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In order to prevent the creep of surrounding rock in long-term construction, with consideration of different construction methods
and other factors during the construction of large-scale underground cavity, three different construction schemes are designed for
specific projects and a nonlinear viscoelastic-plastic creep model which can describe rock accelerated creeping is introduced and
applied to construction optimization calculation of the large-scale three-connected-arch hydraulic underground cavity through
secondary development of FLAC3D. The results show that the adoption of middle cavity construction method, the second
construction method, enables the maximum vault displacement of 16.04mm. This method results in less stress redistribution and
plastic zone expansion to the cavity’s surrounding rock than the other two schemes, which is the safest construction scheme. The
conclusion can provide essential reference and guidance to similar engineering for construction optimization.

1. Introduction

Since the construction period of large-scale underground
cavity engineering is long, the creep property of rock mass is
relatively obvious, andmany large-scale underground cavities
collapse and finally break down due to deformation which is
continuously developing with time. The selection of reason-
able construction scheme is one of the main ways to prevent
and control surrounding rock’s creep of the underground
cavity.

In the past years, numerous scholars at home and abroad
acquired lots of achievements in underground cavity con-
struction safety [1, 2] and its optimization [3, 4] and acquired
abundant accomplishment in rock mass creep constitu-
tive model [5], creep parametric inversion [6], engineering
application [7], and so forth as well. Meanwhile, lots of
mathematical softwares or numerical methods were used to
solve engineering problems, such as finite element method

[8], meshless or meshfree method [9, 10], discrete element
method [11, 12], and Fast Lagrangian Analysis of Continua
(FLAC) [13]. FLAC3D is a three-dimensional software that
uses full dynamics equation and has a good secondary
development interface, which can simulate and help analyze
the three-dimensional structure behavior and plastic flow
of soil, rock, and other materials. FLAC has become the
fastest and the most influential numerical analysis software
in geotechnical mechanics and engineering.

This paper takes research on a three-connected-arch front
inflow pool of an underground water intake pumping station
somewhere in Shenzhen; before construction of the project,
the FLAC3D software [13], with secondary development of the
nonlinear creep model, is applied by adopting the method
of numerical simulation to survey for a construction method
appropriate for the long-span hydraulic underground cavity
of this region, and the optimal safety construction method
has been proposed through comparative study on numerical
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simulation response, plastic zone expansion, and so forth
of surrounding rock displacement variation of three kinds
of construction methods. This research result can provide
reference and guidance for the similar projects.

2. Project Profile

The underground pump station is with floor elevation of the
front inflow pool at 17.3m, while ground elevation of current
situation at 55.0m, with net width of the underground pump
station at 26.9m, net length at 23.7m, andnet height at 15.2m.
It consists of 3 cavities, with span of single cavity exceeding
8.1m; 12.61m in the second half of the middle cavity is not
equipped with wall support, bearing by cross walls at two
sides.The horizontal layout of the pool support structure and
the cross-section of the second half of the pool are shown in
Figures 1 and 2.

The project is proposed to be constructed among the
valleys; the valley bottom is at the ground elevation of 53.1∼
56.2m, being relatively plain. The formation lithology of the
pump room is mainly distributed with residual soil at the
elevation of 55.0∼49.8m, moderately weathered limestone
at the elevation of 49.8∼26.0m, and moderately weathered
quartz sandstone at the elevation under 26.0m.

3. Nonlinear Viscoelastic-Plastic Creep
Constitutive Model

The nonlinear viscoelastic-plastic creep model is a tandem
compound of a nonlinear viscoelastic-plastic body (the third
part in Figure 3) and a Burgers creep model [14], as shown in
Figure 3. And see the FLAC3D secondary development of the
model in the document manual [15].

Wherein, when 𝜎 ≤ 𝜎
∞

(long-term strength or yield
strength), the third part does not work, and the model is
transformed into Burgers creep model; the creep equation of
the model is as follows:
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Here, 𝜂(𝑛, 𝑡) = 𝑡𝑛−1/𝜂
3
, where 𝜂

3
is the initial value of 𝜂(𝑛, 𝑡).

4. Calculation Model and Excavation Scheme

4.1. Numerical Model. A plane strain model is adopted
for calculation; the model consists of moderately weath-
ered quartz sandstone, moderately weathered limestone, and
residual soil from the bottom up; the PBA model has 16092
units and 24675 nodes in total, and side-middle cavity
method has 15884 units and 24372 nodes in total. The
horizontal displacement at left and right boundaries of the
whole model is restrained, the vertical displacement of the
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Figure 1: Plane figure of the front inflow pool.
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Figure 2: Cross-section (1-1) drawn of the front inflow pool.
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Figure 3: Nonlinear viscoelastic-plastic creep model.

lower boundary of the model is restrained, and the upper
boundary is the free boundary. See the mesh generation of
calculation model in Figure 4.
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(a) The side and middle cavity methods (b) PBA model

Figure 4: The numerical calculation model.

