is the additional stress coefficient of the corner point of the 1/4 rectangle of the foundation bottom. The value in the table in Appendix K.0.1-1 of Code for Design of Building Foundations (GB50007-2011) [43], and    p 0    is the additional stress of the base.



Different groundwater levels are set along the base. The additional stress, self-weight stress, and foundation bearing capacity are calculated according to the methods in the Code for Design of Building Foundations (GB50007-2011) [43]. Generally speaking, when the size and burial depth of the foundation are constant, the additional stress below the bottom surface of the foundation gradually decreases, the self-weight stress gradually increases, and the bearing capacity of the foundation increases gradually. When the sum of the self-weight stress and additional stress at the groundwater level is equal to the bearing capacity of the foundation, the distance from the groundwater level to the basement at this time is the safe depth affected by the rise of the groundwater level.




3.3. Determination of Immersion Critical Groundwater Depth


Determining the immersion critical groundwater depth is the basis for judging the impact of immersion and the boundary conditions for determining the scope of the immersion area. When the burial depth of the critical groundwater is greater than the predicted burial depth of the diving backwater, the area is determined to be an immersion zone. The burial depth of immersion critical groundwater should be determined through field observation and local production practice experience according to soil properties, groundwater salinity, the height of soil capillary water rising zone, or the depth of building foundations.



For low liquid limit clay and silt foundations, after groundwater enters the foundation bearing layer, it will affect the bearing capacity and deformation stability of the building foundation, and the degree of influence will increase with the rise of groundwater. According to the load type of the building, the type of foundation, the depth of the foundation, and the different depths of the groundwater table below the base, the additional stress, self-weight stress, and foundation bearing capacity of the foundation soil of the shallow-buried foundation are calculated. Sensitivity analysis is carried out on the safety of the building to determine the safety impact depth z of the groundwater level rise on the stability of the building foundation. At the same time, considering the rising height of capillary water, the critical groundwater level buried depth of this kind of foundation soil is determined as the foundation buried depth plus the rising height of capillary water and the safety influence depth z, as shown in Figure 5. However, the impact of the security impact depth z is not considered in the current specifications.



The height of the capillary water rising area of the soil layer above the groundwater level can be directly measured in test pits and exploratory wells. Or it can be measured according to the appropriate water content of the soil layer during the growing period of crops, and the relationship curve of the soil layer water content above the groundwater level measured on-site with depth selected. Urban residential areas can be determined by comparing the relationship curve of soil moisture content above the groundwater level with the natural moisture content of the foundation-bearing layer before the reservoir is impounded.




3.4. Immersion Prediction Engineering Example


For an independent foundation in the urban area of Luohuang Town, the structure type is shown in Figure 6, and the size of the bottom surface of the foundation is shown in Table 4. The foundation was placed in a low liquid limit clay layer, and the basic physical and mechanical parameters of the soil are shown in Table 5. The capillary water rise height of the low liquid limit clay was 1.3 m, the base pressure was 150 kPa, and the foundation bearing capacity of the low liquid limit clay in the saturated state was 105 kPa. The influence of different foundation widths and foundation burial depths on the safe depth of groundwater was studied through the calculation method of the safe depth of the groundwater level rise on the stability of the building foundation in Section 2.2. The specific calculation results are shown in Table 6, Table 7, Table 8, Table 9, Table 10, Table 11 and Table 12.



Among them, according to the mechanical parameters of the low liquid limit clay obtained from the reservoir immersion geotechnical test, and through the calculation formula of the characteristic value of the foundation bearing capacity, the characteristic value fac of the foundation bearing capacity of the saturated soil with various groundwater levels can be calculated separately. The revised formula for the critical load P1/4 of Code for Design of Building Foundations (GB50007-2011) [43]:


   f  a c   =  C k   M c  + q  M d  + γ b  M b   



(2)




where    f  a c     is the modified foundation bearing capacity characteristic value determined by the shear strength index of the soil,    C k    is the standard value of soil cohesion in the depth of one time of the width of the short side under the foundation, and  γ  is the weight of the foundation soil below the bottom of the foundation, and the buoyant unit weight below groundwater level.  b  is the width of the bottom surface of the foundation. When it is greater than 6 m, it is considered as 6 m. For sandy soil less than 3 m, it is considered as 3 m.  q  is the overload on both sides of the foundation   q =  γ m    (   γ m    is the weighted average weight of the soil layer within the range of the foundation buried depth  d .    M c   ,    M d    and    M b    are the bearing capacity coefficients according to the standard value of the internal friction angle of the soil    φ k   ,    φ k    is the standard value of the internal friction angle of soil in the depth of one time of the width of the short side under the base (°). It can be seen that the bearing capacity of the foundation is related to the cohesion, internal friction angle of the foundation soil, and the weight of soil mass above and below the foundation bottom. Therefore, the storage state and dynamic changes of groundwater have a significant impact on the bearing capacity of the foundation.



