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With the concept of smart geogrid coming out, many scholars have built optical ﬁber into the geogrid to form a kind of smart geogrid
material with self-sensing function of structural deformation. It can not only reinforce the parts with potential safety hazards, but also
have the functions of safety monitoring, intelligent prevention, and control of engineering disasters, which is of great signiﬁcance for
ensuring the safety of tunnel construction and improving the tunnel monitoring methods. Based on predecessors’ research on smart
geogrid tensile calibration experiment and sensor method simulation and experimental veriﬁcation, this paper analyzes the smart
geogrid and the tunnel surrounding rock as a whole, to study the deformation coordination mechanism between the geogrid material
and the tunnel surrounding rock. Referring to the relevant engineering practice case, through ﬁnite element numerical simulation, the
optimal layout of smart geogrid material was explored, and the principle of discrete curvature reconstruction curve sensing of smart
geogrid was optimized by simulating the working conditions of diﬀerent construction methods and supporting conditions, in order to
provide a theoretical basis for the application of smart geogrid material in practical tunnel engineering.

1. Introduction
Tunnel deformation monitoring has always been a
common problem in engineering, especially for the
project with high ground stress, soft surrounding rock,
penetrating cracks, and other special engineering geology,
and the precision and means of monitoring has become a
major problem. Fiber Bragg grating (FBG) sensing
technology has the characteristics of strong anti-interference ability, high sensitivity, easy to be embedded, and
attached to the surface of the structure and can realize
long-distance transmission. It has become a popular intelligent monitoring method in tunnel engineering [1]. By
embedding FBG into ﬂexible substrate (such as steelplastic geogrid) with high ﬂexibility, high ductility, and
free bending characteristics, a ﬂexible sensor for measuring morphology, displacement, strain, and other variables is formed [2–3], which will be a trend in the future
development of sensors in civil engineering ﬁeld.

Since the ﬁber Bragg grating sensors which were ﬁrst
used in concrete structure achieved good results [4], they
have been extended to the monitoring of infrastructure,
dam, traﬃc, tunnel, slope, and other complex systems, for
example, lateral deformation monitoring of embankment
soft soil [5]; monitoring of bridge prestress loss [6, 7];
pressure monitoring of tunnel’s surrounding rock and
monitoring of rock bolt support quality [8, 9]; internal
deformation monitoring of landslide [10]; and monitoring
deformation of a pit-in-pit foundation [11].
With the birth and development of ﬂexible sensors, at
ﬁrst, some scholars proposed to stick the resistance strain
gauge to the surface of steel-plastic geogrid for surface strain
monitoring [12]. However, the measurement results of the
strain gauges are susceptible to interference, and they are not
placed inside the material, which does not form a real smart
material. In recent years, people have embedded FBGs into
ﬂexible structures such as silicone rubber sheets and synthetic silicone resins and realized the reconstruction of the
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three-dimensional shape of the object surface through the
principle of discrete curved reconstruction curve [13, 14].
This kind of ﬂexible sensor has been applied in biomedical
and aviation ﬁelds. In 2016, the built-in sensor smart geogrid
(SEGG) came out, and its response to tensile strain in the soil
was analyzed in numerous studies [15, 16]. The results
showed that this technology is expected to replace the
traditional geotechnical structure performance monitoring
instrument. In China, scholars of Shandong University
developed a smart geogrid with a built-in ﬁber grating sensor
which has integrated measurement and reinforcement
function, and through tensile calibration experiment, model
experiment, and numerical simulation, the consistency of
ﬁber grating strain and geogrid strain and the feasibility of
smart geogrid sensing principle are analyzed [17, 18].
Scholars of China University of Mining and Technology had
developed a metallized encapsulated FBG smart geogrid for
mining. The curvature simulation test of its components is
also carried out to verify the relationship between wavelength conversion and strain of FBG under stress deformation [19].
However, most of the existing research is based on the
ﬂexible sensor (smart geogrid) as an individual to analyze the
applicability of its sensing principle. In practical engineering, geogrid is inseparable from surrounding rock, primary
support, secondary lining, and other support methods.
Therefore, it is of great importance to study the deformation
coordination mechanism between geogrid material and
surrounding rock as a whole. In this paper, through the
PLAXIS 3D ﬁnite element simulation, the feasibility of the
smart geogrid discrete curvature reconstruction curve
sensing principle under actual working conditions is analyzed under the coupling of diﬀerent construction methods,
supporting conditions, and other factors, and an optimized
design is proposed for it. We explore the optimal layout of
smart geogrid materials in actual projects.

