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This paper first introduces a new prefabricated recyclable retaining system that can be used to stabilise foundation
pit excavation, particularly in urban areas. The new retaining system mainly consists of a steel frame, steel panels
and bead polymer layers. A three-dimensional numerical model is built in Abaqus software to carry out numerical
analyses on such a system that is used for a working shaft excavated in silts for a pipe-jacking project in Northern
China. The model is first validated by comparing the analyses results against field monitoring data. After the
validation, the model is further used to investigate the stresses and deformations of the main structural members of
the new retaining system, including the H-piles and steel panels. The ground surface settlement corresponding to
the type of the retaining system is also studied. In addition, the influence of the thickness of steel panels and pile
embedded ratio on the stresses and deformations of the panels and piles is examined. The retaining system
introduced in this study is shown to have good potential to be used in the stabilisation of foundation pits in urban
areas from the perspective of safety, fast construction, recyclable utilisation and reasonable cost.

Notation

c cohesion of soil

D, D, distances from the foundation pit wall to the outer
boundary of the model

E Young’s modulus

E. elastic modulus of 3/4 round C20 concrete piles

Erem elastic modulus of the finite-element method (FEM)
pile

Epwsso elastic modulus of HW350 steel piles

€ void ratio

H height of structural members

H. final excavation depth of the foundation pit

g area moment of inertia of the FEM pile

I, area moment of inertia of an HW350 steel pile

I, area moment of inertia of C20 concrete

K elastic bulk modulus

ks, ks slopes of the &,,, and oy curves, respectively

L length of structural members

M slope of the critical state line

R circumference of the working shaft
T thickness of steel panel

spacing distance of the retaining pile

friction coefficient

width of structural members

vertical distance

soil unit weight

Yerit limiting shear slip

maximum ground settlement position between

excavation stages 1 and 4

AS primary influence zone difference between the first
stage of excavation and the final stage of excavation

A, - Ab, difference of the ground settlement with the

excavation stage

<= NSS

=

Abum difference value of the maximum horizontal
displacement of retaining pile

O horizontal displacement

Shm maximum horizontal displacement

o) horizontal displacement of the steel panel from the
initial position

S horizontal displacement of the retaining pile

Oy real horizontal displacement of the steel panel

oy ground surface settlement value
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Sum maximum ground surface settlement value

A slope of the normal compression line

u Poisson’s ratio

0, 0y, 03 first, second and third principal stresses,
respectively

Oom von Mises stress

o diameter of the pile hole

(0] soil friction angle

Introduction

Massive construction of facilities and infrastructures has been
initiated to meet the need for the rapid urbanisation in China. This
has led to a wider utilisation of underground space in both urban
and rural areas. In pipe-jacking and pipeline maintenance projects,
it is usually necessary to excavate a small round or square
foundation pit in order for the work to proceed. Here, the
foundation pit is also referred to as a working shaft (Faustin et al.,
2018; Wang et al., 2015; Zhang et al., 2016). High safety, fast
construction, good sustainability and low cost are the goals of
foundation pit construction. While traditional support systems
such as row pile support, shotcrete support, reinforced concrete
caisson support, pile anchor support and diaphragm walls have
been widely used in the stabilisation of foundation pits (Chambers
et al., 2016; Lam 2018; Qiu et al., 2016; Sun et al., 2015; Wang
et al., 2018a; Wu et al., 2018), the main issues are the difficulties
in subsequent repair and demolition work, given that for the
working shaft, those retaining systems are typically used as
temporary structures.

Recently, recyclable retaining systems have received much
attention due to their environmentally friendly features and other
competences as regards safety, construction and cost. Recyclable
supporting structures, including Larssen sheet piles (Crawford and
Byfield, 2002; Xie et al., 2014), steel truss retaining systems,
prefabricated prestressed structures (Wang er al., 2015; Zhao
et al., 2019), bioengineering retaining structures (Bella et al.,
2017), H-beam piles with soil-mixing walls, cutter-soil-mixing
walls (Arnold et al., 2011; Rabbani et al., 2019) and trench
cutting remixing deep walls (Li et al., 2019), have been used in
foundation pits. However, working shaft supporting systems such
as steel sheet piles (Bilgin, 2012; Osthoff and Grabe, 2018) may
not be appropriate due to inadequate rigidity, large deformation
and high risk of leakage at joints. Other supporting structures
mostly use cement materials and suffer disadvantages, including
long periods of construction, difficulties in demolition and
repairing cracks and leakages. Wang et al. (2018b, 2019a, 2019b,
2019¢) introduced the bead polymer (BP) flexible waterproof
technology (Wang et al., 2013) and the existing technology of
steel structure to the traditional recyclable supporting system and
proposed a new prefabricated retaining system. The proposed new
system was proven to be cost-effective, construction time
efficient, recyclable, reusable and, most importantly, safe.

