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Abstract. Since the beginning of the 21st century, artificial islands made of
dredged soil and hydraulic fill from port waterways have become one of the main
land uses for engineering construction. Such sites are usually located beneath
deep marine silt layers, which are mostly saturated, soft plastic to flow plastic,
with low bearing capacity, high compressibility, and poor permeability. Strength-
ening measures need to be taken before excavation of foundation pits in these
areas. There are various techniques and methods for reinforcing soil in the pas-
sive zone of foundation pits. Currently, widely used methods include grouting,
drainage consolidation, cement soil mixing, and high-pressure rotary spraying.
Many experts and scholars at home and abroad have also conducted a series of
valuable research on passive zone reinforcement technology. This paper explores
the impact of the width of the bottom reinforcement on the deformation of foun-
dation pits and the surface settlement, taking the deep foundation pit project of
Block B6 in Area A of Macao New City Reclamation as a case. The study finds
that the reinforcement of the soil in the passive zone has a remarkable effect on
controlling the deformation of the foundation pit, and there exists an optimal re-
inforcement scope. Through the simulation of a three-dimensional finite element
model, the deformation of the retaining structure of the foundation pit, the surface
settlement outside the pit, and the heave at the bottom of the pit under different
reinforcement scopes were compared. The results indicate that the reinforcement
at the bottom of the foundation pit can significantly reduce the lateral deformation
of the foundation pit, and the optimal reinforcement width is 6 to 8 meters. Be-
yond this range, the reinforcement effect is not significant. Meanwhile, the
amount of surface settlement and the heave at the bottom of the pit decrease with
the expansion of the reinforcement scope, but it is not economically feasible to
expand the reinforcement scope without limitation. Eventually, a design scheme
for the bottom reinforcement of the foundation pit based on the simulation calcu-
lation results and the force characteristics of Larsen steel sheet piles is proposed,
providing guidance and reference for the reinforcement design and construction
of the passive zone of similar foundation pits in the Macao region in the future.
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1 Introduction

With rapid economic development, strategies like "reclaiming land from the ocean and
expanding underground spaces" have become critical for coastal areas to address land
shortages. One prominent solution is the creation of artificial islands using soil materi-
als dredged from port channels. Examples include Macao New Town (3.98 million
square meters), the Nansha Islands (over 13 million square meters), and the artificial
islands of the Hong Kong-Zhuhai-Macao Bridge (approximately 2.16 million square
meters). These projects are often situated on deep layers of marine silt, which are typi-
cally saturated and exhibit characteristics ranging from soft plastic to flow plastic. Such
soils are marked by low bearing capacity, high compressibility, and poor permeability.
Therefore, foundation pit excavation in these areas requires extensive soil reinforce-
ment measures to ensure safety[1].

Current technical specifications for foundation pit engineering explicitly state that
reinforcement areas should be determined based on local experience, with minimum
requirements of 0.4 times the excavation depth, a reinforcement width exceeding 4 me-
ters, and a depth of at least 3 meters. Cai Weiming [ theoretically demonstrated that
reinforcing the passive zone soil is more effective than reinforcing the active zone soil.
Similarly, Ma Hailong Blet al. explored the effects of passive zone reinforcement depth
and width on foundation pit deformation under various stress conditions. They con-
cluded that when the reinforcement depth and width are 0.55 and 0.36 times the exca-
vation depth, respectively, the stress deformation of support structures is minimized.

Zheng Junjie [ et al. analyzed the deformation patterns of a subway station founda-
tion pit in Wuhan through numerical simulations. Their findings indicated that defor-
mation control is most effective when the reinforcement depth and width are roughly
equal. Qin Aifang P proposed a reasonable reinforcement depth for passive soil in soft
soil areas, based on indoor shear tests and conventional consolidation tests, suggesting
areinforcement depth of 0.3 to 0.5 times the excavation depth for regions like Shanghai.
Jiang Jianping [ et al. used finite element analysis to study the effects of passive zone
reinforcement on retaining structure deformation, concluding that increasing the rein-
forcement width reduces deformation, with an optimal reinforcement range observed
1. The difference in the optimal reinforcement range is important because different
reinforcement ranges can have a significant impact on the effectiveness of deformation
control in foundation pits. Strengthening the passive zone soil can effectively control
the deformation of the foundation pit, but the specific optimal reinforcement range var-
ies greatly in existing research conclusions. These differences may stem from differ-
ences in the physical and mechanical properties of soft soil in different regions, as well
as the specific conditions of foundation pits under different working conditions.