4.2. The Modeling Details

4.2.1. Parameter Selection. During the numerical analog
calculation process, the elastic constitutive is adopted for
initial support and secondary support. The Mohr-Coulomb
constitutive is adopted for calculating the initial ground
stress, and, according to the geological exploration report and
indoor experiment results, the basicmechanical property and
the support structure parameters of the surrounding rock
at the location of the pump station can be seen in Table 1.
And the mechanical property of initial support anchor rod
is shown in Table 2.

4.2.2. The Creep Calculation Details. The second-phase engi-
neering of the three-connected-arch underground pump
station mentioned in this paper is going through feasibility
analysis and verification of the design stage, and site dis-
placement deformation monitoring data is not available yet;
therefore, only the moderately weathered limestone which is
affected much by excavation disturbance is conducted with
creep calculation (that was used the nonlinear visco-elastic-
plastic creep constitutive model, while other rock mass still
used Mohr-Coulomb constitutive model), and the creep
calculation parameter can be obtained through inversion of
the site monitoring displacement data of the first-phase engi-
neering construction; the parameter inversion is realized by
adopting quasi-Newton algorithm (BFGS algorithm) Matlab
programming as well, as shown in Table 3.

Three-step method was used in each cavity excavation
and creep calculation age of every step is 15 days. In the
process of calculation, the unbalanced force rate is set as 1𝑒−6,
and the time step is 1𝑒 − 4.

4.3. Simulation Scheme of Construction Method. According
to the construction experience of long-span underground
cavity at home and abroad, and combining with structural
features of the underground cavity mentioned in this paper,
three excavation construction methods are designed here for
numerical simulation optimization calculation. Excavation
footage for each construction method is 2m, and construc-
tion among stairs is staggered for 6m. 30 cm of sprayed
concrete and 3m of anchor rod are adopted for initial
support.

4.3.1. ConstructionMethod I. Construction Procedures of
Middle Cavity Method (See Figure 5)

Step 1. Excavate the first, second, and third parts of rock
mass of middle cavities, hang bar-mat reinforcement at
surrounding rock in sequence, blow the anchor rod, and
conduct with sprayed concrete.

Step 2. Cast ground beam 4, concrete floor 5, stand wall 6, top
beam 7, and second lining 8 of the middle cavity.

Step 3. Excavate the ninth, tenth, and eleventh parts of the
rock mass of the left cavity, dismantle the temporary support
of corresponding part, and conduct the initial support such
as anchor rod, and sprayed concrete.

Step 4. Cast the ground beam 12, floor 13, and left wall 14 and
the second lining 15 of the left cavity.

Step 5. Excavate the right cavity with the same method as the
left cavity.

4.3.2. ConstructionMethod II. Construction Procedures of Side
Cavity Method (See Figure 6)

Step 1. Excavate the left cavities 1, 2, and 3, and perform initial
support.

Step 2. Cast the ground beam 4, stand column 5, top beam 6,
floor 7, side wall 8, and the second lining 9.

Step 3. Excavate the right cavities 10, 11, and 12 with the same
method, and perform the initial support.

Step 4. Cast the ground beam 13, stand wall 14, top beam 15,
floor 16, side wall 17, and the second lining 18.

Step 5. Excavate the cavities 19, 20, and 21, dismantle the
temporary anchor rod, and complete the lining 22 and the
floor 23.
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Table 1: The rock mass parameters.

Surrounding rock 𝐸/GPa 𝜐 𝐶/Pa 𝜑/∘ 𝜎

𝑡
/Pa 𝜌/kg⋅m3

Residual soil 1.8𝑒 − 4 0.3 1𝑒4 20 1𝑒4 1900
Weakly weathered limestone 10 0.32 1𝑒6 35 1𝑒6 2400
Weak weathering quartz sandstone 15 0.27 1𝑒6 40 1𝑒6 2500
Primary lining 25 0.22 2300
Secondary lining 30 0.2 2500

Table 2: Mechanics parameters of cable and grout.

