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a b s t r a c t
The landslide deformation of the dam foundation is caused mainly by the seepage of the piping 
effect. In order to evaluate whether the pipeline crossing project would induce piping or not, accord-
ing to the regional engineering geological conditions and the factors such as flood and river erosion, 
the hydrogeological conditions, generalization and mathematical modeling of crossing pipeline 
through Hangbu River project in central Anhui province are carried out, and then proceed numer-
ical simulation of groundwater flow field in certain region based on Modflow software. The results 
showed that the channel was scoured obviously under the conditions of designed flood, however, 
the maximum hydraulic gradient of the groundwater flow field in the crossing section of pipeline 
engineering was less than the critical hydraulic gradient which could disturb sand grains, therefore, 
the river bed scour in flood season would not cause the seepage damage of the project.
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1. Introduction

Piping is one of the main forms of groundwater seep-
age failure which usually occurs at earth embankments in 
flood season. It is often presented the process of migra-
tion and loss of soil particles under seepage in engineer-
ing, then the loss of particles from the surface of the soil 
is gradually extended upstream to form an irregular pipe 
path [1–3]. The research on the phenomenon of piping is the 
focal point of hydraulic structure and underground seep-
age, many scholars have done a lot of work. Chen et al. [4] 
simulated the piping destruction processes of multilayer 
embankment with different kinds of sand layers based on 
the laboratory tests and analyzed the effect of sand layers 
with different grain-size distributions on the mechanism 
and process of the occurrence of piping. Liu et al. [5] stud-
ied the seepage failure mechanism of double-layer stratum 
structure according to the permeability coefficient ratio. 

Liang et al. [6], Li and Zhou [7], and Zhou et al. [8] studied 
the development of piping through simulation experiments 
of sand tank and visual tracking technology, respectively. 
Wang et al. [9] built equation of fluid pressure according 
to the flow conservation, and then used the modified algo-
rithm to simulate the unsteady seepage process; Ubilla et 
al. [10] investigated the failure of the levees and floodwall 
as a result of piping in Louisana and surrounding areas 
during Hurricane Katrina. Fujisawa et al. [11] simulated the 
temporal alteration and the spatial distribution of porosity 
and predicted the typical development of piping within an 
embankment. Zhou et al. [12] produced a laboratory model 
that could depict how fine particles were eroded from the 
soil fabric and transported out of the soil mass. Wang et 
al. [13] used a numerical model to simulate the pipe pro-
gression in a levee foundation, analyzed the inception, and 
transportation of erodible particles from the soil fabric. Ojha 
and Singh [14] modified a model for critical head to avoid 
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failure due to piping. Estabragh et al. [15] investigated the 
effect of random reinforcement on the seepage velocity and 
seepage force in silty soil. Su et al. [16] introduced a particle 
flow code (PFC)-based approach to implement the numeri-
cal simulation for seepage behavior in soil levee and investi-
gate the mesoscale seepage failures.

Throughout the domestic and international research of 
the piping effect, most of the scholars simulated and stud-
ied the formation mechanism and influencing factors of the 
piping phenomenon from the aspects of hydraulic gradient, 
seepage velocity, filter characteristics, grading curve, and 
the theory of particle flow [17–20]. These studies mainly 
focus on the macroscopical and semi-quantitative research 
on the formation and deterioration of piping. In the pro-
cess and development of the piping effect, the mechanical 
mechanism of the interaction between soil particles and 
water flow are extremely complex, and because of high ran-
domicity and influence factors, it is difficult to accurately 
calculate and fully express this process with a single equa-
tion or granular flow software. This paper combined the 
project of the Anqing–Hefei product oil pipeline crossing 
Hangbu River, considering the flood level and river erosion 
factors in a certain area, both the velocity field of groundwa-
ter seepage was simulated and the characteristics of which 
were analyzed by the Visual Modflow software. On the basis 
of the subbase, we evaluated the possibility of engineering 
inducing seepage damage.

2. Methods

2.1. Project profile

China Petrochemical Co., Ltd. intends to invest a new 
project of Anqing–Hefei petroleum products pipeline, which 
will be laid by Tongcheng–Feixi from south to north, among 
them, the pipeline project in Feixi county needs to cross 
Hangbu River. The overall perspective of crossing river and 
schematic of the pipeline entry point is shown in Fig. 1.

