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ABSTRACT

Extreme conditions will cause the water level of high fill canal segment to change suddenly,
which will affect the velocity and pore pressure of the slope. In this paper, numerical method is used
to study the influence of water level sudden change on seepage characteristics of high fill canal
segment. HyperMesh software is used to establish the finite element model of typical high fill canal
segment under complex foundation conditions. Through the combination of secondary development
program and fluid-structure coupling calculation method, the fluid structure coupling effect of canal
under sudden change of water level is analyzed in ABAQUS. The results show that when the water
level changes suddenly, the pore pressure below the free water surface and the velocity near the
free surface will be greatly affected.
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INTRODUCTION

Water resources are an important guarantee for production and life in modern society. Water
transfer project is a major strategic infrastructure to realize the optimal allocation of water resources,
promote the sustainable development of economy and society, and ensure and improve people's
livelihood. In China, The Eastern and Central Routes of the South-to-North Water Transfer Project
(SNWTP) consist of a long open canal, inverted siphon, aqueduct and complex hydraulic structures
[1] (Figure 1), and they divert water from the Yangtze River to China’s arid northern regions. The
construction work of the Central Route started on 30 December 2003 and began to supply water on
12 December 2014 [2], in which the concrete construction technology of water box culvert is used in
the construction process. The SNWTP mostly adopts the open channel water conveyance mode,
and the channel adopts the trapezoidal cross section. In order to prevent seepage and reduce
roughness, the whole section is lined. The Central Route of SNWTP is 1431.95km, and the
topography along the main canal is complex. With the comprehensive influence of the project in the
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construction and operation period, its reliability, stability and durability are related to seepage,
especially when the extreme conditions occur, for example water level suddenly change, the
influence on the high fill canal segment needs to be further studied.
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Fig. 1 — Sketch of Central Route of the SNWTP [1]

The soil is composed of more complex porous media. In the soil structure of channel slope,
the change of water level causes the continuous change of underground seepage field; at the same
time, due to the effect of gravity, the settlement of the channel continuously changes in a long period
of time, resulting in the continuous change of structural stress, thus forming the interaction of
seepage field and stress field. The seepage field and stress field in soil interact with each other [3].
When there is water head difference in soil, the water in the pore will flow and produce hydrodynamic
pressure, namely seepage volume force. The seepage volume force acts on the soil for a long time
in the form of external load, which makes the stress field of rock and soil change greatly [4], and the
change of stress field will cause the change of displacement field of soil particles, and the spatial
position between soil particles will change. After a series of changes mentioned above, the porosity
of the soil changes [5], which affects the coefficient of hydraulic conductivity of the soil, and finally
changes the seepage field in the soil. CAl and Ugai [6] evaluated the slope stability under rainfall
infiltration based on shear strength reduction technology and considering the non-coupling condition
of seepage and deformation, combined with statistical and observation methods. Rahardjo et al. [7]
studied the influencing factors of slope stability under the condition of rainfall infiltration, and found
that slope instability mainly depends on rainfall intensity and soil properties, and other influencing
factors are slope type and groundwater level. Baum et al. [8] established the saturated and
unsaturated transient rainfall infiltration model, which connected the groundwater transient,
unsaturated hydraulic conductivity analysis and groundwater pressure diffusion, and predicted the
time and main source area of landslide caused by rainfall. Rahardjo et al. [9] analyzed the stability
of residual soil slope under the condition of rainfall infiltration considering different groundwater level,
rainfall intensity and soil properties, and the results showed that they were in good agreement with
the trend in the parameter study. Based on the Green-Ampt infiltration model and infinite slope
stability model, muntohar et al. [10] analyzed the failure law of shallow slope under rainfall infiltration.
The proposed model can be used as the first-order approximation to estimate the occurrence time
and sliding depth of shallow landslide caused by rainfall. Tsai et al. [11] compared the design scheme
with the actual case data, and investigated the influence of unit weight and unsaturated shear
strength as a function of saturation on shallow landslide triggered by rainfall infiltration. Borja et al.
[12] established a finite element model coupling solid deformation with fluid pressure in unsaturated
soil to evaluate slope stability. Rahimi et al. [13] applied three rainfall modes to analyze the transient
seepage of soil slope, and applied the calculation results of pore water pressure to the stability

