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As the coastal region is the most developed region in China, an increasing number of engineering projects are under construction
in it in recent years. However, the quality of these projects is significantly affected by groundwater, which is influenced by tidal
variations.Therefore, the regional groundwater dynamic characteristics under tidal impact and the spatiotemporal evolution of the
seepage field must be considered in the construction of the projects. Then, Boussinesq function was introduced into the research
to deduce the seepage equation under tidal influence for the coastal area. To determine the spatiotemporal evolution of the deep
foundation pit seepage field and the coastal seepage field evolution model, numerical calculations based on changes in the tidal
water level and seepage equation were performed using MATLAB. According to the developed model, the influence of the seepage
field on the foundation pit supporting structure in the excavation process was analyzed through numerical simulations.The results
of this research could be considered in design and engineering practice.

1. Introduction

Groundwater seepage significantly impacts the stability of
foundation pit engineering and the deformation of the
foundation pit support structure and, hence, is a major
factor in several foundation pit engineering accidents [1–
3]. Based on the generalized Darcy law, Atangana and
Vermeulen [4] derived a new equation for groundwater
flow and obtained an asymptotic analytical solution of the
generalized groundwater flow equation by the Frobenius and
Adomian decomposition method. And the feasibility of the
solution was verified through comparisons with field test
results. Finally, Atangana and Vermeulen further presented a
proposition for reducing uncertainties in groundwater study.
In order to investigate the influences of seepage field on
mechanical property, Wang [5] developed a 3-Dimensional
Stochastic Seepage finite elementmodel and proposed amore
comprehensive stochastic algorithm to analyze seepage field
problems. Qiu et al. [6] established a statistical model and
an artificial wavelet neural network model so as to improve
predication accuracy.

To explore the impact of changes in seawater tides on
variations in groundwater levels, Jacob [7] first established

a one-dimensional tidal seepage equation. The equation
could be used to fit the movement of seawater by using
the sine trigonometric function or cosine trigonometric
function. Jeng et al. [8] established a new groundwater
seepage model by considering the dynamic effects of the
phreatic aquifer on the head fluctuations in the confined
aquifer and accordingly derived a closed-form analytical
solution. In contrast to the previous solutions, the newly
developed solution could describe the interaction effect
between tidal oscillations and semiconfined/phreatic coastal
aquifers. Li et al. [9] constructed a two-dimensional per-
meability model of coastal tides by using the boundary
element method. They demonstrated that the groundwater
amplitude decreased compared with the tide amplitude and
the vibration phase was also deferred. Zhang et al. [10]
considered the mechanical properties and seepage charac-
teristics of aquifers to explore the interaction between the
water level and seepage flow and to express the relationship
between confined groundwater and tides using a mathe-
matical equation. Numerous theories exist to describe the
seepage of water. Guo [11] investigated a multilayer aquifer
system comprising an upper weak permeable layer, a lower
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weak permeable layer, and a confined aquifer. According to
the premise that the boundary between the sea and land is
vertical, amathematicmodel of groundwater level fluctuation
with tides was established and an analytical solution was
determined.

Numerous theories exist to describe the seepage of water.
In particular, the Boussinesq equation has been widely
employed [12–17]. Nielsen [12] analyzed the relationship
between the inland average water table and tidal amplitude
and solved the question of tidal dynamics on a sloping
beach on the basis of the Boussinesq equation and a field
monitoring test. A new Boussinesq equation was proposed
and a set of formulae for groundwater recession was derived
to use for groundwater flow in confined and unconfined
aquifers [14]. Li et al. [15] presented a newmethod to improve
the discontinuous boundary condition of the Boussinesq
equation. The method is useful for handling the moving
boundary condition by replacing the Boussinesq equation
with an advection–diffusion equation with an oscillation
velocity. Teo et al. [17] analyzed the effect of tidal fluctuation
on the groundwater level and developed a new parameter to
replace the factor of tilted shores.

