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Abstract

Based on the engineering practice of large cross-section highway tunnel, this paper reveals the
space-time coordinated evolution law of the construction mechanical characteristics and defor-
mation distribution of the support structure in the construction by half bench CD method
through field test. At the same time, the mechanical response calculation model of the support-
ing structure in the partial excavation is constructed, and the mechanical characteristics of the
support structure in the partial excavation process are analyzed by above mechanical calcula-
tion model. Then, the mechanical and deformation distribution of the feet-reinforcement bolt in
the steel frame—foot-reinforcement bolt combined support system is analyzed under different
levels of surrounding rock load and different structural parameters of the feet-reinforcement
bolt. The research results show that: (1) The internal force of the supporting structure changes
most obviously during the excavation of Part I, Part Il and Part 11, and the internal force of the
support structure gradually tends to be stable after a slight increase in the excavation of Part IV
and Part V; (2) The horizontal deformation and vertical deformation of the support structure
mainly occur in the excavation process of Part I, Part Il and Part I, and the excavation of Part
IV and V has little effect on the deformation response of the structure. The vertical displace-
ment of the supporting structure is larger than the horizontal displacement, and the dynamic
response of the temporary diaphragm structure during tunnel excavation is shrinkage-expan-
sion-shrinkage-expansion; (3) The bending strain of each measuring point decreases with the
increase of the distance from the loading point, and the bending strain of section 1 and section
2 is much larger than that of the other three sections; (4) With the increase of the angle, the sec-
tion position with strain close to 0 gradually moves to the deeper position of the bolt, and the
axial strain of each section on the bolt gradually changes from positive strain to negative strain.

1. Introduction

With the continuous development of China’s infrastructure construction, for the long-term
consideration, the demand for the increase of driving width in the highway construction in
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many areas is very strong, which significantly increases the construction frequency of the large
cross-section highway. tunnels. At present, there are neither mature experience nor specifica-
tions for reference [1-5]. During the construction of large cross-section tunnel, excavation
and support structure installation are often carried out continuously. This dynamic construc-
tion mode makes it difficult to control the safety of the support structure [6-8].

At present, the selection of construction method for large cross-section highway tunnel is
mainly based on the surrounding rock conditions. For tunnel with weak surrounding rock, in
order to ensure the stability of surrounding rock and supporting structure in the construction
process, it is inevitable to adopt the partial excavation methods, such as cross diaphragm
method (CRD) [9, 10], the two-side pilot hole method [11] and center diaphragm method (CD)
[12]. The excavation process in these methods is complicated and the efficiency is relatively low.
The relationship between the construction efficiency and the structure safety has become one of
the main contradictions in the construction of large cross-section tunnel. Therefore, it is urgent
to seek a rapid construction method that can meet the needs of tunnel safety and construction
efficiency. Through the gradual improvement and optimization of engineering practice, based
on the traditional CD method, the half bench CD method is formed. The new construction
method not only simplifies the construction steps, but also effectively ensures the safety and sta-
bility of the tunnel structure in the construction process, and realizes the synchronous improve-
ment of the safety and economy of tunnel engineering. With the gradual improvement of
structural safety requirements in tunnel engineering practice, the mechanical response and
deformation behavior of support structure in the excavation process are particularly important
for the safety and stability of the whole structure, and gradually become the engineering difficul-
ties in tunnel construction and the research focus of many experts and scholars [13-16].