Figure 7 is a schematic diagram of the safe depth affected by the groundwater level rise. It can be seen from the figure that Pz + Pcz decreases with the increase of z, and    f  a c     increases with the increase of z. The x-axis coordinate of the intersection is the safe depth affected by the groundwater level rise. When b = 1.5 m and d = 2.5 m, the limit depth is 0.40 for the influence of groundwater level rise. When b = 2.0 m and d = 2.5 m, the limit depth of the impact of groundwater level rise was 0.520. When b = 2.5 m and d = 2.5 m, the limit depth of the impact of groundwater level rise was 0.650. When b = 3.0 m and d = 2.5 m, the limit depth was 0.780 for the impact of groundwater level rise. When b = 2.0 m and d = 2.0 m, the limit depth for the impact of groundwater level rise was 0.70. When b = 2.0 m and d = 2.25 m, the limit depth was 0.625 for the impact of groundwater level rise. When b = 2.0 m and d = 2.75 m, the limit depth for the impact of groundwater level rise was 0.398. When the water level rises, the cohesion force and the internal friction angle gradually decrease with the increase of saturation, the effective weight of the soil decreases, and the pore water pressure gradually increases. Therefore, with the rise of the water table, the bearing capacity of the groundwater table shows a decreasing trend.



Figure 8 and Figure 9 show the variation curves of the limit depth affected by the rise of the groundwater level with the width and burial depth of the basement. It can be seen that under generally similar other conditions, the limit depth of the influence of the rise of the groundwater level on the independent foundation increases with the increase of the width of the foundation and decreases with the increase of the buried depth of the foundation. According to Formula (3), when the foundation width increases, the ultimate bearing capacity of the foundation also increases. As the burial depth increases and the foundation width remains unchanged, it can be seen from (Fk + Gk)/A that the sum of the additional stress and self-weight stress at the groundwater table will gradually decrease. Therefore, the bearing capacity of the foundation will also gradually decrease, and the allowable safety depth will decrease with the increase of the buried depth of the foundation.


   P u  =  1 2  γ b ·  N γ  + q ·  N q  + c ·  N c   



(3)




where    N γ   ,    N q   , and    N c    are the bearing capacity coefficients, their magnitudes only depend on the size of the internal friction angle, c is the cohesive force,    1 2  γ b ·  N γ    represents the resistance force generated by the self-weight of the sliding soil, and   q ·  N q    represents the resistance due to the side load   γ b  ,   c ·  N c    represents the resistance due to the cohesion  c  on the slip surface.



It can be seen from Section 2.3 that when the foundation depth, width, impact safety depth, and capillary water rise height of the building are known, the corresponding critical burial depth of groundwater immersion can be determined. From the perspective of safety, in this example, the building foundation in the Luohuang reservoir area was buried with a depth of 2.75 m and a width of 3.0 m, and the critical value of the effects of the safety depth was 0.780 m. Therefore, the critical immersion depth of buildings in this area was 4.830 m.





4. Discussion


According to the Code for hydropower engineering geological investigation (GB50287-2006) [41], the capillary rise height plus the depth of the building foundation is used as the critical burial depth of the building immersed in groundwater. The safe depth of the impact of the building is not considered, and the critical standard for immersion in this area is 4.05 m. After considering the safe depth of groundwater rise, the predicted range of the immersion area will increase to a certain extent. There is a certain degree of safety risk in delineating the scope of the building immersion area using the normative method. As a result, the bearing capacity of the shallow foundation considered is smaller than the actual demand. The influence of the safe depth of groundwater rise should be considered in the actual immersion prediction.



In addition, it is possible to study the influence of porosity and permeability [44], different foundation types, and the reinforcement of the foundation in the immersion area, to more accurately calculate the appropriate burial depth of the foundation in the immersion area and reduce the risk and loss of immersion.




