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Abstract: Groundwater variation has a significant effect on the bearing capacity of sandy shallow 

foundations. Groundwater and capillary water in the shallow foundation would result in the vari-

ous water distributions in the soil mass. Therefore, there are three types of water conditions in the 

shallow foundation. They are the total saturated, capillary-water-effect zone and dry soil. In this 

study, a physical mode experimental was developed to investigate the effect of groundwater varia-

tion on the deformation behavior under different loading conditions. The effect of water level and 

fluctuation times were examined by a novel setup with a water-pressure control system. A total of 

10 group model tests were carried out. The results indicated that the relationship between water 

level height and foundation bearing capacity is negatively correlated. In addition, the numerical 

analysis was carried out to investigate the effect of water-level change on the bearing capacity of the 

foundation. The bearing capacity of the foundation decreases as the water-level cycles increase. The 

increase in the fluctuation range of the water level will decrease the bearing capacity of the founda-

tion. The outcome of this study would be helpful to predict the bearing capacity of shallow founda-

tions due to the change of the water level. 

Keywords: sandy soil; bearing capacity; numerical analysis; water-level change 

 

1. Introduction 

Buildings in cities along rivers or coastal lines are often accompanied by the problem 

of foundation submergence during design, construction and use [1,2]. Rivers or oceans 

can raise the water table of coastal foundations to a certain extent. The engineering prop-

erties of naturally deposited coarse-grained soils (such as gravel layer, pebble, gravelly 

soil and medium coarse-grained sand) have little change in their natural or saturated 

state. Fine-grained soils (such as fine sand, silt and clay) are quite different. Their mechan-

ical properties will change if saturated, and the shear strength will be reduced to different 

degrees, and this is not conducive to the safety and stability of the foundation [3–6]. At 

present, the engineering community usually regards “capillary rise height plus founda-

tion burial depth” as the standard of the critical depth of submergence of buildings with-

out fully considering the rise of the water table on the physical and mechanical properties 

of the foundation soil layer [7]. The evaluation of building submergence according to this 

criterion is imperfect, and sometimes there are certain risks. Therefore, it is necessary to 

conduct an in-depth study on the influence of the foundation’s bearing capacity brought 

by the water-level change [8,9]. 

The bearing capacity of the foundation is an important index to evaluate the strength 

and stability of the foundation in the field of geotechnical engineering. The theoretical 

research related to the bearing capacity of foundations under general conditions has been 

relatively mature. Scientists such as Terzaghi, Hansen and Khalid [10–12] have proposed 
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various methods to calculate the bearing capacity of soil. Terzaghi first proposed the bear-

ing-capacity equation, considering the general shear failure of soil under a rough strip 

foundation. Using the superposition principle, he demonstrated the influence of the cohe-

sion of the soil, the angle of internal friction, the overload (soil at the foundation level), 

the unit weight of the soil and the width of the foundation on the ultimate bearing pres-

sure. Later, Hansen introduced two factors, foundation shape and load angle, into the 

bearing-capacity equation. Khalid et al. studied the influence of foundation burial depth 

and groundwater level on the bearing capacity of rectangular foundations. They found 

that when the depth of the foundation increased, the bearing capacity increased too. Bou-

shehrian and Hataf [13] conducted experimental and numerical studies on the bearing 

capacity of a model circular foundation which was on reinforced soils. Dixit and Patil [14] 

found that cohesion and internal friction angle are important parameters for determining 

soil bearing capacity. These scholars have constantly improved the calculation methods, 

which make it easy to calculate the foundation bearing capacity under general conditions. 

However, the formulas that they came up with cannot be directly applied to the calcula-

tion of foundation bearing capacity under the condition of groundwater-level fluctuation. 

The problem of fluid–solid interaction is not fully considered. Studies have shown that 

the coupling effect of water and soil has a certain impact on the bearing performance of 

soil and can be characterized by the model [15]. 