Physical model tests and numerical simulations are two of the
most often used methods for stability analysis of underground
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geotechnical structures. Physical model tests are usually conducted
to study the destruction process of the underground geotechnical
engineering, intuitively physical-mechanical
behaviours and deformation trends of the structure (Gao et al.,
2019). Examples can be seen in foundation pits (Zhao et al.,
2019), tunnelling (Gao et al., 2019; Li et al., 2017; Zhang et al.,
2020a) and mining (Ju et al., 2017; Zhang et al., 2019). Numerical
simulation methods are another common and effective tool for

showing the

investigating the mechanical and deformation behaviours of
underground structures — for example, finite-difference method
(Gao et al., 2019), finite-element method (FEM) (Goh et al., 2017,
Latapie et al., 2017; Likitlersuang et al., 2014; Pan et al., 2019;
Zhang et al., 2015, 2020b; Zheng et al., 2014), boundary element
method (Oliveira et al., 2019), finite-volume method (Ferziger and
Peric, 2002), finite-discrete element method (Tran et al., 2015) and
meshless method (Belytschko ef al., 1996; Li and Liu, 2002).
These numerical simulation methods are suitable for analysing
stability problems, damage problems, prediction of the future
structural behaviour, multi-field coupling problems and so on. Pan
et al. (2019) established a three-dimensional (3D) finite-element
(FE) model for a new retaining system used in the stabilisation of
a circular foundation pit used as a warehouse for food storage.
With a full-scale test for the new retaining system, they analysed
the stress distributions in the retaining system and the ground
settlement due to the excavation. Nevertheless, since this type of
retaining system is relatively new, no numerical studies have been
focused on its application in working shafts. The stability and
optimisation design of the new prefabricated recyclable retaining
system for working shaft requires further research.

In this study, the stresses and horizontal displacement of the
retaining piles and steel panels at different excavation stages are
numerically simulated based on a 3D FE model built in the
Abaqus software platform. The numerical simulation model is
then validated against the observed data of retaining piles in a
working shaft project in Zhengzhou, Henan Province, China. The
3D FE model is proven able to reflect accurately the deformation
behaviours of the structure and surrounding soils. Moreover, the
influences of the embedded depth ratio (EDR) of H-piles and the
thickness of steel panels on the deformations and stress
distributions of the structure and ground settlement are examined.
Here, the EDR is defined as the ratio of the embedded depth
of an H-pile to the pile length. The results obtained in this
study provide a reference for the use, optimisation design and
maintenance of this type of retaining system.

Basics of the new prefabricated retaining
system

Composition and process flow of the prefabricated
recyclable retaining system

As shown in Figure 1, the new prefabricated recyclable retaining
system has three main components — namely, steel frame, steel
panel and BP. The steel frame consists of H-piles, crown beams
and waist beams and serves as the primary supporting part of the
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system to sustain both static and dynamic loads under various
conditions. Between H-piles are steel panels that are used to retain
the excavated soils. Steel panels are structurally connected to H-
piles. The BP is grouted between the steel panel and the soil,
forming a flexible layer that buffers the transfer of the lateral earth
pressure from soil to the steel panel. The buffering effectiveness
depends on the rigidity and the thickness of the BP layer. In
addition, the BP has been proved impermeable; thus, the BP layer
also prevents seepage of the underground water from adjacent
soils (Wang et al., 2013).

Figure 1 shows the typical construction procedure of the new
prefabricated retaining system, which is described in detail in the
following.

(a) Holes are drilled into the ground in the designated
construction area ((a) in Figure 1). Holes and grooves must be
strictly controlled, particularly the position of holes and the
vertical accuracy of grooves.

BP grout

Figure 1. Construction procedures for the new prefabricated
recyclable retaining system

(b) H-piles are then precisely placed into the holes ((b) in
Figure 1). Then, the holes are filled with sand and gravel
(or other appropriate materials) to maintain the stability of the
holes and avoid hole collapse.

(c) The top of the H-piles are connected through a crown beam
with high-strength bolts ((c) in Figure 1). Note that the
mounting holes on the crown beam and the H-piles are
formed before construction.

(d) The ground is excavated to a design elevation of a stage
((d) in Figure 1).

(e) As shown in (e)—(g) in Figure 1, steel panels are successively
installed on the side-walls of the foundation pit within the
depth of excavation. Bolts are used to fix them on the H-piles.
After that, BP is injected to form an anti-seepage layer to
prevent leakage.

(f) Then, the waist beam is installed through bolt connections
((h) in Figure 1).

(g) Steps (d)—(f) are repeated until reaching the excavation depth
of the prefabricated retaining system ((i) in Figure 1).

(h) All beams and steel panels are removed, and then the
foundation pit is back-filled after completion of the project
(G)—( in Figure 1). The H-piles are pulled out using
hydraulic pile extractor after the foundation pit is completely
back-filled. As such, the components of the system are
recycled.

A case history

The practical value of the new prefabricated retaining system was
demonstrated in a pipe-jacking engineering project completed in
Henan Province, China, as shown in Figure 2. The layout of the
working shaft in bird’s-eye view and cross-sectional view is
shown in Figures 3(a) and 3(b), respectively. The working shatft is
a rectangular well with a length of 7.85m (X direction) and a
width of 5.0 m (Y direction). The depth of excavation was 11.4 m.
The main components of the retaining system are the steel frame
and steel panel; BP was not injected into the soil-steel panel
interface to form an impermeable layer, as the groundwater table
was not encountered within the excavation depth during the site
geotechnical survey.