2. Smart Geogrid Displacement
Response Mechanism
2.1. Principle of Smart Geogrid Curvature Sensing. As a
common network structure, geogrid can be regarded as a
collection of multiple spatial curves. Assuming that each
curve is composed of several arcs, when the curvature and
arc length of each arc are determined, the reconstruction of
the curve can be realized, thus extending to the deformation
network of the geogrid.
When the external physical environment changes
(mainly temperature and strain), the wavelength of ﬁber
Bragg grating will change accordingly. Therefore, the temperature and strain change rules can be reﬂected according
to the change of the central wavelength of ﬁber Bragg
grating. Assuming that each curve is arranged with a series of
FBG ﬁber grating sensors in the longitudinal direction, the
relationship among the arc curvature, arc length, strain, and
wavelength change is established through the relationship
diagram of the smart grid curvature sensing principle in
Figure 1 [20].
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Figure 1: Principle of smart geogrid curvature sensing.

Assuming that FBG and geogrid have formed a good
whole, the strain measured by FBG is the geogrid strain here
(the following strain ε is the geogrid strain value). When the
curve element is bent, the length of the neutral layer is still
the arc length s, the arc length from the neutral layer h/2 is
s + Δs, ρ is the radius of curvature of the arc, and θ is the
center of the arc angle. According to the principles of
material mechanics:
s s + Δs
�
� θ.
ρ ρ + h/2

(1)

Without considering the change of temperature factor,
the central wavelength of FBG is only aﬀected by strain.
Equation (1) can be simpliﬁed as
k�

1 2 · Δs/s 2 · ε
�
�
,
ρ
h
h

(2)

where ε is the strain value at the neutral layer of the geogrid.
According to the principle of FBG sensor, the central
wavelength variation of the ﬁber grating is
Δλ � λ 1 − Pe  · ε � Ke · ε.

(3)

Then, the relationship between the change in center
wavelength and the curvature of this arc is
k�

2 · Δλ
,
h · ke

(4)

where ke is the sensitivity of FBG sensor, which is an inherent property of ﬁber grating material. Equation (4) shows
that the curvature of circular arc is linear with the variation
of central wavelength. The curvature value can be obtained
by measuring the variation of central wavelength by FBG
sensor, and it can also be obtained by substituting the strain
value of geogrid according to formula (2).
2.2. Principle of Curve Reconstruction with Discrete Curvature.
The commonly used methods of discrete curvature reconstruction include the recursive method, quadratic integral
method, bilinear interpolation method, etc. [21] Considering
the practical value of geogrid, this paper uses the recursive
method to elaborate and further optimize its theory. When
the distance between two points on the curve is close
enough, the curve can be regarded as a microarc; it can be
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approximated by dividing the curve into several circular
arcs. The curvature of end point of each arc can be linearly
interpolated through the curvature of the start point and end
point. Finally, according to the coordinates and curvature of
the discrete points, the coordinates of each interpolation
point can be deduced to realize the ﬁtting and reconstruction
of the curve [22].
As shown in Figure 2, the curve is divided into arc a0a1, arc
a1a2, arc a2a3. . .. . .The starting coordinates of the microarc are
a0 (x0, z0), the ending coordinates are a1 (x1, z1), the length of
arc a0a1 is s1, and s1 can be taken as the distance between two
adjacent FBG sensors in the geogrid. k0 is the curvature of the
starting point a0, r1 is the radius of the microarc a0a1, and r1 can
be obtained by the following formula:
1
2
r1 � �
.
k1 k0 + k 1

(5)

The end point coordinates a1 (x1, z1) of the microarc a0a1
can be calculated by the following formula:
θ 1 � s1 · k1 ,
⎧
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Figure 2: Discrete curvature reconstruction curve based on recursion method.