Due to the constant ebb and flow of the Yangtze River in China, the foundations of 

buildings along the coast remain under fluctuating water levels for a long time. The influ-

ence of the fluctuating water level on the foundation cannot be ignored, and it often leads 

to the softening of the foundation and a decrease in the bearing capacity [16,17]. Therefore, 

it is meaningful to study the influence of fluctuating water level on the bearing capacity 

of the foundation. However, the existing calculation methods of foundation bearing ca-

pacity cannot be directly applied to the situation of groundwater-level fluctuation, so it is 

necessary to study a more suitable method [18–21]. In this study, in view of the existing 

problems in the study of the influence of inundation on physical model tests, a bearing-

capacity analysis was carried out. The sandy soil along the Yangtze River was used as the 

model foundation. The sand particles were fine, and the degree of saturation had an ob-

vious influence on the engineering characteristics of the sand [22,23]. A self-made water 

pump was used to control the water level of the model foundation, and the hydraulic 

servo system was used to load the model foundation, so as to obtain the bearing capacity 

of the model foundation under different water levels. The form and mechanism of the 

influence of groundwater-level variation on the foundation bearing capacity were exam-

ined. The influence of saturation on the strength and deformation index of sandy soil was 

analyzed. By carrying out the numerical simulation of foundation finite element at differ-

ent water-table heights, the effect of the soil water content on the foundation bearing ca-

pacity was calculated, and the reliability of the model was verified. Finally, numerical 

simulation was used to predict the changes in the foundation bearing capacity under dif-

ferent water-level changes. Effective measures to prevent the decline of the foundation 

bearing capacity were put forward, combined with practical projects to give early warning 

of disasters caused by the decline of the foundation bearing capacity [24–26]. The specific 

research process is shown in Figure 1 
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Figure 1. Flowchart of the overall research. 

2. Experimental Tests 

2.1. Materials 

The sandy soils used in the tests were taken from the foundations along the Yangtze 

River. This kind of sand has fine particles. The degree of saturation has an obvious influ-

ence on the engineering characteristics. Their relevant material properties are shown in 

Table 1 [27,28]. 

Table 1. Related parameters of test soil. 

   Parameter 

 

Soil Sample 

Density, 

ρ (g/cm3) 

Cohesive 

Force, 

c (kPa) 

Angle of Internal 

Friction, 

φ (°) 

Young’s Modu-

lus, 

E (MPa) 

Poisson’s 

Ratio, 

Μ 

Silty sand  

(natural) 
1.92 12.7 20.1 15.0 0.25 

Silty sand  

(saturated) 
2.05 8.4 18.3 9.4 0.25 

Gravel 2.20 3.2 38.7 150 0.3 

2.2. Experimental Setup 

In order to investigate the effect of water-level change on the foundation bearing ca-

pacity, the model box foundation bearing capacity test was carried out. In Figure 2, the 

experimental equipment is shown, which includes a transparent glass model box, a pneu-

matic control system, a water pump, a loading system, a PIV shooting system and a data-

acquisition system. The purposes of each section are as follows: 

(a) The model box with transparent glass: Its purpose is to hold the foundation soil. 

It has an inlet at the bottom to let water in and out. The size of the model box is 1.2 m × 

0.6 m × 0.6 m. The bottom of the model is covered with 0.1 m gravel, and the layer above 

is 0.35 m thick. The water level in the soil can be seen through clear glass because saturated 

soil is darker than unsaturated soil. The glass is marked with a scale to measure the height 

from the bottom of the model box to the water level. 

(b) Air-pressure control system: It controls the air pressure in the pump to move wa-

ter in and out of the model box 

(c) Water pump: Its purpose is to simulate groundwater. 

(d) Loading system. It can apply vertical load to the foundation soil through the load-

ing plate. The loads can be controlled by the loading system. 
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(e) PIV filming system: It can capture the displacements of foundation soil by using 

PIV technology. 

(f) Data-acquisition system: It shows the displacement change captured by PIV 

through the color change of the image, so that the final displacement can be calculated. 

 

Figure 2. Model box test equipment. 

2.3. Experiment Program 

This test is mainly performed to study the influence of the water-level height change 

and times of water-level cycle on the bearing capacity of the foundation. The times of 

water-level cycle refers to the number of cycles between the water level rising to the spec-

ified height and falling to the bottom of the model box. There are 10 groups in this test. 

The maximum elevation of the water surface is determined by the capacity of the pump, 

and the times of cycles are controlled by the working mode of the air compressor. Specific 

test conditions are shown in Table 2. 

Table 2. Test conditions. 

