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In this investigation, deformations of a deep foundation pit in hard rock strata, respectively, under delayed and in-time supporting
schemes of one-layer transverse reinforced concrete bracings at the top of the foundation pit, one-layer steel bracings at a depth of
8m, and one-layer prestressed anchorages at a depth of 22.5m during excavation were characterized according to lateral de-
formations of the foundation pit, settlements of the surrounding ground, and axial forces of the steel bracings according to
numerical calculations and on-site monitoring. Numerical calculation results showed that the maximum lateral deformations of
the foundation pit and settlements of the surrounding ground were, respectively, 10.34mm and 8.49mm at an excavation depth of
31m, which were obviously larger than those under in-time supporting. Meanwhile, under delayed supporting conditions, lateral
deformations of the foundation pit and settlements of the surrounding ground were far less than the allowed values, respectively,
being 0.3% and 0.15% of the excavation depth, required in the Chinese standard of GB50007-2011, indicating that the foundation
pit under delayed supporting conditions had good stability. Terefore, when excavating deep foundation pits in hard rock strata,
proper delayed supporting schemes could be considered so that strengths of the surrounding hard rocks could be utilized to the
fullest, and at the same time, more spaces for excavation could be freed up, and construction duration and construction costs could
thus be lowered.

1. Introduction

To alleviate transportation stresses, many cities in China
have been developing subway systems during the last fve
years [1, 2]. Subway stations are one of the most important
parts of subway systems, the construction of which is closely
related to foundation pit excavation. Excavation techniques
and supporting schemes for the foundation pit should not
only consider the geological conditions but also the adjacent
existing buildings, structures, and transportations [3–5].

During excavation process, stresses of surrounding soil
strata are redistributed, and certain pressures are thus acted
on enclosure structures of the foundation pit, thus leading to
lateral deformations of the foundation pit and settlements of

the surrounding ground [6]. Excessive lateral deformations
and settlements will cause instability of the foundation pit,
which poses a great threat to the safety of the foundation pit
during excavation process [7]. Terefore, stability of the
foundation pit during excavations should be carefully an-
alyzed before constructions based on the deformation
characteristics of the foundation pit [8].

In order to analyze the stability of the foundation pit,
deformations of the foundation pit are usually characterized
based on empirical and numerical analyses [9]. Many re-
searchers have investigated deformations of foundation pits
during excavation based on empirical analysis methods, and
some new empirical analysis methods are thus proposed
corresponding to a certain geological condition, such as an
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improved MSD method for foundation pit in soil strata and
a Gaussian-type empirical formulation for foundation pit in
soil-rock composite strata [10, 11]. Tough empirical
analysis methods are precise in terms of analyzing de-
formations of a foundation pit, the corresponding analysis
processes are usually of low efciency. Terefore, numerical
analysis tools, such as FlAC3D, Midas GTS NX, and
PLAXIS3D, are usually adopted to calculate stresses and
deformations of the foundation pits to be excavated for the
purpose of increasing analysis efciency meanwhile assuring
the analysis accuracy [12–15].

At present, most numerical investigations are focused on
deformations of foundation pit in soil strata or soil-rock
composite strata [16–19]. Unlike foundation pit in soil strata
or soil-rock composite strata, foundation pit in hard rock
strata has good stability if the same supporting schemes for
foundation pits in soil strata or soil-rock composite strata are
adopted, which is because the surrounding rocks of the
foundation pit in hard rock strata have certain strengths and
antideformation abilities [20]. However, considering the
antideformation ability of the surrounding rocks with cer-
tain strengths, the supporting schemes and techniques for
foundation pit excavations in soil strata or soil-rock strata
are not practical for those in hard rock strata, which is
because such supporting schemes and techniques may lead
to narrow working spaces, oversupport, waste of resources,
and an increase in the construction period. Terefore, in
terms of foundation pit excavations in hard rock strata, how
to utilize strengths of the surrounding rocks while at the
same time assuring the safety of the foundation pit during
excavation is of great importance to lower costs and shorten
the construction duration of the foundation pit.