@ DOI 10.14311/CEJ.2021.03.0056 730



Article no. 56
CIVIL

ENGINEERING THE CIVIL ENGINEERING JOURNAL 3-2021
JOURNAL

analysis to study the influence factors of rainfall induced slope failure. Zhang et al. [14] analyzed the
slope stability under the condition of rainfall infiltration, summarized the variation law of rainfall
infiltration, and discussed the main causes of landslide, so as to provide a certain guarantee for the
slope stability. Zhang et al. [15] used the numerical method to analyze the delay phenomenon and
influencing factors of slope caused by rainfall infiltration, and determined that the possibility of delay
phenomenon is higher when the slope is smaller or slower.

In recent years, many scholars have done a lot of research on fluid-structure coupling
calculation method and models. Based on the three-dimensional elastic-plastic finite element theory,
Bian et al. [16] proposed a seepage stress coupling method for lining structure. Deng et al. [17]
combined the finite element method and the adaptive genetic algorithm, established a model based
on the stress seepage coupling model and applied to the highway tunnel, and determined the initial
hydraulic conductivity coefficient of the formation and the lateral pressure coefficient of the initial
insitu stress through the back analysis method. Yang et al. [18] described and considered the
coupling effect of seepage and stress, established a seepage stress cross coupling anisotropic
numerical model, and used it to analyze the influence of joint principal direction on rock mass
anisotropy. The results show that the anisotropy of rock mass has great influence on stress
distribution, hydraulic conductivity and failure area. Godt et al. [19] provided a transient hydraulic
conductivity analysis method to analyze a series of soil texture and landslide prone hillsides, and to
predict the location and time of shallow landslide caused by rainfall. Garcia et al. [20] described the
process of one-dimensional soil column rainfall infiltration based on the multi-phase coupling elastic
viscoplastic finite element analysis formula of porous media theory, and numerically analyzed the
generation and deformation of pore water pressure when rainfall was applied to soil. Mallari et al.
[21] compared and analyzed the applicability of Horton and green amp infiltration models in overland
flow, and considered that compared with Horton equation, Green-Ampt equation can more
accurately describe the antecedent water content condition and flow process in soil. Wang et al. [22]
combined the Green-Ampt model with the law of mass conservation to establish a rainfall infiltration
model considering vertical and parallel slope seepage. Based on the Saint Venant continuity and
momentum equation of surface runoff, the Green-Ampt model and explicit finite difference method
were used to calculate the rainfall runoff of embankment slope [23]. Yao et al. [24] proposed SGA
model to evaluate the rainfall infiltration process of slope based on the concept of layered soil
moisture above the wetting front. Gavin et al. [25] improved the Green-Ampt model by assuming that
the matric suction of soil increases linearly with depth after rainfall. Tsai et al. [26] established an
MAGM infiltration model considering the dynamic effect of capillary pressure based on the traditional
Green-Ampt model. Zeng et al. [27] investigated the macro-mesoscopic characteristics of seepage
flow in porous media. Zhai et al. [28] derived a modified Shields number considering the two-
dimensional seepage. Hou et al. [29] studied the effects of seepage on the long-term stability of
cemented gangue fly ash backfill.

Based on the aforementioned introduction, this study explores the influence of sudden
change of water level on the high fill canal segment through the combination of secondary
development program and fluid-structure coupling calculation method, the fluid structure coupling
effect of canal under sudden change of water level is analyzed in ABAQUS. The saturation, velocity
and pore pressure of the high fill canal segment were performed.

THE THEORY OF SEEPAGE AND STRESS COUPLING
Basic model of seepage field

Generally, the actual engineering materials are porous media in seepage analysis. Under the
action of hydraulic gradient, water flows between the pores. Assuming that water and soil are
incompressible, the continuity equation of saturated seepage can be written in tensor form, which
can be expressed as follows:
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where, p is fluid density; v, is velocity; n is porosity; S is sink source term. For unsaturated

seepage, 0=nSW, SW is saturation, OSSW <1, the continuity equation of saturated unsaturated
seepage problem is obtained:

-aixi(pvt)+S=§(anw),i=1,2,3 (2)
0 0 0 0
-a—)Ci(pvx)+a—yi(pvy)+6—Z[(pvz):—E(anW)nLS (3)
Darcy's law for unsaturated soils:
OoH
00 ==k .k (0)—,1,j=123 4
v, =—kk, ( )alej (4)
In the continuity equation:
0 oH 0
—| pk.k (0)— |+S=—(pnS,,),i,j=1,2,3 5
axi[p ik ( )axJ ~(pnS,). ] (5)

where, sz is the saturated hydraulic conductivity tensor; kr(e) is the ratio of the hydraulic
conductivity coefficient of unsaturated zone to that of saturated zone. Considering that there is a
functional relationship between @, 4 and k., kr(e):kr(ﬁ(h)) , h is the pressure head, z is the
position head:

060 00 oh
-2 (6)

ot Oh ot
The following differential equation of saturated and unsaturated seepage flow can be

obtained by taking the water capacity C:% into formula (6) with water content instead of

saturation, where the water capacity C is equal to zero in the saturated area and S, is the unit
storage capacity.

Oh Oh

0

When the time factor is not considered, the saturated unsaturated differential equation of
steady seepage can be expressed:

0 Oh
a—%[kgk, (h)awﬁkr (h)]-l—S =0 (8)

J

For the saturated unsaturated seepage field, the whole seepage region can be divided into
saturated region and unsaturated region; the boundary conditions include the head boundary, known
flow boundary, free surface boundary and overflow surface boundary. Where ¢ is the normal flow,
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outward is positive; n is the cosine of the external normal direction; £, is the initial time; I', is the

known head boundary; I', is the known flow boundary; I, is the free surface boundary; I, is the
over-flow surface boundary.

Initial conditions:

h(x.yzty) = hy (%, 7,20, 9)
Water head boundary conditions:

h(x,y,z,t)‘rl =h (x,y,z,t) (10)
Flow boundary conditions:

k% = g(x.7.2.1) (11)

r2
Free surface boundary conditions:

8h(x,y,z,t)
k———— =0 =0 12
o > Py, (12)

Iy

Overflow surface boundary condition: [

oh(x,y,z,t)
on

-k >0, p|, <0 (13)

Ly
Calculation theory of seepage field

When the space domain is assumed to be discretized, the following coupling equations of
seepage and stress can be obtained, which [Km] is the structural stiffness matrix, (u) is the column

vector of node displacement, and (F) is the node load of the structure:

(K, ()= (F)+(F) (14)
Fluid-structure coupling analysis

The main difference between the saturated and unsaturated regions is the coefficient of
hydraulic conductivity. In the saturated region, the coefficient of hydraulic conductivity is generally
regarded as a constant, while in the unsaturated region, the coefficient of hydraulic conductivity is a
relation between the saturation and the matric suction. In the unsaturated region, the pore water
pressure is negative, while in the saturated region, the pore water pressure is positive. Even with
these differences, the local differential equations of flow are the same. According to the principle of
conservation of mass, the governing differential equation of saturated unsaturated seepage is

0 oh oh
a—)@(@& (y)gj+ki3k,(h)}sz(c(h)wss)a (15)

where, £k (h) is the relative coefficient of hydraulic conductivity, in the saturated area k, (h)=l, in

the unsaturated area k, (h) € [0,1];ky. is the saturated hydraulic conductivity tensor; S, is the unit
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water storage coefficient; C(h) is the water capacity, positive pressure area, negative pressure

area, C(h)=%; 0 is the water content; S is the parameter to determine the saturated and

unsaturated state, S=0in the unsaturated area, =1 in the saturated area; ¢ is the time; § is the
source sink term.

The relationship between matric suction and saturation was obtained by Van Genuchten
model

—-m

S.=|1+(aB)'| (16)
where, P, is the matric suction; m, n and « are the fitting parameters.

The relationship between parameters m and n can be used by n:[—m]fl, then equation
(16) can be expressed as:

p=p[s"-1]" (17)

where, P,=1/a ; S,is the effective saturation, Se=(HW—0r)/(¢9S —Hr) ;0 is the saturated

volumetric water content; t9r is the residual volumetric water content; and 6’w is the volumetric water
content of the corresponding matrix suction.

SECONDARY DEVELOPMENT PROGRAM

In order to study the influence of sudden change of water level, an ideal slope model is used
to verify the effectiveness of the secondary development program.