2.1.1. Basin profiles

As a tributary of Chaohu Lake, one of the five largest 
freshwater lakes in China, the Hangbu River is located in 

the central Anhui province, which has a complex topogra-
phy, varied landform types, obvious features of mountain, 
hill, and plain. The area of the project is the humid subtrop-
ical monsoon climate, the average annual rainfall is 900–
1,200 mm, and the average evaporation capacity over the 
years is 1,300–1,500 mm. According to the annual monitoring 
data from the Anhui hydrology bureau, the maximum and 
minimum flow rate of Hangbu River are 561 and –20.2 m3/s, 
respectively; the maximum water level is 14.43 m and the 
lowest is 6.11 m. The geological situation of the pipeline 
crossing region is the loose Quaternary strata in the depth 
range of 0–19.4 m, which the top-down formation structure 
is plain fill, silt, medium sand, silty clay, medium sand stra-
tum, silty clay, medium sand stratum, and silty clay in turn.

2.1.2. Pipeline crossing project

Anqing–Hefei oil pipeline project has been designed 
with a throughput of 750, 000 tons annually, and the final 
is 1.2 million tons. The pipe of the crossing Hangbu River 
is φ273.1 × 7.1 steel pipe which is 7.0 Mpa in designed pres-
sure; Across the river, the width is about 240 m and the 
water surface is about 135 m, the water depth is about 5 m, 
and the length of the crossing is 491 m; In addition, the pen-
etrating angle of south bank is 10° and the unearthed angle 
of the north bank is 6°, The channel of crossing region is 
basically straight, the elevation of the river bed and stream 
gradient are about 2 m and 0.2‰. Fig. 2 indicates the con-
struction process with crossing pipeline. According to the 
Flood Control Standard (GB50201-2014) and the flood 
situation of a river basin, the preliminary design of the rein-
forcement works for the Hangbu River embankment is car-
ried out by 20 year return period. The design standard of a 
project such as the embankment elevation is 17.5 m, the top 
width is 6.0 m, the bottom width is 90–130 m, the internal 
and external slope ratio is 2.0/2.0.

2.2. Hydrological computation

2.2.1. Storm flood

In Chaohu Lake, storm flood in various rivers are con-
centrated in May–October annually, the runoff is very great 
with long time and high water levels. There are three types 
of rainstorm flood type in Hangbu River: Backward flow, 
Top-lifted flow, and fluent flow. When the water level of 
the Yangtze River was higher than the inland river, which 
was poured into the center of the basin through Yuxi River, 
the flood in 1954 was this kind of Backward flow; When 
the water levels rose in the lower reaches of the Yangtze 
and Chaohu at the same time, the water logging would 
be occurred as for the influence of the top river, the flood 
appeared in 1949 and 1995 were the Top-lifted flow; When 
the water level of the rainstorm was low in the upper reach 
of Yangtze River, in the same period, there was heavy rain 
and the water level of the river had risen sharply, the flood 
in 1991 was the Fluent flow.

2.2.2. Stability of engineering reach

Due to the lack of section data of different periods in the 
river section where the project is located, only the measured 

 

Pipeline entry point 

Fig. 1. The overall perspective of crossing river and schematic of 
pipeline entry point.
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section of this evaluation is available. Therefore, it is diffi-
cult to make quantitative analysis and judgment on the lon-
gitudinal and horizontal deformation of the river, and only 
qualitative description can be made based on the width 
and depth relationship of the measured section. Eq. (1) is as 
follows,

ζ =
B
H

 (1)

where ζ is the transverse stability coefficient of the riverbed, 
B is the river width at the bed-making flow rate (m), H is 
the average water depth at the bed-making flow rate (m).

According to the above Table 1, the larger ζ value is, the 
wider and shallower the channel is, the more unstable the 
riverbed is, and vice versa [21]. Hangbu River project section 

is a plain river which is basically straight, where B is 135 m, 
H is 5 m, the stability coefficient ζ is calculated to be 2.32 
less than 3, so the project river section belongs to the stable 
river section.

2.2.3. The design flow and the design water level

According to the Report of Flood Control Planning in 
Chaohu Basin (Anhui Survey and Design Institute of Water 
Conservancy and Hydropower, 2004), The designed flood 
about the different return periods of each point in Hangbu 
River are shown in Table 2.