Zhang et al. studied the stress of the temporary middle wall in the construction process
of CRD method by field monitoring and numerical simulation, and obtained the rules that
the internal force of the middle wall increased during the whole excavation process, and the
safety factor reached the minimum after the excavation of Part IV [17]. Sun et al. applied
numerical simulation and field monitoring data to analyze the mechanical characteristics of
the middle partition wall in the construction of the two side pilot hole method, and pro-
posed that after tunnel excavation, the main stress and bending moment of the middle par-
tition wall basically distribute symmetrically along the tunnel cross-section center line, the
maximum tensile stress appears on the middle partition wall, and the maximum compres-
sive stress appears at the intersection of the middle partition wall and the middle partition
wall [18]. Hou and others studied the dynamic response of the middle wall structure during
the tunnel blasting construction through the dynamic damage test of the middle wall and
ANSYS/LS-DYNA, and proposed that the middle wall is in the repeated tension and com-
pression state under the action of blasting stress wave, and the center, top and bottom posi-
tions of the middle wall support structure are the part of stress concentration and the most
vulnerable parts of the structure [19]. By establishing a mechanical model, Zhang et al. ana-
lyzed the mechanical characteristics of the primary support structure and the temporary
middle wall structure in the construction of the two-side pilot hole method. In his analysis,
the side wall steel frame was regarded as an arch structure with both ends fixed in the stra-
tum, and the middle wall structure was regarded as a beam structure with both ends fixed in
the stratum [20]. The moment transfer and deformation coordination between the side wall
steel frame and the middle wall structure were not considered. The stress form of support-
ing structure is quite different from the actual situation. Luo et al. based on the super long
span highway tunnel, established the mechanical calculation model of supporting structure
with bearing and deforming together in partial excavation, and obtained that in the process
of tunnel excavation, the axial force of steel frame fluctuates repeatedly with the excavation
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of different stages, especially the stress at the middle wall steel frame changes most signifi-
cantly, and the stress of the whole structure gradually tends to be stable after the installation
of the tunnel lining [21]. The surrounding rock of the above research project is relatively
good and the tunnel excavation height is large. Therefore, in the model construction, the
middle partition wall structure is equivalent to a straight beam, the foot lock bolt is consid-
ered to bear the all-upper load, and the bearing effect of the foundation soil at the bottom of
the steel frame is not considered. However, when the surrounding rock of the tunnel is
weak and the influence of excavation span on the shape of the diaphragm structure cannot
be ignored, the load of the steel frame structure should be shared by the foot lock bolt and
the foundation soil. At the same time, the influence of the curvature of the diaphragm struc-
ture on the overall mechanical bearing capacity of the supporting structure should be con-
sidered in the construction of the model.

The selection of construction method for large cross-section tunnel is mainly based on the
surrounding rock conditions [22-26]. At present, the research on the construction mechanical
behavior of the support structure for large cross-section tunnels using the partial excavation
method mainly focuses on the traditional construction methods such as CD, CRD and the
two-side pilot hole method, and there is little research on the half bench CD method which
can improve the construction efficiency and save the cost of project. At the same time, the pre-
vious researches mainly focus on the comparative analysis and applicability analysis between
different construction methods [27-29], and seldom collaboratively consider the mechanical
characteristics and deformation laws of the supporting structure, which is very important for
the safety and stability and dynamic control of the tunnel construction. In the past, numerical
simulation is often used in the complicated excavation process [30-34]. However, the difficulty
of obtaining the simulation parameters accurately and the large difference between the model
and the engineering practice made the simulation results often differ from the actual situation.
At the same time, in the few mechanical model calculation studies, the calculation model is
not reasonably constructed according to the actual situation of tunnel excavation. In addition,
many assumptions in the previous calculation models make the mechanical analysis model
deviate greatly from the actual support situation of the tunnel in engineering practice.

This paper, based on the engineering practice of large cross-section highway tunnel, aiming
at the construction mechanical response of the support structure in the application of half
bench CD method, reveals the space-time coordinated evolution law of the construction
mechanical characteristics and deformation distribution of the support structure through field
test. At the same time, according to the construction mechanical behavior and the dynamic
response mechanism of the primary support steel frame and the temporary middle wall struc-
ture during the tunnel excavation, the mechanical response calculation model of the primary
support structure in the partial excavation by half bench CD method is constructed, and the
mechanical characteristics of the support structure in the partial excavation process are ana-
lyzed by the above mechanical calculation model, which further verifies the engineering appli-
cability of calculation method. Then, the mechanical and deformation distribution of the foot-
reinforcement bolt are analyzed under different levels of surrounding rock pressure and differ-
ent structural parameters of the foot-reinforcement bolt.