            Factors 

Number 
Hight of Water Level (mm) Times of Water-Level Cycle 

1 0 0 

2 50 1 

3 50 15 

4 50 30 

5 100 1 

6 100 15 

7 100 30 

8 150 1 

9 150 15 

10 150 30 

2.4. Test Procedures 

The whole test includes the following five steps: 

1. First, lay the gravel blocks into the model box and spread a layer of permeable cloth 

on the gravel blocks to prevent the upper sand from falling into the gravel blocks. 

Adjust the water level to soak the gravel blocks [29]. Next, put sandy soil into the 

model box and compact it. 
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2. Turn on the air-pressure control system and increase the air pressure to raise the wa-

ter level to the specified height. Then control the air pressure to lower the water level 

to the initial level and repeat for the specified number of times. 

3. After the cycle is completed, start the loading system to pressurize the foundation. 

Use the PIV system to photograph the settlement and deformation of the foundation 

in time [30,31]. 

4. When the foundation is damaged, stop loading. Record the pressure and save the 

photos of the PIV shooting system. 

5. Finally, remove and dry the foundation soil for the next set of tests. 

The flowchart of the experiment is shown in Figure 3. 

 

Figure 3. The flowchart of the experiment. 

2.5. Analysis of Results 

The data-processing results of the tests are shown in Figures 4 and 5. In the figure, p 

represents the upper pressure, and s represents the displacement of the loading plate. 

When the number of cycles is the same and the water level rises gradually from 0 to 

50 mm, 100 mm and 150 mm, the foundation bearing capacity gradually drops from 360 

kPa to 320 kPa, 260 kPa and 180 kPa, with a decrease of 11.1%, 18.8% and 30.8%, respec-

tively. It indicates that the foundation bearing capacity decreased with the rise of the wa-

ter level. With the gradual rise of the water level, the changes in the percentage of the 

foundation bearing capacity also increased. The increase in the water level improved the 

soil moisture content affected by water level, and the increase in the soil moisture content 

reduced the soil cohesion and internal friction angle. These are important factors that af-

fect the bearing capacity of the foundation [32]. Specifically, the change of soil from an 

unsaturated state to a saturated state improved its plasticity. This makes it easier for the 

soil with a high degree of saturation to change from elastic to plastic under the same upper 

load, thus reducing the bearing capacity of the foundation. The rise in the water level is a 

process of increasing soil saturation, thus softening the soil and reducing the carrying ca-

pacity. When the water level was low, the bearing capacity of the foundation did not de-

crease significantly, because most of the soil in the soil was still in the unsaturated state 

and the shear strength was relatively high. However, when the water level increased, the 

soil-saturation degree increased. The bearing capacity of the foundation decreased obvi-

ously, and the softening of the foundation intensified. 
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The bearing capacity of the foundation decreased from 260 kPa to 180 kPa, with a 

decrease of 30.8%, as the water level was the same, and the number of cycles increased 

from 1 to 15 times. The bearing capacity of the foundation decreased from 180 kPa to 170 

kPa, with a decrease of 5.6%, as the number of cycles increased from 15 to 30 times. This 

indicates that the foundation bearing capacity decreased with the increase in the water-

level cycle times, because the water-level cycle changed the soil moisture content succes-

sively. With the increase in the water-level cycle times, the soil moisture content increased, 

resulting in the decrease in soil cohesion and internal friction angle. With the increase in 

the number of cycles, the reduction of the bearing capacity became smaller. The reason is 

that, with the increase in the number of cycles, the proportion of saturated soil continued 

to increase. Eventually, the soil was fully saturated, and the bearing capacity did not de-

crease any more. 

 
Figure 4. The p–s curves at different water levels. 

 

Figure 5. The p–s curves under different cycles. 
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3. Numerical Analysis 

3.1. Numerical Model 

COMSOL Multiphysics is based on the finite-element method. Through solving par-

tial differential equations (single field) or partial differential equations (multi-field) to 

achieve the simulation of real physical phenomena, it uses mathematical methods to solve 

the physical phenomena of the real world. It is good at solving the problem of multi-phys-

ical field coupling and can edit partial differential equations. As this problem is a fluid–

structure coupling problem between water and soil, COMSOL can simulate this problem 

well. 