The crossing pipeline project of Hangbu River is near 
to the Guanghan bridge. Based on the importance of pipe-
line engineering, the section of design flow and the water 
level could just adopt the data from the Chaohu Flood 

    

 

(a)

(c)

(b)

(d)

Fig. 2. The schematic of construction process with crossing pipeline. (a) Directional drilling, (b) drilled-out of pilot hole, (c) 
the pre-reaming, and (d) enlarge boring and pull-back of pipeline.

Table 1
Stability parameters of various river sections

Type of river section Stability coefficient Stability

φ ζ Rank Degree

Mountainous-valley river 14–90 2–4 1
StabilityMountainous-open river 4.9–55 3–5 2,3

Plain-straight river 0.37–2.2 3–4 2,3
Plain braided stream / 6 3,4

General stabilityPlain constraint bending
0.25–19.2 6–17

3
Plain free bending 4
Wandering reach 0.17–1.3 20–40 5

Instability
Mobile-bed river 1–24.4 5–12 5
Bahada river / 15–32 6
Delta river mouth 5
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Control Manual [22], so the values of which are 16.4 m and 
1,960 m3/s.

2.3. Numerical simulation of groundwater seepage field

2.3.1. Model overview

Combined the hydrological computation with the engi-
neering geological conditions of the region, numerical sim-
ulation of the groundwater seepage field near the crossing 
river during the flood is simulated. Among them, the hydro-
logical conditions are generalized as following [23–25]. 
Firstly, in the case of flood conditions with 20 year return 
period, the height of the embankment is not less than 16.4 m 
when the height of the embankment of the river is lower 
than the design flood level. Secondly, the stratigraphic strata 
near the channel are treated isotropic by non-homogeneous. 
Thirdly, according to the strata exposed by the existing bore-
hole, the empirical value that the hydraulic conductivity of 
the intermediate fine sand in the strata is 1–20 m/d and the 
silty clay is less than 1 m/d. Lastly, when washed out of the 
riverbed, the vertical permeability coefficient is the same as 
the horizontal one.

2.3.2. Connectional hydrogeological model

In order to control the dynamic change of groundwa-
ter level and reflect the hydrogeological characteristics 
of research area, the scope of the region is mainly within 
1,000 m of the construction site, which the span of east-west 
and north-south are both 2,000 m. The entire study area 
was divided into 40 × 40 grids, particularly, a grid subdivi-
sion was conducted where the river and the pipeline pass. 
The detailed grid division is shown in Fig. 3, in which the 
blue line is the channel and the black line is the pipeline. 
The stability of the river bed could be roughly predicted by 
the seepage velocity of groundwater in the pipeline wall 
during designed flood, the main parameters of the model are 
shown in Table 3. When calculating, the hydraulic conduc-
tivity is generally 10 m/d in the area and which is 1.5 times at 
crossing pipeline than other areas.

The pipe across the channel is bent at the bottom of the 
river, so as to make the model consistent with the actual 
situation, the strata are divided into five layers. The perme-
ability coefficient of the place where the pipeline crossing is 
determined to be 1.5 times that of other areas. The specific 
stratigraphic distribution is shown in Fig. 4, in which the 
dyke is generalized into a vertical cubic shape. This model 
mainly predicts the impact of flood, as to simplify the model, 

the rainfall and evaporation amount offset each other as zero, 
the topography of the region is relatively flat, and the initial 
water head of the region is generalized to be horizontal.

2.3.3. Mathematical model and solution

According to the above hydrogeology conceptual model, 
the corresponding numerical model can be established as 
Eqs. (2)–(5).
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where Kxx and Kyy are the hydraulic conductivity in the direc-
tion of x and y, respectively (m/d), H is the groundwater level 
(m), W is the unit volume flow (m3), μ is specific yield, H0 is 
the initial water level of groundwater (m), H1 is the ground-
water level at the simulated boundary (m), t is time (d), D is 
the simulation area, Γ1 is the first-class boundary of head loss, 
Γ2 is the second type of flowrate boundary, and n is outside of 
the boundary normals.