The length of the H-piles is 15.5 m, resulting in a final EDR of
(15.5 = 11.4)/15.5 = 0.265. The pile spacing is 1.5m in the X
direction and 2.3 m in the Y direction. The steel panels were made
of Q235 steel, the size and strength of which are defined in GB
50017-2017 (SAC, 2017). For example, the bending, shear, yield
and ultimate tensile strengths of Q235 steel are 215, 125, 235 and
370 MPa, respectively. Bolts were used as connections among
steel panels, H-piles and beams. The drill hole for H-piles has a
600 mm diameter. The material for back-fill is dry-mix-grade
cement gravel. The H-pile, crown beam and waist beam were
all made of HW350 steel with a strength grade of Q345
(GB 50017-2017 (SAC, 2017)), where the bending, shear, yield
and ultimate tensile strengths are 305, 175, 345 and 470 MPa,
respectively. The bottom slab was made of C30 concrete with a
thickness of 500 mm.
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Pipe jacking in Niukouyu working shaft 4

Figure 2. Pipe jacking and recycling of the retaining system

Pull

~'A'!' i}
Recycled section steel support

The geotechnical investigation of the pipe-jacking site revealed
that there are five soil layers within the entire excavation depth.
From the ground surface top-down, the first layer is miscellaneous
fill with a thickness of about 2.5 m; the second layer is loess-like
light silt with a thickness of about 3.6 m; and the third layer is a
0.9 m thick loess-like medium silt, followed by another layer of
9.85m thick light silt. The bottom layer is another medium silt
with a thickness of about 1.2 m. The layer information and soil
shear strength parameters are summarised in Table 1.

Three-dimensional FE model

Model description

The FE model built is shown in Figure 4. The model dimensions
were set to be 120, 120 and 40 m for length, width and depth,
respectively, to minimise the boundary effects on computation
results. The soil, H-pile and concrete slab were modelled by the
3D solid eight-node integral element (C3DS), the steel panels
were modelled by the four-node curved shell element (S4) and
both the crown beam and waist beam were simulated by the linear
Timoshenko beam element (B31).
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Two constitutive models were assumed for the soils. One is the
modified Cam Clay (MCC) model, and the other is the
Mohr—Coulomb (MC) model. The parameters for the MCC model
are initial void ratio e, slope of the normal compression line A,
elastic bulk modulus K, slope of the critical state line M and
Poisson’s ratio u, while for the MC model, the parameters are
elastic modulus (E), Poisson’s ratio p, soil friction angle ¢, soil
cohesion (c) and soil dilation angle (y). These parameters are
determined through laboratory triaxial shear tests and
consolidation tests using the soil samples obtained from the
construction site. Specifically, for MCC, ¢, = 0.81, A = 0.0662,
K =0.0042, M = 1.414 and pu = 0.30 (Du, 2017). For MC, E
ranges from 3 to 35 MPa for different soil layers. The parameters
for the MCC and MC models are shown in Table 1. Note that in

this study, the soil dilation angle was taken as zero.

To simplify the modelling, the H-pile together with the drill hole
is simplified into an equivalent rectangular pile using the
equivalent stiffness method introduced by Liu and Hou (1998).
The simplification is shown in Figure 5. The equivalent elastic
modulus, Ergy, can be determined as
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Figure 3. Layout of the working shaft: (a) bird’s-eye view; (b) cross-sectional view (unit: mm)
Table 1. Summary of soil layer information and soil shear strength parameters
Soil Soil tvpe Young’s modulus, Thickness:  Soil unit weight, Cohesion, Soil friction angle, Poisson'’s
layer yp E: MPa m y: kN/m? c: kPa p:° ratio, u
1 Miscellaneous fill 3 2.5 17.0 5.0 15.0 0.25
2 Loess-like light silt 20 3.6 17.6 18.3 19.1 0.25
3 Loess-like medium silt 35 0.9 17.7 22.0 21.7 0.25
4 Loess-like light silt 20 9.85 17.6 17.8 234 0.25
5 Loess-like medium silt 35 1.2 18.0 22.0 18.6 0.25
where a and b are length and width, respectively, as defined in
E (ECIy + EHW3501x) <Ec[y + EHW3SOIx> Figure 5. The parameter /ggy = ab’/12 is the area moment of inertia.
FEM — =

Lien ab’ /12

The parameters Eywsso and I, are the elastic modulus of the HW350

H-pile and the area moment of inertia, respectively; they are Eywsso
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Figure 4. Three-dimensional FE model: (a) mesh of the global FE model; (b) the FE model of the retaining system
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FEM
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Figure 5. Simplification of the H-pile with the drill hole and back-
fills into an equivalent rectangular pile in the FE model using the
equivalent stiffness method

=210GPa and [, = 4214 x 10 *m® Ignoring the effects of waist
beams, the gravel that is filled outside the section steel pile is treated

Table 2. Properties of structural members
Structural member Section: m

Supporting pile L0.5 x WO.5 x H15.0

Steel panel 1 7000.3 x W3.0 x L8.0
Steel panel 2 7000.3 x W2.0 x L5.0
Steel panel 3 7000.3 x W3.0 x 8.0
Steel panel 4 7000.3 x W2.0 x L5.0
Beam HW350 section steel

C30 bottom slab L0.5 x WO0.5 x HO.5

H, height; L, length; T, thickness; W, width
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as 3/4 round C20 concrete piles (@ = 600 mm), its elastic modulus is
E. =30GPa and its area moment of inertia is /, = 5.8 x 103 m*. As
a result, Ergy is calculated to be 36.2 GPa. Other properties of the
retaining structure are provided in Table 2.