5. Conclusions


The following main conclusions are drawn from this study:




	(1)

	
Through the sampling analysis of drilling holes and pits, the foundation soil layer affected by immersion is mainly a low-liquid-limit clay layer. The physical mechanics of the main soil layers of the building foundation in the typical immersion area in the natural and saturated state are carried out, and the geotechnical test parameters for evaluating the impact of reservoir submersion are obtained.




	(2)

	
The results show that the compressive index of low liquid limit clay increases gradually with the increase of saturation, while the compressive modulus decreases gradually. At the same time, the cohesion and internal friction angle gradually decrease with the increase of saturation.




	(3)

	
Based on the relevant specifications for the critical burial depth of submerged groundwater for buildings and the research on the immersion mechanism of reservoirs, a method for determining the critical burial depth of submerged buildings was proposed. Among them, the influence of the rising groundwater level on the stability of the building foundation can be considered, and the method and process of determining the depth of the safety influence limit are given.




	(4)

	
The immersion example of typical building foundations in Luohuang Town, Xiaonanhai Reservoir immersion area was analyzed, and the influence of foundation width and burial depth on the safety limit depth was studied. Other conditions being the same, the limit depth of independent foundation groundwater level rise varies with the width of the foundation increases and decreases with the increase of the depth of the foundation.




	(5)

	
The effects of porosity, permeability, different foundation types, and reinforcement measures can also be studied. Thereby increasing the bearing capacity of the building foundation, reducing the influence of the rising water table in the immersion area, and ensuring the safe use of the building.
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Figure 1. The Research Roadmap of this paper. 
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Figure 2. Variation curve of LTC1−1 sample: (a) compression index with saturation; (b) consolidation quick shear index with saturation. 






Figure 2. Variation curve of LTC1−1 sample: (a) compression index with saturation; (b) consolidation quick shear index with saturation.



[image: Applsci 12 06571 g002]







[image: Applsci 12 06571 g003 550] 





Figure 3. Variation curve of LTC2−4 sample: (a) compression index with saturation; (b) consolidation quick shear index with saturation. 
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Figure 4. Safe depth for the impact of groundwater level rise. 
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Figure 5. Schematic diagram of immersion critical groundwater depth (Hcr) in the construction area. 
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Figure 6. Foundation structure type. 
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Figure 7. Schematic diagram of the influence of the rising groundwater level on the safe depth. 
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Figure 8. Influence of foundation width on safety depth. 
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Figure 9. Influence of foundation burial depth on safe depth. 
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Table 1. Luohuang Town Soil Physical Test Results.
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Soil Sample Number

	
Physical Index of the Natural State

	
Liquid Limit

	
Plastic Limit

	
Plastic Index

	
Liquidity

Index




	
Natural Water Content

	
Specific Gravity

	
Wet Density

	
Dry Density

	
Void Ratio

	
Saturation




	
w

%

	
Gs

	
ρ

g/cm3

	
ρd

g/cm3

	
e

	
Sr

%

	
WL17

%

	
Wp

%

	
IP17

	
IL17






	
LTC1−1

	
15.8

	
2.67

	
1.69

	
1.46

	
0.827

	
51.0

	
-

	
14.9

	
12.7

	
0.07




	
LTC1−2

	
17.5

	
2.67

	
1.75

	
1.49

	
0.793

	
58.9

	
28.3

	
15.2

	
13.1

	
27.6




	
LTC2−3

	
25.2

	
2.70

	
2.01

	
1.61

	
0.682

	
99.8

	
31.1

	
17.4

	
13.7

	
0.57




	
LTC2−4

	
27.9

	
2.7

	
1.87

	
1.46

	
0.847

	
89.0

	
30.2

	
16.2

	
14.0

	
0.84




	
Average

	
21.6

	
2.685

	
1.83

	
1.505

	
0.787

	
74.7

	
29.3

	
15.9

	
13.4

	
0.42
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Table 2. Luohuang Town mechanical properties test results.
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Soil Sample Number

	
Sampling Depth (m)

	
Natural Physical Property Index

	
Soil Type

	
Sample State

	
Mechanical Index




	
Water Content

	
Saturation

	
Compression Index

	
Consolidation Quick Shear




	
w %

	
Sr %

	
av1-2

MPa−1

	
Es1-2

MPa

	
Ccq

kPa

	
Φcq

°






	
LTC1-1

	
2

	
15.8

	
51.0

	
Low liquid limit clay

	
Natural

	
0.252

	
7.24

	
26

	
27.3




	
15.8

	
55.1

	
Saturation

	
0.399

	
4.02

	
6.5

	
24.1




	
LTC1-2

	

