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a b s t r a c t
Cofferdam is a key component of the containment system during the construction period. In order 
to ensure the quality and safety of underground open cut structure projects in China, and to strongly 
promote the development and progress of similar underground engineering cofferdam technology 
such as open cut lake tunnels, this paper takes the Jinji Lake tunnel cofferdam project as the basis, 
and conducts a study on the deformation law and stability state of PC combined method pile cof-
ferdam support structure during the whole process of weir pumping construction combined with 
field monitoring analysis. The results show that: (1) with the continuous pumping and slope exca-
vation, the overall structural deformation of the cofferdam tends to move more and more towards 
the inner side of the cofferdam; (2) during the construction process, the horizontal displacement 
values of the pile tops on the waterward and backward sides of the cofferdam do not differ much; 
and the maximum horizontal displacement value of the pile body on the waterward side does not 
differ much from the horizontal displacement value of the pile top, but on the backward side dif-
fers significantly. (3) During the pumping process in the weir, the maximum horizontal displace-
ment of the piles on both sides of the weir basically appears near the bottom of the lake. The study 
reveals the asymmetric deformation law of the piles on both sides of the weir, which provides 
reference for similar projects of PC combined method pile cofferdam.

Keywords:  PC combined method pile cofferdam; Deformation law; Stability; Finite element simulation; 
Field monitoring

1. Introduction

As a new type of support structure, PC construction 
method pile is a combination of Larsen steel sheet pile and 
steel pipe pile to form composite piles with different sec-
tions. The lock catch uses shaped Larsen steel sheet as the 
lock catch, which has simple manufacturing process, high 
degree of industrialization and automation, good water 
stopping effect, relatively easy control of driving perpen-
dicularity, high construction efficiency, and guaranteed 
quality. Compared to ordinary lock catch steel cofferdam, 
it has greater rigidity and less deformation. The amount of 
steel used is also relatively small. PC construction method 

piles have a wide range of uses. Compared to earth-rock 
cofferdam and traditional steel sheet piles, PC construc-
tion method piles have many advantages, such as high sec-
tional strength, good durability, good weather resistance, 
good water sealing effect, as well as no pollution during the 
entire process of use, convenient construction, fast accep-
tance, and recyclability. They are valued and favored by the 
cofferdam field. Currently, there are two main calculation 
and design methods in the research of steel cofferdam and 
steel sheet pile at home and abroad: simplified calculation 
method and finite element calculation method.

Currently, there are no clear regulations on the design 
of double row steel cofferdams, which are still in a semi 
theoretical and semi empirical state. Many experts and 
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scholars have also conducted targeted research. Uribe-
Henao and Arboleda-Monsalve [1] have studied the 
impact of installation of steel sheet pile cofferdam ring 
beams on the performance of urban cofferdams. Using 
three-dimensional numerical analysis, it is found that only 
after some deformation, the natural relaxation of interlock-
ing and steel sheet pile ring beam connections will nar-
row their gaps, The support system can be fully engaged; 
based on the research and experience of the Mekong River 
Delta project, Quang et al. [2] calculated that the combi-
nation of cement columns and ordinary steel sheet piles 
for deep and wide foundation pit cofferdams is a reason-
able solution; Verstov et al. [3] discussed the developed 
offshore waterproof steel sheet pile cofferdam technology 
for building artificial islands. The proposed technology 
can improve efficiency and shorten work completion time; 
Li et al. [4] introduced the design of the key parts of the 
USSP cofferdam under the action of tides, established a 
three-dimensional finite element model corresponding to 
all construction steps, conducted backtesting and analysis 
of the measured deflection of the USSP, and studied the 
effects of tidal level, soil parameters, support stiffness, 
and construction sequence on the lateral deflection of the 
USSP. The results showed that the maximum deflection 
during construction occurred near the riverbed, extracting 
water before the concrete substrate can greatly improve 
construction efficiency; Wang et al. [5] established a sup-
port vector machine (SVM) medium and short term water 
level prediction model, using SVM tools to establish a pre-
diction model that comprehensively considers complex 
hydrological scenarios and weather changes, making the 
medium and short term water level prediction more accu-
rate, thereby achieving dynamic adjustment and better 
adapting to the actual needs of steel sheet pile cofferdam 
construction; Gui and Han [6] investigated the reasons for 
the failure of the double wall cofferdam during construc-
tion, introduced the failure background, failure situation, 
and the results of finite element analysis after failure, and 
finally pointed out the actual reasons for the failure; Hou 
et al. [7] analyzed the measured data, studied the defor-
mation performance of large span double row steel sheet 
piles, and studied the impact of soil reinforcement technol-
ogy on deformation control of double row steel sheet piles 
using a two-dimensional finite element method. Huang et 
al. [8] conducted control analysis on the stability calcula-
tion of double row steel sheet piles in soft soil foundation 
based on soil mechanics theory from aspects of uplift stabil-
ity, overall sliding stability, anti overturning stability, and 
overall sliding stability of steel sheet piles. Through theo-
retical derivation and calculation, a formula for calculating 
the minimum penetration depth Ld of steel sheet piles is 
given; Xiong et al. [9] established a three-dimensional finite 
element model on steel sheet piles, purlins, inner bear-
ings, and soil, and drew conclusions through calculating 
model values and monitoring values; Wang et al. [10] took 
the U-shaped steel sheet pile supporting foundation pit 
in the middle and lower reaches of the Yangtze River as 
an example, established a three-dimensional finite ele-
ment model of the supporting structure, and conducted an 
RMA parameter analysis. Aiming at the uncertainty of the 
U-shaped steel sheet pile RMA in general situations, they 