In this investigation, a supporting scheme of one-layer
transverse reinforced concrete bracings at the foundation pit
top, one-layer steel bracings at an excavation depth of 8m,
and one-layer prestressed anchorages at an excavation depth
of 22.5m was adopted to support a deep foundation pit in
hard rock strata for constructing a transfer subway station in
Xuzhou, China. Deformations of the foundation pit under
both in-time and delayed supporting conditions were, re-
spectively, characterized based on lateral deformations of the
deep foundation pit, settlements of the surrounding ground,
and axial forces of the steel bracings, according to numerical
calculations.Ten, deformations of the foundation pit under
on-site monitoring as well as under the condition of in-time
supporting were compared to those under the condition of
delayed supporting to demonstrate the suitability of delayed
supporting for practical foundation pit excavation in hard
rock strata.

2. Engineering Background

2.1. Project Introduction. Te deep foundation pit for con-
structing the subway transfer station was located at the in-
tersection of Sanhuannan Road and Jiefang Road in Xuzhou
City, Jiangsu Province, China, as shown in Figure 1. Te deep
foundation pit consisted of a three-underground-foor

standard section and a four-local-foor transfer section.
Te total length of the foundation pit was 217.5m, the
width of the standard section was 21.5m, and the exca-
vation depth was 24m at the standard section and 31m at
the transfer section.

Geological conditions of the foundation pit are illus-
trated in Table 1. According to Table 1, geological conditions
of the foundation pit within 0 to 8m along the excavation
depth were miscellaneous fll, strong andmediumweathered
limestones, and those within 8m to 18m along excavation
depth were marl and limestone. Geological conditions of the
foundation pit at 18m or higher excavation depth were
mainly weak weathered limestones, as illustrated in Table 1.
Terefore, excavation of the foundation pit was mainly in
hard rock strata.

2.2. Supporting Scheme of the Foundation Pit

2.2.1. Supporting Elements. During the excavation processes
of the foundation pit, both vertical and transverse sup-
ports are needed to ensure the stability of the foundation
pit. In this investigation, drilled grouting piles were
adopted as vertical supports for the purpose of resisting
surrounding soil pressures and underground hydraulic
pressures during excavation. Te diameter of the drilled
grouting piles was 1000mm. Te pile interval was
1000mm at the standard section and 500mm at the
transfer section. Transverse supports of the foundation pit
include reinforced concrete bracings at a depth of 0.5 m,
steel bracings at a depth of 8m, and prestressed an-
chorages at a depth of 22.5 m, as illustrated in Figure 2.
Te foundation pit was excavated sectionally layer by
layer. Once when the drilled grouting piles were set,
excavation of the foundation pit began.

2.2.2. Supporting Scheme

(1) In-Time Supporting. In order to investigate the setting
time of transverse supporting elements on stability of the
deep foundation pit, an in-time supporting scheme and
a delayed supporting scheme were, respectively, considered
in this investigation. In terms of the in-time supporting
scheme, reinforced concrete bracings, steel bracings, and
prestressed anchorages were set when the excavation depth
was 0.5m below the corresponding predetermined
positions.

(2) Delayed Supporting. With regard to the delayed sup-
porting scheme, the transverse supporting elements were set
when the foundation pit was excavated to the places where
the next transverse supporting elements were located, which
was that reinforced concrete bracings were set when the
foundation was excavated to the position corresponding to
the steel bracings and that steel bracings were set when the
foundation pit was excavated to the positions corresponding
to the prestressed anchorages.
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3. Numerical Simulation Schemes

3.1. Geometrical Dimensions of the Simulation Model. In
order to accurately simulate settlements of the surrounding
ground and lateral deformations of the foundation pit, a full-
scale simulation model of the foundation pit was established
based on FLAC3D. Te simulation model included the
foundation pit and a potential infuential area. Considering
infuential areas during the foundation excavation process
and the boundary conditions, the surrounding ground was
set to be four to fve times of the excavation depth.Terefore,
the simulation model in this investigation had a length,
width, and height of 379m, 189m, and 75m, as illustrated in
Figure 3.

3.2. Boundary Conditions. Boundary conditions of the
simulation model are shown in Figure 4. Sides, bottom, and
top of the simulation model are, respectively, with a slip,
fxed, and free boundary conditions. During the excavation
process, there was a temporary road around the foundation
pit. Meanwhile, Sanhuannan Road and Jiefang Road are
main trafc roads, and trafc gridlocks usually occur at rush
hours. Terefore, additional external forces exist near the
foundation pit, which cannot be neglected. As a result, in the

Table 1: Geological conditions of the foundation pit.