From Formulas 6 and 7, we can see that for any microarc
anan+1, its coordinates an (xn, zn) and an+1 (xn+1, zn+1) satisfy
the following mathematical relationship:

(6)

As shown in Figure 2, the length of micro-arc a1a2 is s2,
the point o2 is the center of the microarc a1a2, r2 is the radius
of the microarc a1a2, r2 can be obtained recursively
according to formula (5). θ2 is equal to θ1 plus Δθ; Δθ is the
central angle corresponding to the microarcs a1a2.
According to Formula 6 recursively to Formula 7, the coordinates of a2 (x2, z2) can be obtained by the mathematical
relationship of the following formula:
θ 2 � θ 1 + s2 · k2 ,
⎪
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According to the above mathematical relationship, when
the coordinates and curvature of the starting point are
known, the coordinate value of any point on the curve can be
deduced to realize the ﬁtting of the entire curve. At the same
time, because the error of each point is cumulative, when the
number of discrete points is large, the error superposition is
large. Later in this paper, the data value obtained by ﬁnite
element simulation will be modiﬁed to this recursive way to
reduce the error.

3. Cooperative Finite Element Analysis of
Geogrid and Surrounding Rock Deformation
In practical engineering, the supporting material and surrounding rock are often analyzed as a whole. Since the smart
geogrid material has not yet been practically applied in
engineering, in order to analyze the feasibility of its sensing
principle in tunnel engineering, select parameters according
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to relevant engineering cases [23–25] and use PLAXIS 3D
ﬁnite element software to analyze the geogrid and surrounding rock deformation synergy mechanism under two
diﬀerent construction processes (the full-face excavation
method and two-step excavation method) and two diﬀerent
support forms (lining + steel-plastic geogrid and lining + steel-plastic geogrid + anchor rod), seek the optimal layout
of the smart geogrid, and optimize its discrete curvature
sensing principle.
3.1. Calculation Model and Parameters. The rock mass is
simulated by the Mohr–Coulomb ideal plastic model, the
shotcrete is simulated by virtual slab element, and the
geogrid is QLGS80-80 steel-plastic geogrid [26].
EA � 3 × 103 KN/m, ft � 80 KN/m, can be simulated with
PLAXIS 3D own grille unit. In order to better represent the
interaction between anchor and rock mass, the embedded
beam element is used to simulate the anchor, and the parameters of each supporting structure are shown in Tables 1
and 2.
In the process of simulated excavation, it is considered
that the materials are all ideal elastoplastic bodies, and the
plane strain problem is used to simulate, and the creep eﬀect
of rock is not considered. Considering the model boundary
inﬂuence, the model has a size of 40 m × 40 m × 70 m, in the
x, y, and z directions. The left and right boundaries apply a
constraint load, and the upper boundary is free. The model is
shown in Figure 3.
Considering the inﬂuence of diﬀerent supporting
structures on geogrid strain network and deformation reconstruction, the supporting structure model is shown in
Figure 4.
3.2. Preconstruction Treatment. Because the tunnel construction was excavated by sections, each construction step
can be simulated by the activation and freezing of the unit in
the PLAXIS 3D software. The model width boundary is 40 m.
For the convenience of calculation, 20 m is selected as the
excavation boundary, the tunnel footage is excavated 2 m for
each construction step, and the supporting construction
distance is 2 m from the excavation section. In the PLAXIS
3D software, under the tunnel editor track sub-block, the
construction footage is simulated by setting the slice length
to 2 m. Under the sequencing sub-block, the TBM excavation method is selected, and the freezing of the soil and the
activation of the lining, anchors, and geogrid are simulated
in each construction step to simulate each construction step,
thereby realizing the simulation of the entire tunnel construction excavation. To satisfy the number of discrete point
curvature values, it is assumed that the geogrid element has
been activated before excavation.
3.3. Simulation Results and Analysis. The structural node
elements are selected in the PLAXIS 3D postprocessing
program output to view the numerical simulation
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Table 1: Parameters of surrounding rocks and lining materials.
E
φ
d
C (MPa)
]
c (kN m−3)
(GPa)
(°)
(m)
Surrounding rocks 50
22
1
0.34
37
0.2
Shotcrete
0.2
22
30 0.25