Existing research highlights the significant role of passive zone soil reinforcement
in controlling excavation deformation, with evidence pointing to the existence of an
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optimal reinforcement range. However, there are notable discrepancies in the conclu-
sions of various studies regarding this range. These differences may stem from the in-
adequate consideration of how the physical and mechanical properties of passive zone
soft soil influence the strength of the reinforced body ™. Furthermore, most current
research relies on two-dimensional models or focuses solely on full-area reinforcement.
These approaches often fail to accurately capture the overall deformation behavior of
foundation pits, which can deviate substantially from real-world engineering scenarios.
Thus, there is a pressing need for more precise three-dimensional models to enable in-
depth investigations of different reinforcement ranges.This study used a three-dimen-
sional finite element model to accurately simulate the complex geological conditions
of the deep foundation pit in the Macau New City reclamation area. Combined with the
contact interface characteristics between soil and structure, it more realistically re-
vealed the influence mechanism of passive zone reinforcement on the deformation of
the foundation pit. This 3D modeling method makes up for the shortcomings of tradi-
tional 2D analysis and provides a more reliable prediction tool for practical engineer-
ing.And this study quantified for the first time the synergistic effect of reinforcement
width and depth through a systematic comparison of 15 reinforcement schemes, dis-
covering the dominant role of reinforcement width and the limited influence of rein-
forcement depth.The results of this study are not limited to a single case, and its inno-
vation lies in the fact that the 3D model and multivariate collaborative analysis frame-
work can be extended to other soft soil areas, providing a universal method for founda-
tion pit reinforcement design under similar geological conditions. The proposed "opti-
mal reinforcement width of 6-8 meters" and "depth effect threshold" provide quantita-
tive references for standard revision and engineering practice, especially applicable to
high compressibility areas of soft soil.

In this study, we analyze the deep foundation pit project of the B6 plot in Area A of
the Macau New City reclamation as a case study. Combining results from indoor ge-
otechnical tests with finite element analysis software, we examine the impact of passive
zone reinforcement dimensions on the deformation of foundation pit enclosure struc-
tures. By comparing foundation pit deformation, surface settlement outside the pit, and
bottom uplift under various working conditions, we aim to provide valuable guidance
and reference for the design and construction of passive zone reinforcement in similar
projects within Macau.

2 Engineering Overview Analysis

2.1 Foundation Pit Engineering Profiles

As shown in Figure 1, the proposed foundation pit is located in reclamation Area A of
Macau New City and will house a three-story underground garage. The pit's bottom is
reinforced with PHC pipe piles and high-pressure rotary jet grouting piles. The foun-
dation pit has an irregular rectangular shape, with a length of 102.2 meters and a max-
imum width of 40.3 meters. Its perimeter is approximately 254 meters, covering an area
of about 3,074 square meters, with an excavation depth of 13.3 meters. The pit's base
lies within a marine silt layer, with the deepest excavation within the pit reaching 15.3
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meters.The enclosure structure consists of VIL steel sheet piles (S355) with a depth of
21.7 meters and is internally supported by four levels of prestressed composite steel
supports. These supports are complemented by steel crown beams, purlins, and col-
umns. The side wall of the foundation pit is classified as Level Two for safety. The
control limits for horizontal displacement of the top and deep parts of the support struc-
ture piles are set at 50 mm and 85 mm, respectively, while the maximum allowable
ground settlement is 55 mm.

Figure 1. Plan Design of Foundation Pit for Proposed Project

2.2 Overview of Geological Conditions of the Site

The survey site features flat terrain and belongs to the sedimentary landform unit of
sea-land interaction. The geological stratigraphy, from top to bottom, includes an arti-
ficial fill layer, a marine sedimentary soil layer, an alluvial soil layer, a fully weathered
granite layer, and bedrock.