Geotechnical stratum Depth
(m) Unit weight (kN/m3)

Elastics
modulus
(MPa)

Cohesion
(kPa)

Internal friction
angle
(°)

Poisson’s ratio

Miscellaneous soil 0∼2 16.5 40 25 5.5 0.3
Strong weathered limestone 2∼3 19.5 70 45 8 0.3
Medium weathered limestone 3∼8 20.3 70 45 8.2 0.2
Marl 8∼15 25 110 25 9.5 0.2
Limestone 15∼18 25 110 25 10 0.2
Weak weathered limestone >18 27.5 1150 150 13.5 0.15

Transverse reinforced
concrete bracing

800×1000 (h)

Drilled grouting pile

8 m
Steel bracing

14.5 m

Prestressed anchorage

Lf=6 m, Lm=8.0 m
Ф=180 mm

Lf: length of free end
Lm: length of anchored end

8.5 m

Ф1000@2000

Ф800, t=16

Figure 2: Supporting scheme of the deep foundation pit (note
that h in Figure 2 refers to the height of the reinforced concrete
bracings, and t in Figure 2 refers to the thickness of the steel
bracings).

Figure 1: Location of the deep foundation pit.
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simulation model, a simplifed vertical uniform load with
a value of 20 kPa was applied to surroundings of the
foundation pit based on trafc statistics.

3.3. Properties of the Supports for Simulation Calculations

3.3.1. Drilled Grouting Piles and Transverse Reinforced
Concrete Bracings. Drilled grouting piles and transverse
reinforced concrete bracings were made from concrete, and
considering properties of concrete are close to those of rocks,
the Mohr-Coulomb constitutive model was adopted to
simulate drilled grouting piles and transverse reinforced
concrete bracings. Density, elastic modulus, and cohesion of
both drilled grouting piles and transverse bracings were,
respectively, 2500 kg/m3, 31.5MPa, and 20MPa. Internal
friction angle and Poisson’s ratio were, respectively, 18° and
0.25. Physical and mechanical parameters of drilled grouting
piles and transverse reinforced concrete bracings are illus-
trated in Table 2.

3.3.2. Steel Bracings. For steel bracings, the corresponding
elastics modulus and Poisson’s ratio were 200GPa and 0.3,
respectively. Te section area of the steel bracings was
0.0394m2. In the simulation model, beam units were used to
simulate steel bracings, and the corresponding parameters
for numerical calculation are illustrated in Table 3.

3.3.3. Prestressed Anchorages. In terms of prestressed an-
chorages, the corresponding prestressed force and elastics
modulus were 200 kN and 200GPa. Unanchored and an-
chorage lengths of the prestressed anchorages were 6m and
8m, respectively. In the simulation model, cable units were
utilized to simulate prestressed anchorage, and the corre-
sponding parameters for calculation are illustrated in
Table 4.

3.4. Criteria for Evaluating Stability of the Foundation Pit.
Deformations of the foundation pit are strictly required in
the Chinese standard of Code for Design of Building
Foundation (GB50007-2011). According to environmental
protection requirements and complexity of surrounding
structures or utilities, deformations of the supporting
structures and settlements of the surrounding ground
should not exceed 0.3% and 0.15% of the excavation depth.
Besides, some other parameters, such as stresses or de-
formations of the supporting elements, could also refect
deformation characteristics of the foundation pit. Terefore,
in this investigation, the stability of the foundation pit under
diferent in-time supporting schemes could be analyzed
according to lateral deformations of the foundation pit,
settlements of the surrounding ground, and stress of the steel
bracings as well as top displacements of the drilled
grouting piles.

Bench excavation
method Steel bracing

Drilled grouting piles

Prestressed
anchorage

Reinforced concrete
transverse braces

Figure 3: Simulation model of the foundation pit.

Figure 4: Boundary conditions of the simulation model.
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Meanwhile, in order to demonstrate the suitability of the
delayed supporting scheme in practical foundation pit ex-
cavation, lateral deformations of the foundation pit and
settlements of the surrounding ground, as well as axial forces
of the steel bracings, were also monitored on-site during the
excavation process. On-site monitoring points of axial
forces, lateral deformations, and settlements are illustrated
in Figure 5.

4. Results and Discussion

4.1. Total Settlements of the Surrounding Ground after
Excavation. After the foundation pit was completely ex-
cavated, settlements of the surrounding ground under the
condition of the delayed supporting scheme are illustrated
in Figure 6. It can be seen from Figure 6 that the space efect
of the long and narrow foundation pit was obvious.
Meanwhile, settlements of the surrounding ground mainly
occurred at both sides of the foundation pit, and the
corresponding infuential areas during the excavation
process were within one time of the excavation width.
Settlements at both ends of the foundation pit mainly
occurred at 5m to 10m away from the foundation pit and
were relatively lower compared to those occurring at both
sides of the foundation pit.