2. Engineering background and field test

The project is located at the junction area of Yunnan Plateau and Hengduan Mountains, with the
overall terrain of high in the northwest and low in the southeast. The terrain along the tunnel is
complex with obvious undulation and high density of rock mass. The stratum in the project area is
quaternary slope residual soil, and the surrounding rock is moderately weathered limestone and
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slate interlayer, which is strictly controlled by geological structure. The surrounding rock character-
istic in the tunnel site is shown in Fig 1. In addition, the maximum excavation span of the tunnel is
20.96m, which belongs to large cross-section highway tunnel. According to the results of field geo-
logical survey, the surrounding rock grade belongs to grade IV. According to the characteristics of
surrounding rock, on the basis of CD method and bench method, and taking advantage of the
strong bearing capacity of basement surrounding rock, the temporary vertical support system is
composed of the middle wall structure in upper bench and core rock reserved in lower bench. The
specific construction processes are as follows: (1) The tunnel cross-section is divided into two
benches, a total of five parts for excavation. The upper bench is supported by temporary middle
wall, and the excavation is staggered left and right part, which reduces the excavation span effec-
tively. (2) The core rock at the left and right side-walls of the lower bench is excavated step by step.
After the installation of the primary support structure, the foot-reinforcement bolt is used to sup-
port in time to ensure the structural stability. Then the integral excavation support system consti-
tuted by the reserved core rock in the lower bench and the temporary middle wall structure in the
upper bench effectively control the tunnel deformation. (3) Finally, the temporary middle wall
structure is removed and the core rock in the lower bench is excavated, and the primary support
structure is closed into a ring. Compared with the traditional CD method, this method reduces the
procedures of temporary support installation and demolition, optimizes the construction sequence,
increases the construction speed and reduces the project cost. The construction of middle wall
structure and the main construction process are shown in Figs 2 and 3 respectively.

3. Analysis of field experiment results

This field test has been approved and supported by the Project Management Bureau. In order to
study the construction mechanical behavior of the support structure by half bench CD method, the
deformation and the stress of the supporting structures in each construction stage were monitored.
The total station was used to monitor the horizontal deformation and vertical settlement of the key
parts of the supporting structure during the tunnel excavation. The layouts of the measuring points
are shown in Fig 4. The internal force of the tunnel supporting structure was monitored by the
steel string surface strain gauge installed inside and outside the tunnel steel frame. The site layouts
of the strain gauge are shown in Fig 5. And the results are shown in Figs 6-8.

According to the field test results, the internal force of each position of the supporting
structure changes gradually with the excavation of each part. The maximum internal force of

Fig 1. The surrounding rock characteristic in the tunnel site.

https://doi.org/10.1371/journal.pone.0255511.g001
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Fig 2. The construction of middle wall structure.

https://doi.org/10.1371/journal.pone.0255511.9002

the structure appears at the bottom of the middle wall structure, and structure internal force
increases rapidly after the installation of middle wall. During the excavation of each part, the
excavations of Parts I, Il and IIl have a great influence on the internal force of the supporting
structure, and the internal force value of each monitoring position in these three stages reaches
75% of the limit internal force of the whole excavation process. After the excavation of the Part
L, the primary support structure is installed immediately. At this time, the axial force at the
vault, arch waist and arch foot of the primary support structure increases sharply. After the
erection of the middle wall structure, the axial force at the top and bottom of the structure
increases sharply. At this time, the axial force at each part of the primary support decreases
slightly and then continues to increase. This is mainly because the support structure forms an
integral bearing structure after the installation of the middle wall structure, and the load of the
primary support structure is partially shared by the middle wall structure. In the short term,
due to the readjustment of the stress, the internal force of the primary support reduces to a
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Fig 3. The main construction process of half bench CD method.
https://doi.org/10.1371/journal.pone.0255511.9003

