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Based on similar model tests and fnite element simulations, inversion study of the mechanical parameters of the tunnel
surrounding rock by combining artifcial fsh swarm algorithm (AFSA) and digital scattering correlation method is carried out.
Te inversion of the mechanical parameters of the tunnel surrounding rock is carried out by iterating the optimization algorithm
to minimize the objective function value through similar model test with the displacement measurements obtained by the digital
scattering correlation method as the known quantity and the nodal displacement simulation values obtained by numerical
simulation as the unknown quantity. Te results show the following: (1) Te new research idea proposed in this paper is efective
and feasible and can perform the inversion calculation of the parameters of the soft and weak tunnel surrounding rock. (2)
Trough the inversion calculation, the parameters related to the surrounding rock show a wave-like change: the parameters
increase in the initial and fnal compaction stages due to the small deformation rate of the tunnel and decrease in the continuous
loading stage due to the increasing deformation rate of the tunnel. (3) Te displacement feld calculated by DSCM in the test is
basically the same as the displacement distribution characteristics of the numerical simulation displacement cloud map, and the
error of nodal displacement value is within 3%.

1. Introduction

Soft and weak surrounding rocks are characterized by low
strength, poor self-stabilization, and easy to change shape,
which are the riskiest and collapse-prone geological con-
ditions during tunnel construction. According to 89 acci-
dents occurred during tunnel construction from 2006–2016,
50.6% of which were collapses caused by soft surrounding
rocks [1]. Tunnel excavation is a dynamic process, with the
progress of excavation work, the tunnel surrounding rock
parameters are changing in time and space, especially the
weak envelope parameters change more signifcantly.
Terefore, it is necessary to optimize the excavation method
and support scheme according to the changes of rock pa-
rameters during the construction process to avoid accidents.
Terefore, how to provide real-time feedback on the change
of rock parameters and predict the deformation and force of
the surrounding rock during the construction stage is the
main problem faced by the research now.

A large number of scholars have carried out research
work on theoretical aspects of rock masses and numerical
simulations [2–7]. Te inversion method using a combina-
tion of actual measurements and numerical calculations is
one of the efective methods to obtain the mechanical pa-
rameters of the surrounding rocks. Zhang et al. [8] relied on
the feld data, with the aid of Midas numerical simulation
and the nonlinear mapping capability of BP neural network,
to invert the mechanical parameters of fractured and weak
surrounding rocks traversed in the section. Based on the
displacement measurement of the soft body impact of
aluminum plate, Yu et al. [9] used BP neural network to
invert the bird composition model and showed that the
proposed inversion model is more reasonable. Cao et al. [10]
improved the accuracy of inversion of modulus of each
structural layer of asphalt by layer-by-layer inversion
method to provide a basis for research. Luo et al. [11] used
the measured data, combined with GA-BP neural network,
to calculate the mechanical parameters of the surrounding
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rock by displacement inverse analysis method. Gu et al. [12]
using the measured displacement data and Bayesian inverse
analysis theory, an inversion method of the mechanical
parameters of concrete dams was proposed and the sto-
chastic properties of concrete dams were inverted. Wang
et al. [13] taking the Lanzhou-Haikou tunnel as an engi-
neering example, the inversion analysis method of IA-BP
algorithm was used to perform multiparameter creep in-
version of the tunnel surrounding rock under the stress-
percolation coupling conditions. Chen et al. [14] used the
particle swarm optimization (PSOGSA-SVM) method of
support vector machine gravity search algorithm to invert
the elastic modulus of the high arch dam partition based on
the deformation safety monitoring data during the operation
period. Wang et al. [15] combined the feld monitoring data
and FLAC3D fnite element software to perform displace-
ment inversion analysis and tunnel numerical simulation
calculations for the surrounding rock loosening area. Yang
et al. [16] combined digital image correlation techniques and
fnite element simulation to invert the parameters of au-
tomotive composites. Hou et al. [17], combined with D-
InSAR monitoring technology, used inversion method to
inverse IPIM-G dynamic prediction model parameters for
mining subsidence prediction. Xiong et al. [18], combined
with DNN (deep neural network), analyzed the sensitivity of
seismic attributes to rock mechanics parameters to realize
parameter inversion. Liu et al. [19], according to the fnite
element theory, proposed a displacement inverse model for
solving the elastic modulus of each rock layer of the un-
derground roadway based on the measured displacement
after excavation of the underground roadway in coal mines.
Liu et al. [20] used the measured vault settlement, peripheral
displacement, and surface settlement values of the cross
section and input them into the well-trained GA-BP neural
network model, and the output obtained parameters such as
elastic modulus, Poisson’s ratio, cohesion, and internal
friction angle of the surrounding rock. Based on the surface
settlement monitoring data during the actual tunnel con-
struction, Ruan et al. [21] used POS-SVM to invert the
compression modulus of the reinforced peaty soil and clay
layers around the tunnel.