calculation results. The deformation value of the surrounding rock at the vault and the strain value of the geogrid
is selected (the geogrid strain value is obtained by the grid
axial force N1 and the tensile stiﬀness EA), and the relationship between the two is established according to the
theory in Section 2, in order to analyze the response of the
smart geogrid to the deformation of surrounding rock under
diﬀerent construction techniques and supporting forms.
3.3.1. Eﬀects of Construction Techniques. In order to facilitate the calculation and curve reconstruction, it is considered that the displacement at the tunnel entrance is
known and tends to be stable, and the geogrid shaft force
diagram at the last construction stage is extracted, as shown
in Figure 5. It can be seen that the geogrid shaft force at the
vault under the two construction techniques changes uniformly, and there is no bad element node, and the axial force
(strain) at the tunnel entrance and nearby is more consistent,
which can be used as the starting point of curve
reconstruction.
To prevent the inﬂuence of boundary eﬀect, 1 m is selected from 5–35 m as an interval and the geogrid strain
value is selected for deformation reconstruction according to
the principle of discrete curvature reconstruction curve
shown in Section 2.2, and the settlement curve and deformation reconstruction curve of the vault are shown in
Figure 6.
According to Wang [18], the error of discrete curvature
reconstruction increases linearly. The curve is divided into2
two sections: the curve before excavation face and the curve
after excavation face, and the error is corrected according to
the settlement of the vault of the end points of the two curves
(the settlement value of the vault at 35 m is taken as 0 mm).
The corrected curve is shown above. It can be seen that the
reconstruction degree of the curve before excavation face is
relatively high after correction, while the curve after excavation face still has a certain distance. Especially near the
excavation section, there is a large error in curve reconstruction due to the spatial eﬀect of surrounding rock deformation. Under the construction of the two-step method,
because the displacement of surrounding rock is relatively
stable, the reconstruction degree of deformation curve is
relatively high for the full-face method.
3.3.2. Eﬀects of Support Forms. In order to compare the
inﬂuence of support form on deformation reconstruction,
four working conditions of shotcrete thickness d � 15 cm
and 30 m and anchor length L � 2 m and 4 m were selected to
simulate by controlling variables. Choose 1 m from 5–35 m
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Table 2: Material parameters of anchor.

d (m)
0.022

c (kN m−3)
8

E (GPa)
210

Length (m)
2

Longitudinal spacing (m)
1.5

(a)

Radial spacing (m)
2.0

Support lag interval (m)
2.0

(b)

Figure 3: Excavation and dimensional boundary model: (a) full-face method; (b) two-step method.

(a)

(b)

Figure 4: Support structure model: (a) lining + geogrid + anchor; (b) lining + geogrid.

as an interval to select the geogrid strain value for deformation reconstruction. The curve of vault settlement and
deformation reconstruction curve are shown in Figure 7.
From Figure 7, it can be seen that the thickness of lining has
a great inﬂuence on deformation reconstruction. When the
lining is taken to 30 cm, most of the surrounding rock pressure
is borne by the lining, making the geogrid strain greatly reduced under the inﬂuence of excavation disturbance and
surrounding rock, and the deformation reconstruction curve
and modiﬁed curve are close to the original settlement curve,
which provides the basis for the application of smart geogrid in
practical engineering, so that the optimum lining thickness
under smart geogrid support is possible. In addition, due to the
strong integrity of geogrid material and concrete lining, a rigid

connection is formed between the bolt and geogrid, leading to a
small strain of the geogrid at the rigid connection of bolt. It
cannot truly reﬂect the impact of the settlement deformation of
the vault on the strain of the geogrid, resulting in a larger error
in deformation reconstruction under the action of bolt support
than other support methods. It is suggested to select the appropriate discrete point curvature under the form of anchor
bolt support for deformation reconstruction or performing
ﬁeld experimental research.
3.4. Error Optimization of Deformation Reconstruction.
Figures 6 and 7 show that the linear error correction theory
of reference [18] is well reﬂected in the curve before excavation face, and the curve after deformation reconstruction

6

Advances in Civil Engineering

Z
Y

X

[kN/m]
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00
–0.10
–0.20
–0.30

Z
Y

(a)