The Darcy seepage water storage model was adopted as the model, and the govern-

ing equation is as follows: 

𝜌𝑆
𝜕𝑝

𝜕𝑡
+ 𝛻𝜌 [−

𝑘

𝜌𝑔
(−

𝑘

𝜌𝑔
(𝛻𝑝 + 𝜌𝑔𝛻𝐷))] = 𝑄m (1) 

In the formula, p is fluid pressure, and ρ is the fluid density between the pores of the 

porous medium. In this study, ρ is the density of water. S and k represent the water storage 

coefficient and the permeability coefficient, respectively. Qm represents the mass source 

term. When there is no external flow supply, Qm = 0. D represents a unit vector in the 

direction of gravity. 

The Mohr–Coulomb law is a classical method that is used to study the strength of 

soil. It is a formula of soil damage put forward by the French scientist Coulomb, who 

summarized the phenomenon and influencing factors of soil damage. The shear strength 

of soil depends on the properties of rock particles which are related to normal stress, in-

ternal friction angle and cohesion of soil [33–35]. Later, Mohr continued Coulomb’s re-

search and put forward the destruction of the material of shear failure theory. The func-

tion defined the Mohr failure envelope curve in the general case. The Mohr failure enve-

lope can be expressed by the Coulomb formula, namely the soil shear strength and normal 

stress into linear function relation [36,37]. 

The constitutive relation that was selected for this model is Mohr–Coulomb criterion 

of rock failure because it is a classical theory in geotechnical engineering and has been 

widely verified. The Mohr–Coulomb constitutive relation requires fewer parameters and 

can reduce the error caused by finite element calculation. 

For any stress surface considered in rock and soil under general stress conditions, its 

ultimate shear strength can usually be expressed by Coulomb’s law: 

𝜏𝑛 = 𝜎𝑛 𝑡𝑎𝑛 𝜑 + 𝑐 (2) 

In the spatial stress state, it can be expressed as follows: 

𝜎1 = 𝜎3 𝑡𝑎𝑛2( 45∘ +
𝜑

2
) + 2𝑐 𝑡𝑎𝑛( 45∘ +

𝜑

2
) (3) 

In the formula, σ is the shear strength index of the soil sand, and φ is the angle of the 

internal friction. 

The above equation is the shear failure criterion of rock and soil. It can be called the 

failure yield surface equation [38]. The failure surface is the limit surface of the yield sur-

face. Therefore, the yield surface can be expressed as follows: 

𝐹 = −
1

3
𝐼1 𝑠𝑖𝑛 𝜑 + (𝑐𝑜𝑠 𝜃𝜎 −

1

3
𝑠𝑖𝑛 𝜃𝜎 𝑠𝑖𝑛 𝜑)√𝐽2 − 𝑐 𝑐𝑜𝑠 𝜑 = 0 (4) 

In the formula, −
𝜋

6
≤ 𝜃𝜎 ≤

𝜋

6
 

The problem is simplified as shown in Figure 6. The upper sandy soil is divided into 

three zones, which are Zones A, B and C. The sandy soil in Zone A is all unsaturated soil. 

Zone B is the mixed region of the saturated soil and unsaturated soil and contains the 

whole range of water level fluctuation. The sand soil in Zone C is saturated soil. The final 

problem is to determine the specific location and soil thickness of Zones A, B and C. 

javascript:;
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Among the three regions, Zone B is the most important, because it contains all the 

fluctuation of water level and is the key area to study the influence of water-level fluctu-

ation on the foundation bearing capacity. The soil saturation in this region is very complex 

and is the most difficult part of this problem. 

 

Figure 6. Simplified diagram of the problem. 

The foundation problem with the dynamic change of groundwater level over a large 

area can be regarded as a one-dimensional problem, which can be directly described by 

the traditional consolidation governing equation: 

𝑌 (𝑧)𝑐vs

𝜕2𝑢

𝜕𝑧2
=

𝜕𝑢

𝜕𝑡
 (5) 

In the formula, z represents the position variable along the depth of the soil layer, f 

is the time variable, u represents the excess pore pressure with depth z and time, and cvs is 

the consolidation or rebound coefficient of the calculation model. In this paper, the possi-

ble changes of the foundation permeability coefficient and volume compression coeffi-

cient in the process of dynamic change of groundwater level are not taken into consider-

ation temporarily. To simplify the calculation, cvs is directly taken as the consolidation co-

efficient and a constant. 