Due to the complicated burial process, limited test points,
and the infuence of multiple factors such as burial location
and depth, the inversion of the surrounding rock parameters
cannot meet the expected requirements. To address the
shortcomings of the existing research methods, this paper
established a new research idea: to establish similar model
experiments according to the actual geological conditions, to
bring the displacement measurement values obtained from
similar model test measurements and displacement simula-
tion values obtained from numerical simulation into the
objective function, to minimize the value of the objective
function through the optimization algorithm, and to obtain
the mechanical parameters of the similar model surrounding
rock and the evolution of the parameters with the excavation
process by inversion calculation. Te inversion calculation is
carried out to obtain the mechanical parameters of the similar
model surrounding rock and the evolution law of the pa-
rameters with the excavation process.

2. Inversion Process

Similar model test is established with the background of
actual geological conditions of a project. Te test uses the
digital scatter correlation method [22–25] (DSCM) to obtain
the displacement values of the measured area deformed with
tunnel excavation as the known quantities in the inversion
method. Te simulated values of model node displacements
are calculated by the optimization algorithm [26] (AFSA)
randomly assigned to the material parameters of the
ABAQUS fnite element model as the unknown quantity in
the inversion equation, and the measured and simulated
values are brought into the objective function to obtain the
corresponding function values. Te function values are
minimized by continuous iterative calculations of the op-
timization algorithm, and the mechanical parameters of the
surrounding rock are derived. Te calculation fow is shown
in Figure 1.

3. Indoor Similar Model Tests

3.1. Test Principle andMaterial Parameters. According to the
similarity principle [27], material parameters such as
modulus of elasticity, Poisson’s ratio, and other parameters
in the similarity test need to satisfy the following
relationships:

Cμ � 1, (1)

CcCL

Cσ
� 1, (2)

CE � CC � Cσ � 1. (3)

In the formula, Cμ is Poisson’s ratio similar ratio, CE is
modulus of elasticity similar ratio, CC is cohesive similarity
ratio, Cc is volume to weight ratio, Cσ is stress similarity
ratio, and CL is geometric similarity ratio.

Te geometric similarity ratio is selected as 100
according to the dimensions of the model stand. Te sim-
ilarity ratio for each parameter according to the above
equation is as follows: weight capacity Cc � 1; Poisson’s ratio
Cμ � 1; stress, cohesion, and modulus of elasticity CC � Cσ �

CE � 100.
In this test, the IV surrounding rock was used as the

main research subject, and referring to the existing literature
[28–30], barite, gypsum, quartz sand, detergent, and water
were selected as similar materials to simulate the tunnel
surrounding rock, and the material ratio was barite: quartz
sand: gypsum: detergent: water� 12 : 4 : 2 :1 :1. Te param-
eters of IV surrounding rock and similar materials are shown
in Table 1.

3.2.TestModel. Te test consists of two systems: loading and
monitoring. Te loading system uses a multichannel electro-
hydraulic servo similar model material test stand, which can
be loaded horizontally and vertically in both directions, with
a maximum loading capacity of 0.8MPa and a stand model
size of 1.2×1.2× 0.3m. Te tunnel is simplifed as a circular
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chamber placed in the center of the model with a diameter of
D� 0.15m as shown in Figure 2.

Te monitoring system adopts the digital scatter cor-
relation method, spraying 0.45× 0.45m black and white
scatter points as the monitoring area with the tunnel as the
center, and the monitoring system is composed by the
loading system, CCD camera, and computer. CCD camera
acquisition rate was of 1 frame/s, image resolution of
1600×1200 pixels, and object surface resolution of 0.55mm/
pixel. Te fnal test system is shown in Figure 3.