Contact and boundary conditions

The structure—soil interface in Abaqus was a zero-thickness interface
formed by duplicated nodes of structure and soil elements in contact.
It can simulate both normal and tangential behaviours. This study
used the friction contact; its behaviour is governed by a limiting
shear slip () and friction coefficient (v), complying with the
Coulomb frictional law. In this study, these two parameters are taken
as Y = Smm and v = 0.3 (Zheng et al., 2014). The ‘tie’ constraint
is used for the pile—soil interface at the pile end and the interfaces
between structural members. For the boundary conditions, the ground
surface is set to be free, the side boundaries are supported by rollers
and the bottom of the soil is pinned.

Steps of analysis

In general, six steps are followed to carry out numerical analyses
for the retaining system of the case history project. The details are
described as follows, while the flow chart is provided in Figure 6.
Note that these steps are exactly the same as the construction
procedures executed in the case history.

y: kN/m3 E: MPa V]
325 36.2 x 10° 0.25
78.0 210 x 10° 0.30
78.0 210 x 103 0.30
78.0 210 x 103 0.30
78.0 210 x 10° 0.30
78.0 210 x 10° 0.30
25.0 30 x 103 0.20
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‘Kill’ all elements and contacts except soil )
U
Add ol ‘Kill' the soil at the location of the steel piles,
steel pile activate the steel piles and relevant contacts

& —[ Excavate to -3m ]
——{  Activate crown beam
& — Activate beam 1 J
— Excavate to -6m ]

,U, —{ Activate beam 2 ]
— Excavate to -9m ]

g —dt Activate beam 3 ]
—{  Excavationto-11.5m )

—{ Activate beam 4 )
——{ Activate bottom slab ]

Figure 6. Flow chart summarising the steps for carrying out analyses

Step 1. Geostatic equilibrium. This is performed to reach an
equilibrium state at initial conditions.

Step 2. Add H-piles. In this step, soils at the locations of those H-
piles are ‘killed’ and then the H-piles and related contacts are
activated.

Step 3. Stage 1 excavation. The ground is first excavated to an
elevation of —3 m, given that the elevation of the ground surface
is 0 m. Then, the crown beam is activated, followed by activation
of beam 1.

Step 4. Stage 2 excavation. The excavation is continued until
reaching an elevation of —6 m; after that, beam 2 is activated.

Step 5. Stage 3 excavation. After reaching an elevation of —9 m,
beam 3 is activated.

Step 6. Stage 4 excavation and completion. The excavation is
continued to an elevation of —11.5m, then beam 4 is activated
and, lastly, the bottom concrete slab is activated.

Validation of the FE model

For this project, the horizontal displacement of pile B (see
Figure 4) was recorded using an inclinometer, which was fixed on
the tension side of the pile, and displacement data were collected
at intervals of 0.5 m along the depth. In the FE model (Figure 7),
the monitoring points were set to be at the same locations of those
monitored in the project. Note that in the FE model, both
displacement and stress are recorded.

Z
v @ Stress and displacement monitoring point in FE model
X [ H-pile = Soall
PB 1 re PA 1 —

& PB2 @| PA 2

& PB 3 L 3 Eﬁz

® PB4 @ .
05m & PB 5 @®| PAS Pile A

: PB 6 &®| PAG
® PB7 ®| PA7
® PB 8 ®( PA S8
& PB 9 &®| PAO

® PB 10 ®| PA 10

- ® PB 11 &®| PA 11

- ® PB 12 ®| PA 12

g' ® PB 13 ®| PA 13

® PB 14 &| PA 14

® PB 15 &®| PA 15

® PB 16 ®| PA 16

®PB17 @| PA 17

® PB 18 ®| PA 18

& PB 19 ®| PA 19

® PB 20 &| PA 20

® PB 21 ®| PA 21

® PB 2?2 ®| PA 22

& PB 23 & | PA 23
Pile B \

Middle axis of pit

Figure 7. Layout of the monitoring points in FE model for the pile
behaviour in section 1-1
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Piles A and B, as defined in Figure 4, are selected for stability
analyses, as they are expected to have maximum horizontal
displacements in the X and Y directions, respectively. As shown in
Figure 7, points from PA 1 to PA 30 and from PB 1 to PB 30 on
the tension side of the piles are used in the FE model to monitor
the von Mises stress (0y;) and horizontal displacement (&) of the
retaining pile at different depths and at different excavation stages.

Figure 8(a) shows the horizontal displacement of pile B at
completion of the foundation pit excavation along the depth. The
first observation is that, in general, the horizontal displacements
&, by both FE models appear first to increase with depth until
about Z = 9m, where the maximum &, values are reached, and
then &, decreases. This type of pile deformation trend is similar to
that of braced walls (Clough and O’Rourke, 1990). The maximum
&, by the MCC FE model is 3.4 mm, which is only about half of
that by the MC FE model (i.e. 6.4 mm). The second observation
is that the calculated results using the MCC FE model are in good
agreement with the observed data, while in this case study, the
MC FE model seems to fail to capture the trend. The measured
maximum &, is 3.0 mm, which is very close to the prediction by
the MCC FE model.