Moreover, settlements of the surrounding ground were
sectionally distributed along the length direction of the
foundation pit, which was because the foundation pit was
sectionally excavated layer by layer. Terefore, the numbers
of maximum settlement were in accord with those of ex-
cavation segments. Furthermore, settlements at the east side
of the foundation pit were relatively larger than those at the
west side, which was due to additional loads at the east side
of the foundation pit closely adjacent to a municipal road. A
maximum settlement of 12mm occurred at the transfer
section of the foundation pit during the excavation process,
which indicated that focus should be paid to the de-
formations of the foundation pit at the transfer section.

Terefore, the following discussions were focused on ana-
lyses of settlements in the surrounding ground, lateral
displacements of the foundation pit, and axial forces of the
steel bracings at the transfer section.

4.2. Settlements of the Surrounding Ground at Diferent
Excavation Depths

4.2.1. Under In-Time Supporting Condition. Settlements of
the surrounding ground at the transfer section of the
foundation pit at diferent excavation depths are illustrated
in Figure 7. For the in-time supporting scheme, the maxi-
mum settlements corresponding to each excavation depth
were, respectively, −0.04m, −2.00m, −6.57mm, and
−6.57mm, which were all within the allowed values required
in the Chinese standard of GB50007-2011. And the corre-
sponding infuential areas were 3m, 17m, 22m, and 22m
away from the foundation pit. Moreover, according to
Figure 7(d), when excavation depth was 31m, the maximum
settlement of the surrounding ground under the in-time
supporting scheme was basically equal to that obtained
according to on-site monitoring, indicating that the nu-
merical simulation was precise in terms of the calculation of
the deformations of the foundation pit.

4.2.2. Under Delayed Supporting Condition. For the delayed
supporting scheme, when the excavation depth of the
foundation pit was 8m, 15m, 24m, and 31m, the maximum
settlements were, respectively, −1.16mm, −6.27mm,
−8.13mm, and −8.49mm, which were all within the allowed
values required in the Chinese standard of GB50007-2011.
Meanwhile, the corresponding infuential areas at each
excavation depth were 17m, 25m, 27m, and 28m away
from the foundation pit. Besides, the maximum settlement
of the surrounding ground at an excavation depth of 31 was
relatively larger than that obtained according to on-site
monitoring.

Table 2: Physical and mechanical parameters of drilled grouting piles and transverse reinforced concrete bracings.

Supporting types Density
(kg/m3)

Elastic modulus
(GPa)

Cohesion
(MPa)

Internal friction
angle
(°)

Tensile
strength
(MPa)

Poisson’s ratio

Drilled grouting piles 2500 31.5 20 18 3 0.25
Reinforced concrete bracings 2500 31.5 20 18 3 0.25

Table 3: Beam unit parameters of steel bracings.

Elastic modulus
(GPa)

Section area
(m2)

Z-axial inertia
moment (m3)

Y-axial inertial
moment (m3)

Polar inertia
moment (m3) Poisson’s ratio

200 0.0394 0.003 0.003 0 0.3

Table 4: Cable unit parameters of prestressed anchorages.

Prestressed force
(kN)

Elastic modulus
(GPa)

Section area
(m2)

Unanchored length
(m)

Anchorage length
(m)

Bond stifness
(MPa)

Grouting perimeter
(m)

200 200 0.002 6 8 27.5 0.565
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For the delayed supporting scheme, transverse rein-
forced concrete bracings were set when the foundation was
excavated to the positions where the steel bracings were set,
and the steel bracings were set when the foundation pit was
excavated to the positions where the prestressed anchorages
were set, during which period the surrounding rocks of the
excavated foundation pit gradually deformed. Terefore,
settlements and infuential areas of the surrounding ground
during excavations under delayed supporting condition
were always higher than those under an in-time supporting
scheme.