3.3. Test and Result Calculation. Te test sequence was
“opening the hole frst and then loading,” through the model
top vertical steady loading, to simulate the internal stress
changes and local stress concentration of the surrounding
rock caused by the tunnel excavation. Te deformation
process and damage law of the surrounding rock during
tunnel excavation were analyzed and studied with the tunnel
section as the research object. Te test loading was con-
trolled by pressure, and the top plate of the table was loaded
downward at a loading rate of 10 kN/min, while the bottom

plate and side plates of the table were fxed. In this paper,
three moments of 10 kN, 20 kN, and 30 kN pressure were
selected for calculation and analysis.

We used the scatter image taken at t� 0 as the reference
image and the scatter images at the pressure of 10 kN, 20 kN,
and 30 kN as the target images. Trough DSCM data pro-
cessing, the horizontal and vertical displacement felds of the

Optimal material
parameters

Guidance on site
construction

End
Conditions

Objective function

Numerical simulation of
horizontal and vertical

displacement of nodes Unum

Te node horizontal and
vertical displacement Uexp

DSCM Calculation

Indoor similar simulation
experiment

Site geological conditions Numerical simulation

Assignment of material
parameters

Optimization calculation

No

Yes

Figure 1: Computational fow.

Table 1: Material parameters.

Materials Weight capacity
(kN·m−3)

Modulus of
elasticity (MPa) Cohesion (kPa) Poisson’s ratio Internal

friction angle (°)
IV perimeter rock 20 5000 1600 0.3 31
Similar materials 20 50 16 0.3 31

Figure 2: Surface of experimental model.
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measurement area at three moments during the test are
shown in Figures 4 and 5, and the displacement measure-
ment values at three moments are shown in Table 2.

From Figures 4 and 5 and Table 2, it can be seen that the
horizontal displacement feld of the tunnel surrounding
rock is symmetrically distributed, the overall expansion
trend on both sides of the tunnel level, the maximum
horizontal displacement is distributed in the horizontal left
and right sides of the cavity. As the pressure increases, the
displacement feld distribution does not change signif-
cantly, and the horizontal displacement gradually in-
creases, the maximum horizontal displacement is 0.22mm,
0.54mm, and 1.13mm, respectively. During the test pro-
cess, the overall settlement of the model compression
tunnel occurs. Te vertical displacement at the top is
greater than that at the bottom, and the overall tunnel
shows an inward shrinkage trend. As the pressure in-
creases, the displacement feld distribution does not change
signifcantly, and the vertical displacement gradually in-
creases, with the maximum vertical displacement of
1.36mm, 4.88mm, and 9.22mm, respectively.

4. Inversion Calculation

4.1. Numerical Modeling. Te model was established using
ABAQUS fnite element software as shown in Figure 6. Te
model size was 1.2×1.2× 0.3m, and the tunnel was located
in the center of the model with diameterD� 0.15m.Te grid
cell type was C3D8, and the grid of the measurement area in
the test was encrypted to correspond to the red area in
Figure 6, with 620 nodes. Te bottom end of the model was
fxed, the x-direction displacement was constrained on both
sides, and the z-direction displacement was constrained at
the front and rear of the model, and 10 kN, 20 kN, and 30 kN
loads were applied at the top of the model.

4.2. Determination of the Objective Function. Te objective
function formula was used as follows [31]:

Q(P) �

���������������


m

i�1
Si(p) − Mi( 

2
.




(4)

In the formula, m is the number of data points, P is the
unknown mechanical parameter of the material, Si is the
numerical calculation data, and Mi is the experimental
measurement data.

Te displacement data obtained from the fnite element
numerical calculation and similar model test calculation are
used as Si andMi in equation (4), and the inverse parameters
are used as the unknown quantity P to establish the objective
function as follows:

Q(P) �
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(5)

4.3. Parameter Inversion Calculation. Te inversion calcu-
lation takes the displacement feld at the moments of 10 kN,
20 kN, and 30 kN pressure as the inversion object, and the
inversion calculation was performed by ABAQUS model
corresponding to 620 nodes in the scattered area, and some
of the interpolated displacement of the scattered nodes are
shown in Table 3.