The mathematical expression of the dynamic change of groundwater head pressure 

over time is used to describe the top boundary conditions of the calculation model, which 

can be expressed as follows: 

𝑢|𝑧 = 0 = 𝑓(𝑡) (6) 

The boundary condition of impervious boundary can be expressed as follows: 

𝜕𝑢 (𝐻, 𝑡)

𝜕𝑧
= 0 (7) 

In the formula, H is the total thickness of the model foundation. 

The initial conditions are as follows: 

𝑢(𝑧, 0) = 0 (8) 

Assuming that the groundwater level presents regular harmonic changes, Equation 

(6) for the top pore pressure boundary condition of the calculation model can be expressed 

as follows: 

𝑢(0, 𝑡) = 𝐴 𝑐𝑜𝑠(𝜔𝑡) + 𝐵 𝑠𝑖𝑛(𝜔𝑡) (9) 

In the formula, A and B represent the variation amplitude of the harmonic compo-

nent at the top pore pressure boundary, and ω is the angular frequency of change and the 

function relation of the period T is ω = 2π/T. 

According to the above boundary conditions and initial conditions, the analytical so-

lution of excess pore pressure in the governing Equation (5) is solved by the Duhamel 

integral method: 
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𝑢(𝑧, 𝑡) = ∫ 𝑢(0, 𝜏)
𝜕𝑢(𝑧, 𝑡 − 𝜏)

𝜕𝑡

𝑡

0

𝑑𝜏 (10) 

In the formula, the excess pore pressure in soil can be obtained by using the initial 

and boundary conditions. 

3.2. Numerical Analysis Procedures 

The two-dimensional model is similar in size to the indoor model box test, which 

aims to verify the reliability of the model by comparing the numerical simulation results 

with the test results. Finally, it can predict the settlement of the foundation with the model 

and give an early warning for the foundation’s safety. The specific steps of model estab-

lishment are as follows: 

1. Establish a two-dimensional model. In order to improve the convergence of calcula-

tion, a symmetric structure was adopted with a length of 0.6 m and a width of 0.45 

m. The soil was divided into two layers: gravel in the lower layer and sandy soil in 

the upper layer. 

2. Input the material parameters of the soil which are shown in Table 1. 

3. Set the boundary conditions of the model. The left side of the model is sliding sup-

port. The right side is a symmetric boundary. The lower side is a fixed constraint, and 

the right end of the upper side is the applied boundary load. 

4. Add soil weight and pore water pressure. Set soil plasticity and enable Mohr–Cou-

lomb strength criteria. 

5. Add the global control equation. Use the parameter solver to control the gradual in-

crease in load and define the integral function to record the vertical displacement of 

the loading midpoint. 

6. Divide the finite element mesh. Use relatively dense mesh in the contact surface of 

two layers of soil and the fluctuation surface of the water level. 

7. Calculate and output the stress and deformation and plastic development of the 

model and the p–s curves at the midpoint of loading. 

3.3. Simulation Plan 

For the simplification of the problem in Section 3.1, two influencing factors of water-

level fluctuation range and water-level fluctuation form are added in the numerical sim-

ulation. The water-level fluctuation range refers to the thickness of Zone B in Section 3.1. 

The water-level distribution form contains the horizontal type, the simple harmonic type 

and the random function type. The specific simulated working conditions are shown in 

Table 3. 

Table 3. Simulation of working conditions. 

        Factors 

 

Number 

Elevation of Water 

Level 

(mm) 

Water-Level Fluc-

tuation Range 

(mm) 

Water-Level Fluctua-

tion Form 

1 50 10 sine wave 

2 50 20 sine wave 

3 50 30 sine wave 

4 50 40 sine wave 

5 100 10 sine wave 

6 100 20 sine wave 

7 100 30 sine wave 

8 100 40 sine wave 

9 150 10 sine wave 

10 150 20 sine wave 

11 150 30 sine wave 
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12 150 40 sine wave 

13 50 30 straight line 

14 100 30 straight line 

15 150 30 straight line 

16 50 30 random function 

17 100 30 random function 

18 150 30 random function 

The water-level fluctuation form is shown in Figure 7. A straight line indicates no 

fluctuation in the water table. Sine waves represent fluctuations in water levels that are 

sinusoidal over time. The random function is a uniform distribution function. 

   
(a) (b) (c) 

Figure 7. Schematic diagram of water level fluctuation form: (a) straight line, (b) sine wave and (c) 

random function. 