The numerical simulation is solved by the finite differ-
ence method [26–30]. In calculating the water level of each 
unit in a finite-difference grid, a finite difference equation 
is established for each unit with the water balance between 
a node and its four adjacent nodes, then the water level is 
calculated by the conjugate gradient method. The general 
form of difference Eq. (6) is as follows:

b H d H e H f H g H qij i j ij i j ij i j ij i j ij i j ij− − + ++ + + + =1 1 1 1, , , , ,  (6)

Show it by matrix notation of Eq. (7):

A x b⋅ =  (7)

where A is the coefficient matrix, x is water level matrix of 
each cell, b is flow rate which is connected with boundary of 
fixed water level and moisture storage capacity in a table cell.

Table 2
The designed flood in Hangbu River basin

Calculated points Basin area (km2) Peak discharge (m3/s) Discharge modulus (m3/s/km2)

10 year return period 20 year return period 10 year return period 20 year return period

Jiangjun dam 1,810 1,650 1,850 0.916 1.022
Guanghan bridge 1,900 1,660 1,960 0.874 1.032
Datang bay 1,970 1,700 2,100 0.863 1.066
Lake entrance 4,150 2,480 2,980 0.598 0.719
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3. Results and discussion

3.1. River-bed scour analysis

To check the depth of the pipeline below the river bed, 
it is necessary to analyze the maximum scour depth of the 
river in the design flood condition. According to the drill-
ing data of pipeline engineering, bed soil is silty fine sand. 
The calculation formula of water scouring is used for the 
constant flow of non-viscous soil, as show in Eqs. (8) and (9). 
The calculation assumes that the banks on both sides of the 
river virtual heightening, in the design flood condition, the 
maximum scour depth calculation results of the channel in 
the engineering section are shown in Table 4.
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where cj is concentration coefficient of unit discharge, Qc is 
the flow rate of the main channel, which distributed by flow 
modulus (m3/s), Bc is the width of main channel water (m), 
B is the river width of bed flow (m), h is the average depth of 
bed flow (m), hmax is the maximum depth of the main channel 
(m), hpj is the average depth of the main channel (m), qmax is 
the maximum single-width flow (m3/s/m).

When the riverbed material is non-cohesive soil, the 
formula for calculating the maximum depth after scouring 
is shown in Eq. (10).

h
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max max

1
1

 (10)

where vc is the critical velocity could be calculated by Sharmov 
formula (m/s), d is the average grain size of sediment in 
the channel (mm), k, y, and x are constant coefficients with 
values of 4.6, 1/3, and 1/6, respectively.

When the riverbed material is viscous soil, the formula 
for calculating the maximum depth after scouring is shown 
in Eq. (11).

 

Fig. 3. Plane grid division of study area.

Table 3
Main parameters of model

Hydraulic conductivity (m/d) 10
Elastic storativity 0.0005
Specific yield 0.2
Porosity 0.4
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h
q
vs
c

=
′

max  (11)

where v′c is the critical velocity could be calculated by 
Sharmov formula (m/s).

The calculation reflected that the river basin was scoured 
under the design flood condition. The maximum scour depth 

of the channel was 2.28 m, and the yellow sea elevation of the 
minimum scouring line was –0.78 m.

3.2. Numerical simulation results

After the model and parameter identification, ground-
water simulation was conducted with the water level of 
20 y return period, and the simulation period was 1 month. 
The model simulation results showed that the maximum 
hydraulic gradient of groundwater seepage in the flow field 
is Im = 0.148. The distribution of groundwater flow field is 
shown in Figs. 4 and 5.

The maximum hydraulic gradient of model was obtained 
through the operation and calculation, in which the avail-
able hydraulic gradient could be calculated by the following 
Eqs. (12) and (13).

I
I
Kac
cr=  (12)

 

 

(a)

(b)

Fig. 4. (a) Vertical grid subdivision of study area and (b) section map of distribution of flow field.

Table 4
The calculated results of channel in designed flood conditions

Water level (m) 16.4
Sectional area (m2) 1190
Flow rate (m3/s) 1960
Average depth (m) 6.5
Maximum water depth (m) 9.13
Maximum scour depth (m) 2.28
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where Iac is the available hydraulic gradient, Icr is the critical 
hydraulic gradient, K is the safety factor, which the average 
value is 2.0–2.5, n is soil porosity.