proposed an optimization strategy for the design of the 
U-shaped steel sheet pile supporting structure; Liu et al. 
[11] analyzed the working mechanism, design points, and 
construction points of the large diameter deep inserted 
steel tube structure through their research on the scheme 
of the large diameter deep inserted steel tube. Wu et al. [12] 
proposed a novel excavation and construction method for 
a lake crossing tunnel. They designed DSSPs cofferdams, 
dividing the excavation of the upper layer into several 
closed areas, and using a combination of finite element 
analysis and on-site monitoring data, providing a new idea 
for construction. Arboleda-Monsalve et al. [13] studied 
the impact of excavation under two different cofferdams, 
segmental steel ring beam support and cast-in-situ rein-
forced concrete ring beam support, on the ground. Haack 
[14] used advanced structural models to study the ground 
change rules caused by excavation of concrete supports in 
urban cofferdams. Spaans and Milutinovic [15] introduced 
the analysis and design methods of precast concrete cof-
ferdams. The precast concrete cofferdam was subjected 
to finite element analysis and adequate inspection at all 
stages of construction. Pal et al. [16] focused on studying 
the settlement behavior of the cofferdam top through mon-
itoring data, introducing a corresponding function to pre-
dict future settlement. Su et al. [17] combined with recla-
mation projects, studied the variation of shear strength and 
compressive modulus of soft soil under different degrees 
of consolidation through theoretical analysis, and used 
finite element methods to study the variation of vertical 
and horizontal ultimate bearing capacity of a single pile 
with the degree of soil consolidation. Fall et al. [18] eval-
uated the changes in the bending moment of the bottom 
wall, the lateral and vertical displacements of the top wall, 
and the reaction force of the anchor rod applied to the steel 
sheet pile through numerical studies. Azzam and Elwakil 
[19] studied the potential benefits of using pile retaining 
walls to resist axial loads. The results show that the ulti-
mate axial bearing capacity of the test pile wall increases 
significantly with the increase of penetration depth and 
soil relative density. Through case studies and finite ele-
ment results, Zheng et al. [20] have shown that inclined 
piles (IP) are more effective than vertical piles (VP), while 
composite inclined retaining structures (CIRS) are more 
effective than IP in reducing deflection and bending  
moments.

Many scholars have fully studied the calculation the-
ory of stress and deformation of double row steel coffer-
dams [21–23] mainly from traditional calculation methods 
and finite element calculation methods, and have achieved 
many research results, which lays the foundation for fur-
ther research in this article. However, due to the relatively 
novel support structure of the PC composite construction 
method pile cofferdam, there are some differences between 
the common double row steel sheet pile and steel pipe pile 
cofferdams [24–26]. Therefore, this paper uses finite ele-
ment analysis software to analyze the deformation, strength, 
and stability of the steel pipe pile cofferdam structure to 
ensure the construction safety of the steel pipe pile coffer-
dam structure [27–29]. The deformation law and stability of 
the PC composite pile cofferdam support structure during 
pumping and excavation in the cofferdam were studied.
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2. Project introduction

2.1. Project overview

The project is located in Wuzhong District, Suzhou 
City, crossing Jinji Lake in an east-west direction, the tun-
nel starts from Xinghai Street (including Xinghai Street 
intersection) in the west to Nanshi Street (including Nanshi 
Street intersection) in the east, with a total length of about 
5.35 km, of which about 3 km is in the lake (including the 
rail transit co-construction section) and about 2.35 km is 
on land. 6 lanes in both directions on the main express-
way, the calculated travel speed of the main line is 50 km/h, 
and the calculated travel speed of the ramp is the coffer-
dam and other temporary construction buildings are class 
4 hydraulic buildings. The total length of cofferdam is about 
6.8 km, and the elevation of the lake bottom is more than 
–1.00~–6.00 m. The cofferdam is used as temporary water 
retaining structure for construction, and a thousand of 
them are constructed by open excavation method, and the 
plan of the tunnel project is shown in Fig. 1.

Steel pipe piles and SP-IV Larsen sheet piles are mainly 
used to form the weir. Φ720 steel pipes are used on the 
water side of the steel pipe pile weir, and the adjacent steel 
pipes are connected by “PC” type locking. SP-IV Larsen 
sheet pile cofferdam is mainly a temporary cofferdam with 
two layers of Larsen sheet piles spaced 8.0 m apart and 
filled with earth to form a cofferdam.