It is suffice to note that foundation pit engineering in
coastal areas and inland areas significantly differs in the influ-
ence of groundwater levels. In coastal areas, the groundwater
level is directly affected by the tidal properties outside the
pit. Because seepage characteristics may be different from the
steady supply of the groundwater level, it is crucial to explore
the seepage characteristics around a deep foundation pit
under a tidal dynamic cycle.Therefore, this research proposes
a seepage equation under tidal influence according to the
Boussinesq function. To explore the deformation properties
of the supporting structure in a deep foundation pit under
tidal impact, a spatiotemporal evolutionmodel of the seepage
field was established in accordance with the onsite water
level monitoring results of a deep foundation pit in a coastal
area. In addition, a finite difference simulation software
program was used to simulate the excavation process of the
pit.

2. Seepage Flow Model

2.1. Seepage Equation. A side of a deep foundation pit near
the coast was chosen because of its significant tidal impact.
The following assumptions were made: (1) the seepage field
has a gradually varied horizontal flow; (2) changes in the
vertical seepage velocity are ignored because the vertical
seepage velocity is much smaller than the horizontal seepage
velocity; (3) the external precipitation recharge on the free
surface is ignored. Because the tide level changes over
time, the partial derivative with respect to time should be
preserved in the study to explore the time–space evolution
characteristics of the seepage field under tidal influence. It is
supposed that the bottom bedrock of the pit is impermeable
and no water-resisting layer exists among the backfill layers
above the bedrock. The normal direction of the pit is the 𝑥-
axis, the coastline is set as the origin of the 𝑥-axis, and the
direction from the coastline to foundation pit is the positive
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Figure 1: Diagrammatic drawing of seepage flow model.

direction of the 𝑥-axis. An unstable flow has been previously
introduced [18–20]:

𝜕𝜕𝑥 [𝑘𝑍 (𝑥, 𝑡) 𝜕𝑍 (𝑥, 𝑡)𝜕𝑡 ] = 𝜇𝜕𝑍 (𝑥, 𝑡)𝜕𝑡 . (1)

Here, 𝑘 is the permeability coefficient, 𝜇 is the gravita-
tional specific yield and empirical value of 𝜇 is 0.23, 𝑡 is
the seepage time, 𝑥 is the seepage distance, and 𝑍(𝑥, 𝑡) is a
function of the seepage field free surface.

According to assumptions that (1) the distance from the
foundation pit boundary to coastline is 𝐿 meters; (2) the
function 𝑓(𝑡) is introduced to calculate the tide accords; and
(3) 𝑍 = 0 on the impermeable plane, as shown in Figure 1,
since there are water-stop curtains around the foundation pit
and the support structure is impermeable, the boundary con-
dition at𝑥 = 𝐿 is obtained.That is, (𝜕𝑍/𝜕𝑥)|𝑥=𝐿 = 0.Then, the
boundary conditions of the seepage model can be expressed
as follows:

𝑍 (0, 𝑡) = 𝑓 (𝑡)
𝜕𝑍𝜕𝑥

𝑥=𝐿 = 0. (2)

If the seepage flow is kept constant along the 𝑥-axis, the
mean water levels of the seashore and foundation pit are 𝐷
and 𝐽, respectively. 𝑧 is the height of the phreatic line when𝑋 = 𝑥, as shown in Figure 1. The initial condition of the
model could be derived according to the gradually varied
seepage flow equation with a flat slope as follows [21, 22]:

𝑞 = 𝑘2𝐿 (𝐷2 − 𝐽2) = 𝑘2𝑥 (𝐷2 − 𝑧2)
= 𝑘2 (𝐿 − 𝑥) (𝑧2 − 𝐽2) .

(3)

Here, 𝑘 is the permeability coefficient, 𝑞 represents the
unit width flow, and 𝐿 is the distance between the coastline
and foundation pit boundary.
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Table 1: Parameters of soil layer.

Soil name Bulk
modulus/Mp

Shear
modulus/Mp Cohesion/Kpa Friction/∘ Unit

weight/KN/m3
Permeability

coefficient cm/s
Soil layer

thickness/m
Filling soil 5.24 1.9 12.0 18 17.8 8.0 × 10−5 3
Mucky soil 2.16 0.89 19.6 15 18.4 2.0 × 10−6 4
Silty clay 19.8 10.3 20.7 25 20.2 6.0 × 10−6 2
Gravel sand 38.5 26.4 32.0 28 19.8 8.0 × 10−2 2
Strongly weathered granite 41000 31000 50.0 57 26.0 2.0 × 10−10 30

Therefore, the equation could be simplified to (4), and the
initial condition could be expressed as (5).