As is shown in Figure 8, the stress and deformation of the foundation for the model 

under different upper loads assume that the water-level-fluctuation curve is sinusoidal. 
The closer the color is to red, the greater the stress in this region. The closer the color is to 

blue, the smaller the stress in this region. The vertical deformation in the upper right cor-

ner of the model represents the vertical settlement of the foundation soil under load. The 

stress and deformation of the soil increase under increasing upper loads, and the effect of 

the water-level fluctuation is also obvious. The foundation’s settlement and the founda-

tion’s uplift around the loading can be clearly seen. 

 

Figure 8. Variation of foundation stress and deformation with upper load. 

   1 

   2 
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Figure 9 shows the changes in the distribution of the foundation’s plastic zone during 

the increasing upper load. The blue area represents the plastic deformation of the founda-

tion soil. Due to the influence of gravity stress and pore water pressure on the lower part 

of the foundation, the plastic development degree of the lower part of the foundation is 

greater than that of the upper part of the foundation. It is obvious that the plastic zone 

develops continuously with the increasing upper load until it reaches the ultimate load. 

 

Figure 9. Variation of the distribution of the plastic zone of the foundation with the upper load. 

Figure 10 is the control chart of the test results and numerical simulation results un-

der different water-level heights. The average error of the experiment and simulation re-

sults is less than 8%. The error is within the acceptable range. The error is generated for 

the following reasons: 

1. During the test, the water content of the soil layer above the water table increased 

due to the capillary phenomenon of the soil, which led to a decrease in the parameters 

of internal friction angle and cohesion and a decrease in the bearing capacity. The 

numerical simulation assumes that the water content of the soil above the water table 

is the initial water content. Therefore, the bearing capacity of the test result is smaller 

than that of the simulation result. 

2. The termination condition of loading during the test is according to the Geotechnical 

Test Procedure: the deformation of the foundation reaches 1/12 of the width of the 

loading plate. Then the foundation was considered to be damaged, and the loading 

was stopped. In contrast, the numerical simulation is loaded until the damage. There-

fore, the test may not reach the ultimate bearing capacity of the foundation when the 

loading is stopped and the p–s curve has not reached the inflection point. 
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(a) (b) 

 
(c) 

Figure 10. Comparison of test and simulation results at different water-level heights: (a) initial water 

level, (b) 50 mm water level and (c) 100 mm water level. 

3.4. Analysis of Simulation Results 

Figure 11 is the p–s curve under different water-level fluctuation ranges. It can be 

concluded that, with the gradual increase in the fluctuation range, the foundation bearing 

capacity has a decreasing trend. This trend is in different water-level heights. When the 

water level height is 100 mm, the fluctuation range increases from 5 mm to 10 mm. The 

foundation bearing capacity decreases from 294.9 kPa to 287.8 kPa, and the decrease is 

2.37%. The decrease is very small, which means that the fluctuation range brings less in-

fluence compared with the influence of the water-level height on the foundation bearing 

capacity. The main reason for the decrease in the bearing capacity is that the increase in 

fluctuation range will make the area affected by the water table line increase, and the wa-

ter content of the upper soil layer will rise under the action of the capillary phenomenon, 

thus reducing the internal friction angle and cohesion of the soil and resulting in a de-

crease in the shear strength. 
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(a) (b) 

 
(c) 

Figure 11. The p–s curves under different water level fluctuation ranges: (a) 50 mm water level, (b) 

100 mm water level and (c) 150 mm water level. 

The different water-level fluctuation form of the foundation load–displacement 

curve is shown in Figure 12. It can be found that different water-level fluctuation forms 

also influence the foundation bearing capacity. Specifically, the bearing capacity of foun-

dation is larger under a linear water level, medium under a sinusoidal water level and 

smaller under random function distribution. The influence of the fluctuation form is also 

relatively small. The foundation bearing capacity is affected by the main reason that fluc-

tuation makes the capillary phenomenon intensify. Water rises from below to above the 

groundwater level due to capillarity, which increases the saturation of the topsoil. The soil 

cohesion and internal friction angle are reduced, and the shear strength is decreased. As 

the fluctuation frequency increases, the impact of the capillary phenomenon increases. 



Appl. Sci. 2023, 13, 473 14 of 17 
 

  
(a) (b) 

 
(c) 

Figure 12. The p–s curves under different forms of water-level fluctuations: (a) 50 mm water level, 

(b) 100 mm water level and (c) 150 mm water level. 