certain extent. After the structure reaches a stable bearing state, the surrounding rock pressure
adjusts to a new state, and the supporting structure reaches a new stress balance, so the internal
force of the structure further increases. The change of axial force distribution of the structure
at this stage is due to the change of the overall support form of the support structure and the
readjustment of the stress. The axial force at the arch waist increases rapidly, which is the posi-
tion with the strongest structural mechanical response. After the excavation of the Part II, the
axial forces of the vault, the arch waist and the arch foot at the primary support structure
increase sharply, and the internal forces at the top and bottom of the middle wall structure
decrease briefly and then continue to increase. After the excavation of the Part IIl, due to the
readjustment of the surrounding rock load on the structure, the overall internal force of the
support structure decreases briefly and then increases slowly, and the internal force at the arch
waist and arch foot of the primary support structure changes most obviously. Then, the inter-
nal force of the support structure gradually tends to be stable after a slight increase in the

Surface strain Surface strain

Fig 4. The layouts of the measuring points.

https://doi.org/10.1371/journal.pone.0255511.g004
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Fig 5. The site layouts of the strain gauge.

https://doi.org/10.1371/journal.pone.0255511.9005

excavation of Parts IV and V, and the overall internal force tends to be stable after the support
structure closed into a ring. The results show that the internal force of the support structure
changes most obviously during the excavation of Parts I, Il and IIl, and the above three excava-
tion stages are the most unfavorable period for the whole support structure. Compared with
other excavation stages, the subsequent excavation of Part IV and Part V has a certain influ-
ence on the internal force of the support structure.

According to the monitoring, the deformation of different positions at the support struc-
tures changes gradually with the excavation of each part. On the whole, the vertical
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Fig 6. Axial force distribution of supporting structures in the tunnel excavation.

https://doi.org/10.1371/journal.pone.0255511.9006

displacement of the support structure is larger than the horizontal displacement, and both of
them show the characteristics of shrinking to the tunnel clearance. At the same time, the
dynamic response of the temporary diaphragm structure during tunnel excavation is shrink-
age-expansion-shrinkage-expansion. From the overall structure deformation distribution, the
horizontal deformation and vertical deformation of the support structure mainly occur in the
excavation process of Part I, Il and III, and the excavation of Parts IV and V has little effect on
the deformation response of the structure. Generally speaking, with the advance of tunnel con-
struction, the support structure shows different degrees of deformation response, and finally
tends to be stable. For the vertical displacement, the settlement of the vault and the arch waist
of the primary support structure after the excavation of the Part I has been increasing, espe-
cially the excavation of the Part IIl has promoted the increase of the deformation in those two

—&— Arch foot in Part IIT —@— Arch foot in Part I .
—A— Arch waist of middle wall—y— Arch waist in Part T Excavation of Part V

Excavation of Part IV
204 Excavation of Part ITT
Excavation of Part IT

164

124

-4

Horizontal Convergence (mm)

-
S co
| |

—
o

2 4 6 8 10 12 14 16
Construction Date (day)

Fig 7. Horizontal convergence of support structure during tunnel construction.

https://doi.org/10.1371/journal.pone.0255511.g007
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Fig 8. Settlement of support structure during tunnel construction.

https://doi.org/10.1371/journal.pone.0255511.9008

positions. All in all, the settlement caused by the excavation of Part I and Ill accounts for about
75% of the total settlement, which indicates that the settlement of vault and arch waist are
mainly caused by the excavation of the upper bench, and the excavation influence of the lower
bench is small. For the horizontal displacement, the left and right arch feet of the primary sup-
port show the same change law: the horizontal deformation of the two positions all increases
sharply after the excavation of the lower parts, reaching the maximum deformation. The hori-
zontal deformation of the structure caused by the excavation of the lower part accounts for
almost 50% of the total deformation. In the later excavation stages, the horizontal convergence
increases slightly and then tends to be stable. Finally, the deformation of the left and right arch
feet are the same. The horizontal deformation of the middle wall structure presents the oppo-
site laws. The horizontal deformation increases rapidly after the excavation of Part I, and the
excavation of the Part Il leads to the lateral expansion of the middle wall structure, resulting in
the partial recovery of the horizontal deformation. After the excavation of the Part IIl, the hori-
zontal deformation of the middle wall structure expands further, and the structural deforma-
tion gradually tends to be stable during the subsequent stages. The horizontal deformation of
the middle diaphragm structure mainly occurs in the excavation process of upper bench, and
the excavation of this part has limited influence on the horizontal deformation of the primary
support structure. The excavation of the rock mass at the lower bench is the main affecting fac-
tor for the horizontal deformation of the primary support arch foot.