According to the above analyses, it can be obtained that
settlements of the surrounding ground gradually increased
and infuential areas of the surrounding ground during the
excavation process also increased under both delayed and
in-time supporting schemes when excavation depth grad-
ually increased. However, settlements of the surrounding
ground during the excavation process under delayed sup-
porting and the corresponding infuential areas were always
larger than those under in-time supporting for a fxed

excavation depth, but the corresponding maximum settle-
ment did not exceed the allowed value required in the
Chinese standard of GB50007-2011, indicating that foun-
dation pit in hard rock strata had good stability during
excavation when a delayed supporting scheme was adopted.

4.3. Lateral Deformations of the Foundation Pit at Diferent
Excavation Depths

4.3.1. Under In-Time Supporting Condition. Lateral de-
formations of the foundation pit at the transfer section at
diferent excavation depths are illustrated in Figure 8. For in-
time supporting scheme, when the foundation pit was, re-
spectively, excavated to a depth of 8m, 15m, 24m, and 31m,
maximum lateral deformations based on numerical simu-
lations were, respectively, 0.016mm, 2.3mm, 6.75mm, and
8.16mm, which were also did not exceed the allowed de-
formation values required in the Chinese standard of
GB50007-2011. Meanwhile, lateral deformations of the
foundation pit were gradually increased with increasing

DBC-2

DBC-1

DBC-26 DBC-25 DBC-24 DBC-23 DBC-22 DBC-21 DBC-20 DBC-19
DBC-18 DBC-17 DBC-16 DBC-15

DBC-14

DBC-3
DBC-4 DBC-5 DBC-6 DBC-7 DBC-8 DBC-9 DBC-10

DBC-11
DBC-12 DBC-13

ZCL-2

ZCL-3

ZCL-1
ZCL-4 ZCL-5 ZCL-6 ZCL-7 ZCL-8 ZCL-9 ZCL-10 ZCL-11

ZCL-12
ZQT-2

ZQT-3 ZQT-4 ZQT-5 ZQT-6 ZQT-7 ZQT-8 ZQT-9 ZQT-10 ZQT-11
ZQT-12

ZQT-13

ZQT-14ZQT-15ZQT-16ZQT-17
ZQT-18

ZQT-19ZQT-20

ZQT-21ZQT-22ZQT-23

ZQT-24

ZQT-25

ZQT-1

Monitoring points of axial force
Monitoring points of deformation
Monitoring points of settlement

Figure 5: On-site monitoring positions of axial forces, displacements, and settlements.

Figure 6: Settlements of the surrounding ground when the foundation pit was completely excavated.
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excavation depth under an in-time supporting condition,
which presented a P shape when excavation depth was
higher than 8m.

4.3.2. Under Delayed Supporting Condition. For the delayed
supporting scheme, when the foundation pit was, re-
spectively, excavated to a depth of 8m, 16m, 24m, and 31m,
the maximum lateral deformations of the foundation pit
were, respectively, 1.46mm, 6.4mm, 10.02mm, and
10.34mm, which were also within the allowed deformation
values required in Chinese standard of GB50007-2011.
Meanwhile, lateral deformations of the foundation pit also

increased with increasing excavation under the delayed
supporting condition, which also presented a P shape along
the excavation depth.

Furthermore, increments in lateral deformations of the
foundation pit were not obvious, and locations where
maximum lateral deformation occurred were basically un-
changed when excavation depth increased from 24m to
31m, which was because excavation of the foundation pit
was mainly in the limestone strata that had relatively high
strengths, good stability, and strong antideformation ability.
Terefore, with increasing excavation depth, lateral de-
formations of the foundation pit were basically stable.
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Figure 7: Settlements of the surrounding ground at diferent excavation depths. (a) Excavation depth: 8m. (b) Excavation depth: 15m.
(c) Excavation depth: 24m. (d) Excavation depth: 31m.
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4.3.3. On-Site Monitoring. For on-site monitoring, when the
excavation depth was 8m, the maximum lateral deformation
of the foundation pit was 1.09mm at the top of the drilled
grouting piles, which was attributed to the unsetting of the
transverse reinforced concrete bracings leading to the
formation of cantilever structures at the tops of the drilled
grouting piles. With the increasing excavation depth of
16m, lateral deformations of the upper part of the foun-
dation pit were restrained by transverse reinforced concrete
bracings. Deformations of the foundation pit, therefore,
present a D-type. When the foundation pit was excavated at

a depth of 24m and 31m, lateral deformations at the
bottom part of the foundation pit also presented a D-type,
which resulted from the unsetting of the prestressed
anchorages.