Artificial Fill Layer is generally gray-yellow, consisting of loose to medium-dense
sand. Its thickness ranges from 9.00 to 15.00 meters.Marine Sedimentary Soil Layer is
Composed mainly of silt, this layer has undergone pre-reclamation drainage and con-
solidation compression treatment using drainage boards, resulting in improved proper-
ties compared to the original silt. Its thickness varies from 3.00 to 12.00 meters, with
measured standard penetration test (SPT) blow counts typically ranging from 1 to 5.Al-
luvial Soil Layer is Primarily made up of clay, sandy clay, and clayey sand, this layer
is 10.00 to 20.00 meters thick. The measured SPT blow counts are variable, generally
ranging from 3 to 32.Fully Weathered Granite Layer is Consisting of brownish-yellow
and brownish-red sandy silt and silty sand, this layer occasionally contains residual
granite boulders or crushed stones. The bedrock primarily comprises grayish-yellow,
occasionally flesh-red, coarse-grained yellow granite with a blocky structure and a
weathering grade of II-IV. The burial depth ranges from 41.45 to 59.67 meters.



44 B. Wu et al.
3 Establishment of Numerical Models

3.1 Reasons for Choosing Methodology

For the layout plan of rotary jet grouting piles, after comprehensively considering fac-
tors such as regulatory requirements, construction period, economic costs, and safety
reserves, this study chose a rotary jet grouting pile layout plan with a widening of 6m
and a deepening of 6m. Jet grouting piles have good reinforcement effects and can ef-
fectively control the deformation of foundation pits. In the simulation of three-dimen-
sional solid elements, the study adopts three-dimensional solid element simulation for
various soils and solid bodies of rotary jet grouting piles, and adopts an elastic-plastic
model with Mohr Coulomb yield conditions. This simulation method can more accu-
rately reflect the actual stress situation of soil and reinforced bodies, and improve the
accuracy of calculation results. This study sets up contact surface elements on the con-
tact surface elements to simulate the interaction between soil and structure, which can
more accurately simulate the mechanical behavior under actual working conditions and
improve the reliability of simulation results.

In summary, the reason for choosing the above methodology and materials is that
they can provide scientific, accurate, and reliable predictions and analysis, which can
help optimize the foundation pit reinforcement plan and ensure the safety and economy
of the project.

3.2 Constitutive Model, Mesh Partitioning, and Parameter Determination

As shown in Figure 2, Each soil layer and rotary jet grouting pile is simulated using
three-dimensional solid elements, adopting an elastic-plastic model with the Mohr-
Coulomb yield criterion as the failure condition. The physical and mechanical parame-
ters of the soil layers are determined from indoor geotechnical tests.

As shown in Figure 3, the steel support of the foundation pit and the pile at the bot-
tom are modeled using beam elements, which follow a linear elastic constitutive model.
Steel Support adapt Elastic modulus of 206 GPa, Poisson's ratio of 0.30, and a unit
weight of 78 kN/m?.Bottom Pile adapt Elastic modulus of 30 GPa, Poisson's ratio of
0.20, and a unit weight of 25 kN/m?>.

Each soil layer and rotary jet grouting pile is simulated using three-dimensional solid
elements, adopting an elastic-plastic model with the Mohr-Coulomb yield criterion as
the failure condition. The physical and mechanical parameters of the soil layers are
determined from indoor geotechnical tests.

Steel sheet piles are equivalent to underground continuous walls based on the prin-
ciple of stiffness equivalence. To simulate the interaction between soil and structure,
contact surface elements (Goodman elements) are incorporated. In these calculations,
the interface cohesion and friction angle are reduced to 0.7 times the cohesion and in-
ternal friction angle of the adjacent soil layers.

The normal and tangential stiffness of the interface are calculated using Equation

(D:



Research on the Influence of Reinforcement Width at the Bottom of ... 45

k =k =10max kLGB

n N
min

E E
- . G=——
3(1-24) 2(1+ p)

In the equation above: k represents the bulk modulus of the soil, G is the shear mod-
ulus, E denotes the elastic modulus,u is Poisson's ratio, and AZmi, refers to the minimum
size of the unit connected to the contact surface in the normal direction.

For simplification, geological undulations are approximated based on the survey re-
port. The model's boundary conditions are defined as follows: Horizontal displacement
is fixed at the boundaries, Vertical displacement is fixed at the bottom, and the founda-
tion pit's surface is treated as a free boundary. The model is discretized using hexahedral
elements, resulting in a total 0f 299,352 nodes and 284,907 elements. Since the soil was
subjected to vacuum preloading consolidation treatment prior to foundation pit excava-
tion, this simulation does not account for variations in groundwater levels.