2.2. Geological conditions

The geomorphology of this area belongs to the Taihu 
Lake basin piled up the plain area of flat water network 
(Ⅱ2a), the site topography is flat, the terrain slightly to the 
east, ground elevation 3–4 m, dense river network, the sur-
face is mainly alluvial – lake phase, lake – marsh phase 
piled up soil layers in the upper horizontal distribution of 
the site is more stable, the stability of the lower soil layer is 
poor, the thickness of the fourth system cover layer in the 
site can be more than 180 and 75.30 m along the tunnel to 
shallow The soil layer is a loose sediment deposited from 
the Holocene to the early Pleistocene of the fourth system, 
mainly clayey soil, interspersed with powdery (sandy) 
soil. According to the physical and mechanical proper-
ties, deposition environment and genesis type of each soil 
layer, it can be divided into 11 engineering geological layers 
and 24 engineering top sub-layers, Table 1.

2.3. Hydrological conditions

• Surface water survey area surface water system devel-
opment, the proposed tunnel route through the Jinji 
Lake, Lake Taihu water through the river source of con-
tinuous replenishment of Jinji Lake water, surface water 
another source of atmospheric precipitation, water level 
elevation changes mainly by the level of Lake Taihu, 
surrounding rivers and lakes and seasonal precipitation 

 

Fig. 1. Plan of Jinji Lake tunnel project.

Table 1
Distribution of cofferdam soil layers

Serial 
No

Soil layer name Layer thickness 
(m)

Severe 
(KN/m3)

Elastic 
modulus

Poisson’s 
ratio

Cohesion Friction 
angle

1 Silt① 0.2 16.0 15,880 0.49 2.8 3.0
2 Silty clay③2 0.3 19.3 22,960 0.49 22.4 12.7
3 Silt③3 2.8 19.2 24,720 0.48 8.0 28.7
4 Silt mixed with powder④ 4.4 19.6 23,290 0.45 6.2 30.5
5 Silty clay⑤ 9.1 19.1 30,560 0.39 21.5 12.4
6 Clay⑥1 2.9 20.4 25,920 0.38 49.2 12.1
7 Silty clay⑥z 4.5 19.9 27,280 0.42 29.2 13.6
8 Silt mixed with silty sand⑦ 4.0 19.5 38,720 0.36 7.9 29.2
9 Filling / 16.8 20,000 0.38 25.0 10.0
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changes, evaporation and artificial water extraction as 
the main drainage of surface water in the area. The sur-
face water along the tunnel line is mainly Jinji Lake water 
and Jinji Dun Park River water (connected with Jinji 
Lake), the lake surface elevation was measured several 
times during the survey, between September 24–27 due 
to continuous heavy rain, the water surface elevation up 
to 1.97 m, other non-rainy hours the water surface eleva-
tion is generally between 1.39–1.41 m. According to the 
field measurement, the water depth of K1+206–K1+250 
in the west section of the tunnel main line is between 
0.75 and 4.9 m, the water depth of K1+250–K3+860 in 
the middle section of the lake is between 3.7 and 5.71 m, 
and the water depth of K3+860–K4+080 in the east 
section of the lake is between 0.48 and 3.7 m.

• Diving is mainly located in the pore space of the shal-
low  ①1 middle and lower sections of the miscellaneous 
fill and  ①3 vegetal fill layer, with poor water-richness. 
Its recharge is mainly atmospheric precipitation and the 
surrounding lake (river) network system, with atmo-
spheric evaporation and runoff to the surrounding lake 
(river) channel as its main discharge method. During the 
survey, the diving stable water level elevation was mea-
sured between 1.16 and 1.41 m. The rainfall in Suzhou 
area is mainly concentrated in June to September, during 
which the groundwater level is generally the high-
est; the dry season is from December to March, during 
which the groundwater level is generally the lowest. 
The annual water level variation is 1.00 m. According 
to the regional hydrological data, the highest dive level 
elevation in Suzhou is 2.63 m and the lowest dive level 
elevation is 0.21 m.

• The micro-pressure water is mainly stored in ③3 pow-
der soil and ④2 powder soil sand layer, and the water 
distribution is average to good. Its recharge source 
is mainly the vertical infiltration of upper diving and 
lateral recharge of surrounding rivers, and the lateral 
runoff to the surrounding lake (river) network is its 
main discharge method. Due to the influence of topog-
raphy and geomorphology, the initial water level and 
stable water level of the micro-pressure water level 
vary slightly. According to the results of two sets of 
pumping tests by the survey unit on both sides of Jinji 
Lake, the measured micro-head elevation in the west 
of the lake is 1.40 m, and the head elevation in the east 
of the lake is 1.45 m (due to soil extraction in the lake, 
the lake water directly replenishes the micro-head 
aquifer, resulting in the lake surface elevation being 
the same as or close to the micro-head elevation), it is 
suggested that the micro-head elevation in the west 
section of the lake and the water in the lake should 
be taken as 1.40 m, and the land area in the east of the 
lake should be taken as 1.45 m. The value is taken.