Terefore, according to the above analyses, it can be
concluded that lateral deformations of the foundation pit
under both in-time and delayed supporting schemes grad-
ually increased with increasing excavation depths. More-
over, lateral deformations of the foundation pit with delayed
supporting were obviously increased compared to those
under in-time supporting condition, which was because
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Figure 8: Lateral deformations of the foundation pit at diferent excavation depths. (a) Excavation depth: 8m. (b) Excavation depth: 15m.
(c) Excavation depth: 24m. (d) Excavation depth: 31m.
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delayed supporting of the foundation pit led to proper
deformations of the surrounding rocks and thus resulted in
increased lateral deformations of the foundation pit.

4.4. Axial Forces of the Steel Bracings at the Transfer Section.
Axial forces of the steel bracings at the transfer section are
illustrated in Figure 9. It can be obtained from Figure 9(a)
that the maximum axial forces of the steel bracings under
delayed supporting condition were basically lower than
those under in-time supporting conditions. For the
delayed supporting scheme, supporting elements at the
upper layer were set when the foundation pit was exca-
vated to the place where supporting elements at the lower
layer were located, during which period the surrounding
rocks deformed properly and the stresses of the sur-
rounding rocks were redistributed. Consequently, when
the supporting schemes were set, the forces applied to the
supporting elements were reduced. Terefore, axial forces
of the steel bracings under delayed supporting conditions
were relatively lower compared to those under delayed
supporting conditions.

Meanwhile, for the delayed supporting scheme, three
obvious higher axial forces of the steel bracings, which
occurred at the excavation ends of the three diferent ex-
cavation sections, were observed along the length direction
of the foundation pit, as shown in Figure 9(b). During the
excavation process, due to delayed supporting of the
foundation pit, the surrounding rocks of the foundation pit
deformed, and the stresses of the surrounding rocks were
thus redistributed. However, when the foundation pit was
excavated to the ends of each section, supports were set once
the excavation was fnished, indicating that there was not
enough time for surrounding rocks of the foundation pit to
deform and to redistribute stresses. Terefore, the axial
forces of the steel bracings at the ends of the excavation

sections were relatively higher, and those at other positions
of the foundation pit were relatively smaller, which further
indicated that delayed support could fully utilize strengths of
the surrounding rocks.

5. Conclusions

In this investigation, deformations of a deep foundation pit
in hard rock strata under delayed and in-time supporting
conditions were characterized according to lateral de-
formations of the foundation pit and settlements of the
surrounding ground, as well as axial forces of the steel
bracings based on numerical simulations. Meanwhile,
deformations of the foundation pit according to on-site
monitoring were compared with those obtained based on
numerical calculations to demonstrate that delayed sup-
port could assure the safety of foundation pit in hard rock
strata during the excavation process. According to sim-
ulation calculation results, conclusions can be drawn as
follows:

(1) With increasing excavation depth, settlements of the
surrounding ground gradually increased. During
foundation excavation, settlements of the sur-
rounding ground and the corresponding infuential
areas under delayed supporting conditions were
obviously larger than those under in-time supporting
condition. Settlements at the transfer section of the
foundation pit were relatively larger than those at the
standard section.

(2) Lateral deformations at the transfer section of the
foundation pit gradually increased with increasing
excavation depths. Tough lateral deformations of
the foundation pit under delayed supporting con-
ditions were signifcantly larger than those under in-
time supporting, the maximum lateral deformations
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Figure 9: Axial forces of the steel bracings at the transfer section. (a) In-time supporting. (b) Delayed supporting.
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were far less than the allowed values required in the
Chinese standard of Code for the Design of Building
Foundation (GB50007-2011).

(3) Under delayed supporting conditions, lateral de-
formations and settlements obtained according to
on-site monitoring were smaller than those obtained
according to numerical simulations. Delayed sup-
port of one-layer transverse reinforced concrete
bracings, one-layer steel bracings, and one-layer
prestressed anchorages was efective in terms of
controlling deformations of the deep foundation pit
in hard rock strata.

(4) By adopting a delayed supporting scheme, the
strengths of the surrounding rocks could be used to
the fullest, during which period acceptable de-
formations of the surrounding rocks occurred and
the stresses of the surrounding rocks were thus
redistributed. Consequently, the axial forces of the
steel bracings were reduced compared to those under
in-time support. By adopting a delayed supporting
scheme, not only can the safety of the foundation pit
during the excavation process be assured but also
more construction spaces are freed up for con-
struction equipment, and construction duration
could, therefore, be reduced.
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