Te calculation has set the number of fsh in the fsh
swarm optimization algorithm to 4, the number of iterations
to 40, the elastic modulus calculation range to 55∼45MPa,
the cohesion calculation range to 10∼30 kPa, Poisson’s ratio
calculation range to 0.2∼0.4, and the internal friction angle
calculation range to 20∼40°, and the calculation results are
shown in Table 4.

From Table 4, it can be seen that the surrounding rock
parameters show an overall change trend of increasing then
decreasing and fnally increasing again. Taking the elastic
modulus E as an example, the elastic modulus increases from
50MPa to 50.70MPa in the 0∼10 kN loading stage, which is
the initial loading stage, the tunnel deformation rate is low,
and the compaction of similar materials dominates, so the
phenomenon of increasing the mechanical parameters re-
lated to the surrounding rock appears in this stage. Te
elastic modulus decreases from 50.70MPa to 49.97MPa in
the 10∼20 kN loading stage, this stage is the continuous
loading stage, the tunnel deformation rate increases, and the
tunnel deformation release dominates, so the mechanical
parameters of surrounding rock decreases; 20–30 kN loading
stage, this stage is the fnal compaction stage, as the tunnel
deformation stabilizes, the tunnel deformation rate de-
creases, the elastic modulus increases from 49.97MPa to
50.79MPa, so the mechanical parameters of surrounding
rock increases. Other inversion parameters and elastic
modulus show the same trend.

From the above analysis, it can be seen that the me-
chanical parameters related to the soft tunnel surrounding
rock are afected by multiple factors such as loading con-
ditions, excavation area, and surrounding rock deformation,
and the trend of change is more complicated. Tis inversion
idea can accurately calculate the surrounding rock param-
eters from the surrounding rock deformation data around
the tunnel, which can play a certain guiding role for the
construction site.

Loading
System

Light
source

CCD camera

Computers

Figure 3: Experimental system.
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4.4. Numerical Simulation, Calculation, and Validation.
In order to verify the accuracy of the inversion parameters,
the parameters obtained from the inversion calculations
were carried back into the numerical model, and the sim-
ulation calculation results were compared with the measured
results for verifcation. By applying 10 kN, 20 kN, and 30 kN

vertical loads, respectively, the displacement clouds of the
model surface are calculated by static analysis, as shown in
Figures 7 and 8.

From Figure 7, it can be seen that the horizontal
displacement feld of the model is symmetrically dis-
tributed, the tunnel shows an overall trend of expansion
on both horizontal sides. From Figure 8, it can be seen that
the tunnel as a whole is settling, and the vertical dis-
placement at the top of the model is larger than the

Table 2: Experimental displacement.

Vertical load (kN) Horizontal displacement (mm) Vertical displacement (mm)
10 −0.22∼0.22 −0.35∼−1.36
20 −0.53∼0.54 −1.33∼−4.88
30 −1.12∼1.13 −3.21∼−9.22

0.3
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0.1

0

-0.1

-0.2

mm

(a)

0.6

0.4

0.2

0

-0.2

-0.4

mm

(b)

1

0.5

0

-0.5

-1

mm

(c)

Figure 4: Horizontal displacement feld. (a) 10 kN. (b) 20 kN. (c) 30 kN.
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Figure 5: Vertical displacement feld. (a) 10 kN. (b) 20 kN. (c) 30 kN.

Figure 6: Computational model.

Table 3: Interpolation displacements of some speckle nodes.

Node number x (mm) y (mm) U x (mm) U y (mm)
104 345 315 0.111 1.423
105 375 315 0.150 1.438
106 405 315 0.146 1.417
107 435 315 0.102 1.355
108 465 315 0.120 1.320
109 495 315 0.160 1.290
110 525 315 0.202 1.295
111 555 315 0.197 1.249
112 585 315 −0.015 1.384
113 615 315 −0.028 1.380
114 645 315 −0.0129 1.348

Advances in Civil Engineering 5



vertical displacement at the bottom, and the tunnel is
inwardly shrinking. As the pressure increases, the dis-
placement feld distribution does not change signifcantly,
and the horizontal and vertical displacements gradually
increases. Te numerical simulation results are similar to
the DSCM calculation results.