𝑧 = √𝐷2 − 𝑥𝐷2 − 𝐽2𝐿 (4)

𝑍 (𝑥, 0) = √𝐷2 − 𝑥𝐷2 − 𝐽2𝐿 . (5)

Based on the above parameters, the seepage equation of
the seepage field model could be given as follows:

𝜕𝜕𝑥 [𝑘𝑍 (𝑥, 𝑡) 𝜕𝑍 (𝑥, 𝑡)𝜕𝑥 ] = 𝜇𝜕𝑍 (𝑥, 𝑡)𝜕𝑡
𝑍 (0, 𝑡) = 𝑓 (𝑡)
𝜕𝑍𝜕𝑥

𝑥=𝑙 = 0

𝑍 (𝑥, 0) = √𝐷2 − 𝑥𝐷2 − 𝐽2𝐿 .

(6)

2.2. Seepage Equation Solution. Several researchers have
attempted to determine the solution of (𝜕/𝜕𝑥)[𝑘𝑍(𝑥, 𝑡)(𝜕𝑍(𝑥,𝑡)/𝜕𝑡)] = 𝜇(𝜕𝑍(𝑥, 𝑡)/𝜕𝑡) [23, 24]. Therefore, the equation is
linearized in this research. The first 𝑍(𝑥, 𝑡) on the left side
of the equation could be considered a constant and replaced
with 𝑍𝑚 (𝑍𝑚 = (𝐷 + 𝐽)/2). Accordingly, the linearized seep-
age equation is as follows:

𝑍𝑚𝑘𝜕2𝑍𝜕𝑥2 = 𝜇𝜕𝑍𝜕𝑡
𝑍 (0, 𝑡) = 𝑓 (𝑡)
𝜕𝑍𝜕𝑥

𝑥=𝑙 = 0
𝑍 (𝑥, 0) = 𝑒 (𝑥)

in which, 𝑒 (𝑥) = √𝐷2 − 𝑥𝐷2 − 𝐽2𝐿 .

(7)

Finally, the solution of the equation is again (see theAppendix
for specific solutions)

𝑍 (𝑥, 𝑡) = 𝑓 (𝑡) + ∞∑
𝑛=1

𝐶𝑛 sin (𝑛 + 0.5) 𝜋𝑥𝐿 ⋅ 𝑒((𝑛+0.5)2𝜋2/𝐿2𝑝)𝑡 + ∫𝑡
0
𝑆 (𝑥, 𝑡 : 𝜄) 𝑑𝜄

in which, 𝑝 = 𝑍𝑚𝑘𝑢 ; 𝐶𝑛 = 2𝐿 ∫𝐿
0
𝑁(𝑥) ⋅ sin (𝑛 + 0.5) 𝜋𝑥𝐿 𝑑𝑥; 𝑁 (𝑥) = 𝑒 (𝑥) − 𝑓 (0)

𝑆 (𝑥, 𝑡 : 𝜄) = ∞∑
𝑛=1

𝐴𝑛sin (𝑛 + 0.5) 𝜋𝑥𝐿 ⋅ 𝑒((𝑛+0.5)2𝜋2/𝐿2𝑝)(𝑡−𝜄); 𝐴𝑛 = 2𝐿 ∫𝐿
0
𝑀(𝑥, 𝜄) ⋅ sin (𝑛 + 0.5) 𝜋𝑥𝐿 𝑑𝑥; 𝑀 (𝑥, 𝜄) = −𝑓 (𝜏) .

(8)

3. Application to a Real Field Case: A Coastal
Foundation Pit

3.1. General Situation of a Coastal Foundation Pit. Thecoastal
foundation pit chosen in the research is at 90m from the bay.
The field area mainly comprises Quaternary artificial fill and
Holocenemarine depositional strata.The physicomechanical
parameters of every stratum are shown in Table 1. To support
the foundation, a bored pile and an anchor cable support
system is used in the engineering.The diameters of the bored
pile and thewaterproof pile are 800mmwhile the pile spacing
is 1200mm. The detailed profile of the support system is

shown in Figure 2 and the parameters of the three anchor
cables are indicated in Table 2.