X

[kN/m]
1.70
1.60
1.50
1.40
1.30
1.20
1.10
1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00
–0.10
–0.20
–0.30

(b)

Figure 5: Geogrid axial force cloud diagram: (a) full-face excavation method; (b) two-step excavation method.
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Figure 6: Displacement settlement curve.

is close to the original settlement curve, but there is a large
error near the excavation face and after the excavation face.
It remains to be discussed whether this error correction is
applicable in the face of complex and diverse practical tunnel
engineering. The principle of curve reconstruction is to
select the discrete curvature of the microarc; the arc itself is a
quadratic power polynomial, and the error of the horizontal
coordinate is analyzed under the six working conditions of
Figures 6 and 7. The results are as follows.
It can be seen from Figure 8 that the working condition
of d � 30 cm is the slowest error superposition in the six
working conditions, which proves the conclusion of

Section 3.3.2. In addition, the setting of anchor rod aﬀects
the local strain value of geogrid, which leads to the error
superposition acceleration rate of its reconstruction curve
becoming the fastest rate in the six working conditions.
The error superposition of 0–4 m sections of the curve
before excavation face is almost 0, so it is feasible to use
the theory of reference [18] to make linear correction of
curve error before excavation face. In the curve after
excavation face, it can be seen that the error acceleration
rate is faster and the diﬀerence between the six working
conditions is large. After ﬁtting, it is found that the error
of the abscissa of the curve increases by a second power
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Figure 7: Deformation reconstruction under the inﬂuence of support form.

after excavation face. It is assumed that the error superposition of ordinate coordinates increases to the
second power as well as that of abscissa; suppose that the
starting coordinates of the ordinate error ﬁtting curve are
p1 (x1 , y1 ) and the end point coordinates are pn (xn , yn ).
Linear error correction is adopted for the curve before
excavation face; for the curve after excavation face, the
error correction function is set as follows:
y � ax2 .

(9)

Bring the starting point coordinates p1 and ending point
coordinates pn into the formula and get the value of a:

a�

yn − y1
.
x2n − x21

(10)

After correction, the end point coordinates are
pn′(xn′, yn′), and the error correction curve is as follows:
y − y1 2
·x .
y′ � y − n2
(11)
xn − x21
Correct Section 3.3.1 according to this error correction
curve. The curve of the linear superposition error correction
theory in reference [18] is corrected curve I, and the error
correction curve in this paper is corrected curve II. The
modiﬁed deformation curve is as follows.

8
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Figure 8: Error ﬁtting of horizontal coordinates.

It can be seen from Figure 9 that the second power error
correction curve and the original settlement curve have a
higher degree of ﬁt, especially on the curve after the excavation face. Within the distance from the opening to the
excavation face, the settlement displacement is less disturbed
by excavation due to the inﬂuence of support implementation. The original modiﬁed theory can meet the user
requirements. The surrounding rock near the excavation
face and the rear part is greatly aﬀected by the excavation
disturbance, and the theory of second power correction is
required. Assuming that x � 0 is the excavation face and x <0
is behind the excavation face, x >0 is the front of the excavation face; according to the above summary, the correction curve of smart geogrid deformation reconstruction
applicable to actual tunnel engineering is as follows:
y − y1
⎪
⎧
y′ � y − n
· x(x > 0),
⎪
⎪
xn − x1
⎪
⎪
⎨
(12)
⎪
⎪
⎪
yn − y1 2
⎪
⎪
· x (x < 0).
⎩ y′ � y − 2
xn − x21
3.5. Optimal Laying of Smart Geogrid. In addition to the error
superposition of the curve reconstruction principle itself, the
location of the FBG smart geogrid measurement points is also an
important factor that aﬀects the calculation results and the
settlement displacement ﬁtting. The principle is to use the
geogrid strain value at the measuring point to reconstruct the
deformation, so the geogrid strain value discrete points which
can correctly reﬂect the surrounding rock settlement deformation and which are not aﬀected by other structural components can be selected as the optimal layout of smart geogrid.
The geogrid axial force N1 of vault under x-axis of local coordinate axis in six working conditions is extracted as follows.