• The pressurized water in the pressurized water zone is 
mainly stored in ⑦2 powder sand layer, and there are 
⑤2 powder clay and ⑤4 powder clay layers, which are 
connected with ⑦2 powder sand layer, and they are 
both pressurized water aquifers with medium to good 
water richness. The aquifer has relatively good confine-
ment conditions, and the source of recharge is mainly 

the overflow recharge of pressurized water and subsur-
face runoff recharge, with subsurface runoff and artifi-
cial pumping as the main drainage methods. According 
to the regional hydrogeological data, the change of 
water level of pressurized water is generally about 1 m. 
According to the data of pressurized water pumping 
test in the east and west of Jinji Lake, the head elevation 
of pressurized water in the west of the lake is –1.58 m, 
and the head elevation in the east of the lake is –1.42 m.

3. Numerical modeling

3.1. Cofferdam structure

The cofferdam of Suzhou Jinji Lake is a bilateral cof-
ferdam, but because the south and north cofferdams are 
more than 300 m apart, the mutual influence is very small, 
and in order to streamline the calculation, one side of 
the cofferdam is selected to establish a numerical model 
for deformation analysis. Since the south side cofferdam 
structure is closer to the excavation of the foundation pit 
within the weir, it poses a great hidden danger to the safety 
of the cofferdam support process, so the south side cof-
ferdam of Jinji Lake was selected for the study, and since 
the water depth outside the weir is the main factor affect-
ing the safety of tunnel support, the cofferdam section at 
the deepest water level in the south side cofferdam lake 
(south side cofferdam S1+284 section) was selected for the 
simulation study. The cofferdam section and cofferdam 
structure plan layout are shown in Figs. 2 and 3.

The cofferdam structure of this project adopts the form 
of PC combined method pile + steel pipe pile, the combi-
nation pile of 720 mm outer diameter steel pipe pile (wall 
thickness 12 mm) + Larsen VI type steel sheet pile. Combined 
pile plan diagram and combined pile sample diagram are 
shown in Fig. 4.

3.2. Finite element model

MidasCivil finite element software was used to estab-
lish the deformation analysis model of the pumping pro-
cess of PC combined engineering pile cofferdam support 
structure in deep water area. The geometric parameters of 
the source model are as follows: the geometric model of 
the lake bottom soil body with length, width and height 
of 60, 30 and 30 m, respectively is established. The length 
of the steel pipe pile on the pit side is 18 m, the embed-
ded depth is 9.226 m, and the cantilever length is 8.774; 
the length of the locking steel pipe pile and the steel sheet 
pile on the waterward side are both 23 m, the embedded 
depth is 14.226 m, and the cantilever length is 8.774 m. The 
distance between the rows of double-row piles is 7 m; the 
length of the tie bars is 7 m, and the upper and lower ties 
are set at 0.5 m and 1.15 m below the top of the piles, respec-
tively. The length, width and height of the geometric model 
of the weir core between the double rows of piles are 30, 
7 and 9.274 m, respectively. It is assumed that the initial 
water depth of both the waterward side and the pit side of 
the PC combined method pile weir support structure are 
7 m. The weir model is shown in Fig. 5, and the structure 
of the double rows of piles and ties is shown in Fig. 6.
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Fig. 2. Standard cross-section of cofferdam.

 
Fig. 3. Cofferdam structure plan layout.

 
Fig. 4. Schematic diagram of PC combined method pile cofferdam.
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3.3. Analysis of working conditions

The construction process of pumping water inside the 
cofferdam at the project site was divided into seven work-
ing conditions for simulated construction, as shown in 
Table 2.

The weir pumping completion calculation model is 
shown in Fig. 7.

3.4. Analysis of calculation results

3.4.1. Horizontal displacement analysis of the cofferdam 
support system

Fig. 8 shows the horizontal displacement clouds of the 
cofferdam support structure under all construction con-
ditions of the pumping obtained by the numerical simula-
tion software.

As can be seen from Fig. 8: the pumping process on 
the inner side of the weir leads to horizontal displace-
ment of the weir structure toward the backwater side of 
the weir, so in the actual construction, emphasis should be 
placed on monitoring the deformation of the weir struc-
ture during the construction process in both weirs and tak-
ing timely targeted measures. The horizontal displacement 
at the bottom of the fill behind the weir is the largest after 

the completion of the excavation of the slope release of 
the foundation pit inside the weir.

In order to analyze the deformation law of the cofferdam 
piles in detail, the deformation of the front and rear rows 
after the end of pumping in the weir deformation clouds 
of steel pipe piles are analyzed. The horizontal displace-
ment of the front and rear rows of steel pipe piles under 
each working condition was extracted by MidasCivil soft-
ware and plotted in Fig. 9; the horizontal displacement of 
the top of the front and rear rows of steel pipe piles under 
each working condition was extracted and plotted in Fig. 10.

It can be seen that when pumping is carried out inside 
the cofferdam, the water pressure inside the cofferdam will 
keep decreasing and the difference between the internal and 
external water pressure keeps increasing, which leads to 
the tendency of the cofferdam as a whole to move towards 
the inner side of the pit under the action of the water pres-
sure outside the cofferdam. With the continuous pumping 
construction in the pit, the horizontal displacement of the 
top of the front and rear rows of piles gradually increases. 
After all the pumping was finished, the horizontal displace-
ment of the top of the steel pipe pile on the backwater side 
and the PC combined method pile on the waterward side 
were –18.88 and –19.31 mm, respectively.