	
17.5

	
58.9

	
Low liquid limit clay

	
Natural

	
0.291

	
6.16

	
17.2

	
25.8




	
17.5

	
61.3

	
Saturation

	
0.369

	
4.78

	
10.3

	
24.7




	
LTC2-3

	
2.5

	
25.2

	
99.8

	
Low liquid limit clay

	
Natural

	
0.190

	
8.85

	
8.9

	
26.9




	
25.2

	
99.8

	
Saturation

	
0.214

	
7.86

	
3.0

	
25.0




	
LTC2-4

	

	
27.9

	
89.0

	
Low liquid limit clay

	
Natural

	
0.283

	
6.53

	
11.4

	
23.3




	
27.9

	
95.4

	
Saturation

	
0.297

	
6.02

	
11.1

	
23.1
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Table 3. Effect of saturation on mechanics index of soil in Luohuang Town.
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Soil

Sample Number

	
Sampling Depth

	
Soil Type

	
Saturation

	
Mechanical Property Index




	
Compression Index

	
Consolidation of Quick Shear Index




	
Classification Criteria

SL 237-1999 [33]

	
Sr

	
av1-2

	
Es1-2

	
CCq

	
ΦCq




	
m

	
%

	
MPa-1

	
MPa

	
kPa

	
°






	
LTC1−1

	
2

	
Low liquid limit clay

	
51.0

	
0.252

	
7.24

	
26

	
27.3




	
70.5

	
0.315

	
5.91

	
16.3

	
25.5




	
84.2

	
0.378

	
4.89

	
11.9

	
24.8




	
100

	
0.399

	
4.02

	
6.5

	
24.1




	
LTC2−4

	
2.5

	
Low liquid limit clay

	
46.5

	
0.195

	
9.28

	
26.9

	
27.8




	
66.8

	
0.233

	
8.05

	
18.5

	
26.4




	
84.6

	
0.264

	
6.79

	
12.2

	
24.5




	
100

	
0.297

	
6.02

	
11.1

	
23.1
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Table 4. Dimensions of foundation bottom.






Table 4. Dimensions of foundation bottom.





	Number
	b (m)
	b1 (m)
	l (m)
	l1 (m)
	d (m)





	①
	1.5
	0.75
	1.5
	0.75
	2.5



	②
	2.0
	1.0
	2.0
	1.0
	2.5



	③
	2.5
	1.25
	2.5
	1.25
	2.5



	④
	3.0
	1.5
	3.0
	1.5
	2.5



	⑤
	2.0
	1.0
	2.0
	1.0
	2.0



	⑥
	2.0
	1.0
	2.0
	1.0
	2.25



	⑦
	2.0
	1.0
	2.0
	1.0
	2.75
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Table 5. Calculation parameters of the soil mass.
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	Sample State
	Density

  ρ   (g/cm3)
	Cohesion

  C   (kPa)
	Internal Friction Angle

Φ (°)
	Compression Modulus

Es (MPa)





	Natural
	1.83
	15.88
	25.83
	7.2



	Saturation
	1.94
	7.73
	24.23
	5.7
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Table 6. Calculation results of foundation bearing capacity (b = 1.5 m, d = 2.5 m).
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	Groundwater to Foundation Bottom z (m)
	z/(b/2)
	Pz (kPa)
	Pcz (kPa)
	fac (kPa)
	PZ + PCZ (kPa)





	0.3
	0.4
	100.08
	51.24
	147.09
	151.32



	0.4
	0.53
	95.49
	53.07
	148.92
	148.56



	0.5
	0.67
	89.66
	54.9
	150.75
	144.56



	0.6
	0.8
	83.4
	56.73
	152.58
	140.13



	0.7
	0.93
	76.44
	58.56
	154.41
	135.00



	0.8
	1.07
	69.76
	60.39
	156. 24
	130.15



	0.9
	1.2
	63.38
	62.22
	158.07
	125.60



	1
	1.33
	57.55
	64.05
	159.9
	121.60
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Table 7. Calculation results of foundation bearing capacity (b = 2.0 m, d = 2.5 m).
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	Groundwater to Foundation Bottom z (m)
	z/(b/2)
	Pz (kPa)
	Pcz (kPa)
	fac (kPa)
	PZ + PCZ (kPa)