4. Computational model of mechanical evolution

In the half bench CD excavation method for large cross-section tunnel, the excavation is
mainly divided into upper and lower benches, a total of five parts for excavation. The upper
bench is supported by temporary middle wall structure, and the left and right parts are exca-
vated alternately. Then the middle core rock is reserved in the lower bench, and the rock mass
at the left and right side-walls is excavated step by step. According to the field engineering
practice analysis, it can be seen that the bottom of the primary support structure after the exca-
vation of the rock mass in the lower side wall deformed greatly. Therefore, the bottom of the
steel frame is firmly connected with the foot-reinforcement bolt to ensure the structure stabil-
ity in time, and then the whole support system is formed by the core rock mass reserved in the
lower bench and the temporary middle wall support of the upper bench to make sure that the
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deformation of the tunnel could be effectively controlled. Finally, the temporary middle wall
support was removed and the core rock mass reserved at the lower bench was excavated. At
this time, the whole supporting structure system closed into a ring.

The excavation process of Part I, I and Il in tunnel is shown in Fig 9. The bearing mode
and mechanical evolution calculation model of support structure during excavation is shown
in Figs 10 and 11 respectively.

After the excavation of Part I, the primary support structure and temporary middle wall
structure are installed in time, and the bottom of the steel frames are welded firmly with foot-
reinforcement bolt; After that, with the excavation of supporting rock in Part II, the foundation
rock mass at the lower part of the steel frame disappears, which means that the steel frame
structure in Part I is no longer affected by the bearing capacity of the foundation soil in Part II;
At this time, the excavation of the surrounding rock in Part Ill makes the middle wall structure
no longer bear the surrounding rock pressure from that part.

The model structure satisfies the following assumptions: 1. The primary support structure
and temporary middle wall structure are regarded as the equal diameter arcs, both of which
are vertically connected at the top position; 2. The inherent elastic support of the foundation
rock mass to the steel frame structure is realized by the vertical elastic link set at the arch foot
of the steel frame; 3. The supporting action of foundation rock accords with Winkler hypothe-
sis; 4. After the foundation rock of the Part Il is excavated, the foot-reinforcement bolt at the
bottom totally bears the load from the upper steel frame structure.

The vertical pressure of surrounding rock is assumed to be uniform load g. When the property
of rock mass is poor, the horizontal pressure should be calculated according to the trapezoidal dis-
tribution load. e, is the horizontal lateral pressure at the vault, and e, is the horizontal lateral pres-
sure at the arch foot. fis the excavation height (Height of steel frame). f;, v; and y, are the angle,
vertical displacement and horizontal displacement of arch foot of the primary support structure
respectively; f,, v, and p, are the angle, vertical displacement and horizontal displacement of arch
foot of the temporary middle wall structure respectively; ¢ is the angle between the tangent line of
the top position of the middle wall structure and the horizontal direction; /; and , are the hori-
zontal projection length of the primary support structure and the middle wall structure respec-
tively, I, is the horizontal distance between the point formed by the intersection of the horizontal
plane and the tangent line at the top of the middle wall structure and the arch foot of the middle
wall structure; X, and X; are the supporting reaction provided by the foundation rock at the arch
foot of the primary support structure and the middle wall structure respectively.