During the pumping construction in the cofferdam, 
the maximum point of horizontal displacement deforma-
tion of steel piles on both sides of the cofferdam is roughly 

 

Fig. 5. Front view of the model.

 

Fig. 6. Double-row pile and tie structure diagram.

Table 2
Simulated construction work conditions

Working condition Description of model calculation process

Initial geostress state

Activate all soil elements, soil weight, water level distribution, displacement 
boundary, locking steel pipe pile, steel sheet pile, steel pipe pile activate all 
soil elements, soil weight, water level distribution, displacement boundary, 
locking steel pipe pile, steel sheet pile, steel pipe pile, and tie rod, and check 
the displacement reset option at the same time

Water pumping 1 m at the back side of cofferdam Add corresponding water pressure
Water pumping 2 m at the back side of cofferdam Add corresponding water pressure
Water pumping 3 m at the back side of cofferdam Add corresponding water pressure
Water pumping 4 m at the back side of cofferdam Add corresponding water pressure
Water pumping 5 m at the back side of cofferdam Add corresponding water pressure
Water pumping 6.2 m at the back side of cofferdam Add corresponding water pressure
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Fig. 7. Cofferdam backwater side pumping completion calculation model.

  

  

 

(a) 

(b)

(c)

Fig. 8. Horizontal displacement clouds of the cofferdam support structure under (a) 1 m, (b) 3 m, and (c) 5 m working conditions of 
water pumping.
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at the position near the bottom surface of the lake, and the 
difference between the horizontal displacement value of 
the top of the PC method pile on the waterward side and 
the maximum value of the horizontal displacement of the 
pile is not large, but the difference between the horizontal 
displacement value of the top of the steel pipe pile on the 
backwater side and the maximum value of the horizontal 
displacement of the pile is large. The horizontal displace-
ment ratio of the top of the double-row pile in the pumping 
stage is 6:4, and the pumping stage makes the most obvious 
deformation of the cofferdam support structure.

3.4.2. Horizontal displacement analysis of the cofferdam 
support system

Fig. 11 shows the vertical displacement clouds of the 
cofferdam support system under all construction condi-
tions of the pumping obtained by the numerical simulation 
software.

As can be seen from Fig. 11, the pumping process of the 
cofferdam leads to the settlement of the lake bottom on the 
waterward side and the soil between the piles of the cof-
ferdam, resulting in the uplift of the soil at the lake bottom 
on the backwater side. With the increase of the pumping 
depth, the settlement of the soil between the piles gradu-
ally increases. It can also be seen that at the end of pump-
ing, the maximum settlement of the top of the inter-pile 
soil near the waterward side is 16.05 mm. The vertical dis-
placement of the top of the double-row pile under each 
working condition is shown in Fig. 12.

As can be seen from Fig. 12, the vertical displacement 
of the top of the front and rear rows of piles gradually 
increases with the pumping of water on the backwater 
side of the cofferdam. After all the pumping is finished, 
the vertical displacement of the top of the piles of the 
steel pipe pile on the backwater side and the PC com-
bined method pile on the waterward side are –2.66 and 
–8.68 mm, respectively.

3.4.3. Tie rod shaft force analysis

The axial force cloud of the tie rod at the end of the 
precipitation is shown in Fig. 13.

The maximum axial force of the ties at the upper level 
after the end of precipitation was 43 kN, and the maxi-
mum axial force of the ties at the lower level after the end 
of precipitation was 31.04 kN. The deformation of the ties 
was within the allowable range for safe construction.

4. Site monitoring and construction period deformation 
analysis

4.1. On-site monitoring

The project is located in Jinji Lake, with large coffer-
dam construction, and all the rest of the works are carried 
out in the cofferdam; the project monitoring work is based 
on national and local specifications, etc. For the monitor-
ing of the cofferdam, the following enhancement measures 
are taken.

 
Fig. 9. Horizontal displacement of the double-row pile after 
the end of pumping.

 

 

(a)

(b)

Fig. 10. Horizontal displacement diagram of (a) steel pipe pile 
shaft at backwater side (mm) and (b) PC combined construction 
pile shaft at the upstream side (mm).
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• The horizontal displacement of the top of the coffer-
dam pile and the axial force of the cofferdam ties in 
the cofferdam monitoring project are proposed to be 
monitored by automated methods in order to grasp 

the deformation of the cofferdam in a real-time and 
dynamic manner.

• For the horizontal displacement monitoring of the 
top of the cofferdam, in order to overcome the special 

  

 

 

(a)

(b)

(c)

Fig. 11. Vertical displacement clouds of the cofferdam support structure under (a) 1 m, (b) 3 m, and (c) 5 m working conditions 
of pumping.
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situation of large span and lack of reliable reference 
points in this project area as well as to obtain high mea-
surement accuracy, it is proposed to adopt a two-level 
monitoring network combining absolute positioning and 
relative positioning.

• Strengthen the inspection of the cofferdam and slope 
release surface, especially for the presence of water leak-
age and cracks, and report and encrypt the monitor-
ing in time once abnormalities are found.