According to the official hydrogeological data, the mean
tide water level is 12.3m (𝐷 = 12.3m) and the average annual
water level on the side of the foundation pit is 10.4m (𝐽 =10.4m). By analyzing the official hydrogeological data, the
change of the tidal water level satisfies the following law:

𝑓 (𝑡) = 1.2 ∗ sin(𝜋𝑡6 ) + 12.3. (9)

The time–space evolution equation of the seepage field
is obtained based on (8) and (9). The relationship of the
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Table 2: Calculated parameters of anchor.

Cable
number

Horizontal
spacing/m Angle/∘

Total length
of the

cables/m

Length of free
segment/m

Length of
anchorage/m

Prestressing
locked

value/KN
MG1 2.400 30 19.000 9.000 10.000 230
MG2 2.400 25 20.000 10.000 10.000 290
MG3 2.400 25 15.000 6.000 9.000 260
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Supporting pile
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Figure 2: Cross-section of foundation pit supporting structure.

seepage field with time and infiltration distance is analyzed
by MATLAB in two 24 h periods. The spatiotemporal evolu-
tionary characteristic surface of the seepage field is presented
in Figure 3.

3.2. Numerical Simulation. The FlAC3D was used to analyze
the stability of coastal deep foundation pit.The dimensions of
the model established in the research are 80m × 50m × 40m
with an excavation depth of 11m and an excavation width of
30m. The model is divided into 80000 zones and includes
8634 grid points. The mesh sketch of the numerical model
is shown in Figure 4.

The upper surface of the model is a free boundary and
the bottom surface of the model is a fixed boundary. The
front and back boundaries constrain the displacement in the𝑦 direction and the left and right boundaries constrain the
displacement in the 𝑥 direction.The computation parameters
of the soil and cable are given in Table 2. Based on the change
in water level of the seepage path in a tidal cycle (as shown
in Table 3), the pore water pressure was applied to the model

as dynamic external stress. Then dynamic calculation was
carried out during excavation of foundation pit. Figure 5
shows the calculation flow chart of numerical simulation.

4. Analysis of Numerical Results

Figure 6 shows that the change in the horizontal displacement
of the model increases with the excavation depth. The
maximum horizontal displacement occurs in the upper part
of the foundation pit sidewall. The 𝑋-displacement of the
model increases with the excavation depth of the foundation
pit.The isosurface of the𝑋-displacement is diffused in an arc
and gradually tends to zero.

Figure 7 shows the surface subsidence around the foun-
dation pit. It can be seen that the surface subsidence around
the foundation pit gradually increases with the excavation
depth and the maximum settlement is 10.5mm. The settle-
ment mainly occurs near the top of the supporting structure.
The maximum settlement emerges at the top of the pile with
each excavation step.
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Figure 3: Three-dimensional image of spatiotemporal evolution characteristics of seepage.
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Figure 4: Mesh sketch of numerical model.

Table 3: Height of the water at different times in a cycle.

Time/h The distance to foundation pit boundary A/m
0 10 20 30 40 50

0 11.28401 11.49439 11.701 11.90401 12.10363 12.3
1 11.27748 11.48821 11.70548 11.95825 12.31686 12.88317
2 11.21904 11.50565 11.81959 12.20792 12.72075 13.39127
3 11.26592 11.59036 11.97209 12.42218 12.93792 13.47478
4 11.39505 11.71119 12.08309 12.48299 12.85621 13.10122
5 11.5371 11.80319 12.09362 12.35372 12.50003 12.41591
6 11.62077 11.81513 11.98634 12.075 12.00285 11.68551
7 11.60111 11.73016 11.7924 11.74748 11.554 11.19419
8 11.47615 11.57178 11.57891 11.49244 11.32484 11.13312
9 11.28705 11.39417 11.42241 11.40428 11.40198 11.52606
10 11.10159 11.26067 11.37873 11.51354 11.75339 12.22012
11 10.98743 11.2187 11.46089 11.77477 12.2408 12.94526
12 10.98548 11.28111 11.63385 12.08405 12.67334 13.41934
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Figure 5: Calculation flow chart of numerical simulation.