5. Mechanical calculation of model structure

The internal force of support structure is calculated by force method. Dividing the whole support
structure into two parts from the structure vault, three pairs of redundant unknown forces X;
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< Rock mass ’»‘ <1‘ NS 2 Rock mass t\‘:‘g‘g& B Q&?g%%&ﬁi&, - Rock mass % &::“& SN
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Fig 9. The excavation process of Part I, Il and Il in tunnel.

https://doi.org/10.1371/journal.pone.0255511.9009
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(bending moment), X, (axial force) and X; (shear force) are used to represent the internal force of
the structure at that position. The support reaction of the foundation rock at the arch foot of the
primary support structure and the middle wall structure is replaced by X, and X5 respectively.
Because the whole supporting structure is asymmetry, the asymmetric elastic deformation occurs
at the left and right steel frame arch feet, so the horizontal displacement u, vertical displacement v
and angle f3 of the arch feet should be considered in the calculation. And the vertical displacement
of the steel frame structure is consistent with the settlement of the foundation rock. At this time,
the steel frame is a cantilever beam elastically fixed on the foot-reinforcement bolt and the founda-
tion rock. The basic mechanical calculation system of supporting structure is shown in Fig 12.
According to the condition that the relative rotation angle, the relative horizontal displace-
ment and the relative vertical displacement at the vault section of the steel frame are all 0, the
deformation compatibility equation for structural calculation can be obtained as shown in Eq 1:

X1511 JrX2512 + A]p + (ﬁl + ﬁz) =0
X0y + X505, + A2p + (.“1 + ﬂz)SinOhL
(vy +vy)cosa + f(B, + By)sina + (LB, — I, )coso. = 0
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Fig 11. The mechanical evolution calculation model of support structure during excavation.

https://doi.org/10.1371/journal.pone.0255511.g011
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q q

Fig 12. The basic mechanical calculation system of supporting structure. (a) Primary support, (b) Middle wall.
https://doi.org/10.1371/journal.pone.0255511.9012

Where: 611, 612, 621, 02, and 33 are the unit displacements along the above three force direc-
tions under the action of X;, X, and X; when the steel frame arch foot is fixed respectively. It can
be concluded from the structural characteristics of the model: 613 = 831 = 6,3 = 83, = 0. Aqp, Agp
and A, are the unit displacements of the vault section along the directions of above three force
X1, X5 and X; under the action of surrounding rock load when the arch foot is rigidly fixed respec-
tively, v, and vs are the vertical displacements of the foundation rock at the bottom of the primary
support structure and the middle wall structure under the structure load respectively; A; and A,
are the cross-sectional areas of primary support steel frame and middle partition steel frame
respectively; The initial support and the arch foot displacement of the steel frame of the middle
partition wall are respectively f;, vy, 41 and B, v,, 4, which can be calculated according to Eq 2:

By =X, By, + Xo[Byy + (f — I /tana)sinaf | + X, [By — (I + 1, + L)sinaf, | + X, B, + ﬁpl

By =X, B1y + Xo[Byy + (f/sinee — Licosa) B,] + X, (B, — Lisinaf,) + X585 + .sz

= Xy, + X[y, + (f — I ftana)sinoge | + X[y — (4 + 1, + L)sinog, | + X, i, + oy
[

My = Xy + Xy [ty + (f /sin o0 — 1,cos a)puy,] + Xy (g — Lsin opyy) + Xt +
v, = Xvyy + Xolvy, + (f = I /tana)sinow, | + Xy[vy, — (I, + L, + 1)sinoy, | + X,v, + Vp1
Vo = X,y + Xo[vy, + (f/sine — Licosa) vy, ] + X, (vyy — Lsinaw,,) + X;v; + Vp2

Where: 11, Bi2, ph11> H12> V11 and vy, are the rotation angle, horizontal displacement and vertical
displacement of the arch foot section of the primary support and middle wall steel frame under
the unit bending moment; 851, S22, pa1 4z, v21 and vy, are the rotation angle, horizontal displace-
ment and vertical displacement of the arch foot section of the primary support and middle wall
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steel frame under the unit horizontal force; 31, B3z, 431, 432, V31 and vs, are the rotation angle, hor-
izontal displacement and vertical displacement of the arch foot section of the primary support
and middle wall steel frame under the unit vertical force; B,1, Bpas fp1s pas Vp1 and vy, are the rota-
tion angle, horizontal displacement and vertical displacement of the arch foot section of the pri-
mary support and middle wall steel frame under the surrounding rock load. It can be calculated
according to the following Eqs 3 and 4 [16].