@)

Backfill soil
silt layer

alluvial clay

alluvial sand

CDG laye

Pit support diagram

Model size diagram

Figure 2. Schematic diagram of 3D model of foundation pit

33 Protocol

As shown in Figure 4, the bottom of the foundation pit is reinforced with rotary jet
grouting piles, each with a diameter of 1.0 m and a spacing of 0.9 m. The unconfined
compressive strength of the rotary jet grouting piles after 28 days is at least 1.0 MPa,
and the Young's modulus is no less than 500 MPa. Finite element software is used in
this study to simulate the effect of bottom reinforcement on the lateral deformation of
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foundation pits. The analysis focuses on several comparative reinforcement
schemes:.Reinforcement Widths adapt 4 m, 6 m, 8 m, 10 m, and12 m. Reinforcement
Depths adapt 4 m, 8 m, and 12 m. A total of 15 reinforcement model schemes are de-
signed, with each scheme divided into four excavation conditions. These conditions
primarily involve different soil layers, including fill layers, marine silt layers, alluvial
soil (clay), alluvial soil (sand), and fully weathered granite layers.

(Excavation depth of 1.5m, with the first (Excavation depth of 5.0m, with the first
layer of internal support at 1.0m) layer of internal support at 3.5m)

(Excavation depth of 7.8m, with the first (Excavation depth of 13.3m, with the first
layer of internal support at 6.8m ) layer of internal support at 10.1m)

(Excavation depth of 7.8m, with the first (Excavation depth of 13.3m, with the first
layer of internal support at 6.8m) layer of internal support at 10.1m)

Figure 3. Excavation condition simulation
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4 Calculation and Analysis of Sidewall Deformation

The current technical specifications for foundation pit engineering explicitly state that
the determination of reinforcement areas should be based on local experience but must
not be less than 0.4 times the excavation depth of the foundation pit. Additionally, the
reinforcement width should exceed 4 m, and the reinforcement depth should be greater
than 3 m. When the reinforcement depth and width are 0.55 times and 0.36 times the
excavation depth, respectively, the stress deformation of the retaining structure is min-
imized.Existing research confirms that passive zone soil reinforcement significantly
controls foundation pit deformation, and there exists an optimal reinforcement range.
However, the conclusions of various studies regarding this optimal range vary consid-
erably, largely due to insufficient consideration of how the physical and mechanical
properties of soft soil in the passive zone affect the strength of the reinforcement. This
simulation conducts an in-depth investigation into the impact of reinforcement size in
the passive zone of deep foundation pits on the deformation of the foundation pit en-
closure structure. The study compares the deformation of the foundation pit enclosure,
surface settlement outside the pit, and bottom uplift under different working conditions,
offering valuable guidance and reference for the design and construction of passive
zone reinforcement in similar projects in Macau in the future.

4.1  Analysis of Deformation Calculation Results When the Bottom of the Pit
is not Reinforced

To further validate the necessity of reinforcing the bottom of the foundation pit with
rotary jet grouting piles, a finite element simulation was first conducted for the scenario
where the bottom of the pit was not reinforced. The results are shown in Figure 5. It is
observed that the deformation of the foundation pit sidewall initially increases and then
decreases with depth, reaching a maximum at depths of 9—11 meters. The maximum
lateral deformation values at monitoring points 1-4 were 117 mm, 89 mm, 119 mm,
and 78 mm, respectively, all occurring within the marine silt layer. This indicates that
the soft and weak soil layer is the primary factor influencing the deformation of the
foundation pit. The maximum lateral deformation was approximately 120 mm, exceed-
ing the 85 mm limit for a second-level foundation pit. Additionally, the maximum
ground settlement was around 70 mm, surpassing the 55 mm limit, and the bottom of
the pit was uplifted by about 59 mm, which does not meet the deformation criteria.
Therefore, reinforcement of the pit bottom is required.
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Figure 5. Uneinforced uplift and deformation at the bottom of the pit