Figures 8 and 9 show the results of horizontal and vertical
displacements of the pile top at different excavation depth
of deep foundation pit excavation. The simulation results
of the horizontal and vertical displacements of the pile top
are basically consistent with the site monitoring results.
The horizontal and vertical displacements of the pile top
affected by the tide are obviously increased comparedwith the
displacements under anhydrous conditions. The deviation of
the displacements increases with the excavation depth. The
horizontal and vertical displacements of the pile top without
tidal influence are 10.5mm and 8.2mm during excavation at
the bottomof the foundation pit. However, the horizontal and
vertical displacements of the pile top with tidal influence are
14.1mm and 10.6mm, respectively. The increases are 34.3%
and 22.6%, respectively. It is shown that the bearing capacity
and deformation of the supporting structure in the deep
foundation pit are adversely affected by tides. Therefore, the
tidal effect should be considered in the design of the support
structure for a coastal deep foundation pit.

5. Conclusions

To solve the seepage mechanics problems of a foundation
pit affected by tides, the equation of the seepage flow was
deduced and the time–space evolution model of a seepage
field for a deep foundation pit was established based on the
Boussinesq function.The effects of time and space on seepage
properties are considered sophisticated.

According to the results of in situ monitoring, the
variations in the tide and groundwater level of the foun-
dation pit on the ocean side were analyzed. Although the

groundwater level of the foundation pit on the ocean side
periodically changes, similar to the tide, the amplitude of
the groundwater level is less than that of the tide. Based
on the developed time–space seepage model, the dynamic
water level of the coastal foundation pit seepage path was
calculated by MATLAB and used to analyze the deformation
of the support structure of the deep foundation pit under
tidal influence. It is obviously seen that the seepage affected
by tide has a significant influence on the deformation of
the deep foundation pit and increases the security risk of
engineering. Therefore, in order to ensure the safety of the
foundation pit and improve the construction environment,
the adverse effects of tides must be considered in the design
and construction of deep foundation pits in coastal regions.

The dynamic and fluid coupling calculation is a rather
complex question. We turned a complex problem into two
relatively simple problems. One was simulated by MATLAB
based on the seepage model presented in our manuscript and
the other was simulated by dynamic calculation of FLAC3D.
The study can provide a new idea for the stability analysis of
deep foundation pit under the influence of tides.

Appendix

For

𝑍𝑚𝑘𝜕2𝑍𝜕𝑥2 = 𝑢𝜕𝑍𝜕𝑡
𝑍 (0, 𝑡) = 𝑓 (𝑡)
𝜕𝑍𝜕𝑥

𝑥=𝑙 = 0
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Figure 6: Contour of𝑋-displacement.

𝑍 (𝑥, 0) = 𝑒 (𝑥) in which, 𝑒 (𝑥) = √𝐷2 − 𝑥𝐷2 − 𝐽2𝐿 ,
(A.1)

assume that 𝑉(𝑥, 𝑡) = 𝐴(𝑡) ∗ 𝑥 + 𝐵(𝑡) satisfies (A.1); then
𝑉 (𝑥, 𝑡) = 𝑓 (𝑡) (A.2)

Assume that 𝑍 (𝑥, 𝑡) = 𝑉 (𝑥, 𝑡) + 𝑊 (𝑥, 𝑡) . (A.3)

The following equation will be obtained according to (A.1)
and (A.2):

𝑊𝑡 − 𝑝𝑊𝑥𝑥 = −𝑓 (𝑡)
𝑊 (0, 𝑡) = 0
𝜕𝑊𝜕𝑥

𝑥=𝐿 = 0
𝑊 (𝑥, 0) = 𝑁 (𝑥) ,

(A.4)

where 𝑝 = 𝑢/𝑍𝑚𝑘 and𝑁(𝑥) = 𝑒(𝑥) − 𝑓(0).