Considering the monitoring requirements of rele-
vant codes and design documents, the specific monitoring 
items of this project are shown in Table 3, and the layout 
of monitoring points is shown in Fig. 14.

4.2. Construction period deformation analysis

I-ZD is the settlement of the cofferdam pile, I-WD is the 
horizontal displacement of the cofferdam pile, I-ZL is the 
axial force of the tie rod, and ZL-S1+300 is the axial force 
of the cofferdam pile. The entire monitoring work will 
be carried out based on the construction conditions and 
changes in the monitored objects [30], and a combination 
of timing and tracking will be adopted. The monitoring 

 
Fig. 12. Comparison of vertical displacement of double-row 
pile tops under various pumping conditions.

 
Fig. 13. Tie rod axial force cloud after the end of precipitation.

Table 3
Monitoring project layout

Monitoring items Layout position Monitoring tools Requirements for measuring point layout

Horizontal displacement 
of pile top

Top of steel pipe pile Total station Monitoring control point of weir top displacement 
is arranged at the center of the cofferdam top with 
a longitudinal spacing of 150 m

Settlement of pile top Top of steel pipe pile Level 19.3
Pull rod axial force Pull rod Strain gauge In the middle of pull rod, the distance between 

monitoring control points is 300 m. It is arranged 
on the tie rod

Water level outside weir Steel sheet pile shaft Water level gauge Select one pile
Water level in weir Steel sheet pile shaft Water level gauge Select one pile
Weir crest settlement Center line of weir crest Total station Cofferdam center is arranged every 150 m
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work of this project starts from the completion of the cof-
ferdam construction, before pumping, and ends after the 
cofferdam is removed.

By integrating and analyzing the data of the 10 horizon-
tal displacement monitoring points in Fig. 15, it is found 
that the horizontal displacement evolution pattern of the 
monitoring points are all consistent, and there is no situ-
ation of unreliable data due to the damage of the monitor-
ing points, and all 10 horizontal displacement monitoring 
points are effective monitoring points.

Data analysis of Fig. 15 shows that the horizontal dis-
placement of the pile top on the waterward side of the 

PC combined method pile cofferdam increases with the 
increase of pumping depth and slope excavation depth 
inside the weir, and the horizontal displacement of the pile 
top on the waterward side reaches the maximum value after 
the completion of slope excavation construction. After the 
completion of the slope release excavation in the weir, the 
horizontal displacement of the pile top on the waterward 
side of the cofferdam shows a small deformation rebound 
and finally reaches its own stable state. In the weir pump-
ing stage, the horizontal deformation value and horizontal 
deformation rate of the water-front side of the cofferdam are 
the largest, followed by the weir slope release excavation 

 

Fig. 14. Monitoring point layout.

 

Fig. 15. Horizontal displacement of the top of PC combined work pile on the waterward side of monitoring points I-WD22~I-WD31.
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stage, and the horizontal displacement of the cofferdam 
structure has basically stabilized after the completion 
of the weir slope release excavation construction.

Three horizontal displacement monitoring points on 
the waterward side of I-WD23~I-WD25 near section S1+284 
of the south cofferdam were selected for detailed analysis. 
When the pumping construction in the weir is completed, 
the horizontal displacement monitoring values of the pile 
tops of I-WD23, I-WD24 and I-WD25 are 21.44, 20.93 and 
21.05 mm, respectively; when the excavation construc-
tion in the weir is completed, the horizontal displacement 
monitoring values of the pile tops of I-WD23, I-WD24 and 
I-WD25 are 32.31, 33.43 and 34.07 mm.

In the whole process of pile top horizontal displace-
ment deformation, the maximum deformation values of 
three monitoring points I-WD23, I-WD24 and I-WD25 are 
33.07, 34.83 and 39.17 mm, respectively, and the maximum 
deformation rate is 4.87 mm/d, which are all much smaller 
than the pile top horizontal displacement of 130 mm and 
the maximum deformation rate is 4.87 mm/d, which is 
much less than the warning control standard of 130 mm and  
5 mm/d.

In this paper, the horizontal displacement of the top 
of steel pipe pile on the backwater side is taken from 
I-WDJM22 to I-WDJM30 on the south side of the coffer-
dam of this project, and the data of a total of 9 points are 
plotted in Fig. 16.

By integrating and analyzing the data of the nine hori-
zontal displacement monitoring points in Fig. 16, it is found 
that the horizontal displacement evolution pattern of the 
monitoring points is consistent, and there is no situation 
of unreliable data due to the damage of the monitoring 
points, and the nine horizontal displacement monitoring 
points are all effective monitoring points.

Data analysis of Fig. 16 shows that the horizontal dis-
placement of the top of the steel pipe pile on the backwater 

side of the cofferdam increases with the increase of pumping 
depth and slope excavation depth in the weir, and the hor-
izontal displacement of the top of the pile on the backwa-
ter side reaches the maximum value after the completion of 
slope excavation construction. After the completion of slope 
release excavation, the horizontal displacement of pile top 
on the backwater side of the cofferdam shows a small defor-
mation rebound and finally reaches its own stable state. In 
the weir pumping stage, the horizontal deformation value 
and horizontal deformation rate of the backwater side of the 
cofferdam are the largest, followed by the weir slope release 
excavation stage, and the horizontal displacement of the 
cofferdam structure has basically stabilized after the com-
pletion of the weir slope release excavation construction.