The ground surface settlement &, is shown in Figure 8(b). The
X-axis ‘D;’ represents the distance from the foundation pit wall to
the outer boundary of the model. It is found that the &, by the MC
FE model is positive, meaning that the ground surface heaves.
Although this is possible in other case histories (Grande, 1998), it
does not match observations for the case study under analysis.
On the other hand, the &, by the MCC FE model is negative,
indicating that the ground surface settles, which is consistent
with the site observations. Therefore, in this case, the MCC
constitutive model is superior to the MC constitutive model. This
can be expected as hardening elastic—plastic constitutive models
(e.g. MCC) usually give more reasonable surface settlement
predictions behind the wall than elastic—ideal plastic constitutive
models do (Potts and Zdravkovic, 2001). Based on the above

——0Observed data
—>—MC model
—+—MCC model

&, of pile B: mm
(@)

analyses, the MCC FE model is utilised to carry out further
analyses for the retaining system of interest.

Analysis results

As the FE model is validated in the previous section, it is now
used to investigate the stresses and displacements that the piles
and steel panels bear. Also, the ground settlement adjacent to the
wall is examined.

Stresses and horizontal displacements of H-piles

Figures 9(a)-9(d) present the contours of the von Mises stress
(ow) and horizontal displacement (&) of piles A and B. Here, oy
is an equivalent stress defined by Chen and Sarip (2005) as

- \/(0'1 - ‘72)2 + (0, — 0'3)2 + (03 — 0'1)2
Oy =

2. 2

where 07, 0, and o3 refer to the first, second and third principal
stresses, respectively.

The contour maps clearly show that piles A and B have the
largest oy and &, in the X and Y directions, respectively.
Therefore, these two piles are selected for further analyses.

Figures 10(a)-10(f) present the von Mises stress Oy, bending
moment (SM) and horizontal displacement (&,) of pile A and
pile B. After the first stage of excavation — that is, excavation
stage 1 — the maximum oy of pile A occurs at Z = 2.8 m, whereas
the maximum oy, of pile B locates at top of the pile. This is
mainly due to the fact that pile A and pile B have different modes
of movement, which will be explained in detail in the next
section. As excavation proceeds, the location of the maximum oy
gradually moves deeper, and the magnitude becomes larger. After
the final stage of excavation — that is, excavation stage 4 — the
maximum Oy of both piles A and B stays at about Z = 9.0 m and

——MC model
—+—MCC model

-6 I I I I ! )
0 10 20 30 40 50 60

Dy:m

(b)

Figure 8. Comparisons of calculated against observed data: (a) horizontal displacement of pile B; (b) settlement of the ground surface

along D,
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the maximum oy is about 5.8 MPa for pile A and 5.4 MPa for
pile B. The difference is insignificant. Note that the design tensile
strength for the grade Q345 H-beam is 305 MPa, which is about
two orders larger than the calculated maximum oy;. This suggests
that the retaining system investigated here is extremely
conservative. One may argue that such an overdesign would cost
much more than needed. However, the authors argue that as the
retaining system is prefabricated and can be recycled and reused
in many other projects, the average cost is indeed much lower and
the system itself is cost-effective, as well as delivering other
benefits such as low environmental impacts.

The bending moments of pile A and pile B along depths are
similar to each other in general, although the bending moment of
pile A is found to be slightly higher than that of pile B, as shown
in Figures 10(c) and 10(d). This is because the spacing for pile A
is slightly larger than that for pile B. For both piles, the maximum
bending moments are found to be about 5 kN m and located at
1.5m after completion of the first excavation stage. The
maximum bending moment increases as excavation proceeds and
the location moves downwards. Meanwhile, as waist beams are
installed and start to play a bracing role in restricting the
horizontal displacement of the pile, the bending moment of the
pile gradually decreases at the position where it is connected to
the beams and finally reaches a negative bending moment. This
indicates a state transition from tension to compression. Due to
the impact of the pipe-jacking construction, no waist beams are to
be installed at a depth of 7-11 m of the working shaft. Hence, the
bending moment beyond this depth range gradually increases with
the foundation pit excavation. At completion of excavation stage

4, the maximum bending moment reaches 40 kN m for both piles.
The bending moment curve appears to be bidirectional, which is
consistent with previous studies reported in the literature (e.g. Pan
et al., 2019). For HW350 steel H-piles, the allowable stress is
315MPa and the bending cross-sectional coefficient is 2300 cm®
(Pan et al., 2019), resulting in an allowable bending moment
of 315MPa x 2300cm® = 724.5kN m. Again, this is over
two orders larger than the computed maximum bending moment
of the piles (i.e. 40 kN m), and the piles are very safe from the
perspective of flexure failure.