Assume that𝑊(𝑥, 𝑡) = 𝑊I (𝑥, 𝑡) + 𝑊II (𝑥, 𝑡) . (A.5)

Equation (A.5) is equivalent to the following equations:

𝑊I
𝑡 − 𝑝𝑊I

𝑥𝑥 = 0
𝑊I (0, 𝑡) = 0
𝜕𝑊I

𝜕𝑥
𝑥=𝐿 = 0

𝑊I (𝑥, 0) = 𝑁 (𝑥)

(A.6)

𝑊II
𝑡 − 𝑝𝑊II

𝑥𝑥 = −𝑓 (𝑡)
𝑊II (0, 𝑡) = 0
𝜕𝑊II

𝜕𝑥
𝑥=𝐿 = 0

𝑊II (𝑥, 0) = 0.

(A.7)
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Figure 7: Surface subsidence around the foundation pit.
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Figure 8: Horizontal displacement of pile top.

The solution of (A.6) was obtained by the method of separa-
tion of variables:

𝑊I (𝑥, 𝑡) = ∞∑
𝑛=1

𝐶𝑛 sin (𝑛 + 0.5) 𝜋𝑥𝐿 ⋅ 𝑒((𝑛+0.5)2𝜋2/𝐿2𝑝)𝑡. (A.8)
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Figure 9: Vertical displacement of pile top.

Here, 𝐶𝑛 = (2/𝐿) ∫𝐿
0
𝑁(𝑥) ⋅ sin((𝑛 + 0.5)𝜋𝑥/𝐿)𝑑𝑥; 𝑁(𝑥) =𝑒(𝑥) − 𝑓(0).

For (A.7), based on theorem of impulse, the solution was
adopted:
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Let𝑊II (𝑥, 𝑡) = ∫𝑡
0
𝑆 (𝑥, 𝑡 : 𝜄) 𝑑𝜄. (A.9)

The following equations were obtained by combining (A.7)
and (A.9):

𝑆𝑡 − 𝑝𝑆𝑥𝑥 = 0
𝑆 (0, 𝑡) = 0

𝜕𝑆𝜕𝑥
𝑥=𝐿 = 0

𝑆 (𝑥, 𝜏) = −𝑓 (𝜏) .
(A.10)

The solution of (A.10) was also obtained by the method of
separation of variables:

𝑆 (𝑥, 𝑡 : 𝜄) = ∞∑
𝑛=1

𝐴𝑛 sin (𝑛 + 0.5) 𝜋𝑥𝐿 ⋅ 𝑒((𝑛+0.5)2𝜋2/𝐿2𝑝)(𝑡−𝜄)

In which, 𝐴𝑛 = 2𝐿 ∫𝐿
0
𝑀(𝑥, 𝜄) ⋅ sin (𝑛 + 0.5) 𝜋𝑥𝐿 𝑑𝑥; 𝑀 (𝑥, 𝜄) = −𝑓 (𝜏) .

(A.11)

Above all,

𝑍 (𝑥, 𝑡) = 𝑓 (𝑡) + ∞∑
𝑛=1

𝐶𝑛 sin (𝑛 + 0.5) 𝜋𝑥𝐿 ⋅ 𝑒((𝑛+0.5)2𝜋2/𝐿2𝑝)𝑡 + ∫𝑡
0
𝑆 (𝑥, 𝑡 : 𝜄) 𝑑𝜄

in which, 𝑝 = 𝑍𝑚𝑘𝑢 ; 𝐶𝑛 = 2𝐿 ∫𝐿
0
𝑁(𝑥) ⋅ sin (𝑛 + 0.5) 𝜋𝑥𝐿 𝑑𝑥; 𝑁 (𝑥) = 𝑒 (𝑥) − 𝑓 (0) .

𝑆 (𝑥, 𝑡 : 𝜄) = ∞∑
𝑛=1

𝐴𝑛 sin (𝑛 + 0.5) 𝜋𝑥𝐿 ⋅ 𝑒((𝑛+0.5)2𝜋2/𝐿2𝑝)(𝑡−𝜄); 𝐴𝑛 = 2𝐿 ∫𝐿
0
𝑀(𝑥, 𝜄) ⋅ sin (𝑛 + 0.5) 𝜋𝑥𝐿 𝑑𝑥; 𝑀 (𝑥, 𝜄) = −𝑓 (𝜏)

(A.12)
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