Three backwater-side horizontal displacement moni-
toring points, I-WDJM23~I-WDJM25, near section S1+284 
of the south cofferdam, were selected for detailed analysis. 
At the completion of the pumping construction in the weir, 
the horizontal displacement monitoring values of the pile 
tops of I-WDJM23, I-WDJM24 and I-WDJM25 were 18.14, 
17.39 and 20.16 mm, respectively; at the completion of the 
slope release excavation construction in the weir, the hori-
zontal displacement of the pile tops of I-WDJM23, I-WDJM24 
and I-WDJM25 were The maximum deformation values of 
I-WDJM23, I-WDJM24 and I-WDJM25 are 34.78, 31.25 and 
37.42 mm, respectively, and the maximum deformation rate 
is 3.75 mm/d, all of which are much smaller than the max-
imum deformation values of 130 and 37.42 mm. The max-
imum deformation rate is 3.75 mm/d, which is much less 
than the warning control standard of 130 mm and 5 mm/d 
of horizontal displacement of pile top.

By integrating and analyzing the data of the 10 ver-
tical displacement monitoring points in Fig. 17, it was 
found that the evolution pattern of vertical displacement 
of the monitoring points all remained consistent, and there 
was no case of unreliable data due to the damage of the 

 

Fig. 16. Horizontal displacement of steel pipe pile tops on the backwater side of monitoring points I-WDJM22~I-WDJM30.
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monitoring points, and all 10 vertical displacement monitor-
ing points were valid monitoring points.

Data analysis of Fig. 17 shows that the vertical displace-
ment of the pile top on the waterward side of the PC com-
bined method pile cofferdam increases with the increase of 
pumping depth and slope excavation depth inside the weir, 
and the vertical displacement of the pile top on the water-
ward side reaches the maximum value after the comple-
tion of slope excavation construction. After the completion 
of the slope release excavation, the vertical displacement of 
the pile top on the waterward side of the cofferdam shows 
a small deformation rebound and finally reaches its own 
stable state. In the pumping stage of the weir, the percent-
age of vertical displacement value and the rate of vertical 
displacement change on the waterward side of the weir are 
the largest, followed by the excavation stage of the weir 
slope release, and the vertical displacement of the weir 
structure has basically stabilized after the completion of the 
weir slope release excavation construction.

Three waterward side vertical displacement moni-
toring points, I-ZD23~I-ZD25, near section S1+284 of the 
south cofferdam, were selected for detailed analysis. At the 
completion of pumping construction in the weir, the mon-
itoring values of vertical displacement of pile tops at three 
monitoring points of I-ZD23, I-ZD24 and I-ZD25 were –7.5, 
–9.1 and –7.5 mm, respectively; at the completion of slope 
release excavation construction in the weir, the monitoring 
values of vertical displacement of pile tops at three moni-
toring points of I-ZD23, I-ZD23 and I-ZD23 were –9.8, –14 
and –14.1 mm, respectively. During the whole process of 
pile top vertical displacement deformation, the maximum 
vertical displacement monitoring values of I-ZD23, I-ZD24 
and I-ZD25 are –16.1, –14.7 and –15.8 mm, respectively, 
with the maximum change rate of 3.4 mm/d, which are 
much smaller than the warning standard of pile top vertical 
displacement of 130 mm and 5 mm/d control standard.

By integrating and analyzing the data of the nine verti-
cal displacement monitoring points in Fig. 18, it was found 
that the evolution pattern of vertical displacement of the 
monitoring points all remained consistent, and there was 
no case of unreliable data due to the damage of the moni-
toring points, and all nine vertical displacement monitoring 
points were valid monitoring points.

Data analysis of Fig. 18 shows that the vertical displace-
ment of the pile top of the steel pipe pile on the backwater 
side of the cofferdam increases with the increase of pump-
ing depth and slope excavation depth in the weir, and the 
vertical displacement of the pile top on the backwater side 
reaches its maximum value after the completion of slope 
excavation construction. After the completion of the slope 
release excavation, the vertical displacement of the pile top 
on the backwater side of the cofferdam shows a small defor-
mation rebound and finally reaches its own stable state. In 
the pumping stage of the weir, the percentage of vertical 
displacement value and vertical displacement change rate 
of the backwater side of the cofferdam are the largest, fol-
lowed by the slope release excavation stage in the weir, and 
the vertical displacement of the cofferdam structure has 
basically stabilized after the completion of the slope release 
excavation construction in the weir.