4.2  Analysis of Deformation Calculation Results When the Bottom of the Pit
is not Reinforced

The finite element simulation results for the sidewall deformation of the foundation pit,
with a bottom reinforcement width of 8m and reinforcement depths of 4m, 8m, and
12m, respectively, are shown in Figure 6. The results reveal that the deformation of the
foundation pit's sidewall initially increases with depth before decreasing, reaching a
maximum at a depth of 9—11m. This maximum deformation occurs within the marine
silt layer, highlighting the weak soil layer as the primary stratum influencing foundation
pit deformation. When the reinforcement dimensions at the pit bottom are 8 x 4m, the
maximum lateral deformation is 37mm, well below the second-level foundation pit
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limit of 85mm. For a reinforcement range of 8 x 8m, the maximum lateral deformation
decreases to 34.8mm, and for 8 x 12m, it further reduces to 33.2mm. Compared to a pit
bottom reinforcement width of 6m, the lateral deformation is reduced significantly by
10.4mm, 11.9mm, and 11.5mm for each depth, corresponding to reductions of 21.9%,
25.5%, and 24.6%, respectively. These findings indicate that increasing the width of the
pit bottom reinforcement substantially reduces the lateral deformation of the foundation
pit, whereas increasing the reinforcement depth has a relatively minimal impact.

4.3  Discussion and Analysis

As shown in Figure 6, The simulation results indicate that, across the 15 reinforcement
schemes, the lateral deformation of the retaining pile reaches its maximum value at the
final excavation stage to the bottom of the foundation pit. Without reinforcement using
rotary jet grouting piles, the maximum deformation of the retaining pile is 12.68cm,
occurring at a depth between 9.0m and 11.7m. Under identical reinforcement depth
conditions, increasing the width of the foundation pit reinforcement significantly re-
duces the maximum deformation of the steel sheet pile, and an optimal reinforcement
width is observed. For instance, when the reinforcement depth is fixed at 12m, and the
reinforcement widths are varied at 4m, 6m, 8m, 10m, and 12m, the corresponding max-
imum deformations of the steel sheet piles are 8.33cm, 4.7cm, 3.3cm, 3.02cm, and
2.7cm, respectively. Compared to the unreinforced case, these deformations are re-
duced by 4.35c¢m, 7.98cm, 9.38cm, 9.66¢cm, and 9.98cm, as shown in Figure 6. Accord-
ing to Article 3.2.1 of the Technical Regulations for Construction Foundation Pit Engi-
neering (DBJ/T 15-2016), the deformation warning value for a second-level foundation
pit is the smaller of 0.4% of the excavation depth or 50mm. For this foundation pit, the
warning value is set at SOmm.
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Figure 6. B Deformation varies with the width of reinforcement
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Considering regulatory requirements, construction timelines, economic costs, and
safety margins, a layout plan with rotary jet grouting piles featuring a reinforcement
width of 6m and a reinforcement depth of 6m has been selected. Based on the simula-
tion results and the stress characteristics of Larson steel sheet piles, additional strength-
ening is recommended at corner positions and areas experiencing significant defor-
mation.

4.4  Analysis of the Impact of Bottom Reinforcement on Surface Settlement
and Bottom Uplift

Figure 7 shows the surface settlement curves for different soil reinforcement methods
when excavating to the bottom of the pit. Without reinforcement, the maximum surface
settlement behind the wall is 69.5mm, exceeding the safety limit of 55mm for a second-
level foundation pit.Reinforcing the pit bottom significantly reduces settlement, but in-
creasing the reinforcement width beyond a certain point has minimal effect. For widths
of 4m, 8m, 12m, and full coverage, the maximum surface settlements are 45.8mm,
40.7mm, 37.6mm, 33.2mm, and 31.4mm, respectively.For a 6m reinforcement width,
increasing the depth reduces settlement further, with maximum settlements of 50.6mm,
40.7mm, 40.2mm, and 37.9mm for depths of 4m, 6m, 8m, and 12m. Depths less than
6m do not meet the safety requirements for surface settlement.
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Figure 7. Surface settlement deformation at different reinforcement ranges
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5 Conclusions

Strengthening the soil in the passive zone at the bottom of the excavation significantly
controls deformation. With a reasonable reinforcement range, the maximum lateral dis-
placement of the retaining structure and surface settlement can meet the deformation
control standards for a secondary foundation pit.

Increasing the width and depth of passive zone soil reinforcement reduces the lateral
deformation of the retaining structure, with the maximum displacement point shifting
upward. However, there is an optimal reinforcement depth and width, beyond which
further increases have little effect on reducing lateral displacement.

Surface settlement and its impact range decrease as the soil reinforcement range ex-
pands, indicating the need for a balanced reinforcement scope. Expanding the range
indefinitely is not economical and should balance cost-effectiveness with deformation
control requirements.

Bottom reinforcement effectively reduces foundation pit deformation, and larger re-
inforcement ranges result in less uplift. Among all methods, full reinforcement is the
most effective for controlling uplift and deformation.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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