From the above analysis, it can be seen that the dis-
placement feld distribution characteristics of similar test
results and numerical simulation results are basically the
same, and the displacement value error is within 3%. In
a comprehensive view, the mechanical parameters obtained
from the inversion are more satisfactory.

5. Conclusion

(1) Te inversion calculation idea of tunnel surrounding
rock mechanical parameters based on similar model
test and ABAQUS fnite element simulation estab-
lished in this paper can be carried out efectively by

combining artifcial fsh swarm algorithm (AFSA)
with digital scattering correlation method.

(2) Te comparison between the inversion calculation
results and the initial surrounding rock parameters
shows that the surrounding rock related parameters
show a general trend of increasing then decreasing
and fnally increasing again: the tunnel deformation
rate is low in the initial stage of loading, the com-
paction of similar materials dominates, and the
surrounding rock related mechanical parameters
increase. Te tunnel deformation rate increases in
the continuous loading stage, the tunnel deformation
release dominates and the surrounding rock related
mechanical parameters decrease. Te fnal com-
paction stage tunnel deformation tends to stabilize,
the deformation rate decreases, so the mechanical
parameters related to the surrounding rock appears
to increase.

Table 4: Parameter inversion results.

Vertical load
(kN)

Modulus of
elasticity (MPa)

Amount of
change

Cohesion
(kPa)

Amount of
change

Poisson’s
ratio

Amount of
change

Angle of internal
friction (°)

Amount
of change

0 50 — 16 — 0.3 — 31 —
10 50.70 +1.40% 18.01 +12.56% 0.29 −3.33% 31.03 +0.01%
20 49.97 −0.06% 14.87 −7.06% 0.27 −10.00% 31.42 +1.35%
30 50.79 +1.58% 17.66 +10.38% 0.31 +3.33% 29.29 −5.52%

mm
+2.113e-01
+9.777e-02
+7.421e-02
+5.566e-02
+3.711e-02
+1.855e-02
+1.118e-02
-1.855e-02
-3.711e-02
-5.566e-02
-7.421e-02
-9.777e-02
-2.113e-01

(a)

mm
+5.238e-01
+3.531e-01
+2.285e-01
+2.119e-01
+1.413e-01
+7.063e-02
+0.000e+00
-7.063e-02
-1.413e-01
-2.119e-01
-2.285e-01
-3.531e-01
-5.238e-01

(b)

mm
+1.097e+00
+9.146e-01
+7.317e-01
+5.487e-01
+3.658e-01
+1.829e-01
+8.941e-08

-3.658e-01
-5.487e-01
-7.317e-01
-9.146e-01
-1.097e-00

-1.829e-01

(c)

Figure 7: Horizontal displacement cloud map. (a) 10 kN. (b) 20 kN. (c) 30 kN.

mm
-3.629e-01
-4.848e-01
-6.067e-01
-7.286e-01
-8.506e-01
-9.225e-01
-9.794e+00
-9.016e+00
-9.338e+00
-1.060e+00
-1.182e+00
-1.204e+00
-1.326e+00

(a)

mm
-2.039e-01
-5.825e-01
-9.607e-01
-1.339e+00
-1.718e+00
-2.096e+00
-2.474e+00
-2.853e+00
-3.231e+00
-3.610e+00
-3.988e+00
-4.367e+00
-4.745e+00

(b)

mm
-4.063e-01
-1.120e+00
-1.883e+00
-2.547e+00
-3.261e+00
-3.974e+00
-4.688e+00

-6.115e+00
-6.828e+00
-7.542e+00
-8.255e+00
-8.969e+00

-5.401e+00

(c)

Figure 8: Vertical displacement cloud map. (a) 10 kN. (b) 20 kN. (c) 30 kN.
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(3) Te displacement feld calculated by DSCM in the
test is basically the same as the displacement dis-
tribution characteristics of the numerical simulation
displacement cloud map, and the displacement value
has error, the error is within 3%.

In summary, the mechanical parameters obtained by the
inversion calculation are ideal, and the feasibility of the
calculation method is verifed, and it has good engineering
application value.
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