Three backwater-side vertical displacement monitor-
ing points, I-ZDJM23~I-ZDJM25, near the southern coffer-
dam S1+284 section, were selected for detailed analysis. At 
the completion of the pumping construction in the weir, 
the monitoring values of the vertical displacement of the 
pile tops of I-ZDJM23, I-ZDJM24 and I-ZDJM25 were –3.87, 
–4.95 and –5.04 mm, respectively; at the completion of the 
slope release excavation construction in the weir, the moni-
toring values of the vertical displacement of the pile tops of 
I-ZDJM23, I-ZDJM24 and I-ZDJM25 were During the whole 
process of vertical displacement deformation, the maxi-
mum vertical displacement monitoring values of I-ZDJM23, 

 

Fig. 17. Vertical displacement of the top of PC combined work pile on the waterward side of monitoring points I-ZD22~I-ZD31.
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I-ZDJM24 and I-ZDJM25 are –8.46, –7.38 and –11.04 mm, 
respectively, and the maximum change rate is –1.22 mm/d. 
The maximum change rate is –1.22 mm/d, which is much 
smaller than the warning control standard of 130 mm and 
5 mm/d of vertical displacement of pile top.

By integrating and analyzing the data of the four mon-
itoring points of tie rod axial force in Fig. 19, it was found 
that the evolution pattern of the tie rod axial force of the 
monitoring points remained consistent, and there was 
no unreliable data due to the damage of the monitoring 
points, and the four monitoring points of tie rod axial force 
are all effective monitoring points.

Data analysis of Fig. 19 shows that the tie rod axial 
force is larger at the beginning of the pumping stage, and 

then maintains stable fluctuations with the increase of 
pumping depth and slope release excavation depth in the 
weir. After the completion of the weir slope excavation, 
the axial force of the tie rod decreases and finally reaches 
its own stable state.

Four horizontal displacement monitoring points on the 
waterward side of I-ZL11~I-ZL14 near the S1+284 section 
of the south cofferdam were selected for detailed analysis. 
At the completion of pumping construction in the weir, 
the monitoring values of the tie rod axial force at four 
monitoring points of I-ZL11, I-ZL12, I-ZL13 and I-ZL14 
are 94.16, 53.10, 57.14 and 38.48 kN, respectively; at the 
completion of slope release excavation construction in the 
weir, the monitoring values of the tie rod axial force at four 

 

Fig. 18. Vertical displacement of steel pipe pile tops on the backwater side of monitoring points I-ZDJM22~I-ZDJM30.

 
Fig. 19. Tie rod axial force at monitoring points I-ZL11~I-ZL14.
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points of I-ZL11, I-ZL12, I-ZL13 and I-ZL14 are the maxi-
mum axial force values at four monitoring points, I-ZL11, 
I-ZL12, I-ZL13 and I-ZL14, were 81.64, 35.78, 61.88 and 
44.36 kN, respectively during the change of the axial force 
of the ties, all of which are much smaller than the warning 
control mark of 315 kN for the cumulative variable of tie 
rod axial force.

5. Conclusions

In this paper, based on MidasCivil finite element soft-
ware, the cofferdam deformation law and characteristics of 
the construction process of the inner pumping of the cof-
ferdam at the project site were selected for simulation and 
analysis, and the project site monitoring values were com-
pared with the numerical results, and the following conclu-
sions were drawn.

• The comparison between the field monitoring data 
and the numerical simulation results is demonstrated. 
The final results and change trends of the field monitor-
ing data and the numerical simulation data are basically 
consistent, which further verifies the accuracy of the 
numerical simulation results. The horizontal displace-
ment and vertical displacement of the double-row pile 
increase continuously with the increase of the pump-
ing depth in the weir, and the weir deformation grad-
ually stabilizes after the completion of the pumping 
construction in the weir. The maximum horizontal dis-
placement of the pile top and the maximum vertical dis-
placement of the pile top are 39.17 and 16.1 mm, respec-
tively, and the maximum axial force of the ties during 
the construction of the weir is 110.96 kN, which are 
much smaller than the warning control standard.

• When water is pumped inside the cofferdam, the 
water pressure inside the cofferdam decreases contin-
uously, while the water pressure outside the cofferdam 
remains unchanged, resulting in the difference between 
the internal and external water pressure, which causes 
the overall structural deformation of the cofferdam to 
show a tendency to move toward the inside of the cof-
ferdam. When the pit inside the cofferdam is released 
for excavation, the tendency of the overall structural 
deformation of the cofferdam to move toward the 
inside of the cofferdam is further intensified due to 
the joint action of the soil disturbance and the water 
pressure outside the cofferdam.

• With the continuous pumping in the weir, the horizon-
tal displacement of the top of the front and rear rows 
of piles in the cofferdam gradually increases, and the 
vertical displacement of the top of the front and rear 
rows of piles also gradually increases.

• During the pumping process in the weir, the horizontal 
displacement values of the pile tops on the waterward 
and backward sides of the cofferdam do not differ much, 
and the maximum value of the horizontal displace-
ment of the pile on the waterward side and the hori-
zontal displacement value of its top also differ little, 
but the maximum value of the horizontal displacement 
of the pile on the backward side differs significantly 
from the horizontal displacement value of its top.

• For the horizontal displacement of the piles on both 
sides of the weir, the maximum point of displacement 
basically occurs near the bottom surface of the lake 
during the pumping process in the weir.
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