Ideal slope model

The mathematical model established in this section is an ideal slope. The slope angle is 45°
and the slope height is 5 m. The initial groundwater level is 2 m above the foot of the slope, and the
foundation size is 10 m. Based on the above theoretical analysis, the finite element model was
established in ABAQUS and shown in Figure 2.

Fig. 2 — Finite element mesh model
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Program code

When there is a rainstorm or other special circumstances, the water level of the channel will
change suddenly in a short time. In ABAQUS, there is no function to directly set the sudden change
of water level. In order to further analyse and study the canal segment performance in the case of
sudden change of water level, it needs to be realized through secondary development. This research
is implemented by FORTRAN program. The calculation flow chart is shown in Figure 3, where Y is
the height value of node on the boundary below water level, p is the density of water, y__ is the
bulk density of water, t1 is the time of Step 1, 12 is the time of Step 2, s1 is the water level that

decreases in time t0. It is assumed that the water level will drop by 2 m within 24 hours as an
example.

on the boundary below water level

pore pressure: P=7, e (H =)

| |
| |
| |
| |
| |
| |
| |
| |
| |
i water pressure: szg(H —Y) i Step 1
| |
| |
| |
| |
| |
| |
| |
| |
| |

t=t+dt |«

v

h=H-s1*(t-t1)/t0
For Y<=h

Step 2

water pressure: F=pg(h—Y)
pore pressure:  P=7\ e (A=)

|
|
|
I
I
I
I
I
I
I
i
on the boundary below water level !
|
|
|
|
|
|
|
|
|
|
|

Fig. 3 —Calculation flow chart

Analysis of sudden change of water level

The seepage analysis of ideal model before and after the sudden change of water level is
carried out in ABAQUS. Figure 4 shows the distribution of pore pressure before and after the sudden
change of water level. The pore pressure distribution after the sudden change of water level is
significantly different from the initial state. With the decrease of water level, the phreatic line

@ DOI 10.14311/CEJ.2021.03.0056 735



Article no. 56
CIVIL

ENGINEERING )
JOURNAL THE CIVIL ENGINEERING JOURNAL 3-2021

decreases at the slope position. However, due to the change of water level in a short time, the
seepage of internal soil changes little, so the position of internal phreatic line changes little.

Figure 5 shows the vertical displacement distribution before and after the sudden change of
water level. It can be seen from the figure that due to the influence of seepage, the vertical
displacement at the foot of the slope changes from -2.57 mm to -1.85 mm (positive upward), and the
vertical displacement at the middle of the bottom plane of the slope changes from 0 mm to 1.64 mm.

Through the analysis of ideal model, the rationality of secondary development program is
verified, which is helpful to apply to high fill canal segment.
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Fig. 4- The pore pressure nephogram: (a) before sudden change of water level; (b) after sudden
change of water level
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Fig. 5 — Vertical displacement nephogram: (a) before sudden change of water level; (b) after
sudden change of water level
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Fig. 5 — Vertical displacement nephogram: (a) before sudden change of water level; (b) after
sudden change of water level

SIMULATION AND DISCUSSION
The model of high fill canal segment

The typical high fill canal segment is selected for seepage stress coupling numerical
simulation analysis. Because the thickness of lining plate is smaller than that of soil, the element
transition is used in HyperMesh to realize the connection between meshes of different sizes, as
shown in Figure 6. The model includes: concrete lining slab, asphalt pavement, foundation and fill.
In the calculation, CPE4P coupling element with high accuracy is selected as the material element
of the model, and the calculated mechanical parameters of the material model are shown in Table
1. It should be pointed out that the positions of silty clay and compacted silty clay are foundation and
filling respectively.

60m l
l
. f .