The basic parameters Unit Values
Cable elastic modulus (Gpa) 200
Cohesive force of cement slurry (kN/m) 800
Friction coefficient of cement slurry (∘) 38
Stiffness of cement slurry (N/m2) 6.33𝐸9

Outer perimeter of cement slurry (m) 0.5024

Cable cross-sectional area (m2) 1.20𝐸 − 3

Cable tensile yield strength (MN) 200

Table 3: The nonlinear creep model parameters.
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4.3.3. Construction Method III. Construction Procedures of
PBA (See Figure 7)

Step 1. Excavate pilot tunnels 1, 2, 3, and 4, hang the bar-mat
reinforcement, blow the anchor rod, and spray the concrete.

Step 2. Cast the ground beams 3 and 7, dig holes and cast stand
columns 5 and 8, cast the top beams 6 and 9, excavate the rock
mass 10, and cast the second lining 11.

Step 3. Symmetrically excavate the side cavity rock masses
12, 13, and 14, dismantle the temporary support, and conduct
initial support; cast side ground beam 15, floor 16, side wall 17,
and the second lining 18 in sequence.

Step 4. Excavate the bottom rock masses 19 and 20 of the
middle cavity, dismantle the temporary support structure,
and cast the floor 21 of the middle cavity.

5. Results of Construction
Optimization Calculation

5.1. Surrounding Rock Creep Property Analysis. Figure 8
shows the excavation-completed surrounding rock displace-
ment contour maps of three excavation methods after per-
forming the second support; it can be seen that themaximum
range of surrounding rock displacement deformation under
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Figure 5: Construction steps of middle cavity method.
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Figure 6: Construction steps of side cavity method.
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Figure 7: Construction method of PBA.

the three excavation methods is focused at the vault part of
the three cavities.

Figure 9 shows, respectively, cavity vault part surround-
ing rock displacement monitoring curves of three construc-
tion methods. Each curve in the figure reflects the creep
condition of the vault at each construction phase. Table 4
shows percentage statistics of vault maximum accumulative
creep value and increment at each construction phase; it can
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Figure 8: Displacement contour map after excavation completed.

Table 4: Comparative table for maximum settlement value of phased excavation in different methods.

Construction method First stage Excavation complete
Vault maximum accumulative creep value (mm) Increment (%)

Side cavity method 13.49 16.26 3.30
Middle cavity method 14.06 16.04 6.01
PBA method 5.09 14.18 3.35

be seen that the first-phase creep value of the side cavity
method is relatively lower, being 13.49mm, while the creep
increment of the right cavity at second phase increases to
16.68%; the vault creep value is 16.04mm by adopting middle
cavity method for excavation, which is 0.22mm lower than
that of side cavity method; for PBA construction, the excava-
tion of pilot tunnel releases part of stress in the surrounding
rock, and the beam, stand column, and themiddle cavity vault
second lining and other permanent supports provide well
restraining effect for surrounding rock deformation in the
subsequent construction, which makes the cavity maximum
vault accumulative deformation being merely 14.18mm.

By comparing three construction methods, it can be
obtained that the PBA construction is the optimal excavation
construction scheme in the point of surrounding rock dis-
placement, and the middle cavity method follows.

5.2. Stress Field Distribution Rule of Surrounding Rock. The
surrounding rockmaximum andminimumprinciple stresses
variation contour map obtained after excavation completed
through three excavation construction methods can be seen
in Figures 10, 11, and 12. In the FLAC software, it is ruled
that tension stress is positive, while pressure stress is negative;
therefore, in the figure, SMin actually represents the maxi-
mum principle stress, while SMax represents the minimum
principle stress. Table 5 is the numerical statistics table of
maximum and minimum stresses.

All the three excavation methods enable stresses of the
surrounding rock being redistributed and stress concentra-
tion appearing at the vault and the bottom part of the three
cavities; themiddle cavitymethod and the side cavitymethod
cause the equal maximum pressure stress at 2.04MPa, while
the PBA construction causes the maximum pressure stress
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Figure 9: Creep curve at vault monitoring point of excavated cavity.
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Figure 10: Surrounding rock principle stress contour of side cavity method.
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Figure 11: Surrounding rock principle stress contour map of middle cavity method.
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(b) Maximum principle stress

Figure 12: Surrounding rock principle stress contour map of PBA.

at 3.30MPa; they all cause the surrounding rock generating
tension stress area and tension stress serious concentration
appearing near the vault of the middle cavity; the tension
stress of the side cavity method is greatest, 0.58MPa; then the
PBA follows, which is 0.26MPa; the middle cavity method
provides the lowest stress, 0.16MPa.