Figures 10(e) and 10(f) show the distributions of 8, for pile A and
pile B along the depth with respect to different excavation stages.
After the first stage of excavation, due to the upper levels of
support not being preloaded, pile B deformed as a cantilever, and
the &, at the top of pile B is found to be 1.6 mm. On the other
hand, due to the geometry effects of the foundation pit (e.g. soil
arching effects), displacements of the supporting members along
the long side (X direction in this case) are generally much larger
than those along the short side (Y direction in this case). With the
deflection of the waist beam in the X direction, the waist beam in
the Y direction has a movement tendency against the displacement
of pile A. As a result, the &, at the top of pile A is just 0.2 mm.
As the excavation proceeds, lateral displacement of the piles in
the upper portion is restrained by installation of new supporting
members, while for the lower part, it deforms more due to the
lack of waist beams (Goh et al., 2017). After the final excavation
stage, the maximum &, is 2.5 mm for pile A and 3.5 mm for pile
B; both appear at about 9 m. The piles deformed as a convex
shape, which is consistent with the analysis outcomes by Clough
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and O’Rourke (1990). Furthermore, Figure 10 proves that the
maximum values of the horizontal displacement, von Mises stress
and bending moment coincide with each other at the same depth.

Stresses and horizontal displacements of steel panels
As an important member of the retaining system, steel panels
coordinate with other structural members to restrict the soil
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movement during the excavation of the foundation pit. In practice,
the largest deformation in this type of retaining system is the steel
panel. In this section, the &, and oy of steel panels are examined.

Figure 11 presents the contours of von Mises stress and
displacement (U) of steel panels. It is found that the magnitudes
of oy and U of the steel panels near the bottom of the foundation
pit are obviously larger than the others. This can be partially
attributed to the arrangement of waist beams and the overburden
pressure at the depth. The oy and &, of the steel panels at the
bottom after completion of excavation stage 4 are shown in
Figure 12, where the X-axis R stands for the circumference of the
working shaft.

It is observed that the maximum oy, values of the steel panels in
the X and Y directions are the same in terms of magnitude, which

S, von Mises
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Figure 11. Contours of (a) von Mises stresses (unit: kPa) and (b)
deformations of steel panels (unit: m)

is 116 MPa. This value is far lower than the design tensile strength
of Q235 steel (i.e. 215 MPa). Nevertheless, the distribution of oy
for the steel panels in the Y direction differs from that of the X
direction. This can be explained as being due to the fact that the
spacing of the piles is smaller in the X direction, which results in
the pile—panel interconnection to act as a whole. In other words,
the rigidity of the panel is largely enhanced by connecting to the
piles, while in the Y direction, the pile spacing is larger and thus,
relatively speaking, the panels act more independently.

The horizontal displacement of the steel panels along the
circumference of the shaft is presented in Figure 12(b). As steel
panels are connected to the retaining piles using high-strength
bolts, steel panels deform in coordination with the retaining piles.
As a result, the horizontal displacement of a steel panel from its
initial position is &; = 8, + d,r, where &, represents the horizontal
displacement of the retaining pile and &, represents the horizontal
displacement of the steel panel relative to the deformed pile. Note
that both 6, and 6§, are heavily influenced by the lateral earth
pressure exerted by the soil behind the panel. As a smaller pile
spacing would strengthen the soil arching effects, correspondingly,
the lateral earth pressure acting onto the pile and panel would be
smaller. This explains the observation of a smaller & in the X
direction — that is, & = 6, + §y =3.0 + 13.9 = 16.9mm — and a
relatively larger & in the Y direction — that is, 6 = 6, + 6y = 1.8 +
26.8 = 28.6 mm. Lastly, it is noted that the maximum &; values in
both the X and Y directions locate at about 10 m depth.

Analysis of ground settlement

The ground surface settlement due to foundation pit excavation
must be carefully assessed, particularly in urban areas, to avoid
causing damage to the adjacent properties. The settlement differs
when different retaining systems are used to stabilise the
excavation. This part is focused on the quantitative description of
the ground surface settlement due to the working shaft excavation
and aims to provide some guidance on the development and use
of the new prefabricated recyclable retaining system in large
deep-foundation-pit projects.

The ground surface settlements of the working shaft are different
in X and Y directions, as demonstrated in Figure 13. Intuitively,
the displacement of the retaining piles and the ground settlement
behind the piles should be highly positively correlated, and it is
expected that the larger the horizontal displacement, the larger the
ground settlement. However, in this paper, the displacement of
piles in the X direction is larger than that of piles in the Y
direction, whereas the ground settlement along the D; direction is
much less than that along the D, direction. This seems to be
counter-intuitive. The reason for this is that the new retaining
system under study here consists of both rigid piles and flexible
steel panels, and the final ground settlement depends on both
structural members. This is one of the main differences between
the new supporting system here and many other existing retaining
systems where only one structurally reinforcing member is used.
For the latter systems, the wall displacement and ground
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Figure 12. von Mises stress and horizontal displacement of steel panels at the bottom of the working shaft: (a) o, plotted against R;

(b) &, plotted against R

settlement are always highly correlated. A further analysis will be
provided later.

Figure 13(b) is the enlarged view of the settlement contours
profiled from Figure 13(a). The vertical axis &, is the settlement
in millimetres. Note that a negative value represents settlement,
while a positive value represents heave. The ground surface
settlement appears to be a ‘vortex’ and increases dramatically
towards its centre. The maximum settlement is 6, = 7.3 mm in
the centre of the vortex.