[« >

240m

l Om
6m
3m

6.7mI 71m

Fig. 6 — The finite element model of high fill canal segment

9.5m 9.5m Sm 12m 2m 12m 2m 7.5m
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Tab. 1: Calculation mechanical parameters of material
material compression densit hesi friction angle hydraulic grain size
P ensity cohesion ° porosity conductivity
type  |modulus (MPa) | (kg.m® | (kPa) ©) (m/s) (mm)

silty clay 23 2020 42.0 25.0 0.48 3.5e-8 0.005
compacted 22 2010 36.6 17.6 0.50 7.3e-7 0.005

silty clay

Seepage analysis of sudden change of water level

The lining plate has the function of anti-seepage and reducing roughness under normal
conditions. During the operation of SNWTP, due to various factors such as uneven settlement and
rainfall, the lining plate will crack, swell and collapse, which will make the lining plate lose its anti-
seepage function. ABAQUS provides special "displacement pore pressure coupling elements" for
solving seepage stress coupling problems. The pore pressure of these elements is linear distribution,
and the displacement can be taken as the first-order or second-order distribution function, which can
be used to solve porous media seepage problems of plane strain, axisymmetric and H dimensional
problems.

In order to better analyse the calculation results, the top A, middle B and bottom C of the
canal slope are selected as the characteristic points to analyse the seepage characteristics of the
canal slope (Figure 7).

A

dox

When there is rainstorm, leakage or other extreme conditions, the water level of the channel
will rise or fall in a short time. In order to further analyze and study the seepage characteristics of
the sudden rise and fall of water level, it needs to be realized through the secondary development in
ABAQUS. In this study, according to the dynamics of actual changes in the channel, FORTRAN
program is used to realize the situation of water level sudden drop of 0.5 m (case 1) and sudden rise
of 0.5 m (case 2) within 3 hours, and two analysis steps are set: Step 1 is seepage steady analysis,
Step 2 is seepage transient analysis, and subroutine plays a role in Step 2.

Figure 8 shows the distribution of pore pressure before and after the sudden change of water
level with two cases. And the Table 2 shows the results of pore pressure for A, B, and C. For the
normal case, the Figure 8(a) shows that pore pressure nephogram under design water level when
lining plate and composite geomembrane fail at the same time, which indicates that when the anti-
seepage effect of lining plate fails, the water in the channel will seep into the soil, which may lead to
the outward leakage of river water. It can be seen from the Figure 8 that the sudden drop or rise of
water level will lead to the drop or rise of the pore water pressure at B and C, and the change of pore
water pressure at A point is not obvious, because a point is above the free water surface, the pore
water pressure is negative, and there is no significant change.

Fig. 7 — Distribution map of characteristic points
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Fig. 8 — The pore pressure nephogram of high fill canal segment: (a) normal; (b) case 1; (c) case 2

Tab. 2: Pore pressure of seepage analysis (kPa)

Type normal casel case 2
A -25.63 -25.63 -25.63
B 32.30 27.30 37.23
C 80.00 75.00 85.00

Figure 9 shows the velocity vector diagram of grid integration point before and after the
sudden change of water level with two cases. It can be seen form the figure that the sudden change
of water level leads to obvious change of velocity near the free water surface, but not obvious change
inside the fill. This is because the time of sudden change of water level is short, and it has not caused
too much impact on the inside of the fill.

FLVEL, Resultant
+1.636e-03

Fig. 9 — The velocity vector diagram of grid integration point of high fill canal segment: (a) normal
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Fig. 9 — The velocity vector diagram of grid integration point of high fill canal segment: (a) normal;
(b) case 1; (c) case 2

CONCLUSION

This study has focused on the influence of water level sudden change on seepage
characteristics of high fill canal segment. FORTRAN program was used to realize the situation of
water level sudden change. One ideal slope model was used to verify the rationality of secondary
development program. For high fill canal segment, the two cases with sudden drop of 0.5 m and
sudden rise of 0.5 m in 3 hours were studied. Considering the fluid-structure interaction, the change
of seepage performance under the condition of sudden change of water level is analyzed. The
conclusions is as follows:

1. The FORTRAN program given in this paper can effectively simulate the sudden change of
water level. Under the action of sudden change of water level, it will lead to the change of pore
pressure below the free water surface, but the change of pore pressure above the free water surface
is not obvious; the velocity near the free water surface has a great influence, but it has little influence
on the velocity inside the fill due to the short time.

2. When the anti-seepage effect of lining plate fails, the water in the channel will seep into the
soil, which may lead to the outward leakage of river water, which will result in the structural failure.

3. The safety for earthquake action, the uneven settlement of the joint parts of different buildings
and the influence of different site conditions on seepage can be studied in the near future.

4. For high fill canal segment, it is suggested to increase the anti-seepage measures at the
external slope toe in the design process.
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