According to the numerical simulation results, the max-
imum hydraulic gradient of groundwater seepage in flow 
field is Im = 0.148, the available hydraulic gradient is calcu-
lated as Iac = 0.369; on account of Im < Iac, that is to say the 
maximum hydraulic gradient in the underground flow field 
is less than the minimum hydraulic gradient required for the 
disturbed sand grains.

3.3. Results analysis

According to the maximum seepage velocity in the 
groundwater flow field and the engineering geological con-
ditions of the project stratum, the perturbation ability of the 
seepage velocity to the loose particles in the stratum is judged. 
As to the above simulation results and the groundwater flow 
field profile in Fig. 4 and the groundwater flow field plane 
in Fig. 5, the pipeline crossing the embankment changes the 
regional groundwater flow field. Considering that the pipe-
line project increases the seepage velocity of surrounding 

strata by 50%, the seepage velocity in the groundwater flow 
field is less than the minimum seepage velocity required by 
the disturbed sand grains. That is, the maximum hydrau-
lic gradient in the groundwater flow field is less than the 
allowable hydraulic gradient [31–35]. Therefore, consider-
ing riverbed erosion and the possibility of piping induced 
by groundwater seepage under the condition of high water 
level is relatively small, pipeline crossing will not have a 
destructive influence on the anti-slip and seepage stability 
of embankment design.

In addition, channel erosion has a certain impact on 
pipeline burial depth. Under the condition of design stan-
dard flood, the maximum flushing depth of the channel in 
Hangbu River is 2.28 m, and the Yellow Sea elevation of the 
lowest scouring line is –0.78 m. The design of pipeline bot-
tom under the riverbed is 6 m below the riverbed, and the 
design elevation of pipeline bottom is –7.5 m, the pipeline is 
below the minimum scour line, which can meet the require-
ments of “code for design of oil and gas transportation pipe-
line crossing engineering” (GB50423-2013) that the covering 
layer is greater than 1.5 m. The buried depth of the pipeline 
complies with the provisions of article 5.5.2 of “Standard for 
flood control” (GB 50201-2014), that is, the buried depth of 
water, oil, gas, and other pipeline projects crossing through 
the bottom of the water (rivers and lakes) should be below 
the scour depth of corresponding flood control standard. 

 
Fig. 5. The plane graph of distribution of flow field.
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Although the buried depth of the pipeline meets the require-
ments, the crossing project has a certain impact on the seep-
age stability of the embankment, after the construction of a 
pipeline, seepage prevention should be carried out at the soil 
entry point and the unearthed point.

4. Conclusions

• The stability of river embankments will be affected by 
pipeline crossing engineering, therefore, the seepage 
stability analysis is required. In the study of this project, 
the Hangbu River crossing pipeline is arranged outside 
the design section of the embankment, the maximum 
hydraulic gradient of groundwater seepage is Im = 0.148, 
and the maximum scour depth is 2.28 m with the yellow 
sea elevation of the minimum scouring line is –0.78 m, so 
the maximum hydraulic gradient calculated by numeri-
cal model is less than the available hydraulic gradient. In 
the process of engineering implementation, there are no 
cases of damage to existing embankments and regional 
stratigraphic permeability, the pipeline crossing is not 
destructive to the design of river embankments. Besides, 
the riverbed in flood season can be washed without 
causing the seepage damage of the project area.

• The change of hydraulic gradient will affect the extent 
of the seepage damage to the embankment in the early 
and later stages of the project, how to combine the the-
ory of fine particle flow and visualization technique to 
study the interaction mechanism of soil and water near 
the pipeline, and accurate prediction of piping and seep-
age failure cycle, This is a research work that needs to be 
focused on later.

• Based on the establishment of the hydrogeological 
model, the Modflow software can be used to simulate the 
pipeline crossing engineering and provide a reference for 
the prediction and evaluation of the similar embankment 
project. However, due to the lack of model simulation, it 
is difficult to comprehensively consider the rules of the 
formation and development of piping from the perspec-
tive of the fluid-structure interaction mechanism of soil 
in the mesoscopic level [36–40]. Moreover, the hydrau-
lic mechanism of local piping and the tubular seepage in 
the soil is still to be further studied and discussed in the 
future.
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