Figure 13 shows the p–s curve at the upper right corner point of the model, the loca-

tion of the midpoint of the loading plate. The analysis of the figure shows that, with the 

increasing height of the water level, the bearing capacity of the foundation has a signifi-

cant decrease. The bearing capacity of the foundation drops from 378.7 kPa to 335.2 kPa 

as the water level rises from 0 mm to 50 mm. There is a decrease of 11.5%. When the water 

level rises from 50 mm to 100 mm, the bearing capacity of the foundation drops from 336.8 

kPa to 281.4 kPa. There is a decrease of 16.4%. When the water level rises from 100 mm to 

150 mm, the bearing capacity of foundation decreases from 281.4 kPa to 191.2 kPa; the rate 

of decrease is 32.1%. This means that the submerging effect of the water level on the foun-

dation obviously reduces the bearing capacity of the foundation, and the rate of decrease 

increases with the increase in the water level. This is basically consistent with the conclu-

sion drawn from the test. 
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Figure 13. The p–s curves for different water-level heights. 

3.5. Discussion 

In this study, a novel test device was designed that can simulate the effect of the 

groundwater level on the foundation bearing capacity. This opens up a new idea for the 

indoor model test of foundation bearing capacity. In addition, a new idea of numerical 

simulation was proposed. The problem was simplified by dividing the ground affected 

by groundwater harvesting into three sections with different soil saturation levels. Com-

pared with the traditional foundation-bearing-capacity theory, this model has the ad-

vantage of considering the influence of the water-level fluctuation. In other theories, the 

water line is usually represented as a straight line. This is not accurate, because the soil 

capillary effect can make the water level uneven. The water line may not be static, after 

all. Fluctuating water levels are also common. Based on this, the formula was improved. 

A new expression form of pore water pressure was derived for sinusoidal fluctuation. The 

effective stress of the foundation soil was also changed. 

The simulation results were compared with the experimental results to verify the re-

liability of the conclusion. The error between the simulation calculation and the test is 

within the acceptable range. This proves the feasibility of the simulation method. Other 

scholars have studied the mechanical properties of unsaturated soil and found that its 

cohesion and internal-friction angle decrease with the increase in soil water content [30]. 

This is consistent with the conclusion of this paper. The reliability of the experiment and 

numerical simulation was verified by internal and external verification. This makes it pos-

sible to raise the groundwater-level warning in practical engineering 

The experiment had some limitations. As the bottom of the model box is impervious 

to water, the bottom of the foundation was regarded as an impervious layer in this exper-

iment and simulation. In fact, the bottom of the model box is connected to the pump, so it 

cannot be considered impervious. In addition, the capillary effect makes it difficult to dis-

tinguish the water level of the foundation soil, so there are errors. 

This numerical simulation also has some limitations. First, the load-transfer mode 

and foundation-failure mode of deep foundation are quite different from those of a shal-

low foundation, so this model cannot be directly applied to a deep foundation. Second, 

the accuracy of the model in other types of foundation soil cannot be guaranteed, due to 

the differences in the water absorption and permeability of different types of soil. 
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4. Conclusions 

In this study, the influence of water-level change on the bearing capacity of shallow 

foundation was studied by combining a model test and numerical simulation. The major 

conclusions are summarized as follows: 

1. The height of water level and the frequency of water-level fluctuation are negatively 

correlated with the bearing capacity of the foundation, and the relationship of change 

is nonlinear. The water-level fluctuation can strengthen the capillary effect and ex-

pand the range of saturated soil in the foundation. 

2. In this study, the influence of the water-level fluctuation was added to the traditional 

calculation of the foundation bearing capacity. A new expression form of pore water 

pressure was derived for sinusoidal fluctuation. The average error between the cal-

culated bearing capacity and the test results is less than 8%. It shows that this theory 

can be used to calculate the bearing capacity of a foundation under water-level fluc-

tuation. 

3. This model can well predict the change in the foundation bearing capacity due to the 

water-level change. It has a good early warning function for an engineered founda-

tion that has been under a high groundwater level for a long time. 

4. This model also has some limitations. It is currently only applicable to sandy shallow 

foundations. In the future, the model will be expanded to apply to more types of 

foundations. 
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