As can be seen from Figure 10, due to the support form and
excavation disturbance, there is a certain ﬂuctuation in the axial
force of the geogrid; especially in the case of anchor bolt
support, the axial force ﬂuctuation reaches the maximum value.
Since the simulation excavation footage is set to advance by 2 m
in each construction stage, in the form of non-anchor bolt
support, the axial force value of the end geogrid of each 2 m
footage changes greatly compared with the surrounding parts,
and when the lining thickness is set as 30 cm, the change is
small. In the form of anchor bolt support, due to the rigid
connection between the anchor rod and the concrete lining, the
axial force of the anchoring end geogrid is small, while the
geogrid axial force at the middle span of the adjacent anchor
bolt is larger, resulting in the axial force ﬂuctuation as shown in
Figure 10. In the case of axial force ﬂuctuations, selecting
diﬀerent measurement points for deformation reconstruction
will produce unequal errors.
According to the above summary, in the form of nonanchor bolt support, the end point (selection point I) and
intermediate point (selection point II) of every 2 m footage
are selected, respectively. In the form of anchor bolt support,
the middle point of adjacent anchor bolt span (selection
point I) and anchor end point (selection point II) are selected, respectively. According to the error correction theory
of formula (12), the deformation reconstruction is carried
out. Taking two working conditions of d � 15 cm and L � 2 m
as examples, the results are as follows.
According to Figure 11, choosing diﬀerent FBG measuring point layout methods will also lead to large errors,
and the ﬂuctuation of axial force will also aﬀect the ﬁtting
degree of curves after reconstruction, especially in the form
of anchor bolt support. It can be seen from the axial force
diagram of the geogrid under the working condition of
L � 2 m in Figure 10 that the strain of the geogrid is generally
small in the case of selecting point II, and there are even
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cases of 0 or negative values, making the curvature radius of
adjacent discrete points become large, resulting in the arc
between the two discrete points approximate to a straight
line, corresponding to the curves before and after excavation
face at the case of selection point II in Figure 11.
The error of deformation reconstruction by selecting
point I is relatively small, that is, in the form of non-anchor
bolt support, the end of each excavation footage is selected as
the location of FBG smart geogrid measuring points; in the
form of anchor bolt support, the measuring points are selected at intervals between the midpoints of adjacent anchors. This arrangement can reduce unnecessary errors in
the selection of measuring points and facilitate data processing and calculation.

intervals. In the form of non-anchor bolt support,
choose the end of each excavation footage as the
location of the FBG smart geogrid measurement
point. The layout method can reduce unnecessary
errors caused by the selection of measuring points.
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4. Conclusions
PLAXIS 3D ﬁnite element software was used to analyze the
feasibility of applying the principle of discrete curvature
deformation reconstruction under the cooperative action of
smart geogrid and tunnel surrounding rock in practical
engineering. On this basis, considering the construction
method and the form of support, an optimal design is
proposed for its error stacking, and the optimal layout of the
smart geogrid is explored. The following conclusions are
drawn.
(1) When the absolute value or relative value of the
settlement displacement at the starting point of the
tunnel opening and the excavation surface is determined, the principle of discrete curvature reconstruction settlement curve is feasible in practical
engineering, and the degree of reconstruction on the
curve before excavation face is high. Concrete lining
support is the smallest error superposition among all
supporting forms, and the thicker the lining thickness, the smaller the reconstruction superposition
error and the larger the error superposition of the
anchor bolt support form; it is recommended to
select the appropriate discrete point curvature for
deformation reconstruction or development ﬁeld
experimental research.
(2) The error correction curve of the original deformation reconstruction principle is not universal. In
view of the low degree of curve reconstruction after
the excavation surface, the theory that the curve
before the excavation face is linearly modiﬁed and
the curve after the excavation face is the second
power correction is adopted. It is veriﬁed by the ﬁnite
element simulation of the actual working conditions
that the quadratic power correction theory makes the
reconstructed curve have a higher ﬁtting degree.
(3) Under diﬀerent construction methods and support
forms, the geogrid axial force ﬂuctuates to a certain
extent, and the setting of anchor rod aﬀects the local
strain value of geogrid, resulting in the maximum
ﬂuctuation of geogrid axial force; in the form of
anchor bolt support, select the midspan points of
adjacent bolts to arrange the measuring points at
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