5.3. Force Characteristic Analysis of Support Structure

5.3.1. Anchor Rod Support. Figure 13 is the anchor rod axial
force diagram of three excavation methods after the excava-
tion is completed; in the diagram, black indicates the tension
force of the anchor rod, and red indicates the pressure force
of the anchor rod. In the three excavation methods, the
position with the maximum force of the anchor rod is the
vault, wherein pressure of the anchor appears at both sides

of the vault of every cavity in the side cavity method and the
middle cavity method, and the maximum axial force of the
construction anchor rods of the two methods is, respectively,
25190N and 27640N; and for the PBA construction the
anchor rods at the top of the cavity are all pressed, and the
maximum tension load of the anchor rod is 26450N.

Seen from the axial force characteristic of the anchor rod,
the anchor rod bears themost sufficient force throughmiddle
cavity method for construction, and the side cavity method
follows.

5.3.2. The Second Lining. Figures 14, 15, and 16 show, respec-
tively, distribution diagram of minimum and maximum
principle stress of secondary support.
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Table 5: Comparative table of phase-excavation surrounding rock stress in different construction methods.

Construction method Maximum pressure stress (MPa) Maximum tension stress (MPa) Ratio
Side cavity method 2.04 0.58 3.52
Middle cavity method 2.04 0.16 12.75
PBA method 3.30 0.26 12.69
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Figure 13: Anchor rod axial force after the excavation is completed.
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(b) Maximum principle stress

Figure 14: Second lining principle stress contour of side cavity method.
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(b) Maximum principle stress

Figure 15: Second lining principle stress contour of middle cavity method.
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(b) Maximum principle stress

Figure 16: The second lining principle stress contour map of PBA.

Seen from the figure, the main distribution rule of
the maximum principle stress of the secondary support is
basically the same, the maximum value always appears at
two sides of the middle cavity and the joint part of two side
cavities; the maximum value of the middle cavity method
is 0.287MPa and that of PBA is 0.34MPa; the minimum
principle stress concentration mainly appears at the stand
column and support position of the beam; the maximum
value of side cavity construction is −2.92MPa, while that of
middle cavity construction is −3.28MPa and that of PBA
construction is −4.30MPa. Concrete is mainly a pressure
part; the appearance of tension stress might lead to tension
failure in the secondary support concrete. The construction
bymiddle cavitymethod provides relatively lighter secondary
support force, without heavy tension stress, so as to be the
optical support scheme.

5.4. Distribution Feature Analysis of Plastic Zone around the
Cavity. Even the creep property of the surrounding rock is

considered in the construction, and the calculated maximum
value of displacement and stress is not great; the under-
ground cavities may also come up with surrounding rock
falling, collapse, and other unstable phenomenon.Therefore,
the surrounding rock plastic zone distribution during the
construction of the cavities will be considered as well.

After the construction is completed, the plastic zone
distribution can be seen in Figures 17(a), 17(b), and 17(c). It
can be seen from the figure that the surrounding rock plastic
yielding area of PBA is the largest, and the construction of
middle cavity method causes smaller plastic yielding area to
the surrounding rock of the cavity.

Therefore, after comprehensive comparison and analysis
of surrounding rock creep property, surrounding rock stress
field distribution features, support structure force character-
istics, and construction caused by surrounding rock plastic
zone expansion condition, this paper shows the point that in
the three construction schemes, the middle cavity method is
the optimum scheme, and the PBA follows.
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(c) PBA

Figure 17: Surrounding rock plastic zone expansion.

6. Conclusions

When the nonlinear viscoelastic-plastic creep model is
adopted, the construction development scheme for long-
span three-connected-arch underground hydraulic cavity
somewhere in Shenzhen is optimized, and the following
conclusions are obtained.

(1) The nonlinear viscoelastic-plastic creep model can be
well applied to the construction optimization analysis
for large-scale underground cavities.

(2) From the point of surrounding rock’s creep displace-
ment, it is obtained that the PBA is the optimal
scheme, and the middle cavity method follows.

(3) Seen from the point of surrounding rock’s stress, the
force characteristic of support structure, the expan-
sion of surrounding rock’s plastic zone, and difficulty
level of construction, the middle cavity method is the
optimal scheme.

(4) From the comparison and selection of numerical
simulated construction of the three construction
schemes, the cavity vault displacement is 16.04mmby
adopting the middle cavity method for construction,
thismethod causes smaller stress redistribution to the
cavity surrounding rock, the maximum tension stress
in the surrounding rock is only 0.16MPa, and even the
plastic zone expansion is smaller than the other two
schemes, so it is the optimal construction scheme.
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