Figures 14(a) and 14(b) are the ground surface settlements with
respect to different excavation stages. The horizontal coordinates
‘D;” and ‘D,’ represent the distances from the shaft wall to the
outer boundary of the model, and A8;, Ad,, Ad; and Ad, are the
increments between successive excavation stages. Obviously and
as expected, the maximum &, occurs in the steel panel zone, other
than the H-pile zone. This is simply because the steel panels
deform laterally much more than the piles.

Two more differences can be observed between the ground
settlements along the D; and D, directions. Along D;, shown in
Figure 14(a), &, reaches Ad; = 2.6 mm and Ad, + Ad, + A% +
Ad, = 45mm at completions of the first and last stages of

184

excavation, respectively. This means that after excavation stage 1,
J, continues to increase significantly as excavation proceeds.
However, along D,, shown in Figure 14(b), &, increases
insignificantly from Ad; = 6.2mm at completion of excavation
stage 1 to A8 + Ad, + Ad; + Ad, = 7.3 mm at completion of
excavation stage 4. The second difference is that the maximum &,
along D, appears to move away from the wall as excavation
proceeds — that is, from stages 1 to 4, the maximum &, moves
about 0.7 m away from the wall — whereas for the maximum &,
along D,, it appears to stay about 0.65 m from the wall, regardless
of excavation stages. The maximum &, of 7.3 mm is far less than
the alarm value set for the project. The alarm values are provided in
Table 3 according to GB 50497-2009 (SAC, 2009). The differences
of the primary influence zones between the first and final stages of
excavation on ground settlement are about 11 m in Dy and 5.5m in
D,. With the working shaft excavation, the influence range of
ground surface settlement exhibits a growing trend.

Influence of pile embedded depth and panel
thickness

Horizontal displacement (4,) against EDR
The plots of horizontal displacement (&,) of pile A and pile B
along the depth with respect to different EDRs are shown in
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Table 3. Alarm values set for the case history

Level I

Monitoring programme

Monitoring level of the Rate of  Cumulative
foundation pit change:  value: mm

mm/d

Horizontal displacement of the slope B 25
Vertical displacement of the ground 3 25
Displacement of deep soil 3 25

Figures 15(a) and 15(b). In this case study, &, appears to be little
influenced by the EDR. This is reasonable, as the prefabricated
retaining system in this study is largely overdesigned. However, it
should be noted that this may not be the case if other types of
retaining systems are used (e.g. Liu and Hou, 1998). Figure 15(c)
plots the maximum ¢, (denoted as &y,,) against EDR for piles A
and B. While the maximum &, decreases with increasing EDR,
the difference is very small — that is, Ady, = 0.1 mm. Figure 15(d)
regresses the normalised O./H,. against the EDR using a first-
order polynomial, where H, is the pile embedded depth calculated
from the bottom surface of the shaft. As seen, &,./H. slightly
decreases as the EDR increases. Previous research studies
(Clough et al., 1989; Long, 2001) suggested that O&ym/H.
decreases with increasing stiffness of the support system. The new
retaining system investigated here is a composite structure with
both rigid and flexible structural members. The retaining pile, as a
rigid element, has a good overall stability. Thus, on the basis of

strong stiffness, the EDR had little effect on the deformation of
the retaining pile.

dm and oy against thickness of steel panels (7)

As an important flexible member in the retaining system, the
thickness of the steel panel (denoted as 7)) would not only affect
its own deformation but also affect the &, of the piles and the
ground settlement. In this section, FE models are rebuilt with 7 =
2.5, 5.0, 7.5, 10.0, 12.5 and 15.0 mm to examine the effect of
steel panel thickness on the displacements of steel panels,
retaining piles and the ground surface.

The plots of &, against 7 and oy against 7 are shown in Figures
16(a) and 16(b), respectively. In the figures, ks and ks represent
the slopes of the &, and oy curves, with negative values
representing a decreasing trend. As 7 increases from 2.5 to
15.0 mm, correspondingly the &, of the steel panels reduces
remarkably from 32.0 to 5.6 mm and the maximum oy of the
steel panels reduces significantly from 123 to 73.6 MPa. In
addition, it is found from ks and k. that T is impactful on the 6,
and oy of steel panels but has little effect on the &, and oy of
retaining piles.

Figure 17 presents the ground surface settlement of excavation
stage 4 plotted against different thicknesses of steel panels (7).
Along the D; and D, directions, as 7 increases, the ground
settlement tends to decrease largely. When 7 reaches 12.5 mm and
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Figure 17. Ground settlements along the (a) D; and (b) D, directions given different thicknesses of steel panels

beyond, the ground settlements become practically the same for
D, and D,; both are around 2.2 mm. Case histories compiled by
Hsieh and Ou (1998) showed that the maximum settlement of the
ground surface (O,n) is statistically related to the maximum wall
deflection (&m). As the present retaining system includes both
retaining piles and steel panels, 8, depends on the &, of retaining
piles and steel panels. From this analysis, the authors conclude
that selection of the thickness of the steel panels is crucial to the
new retaining system and must be carefully addressed in design.