	0.5
	0.5
	96.54
	54.9
	150.75
	151.44



	0.6
	0.6
	92.99
	56.73
	152.58
	149.72



	0.7
	0.7
	88.20
	58.56
	154.41
	146.76



	0.8
	0.8
	83.4
	60.39
	156.24
	143.79



	0.9
	0.9
	78.19
	62.22
	158.07
	140.41



	1
	1
	72.98
	64.05
	159.9
	137.03
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Table 8. Calculation results of foundation bearing capacity (b = 2.5 m, d = 2.5 m).
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	Groundwater to Foundation Bottom z (m)
	z/(b/2)
	Pz (kPa)
	Pcz (kPa)
	fac (kPa)
	PZ + PCZ (kPa)





	0.5
	0.4
	100.08
	54.9
	150.75
	154.98



	0.6
	0.48
	97.24
	56.73
	152.58
	153.97



	0.7
	0.56
	94.41
	58.56
	154.41
	152.97



	0.8
	0.64
	91.07
	60.39
	156.24
	151.46



	0.9
	0.72
	87.24
	62.22
	158.07
	149.46



	1
	0.8
	83.4
	64.05
	159.9
	147.45
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Table 9. Calculation results of foundation bearing capacity (b = 3 m, d = 2.5 m).
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	Groundwater to Foundation Bottom z (m)
	z/(b/2)
	Pz (kPa)
	Pcz (kPa)
	fac (kPa)
	PZ + PCZ (kPa)





	0.5
	0.33
	101.33
	54.9
	150.75
	156.23



	0.6
	0.4
	100.08
	56.73
	152.58
	156.81



	0.7
	0.47
	97.58
	58.56
	154.41
	156.14



	0.8
	0.53
	95.49
	60.39
	156.24
	155.88



	0.9
	0.6
	92.99
	62.22
	158.07
	155.21



	1
	0.67
	89.66
	64.05
	159.9
	153.71
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Table 10. Calculation results of foundation bearing capacity (b = 2.0 m, d = 2.0 m).
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	Groundwater to Foundation Bottom z (m)
	z/(b/2)
	Pz (kPa)
	Pcz (kPa)
	fac (kPa)
	PZ + PCZ (kPa)





	0.5
	0.5
	105.01
	45.75
	141.6
	150.76



	0.6
	0.6
	101.15
	47.58
	143.43
	148.74



	0.7
	0.7
	95.94
	49.41
	145.26
	145.35



	0.8
	0.8
	90.72
	51.24
	147.09
	141.96



	0.9
	0.9
	85.05
	53.07
	148.92
	138.12



	1
	1
	79.38
	54.9
	150.75
	134.28
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Table 11. Calculation results of foundation bearing capacity (b = 2.0 m, d = 2.25 m).
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	Groundwater to Foundation Bottom z (m)
	z/(b/2)
	Pz (kPa)
	Pcz (kPa)
	fac (kPa)
	PZ + PCZ (kPa)





	0.3
	0.3
	106.43
	46.67
	142.52
	153.10



	0.4
	0.4
	104.47
	48.50
	144.35
	152.97



	0.5
	0.5
	100.77
	50.33
	146.18
	151.10



	0.6
	0.6
	97.072
	52.16
	148.01
	149.23



	0.7
	0.7
	92.07
	53.99
	149.84
	146.05



	0.8
	0.8
	87.06
	55.82
	151.67
	142.88



	0.9
	0.9
	81.62
	57.65
	153.50
	139.26



	1
	1
	76.18
	59.48
	155.33
	135.65
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Table 12. Calculation results of foundation bearing capacity (b = 2.0 m, d = 2.75 m).
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	Groundwater to Foundation Bottom z (m)
	z/(b/2)
	Pz (kPa)
	Pcz (kPa)
	fac (kPa)
	PZ + PCZ (kPa)





	0.4
	0.4
	95.69
	57.65
	153.50
	153.33



	0.5
	0.5
	92.30
	59.48
	155.33
	151.77



	0.6
	0.6
	88.91
	61.31
	157.16
	150.22



	0.7
	0.7
	84.33
	63.14
	158.99
	147.46



	0.8
	0.8
	79.74
	64.97
	160.82
	144.71



	0.9
	0.9
	74.76
	66.80
	162.65
	141.55



	1
	1
	69.77
	68.63
	164.48
	138.39
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