As shown in Figure 18, the empirical curve of the settlement
profile compiled by Hsich and Ou (1998) shows that the
settlement is equal to 0.18,,, at 2H, and is practically negligible at
4H.. Note that H, is the final excavation depth of the foundation
pit. In this study, the curve of the settlement profile is slightly
different from the one proposed by Hsieh and Ou (1998). The

positions of 0.18,, (point B) are all less than 2H. but also
practically negligible at 4H, (point C). This is due to the fact that
during different excavations, strut installation procedures and
retaining structures result in different stress states for the soil near
the wall, which may in turn yield different shapes of the settlement
profile. In addition, since steel panels are important flexible
members in the retaining system, the local soil behind the steel
panels would settle in a vortex shape, which makes the primary
influence zone obtained by the empirical method less than 2H..
According to the principle of Saint-Venant (Timonshenko and
Goodier, 1951), different excavations, strut installation procedures
and retaining structures might have little influence on the state of
stress for soil far away from the wall. This explains the practical
ignorance of &/, at 4H, (point C), which is the same as the
point proposed by Hsieh and Ou (1998). Moreover, it is found that
as the thickness of the steel panel increases, the primary influence

Downl oaded from http://ftp. nowpublishers.conljgere/article-pdf/7/3/173/2547937/j gere_20_00015. pdf by guest on 31 May 2026

187



Geotechnical Research
Volume 7 Issue 3

Numerical analyses of a prefabricated
retaining system for foundation pits in
silt soils

Guo, Wang, Lin and Wang

€
% =25 mm — 50mm
75mm —— 100mm

— 125mm —— 150mm

—— Empirical curve by Hsieh and Ou (1998)
<—= Primary influence zone

<—= Secondary influence zone

8\//SVI’TW

Dy/Hq
0 0.5 1 2 3 4
o |
K C
1
1
02
1
1
0.4
06 —25mm —50mm
' 75mm ——100mm
—125mm —— 150mm
—— Empirical curve by Hsieh and Ou (1998)
0.8 <—= Primary influence zone
| ~—=Secondary influence zone
|
1.0 f~—
= e 4
s I
= v I

Figure 18. Settlement profiles of the new retaining system assuming different steel panel thicknesses: (a) 8/, along Dy; (b) 8/, along D,

zone of the retaining system gradually moves towards the zone
proposed by Hsieh and Ou (1998). This can be interpreted as
follows: with the increase in the thickness of the steel panels, the
lateral displacement gradually decreases, resulting in the reduction
in the settlement vortex of the ground surface behind the steel
panels; correspondingly, the lateral displacement of retaining piles
and steel panels in the new retaining system changes from two
orders of magnitude of difference to the same order.

Figure 19 shows the plots of the maximum displacement of the
steel panels and the ground settlement against the thickness of the
steel panels. When the thickness 7" is small (e.g. 2.5-7.5 mm in
Figure 19), the deformation of the steel panel and the settlement
decrease quickly with increasing 7. When the thickness reaches
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beyond a certain value (e.g. 10.0 mm), the decreasing trend
gradually becomes flat. However, this variation has certain
numerical differences between the X and Y directions, due to the
effect of the spacing of the retaining piles and the size of the
foundation pit on the displacement of the steel panel.

The preceding analyses demonstrate that due to the difference in
material and dimensions between the assembled parts of the new
recyclable retaining system, the influence on the settlement of the
Dy and D, directions of the foundation pit could not be ignored.
It is highly important to select a reasonable steel panel type
and a reasonable pile interval to protect adjacent properties.
Furthermore, the analysis outcomes are crucial for the use of the
retaining structure in subsequent large deep foundation pits.

Steel panel 1

Steel panel 1-2

Steel panel 1-3

Steel panel 2

Figure 19. Influences of the thickness of steel panels on the deformation of the steel panels and the ground surface settlement: (a) the 6

of steel panels and ground surface; (b) classification of steel panels
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Conclusions

This paper presents numerical analyses of a new prefabricated
recyclable retaining system used for a working shaft excavated in
silts for a pipe-jacking project in Northern China. A 3D numerical
model is built in Abaqus to carry out the analyses. The model is first
validated by comparing its analysis outcomes against field
monitoring data. After validation, the model is further used to
investigate the stresses and deformations of the main structural
members of the new retaining system, including the H-piles and steel
panels. In addition, the ground surface settlement is also studied. The
main conclusions drawn from this study are as the following.

= Typically, the maximum von Mises stress, maximum bending
moment and maximum horizontal displacement that the steel
H-piles sustain in such a retaining system are far less than the
allowable values in design. The positions of the aforementioned
three maximum quantities move downwards with increasing
excavation depth and finally stay at the same depth.

®  The maximum horizontal displacement of the piles in the
system is basically about 3.0 mm, which is much less than
that of similar structural members in many other traditional
retaining systems. For the steel panels, the maximum
horizontal displacement is roughly an order of magnitude
higher than that of the H-piles.

®  The ground settlement near the foundation pit depends on the
pit size and the type of the retaining system. The ground
settlement is significantly influenced by the deformation of the
steel panels. With the increase in the steel panel thickness, the
maximum ground settlement as well as the maximum
deformation of the steel panels will be remarkably reduced. It
is suggested that the thickness of steel panels should not be
less than 3.0 mm.

®  The new prefabricated recyclable retaining system has the
advantages of safety, fast construction, recyclable utilisation
and low cost (long-term, on average). In addition, it has great
potential in the stabilisation of large deep foundation pits.
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