Ao 3
B = ﬁ
1
2 2
By = By = KLl;lSin 0
2
Uy = K;C)] sin® 0
1
20,2
vy =By = _KI;] cos 0
o .
Vor = Mg = 7K_1315m 20 (3)
vy = 1 cos? 0
KD,
20,2
ﬁpl - KDll (QalMpl + Qpl)
20 .
Ry = Kipl1 (alMpl + Qp1)sm 0
20
v, = 7K7D11 (M, + Q,)cos 0
4o.?
ﬁ12 ﬁ
2

o
[y = ——=sin® O
2
201,”
v 4 = ——cos 0
1= Py KD, c
%
Voo = Hyp = K_Dzsm 20 (4)
2a.
Vg = chos2 0
2
20,
sz = KI;Z (2“2Mp2 + QpQ)
20 .
Hpy = K—DQQ (0, My, + Qy)sin 0
20
Vi = K—DZQ (2, M,y + Q,,)cos 0
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The M,,; and Q,,; can be obtained from Eq (5):

M=l gl —e s o3~ [ Hea- e -9
Q,, = —qlicos O — {el f+/ f ) dx} sin 6 5
e, e — s

Q,, = —qlycos 0 — {61 f+/f dx}sm@

1
Mp2:_q l el f f

According to the basic mechanical calculation system of supporting structure in Fig 12,
Unit displacement of steel arch at vault 8;,, 012, 621, 022 and d33 can be calculated according

to Eqs 6-9:
1 Pm1 1 Pm2 R (P R ¢
0, = — R,dO, +— R,ds = —rml y 2Tm2 6
! ESIS 0 ! ! * ExIx»/U' : ’ ESIS * ExIx ( )
1 Pm1 1 Pm2
Oy =0y = 51 ), (R, — R,cos 0,)R,d0, + ﬁ/ (R, — Rycos 0,)R,d0,
s7s x*x JO
. . (7)
— RIZ((Pml — sin (Pml) + R22(¢m2 — Sin (pm2)
ESIS EXIX
1 Pm1 2 1 P2 2
Oyy = i (R, — R,cos0,) R, dO, + ﬁ/ (R, — R,cos 0,) R,d0,
sts JO x*x J0

(8)

. 1 ; 1
Rld (3¢m1 4Sln gDml Sln2 (Prnl) R2$ <3<pm2 451n q)mQ 51n2 gom?)
2E I * 2E I,

1 Pm1

1 Pm2 .
Oy =27 [ (Rysin0)°Rd0,+— / (R,sin 0,)R,d0),
x"x J0

R} 1 R} 1
= 2E I (pml Sln2 q)ml + 2E I (PmQ Sln2 (Pm2

According to the basic mechanical calculation system of supporting structure in Fig 12,
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displacement of vault under surrounding rock load A, A,, and A, can be calculated
according to Eqs 10-12:

A M, #m [R;sin 0,sino — (R, — R,cos 0,)cos u]z R
v~ | EI

ax, d@l
2E 1

#m [R,sin 0, cos & 4 (R, — R,cos 0, )sin o]’ - e, R

1do
2EI !

2EIf 40,

(10)

#m [Rysin 6, sin o — (R, — R,cos ,)cos o] qR, 40
2

2EI,

#n2 [R,sin 0,cos & + (R, — R,cos 0, )sin o]’ -

1R2d9
2F,I ?

; 1
g [Ry8in 0,08 o + (R, — Rycos B, )sin o] - (e, — ;) §R2

ds:f/
1
/%1 [R,sin 0,cos & + (R, — R,cos 0, )sin a]” '(32*91)§R1

2E If 48,

L do,

AZP:/

/ (R, — R,cos 0,)[R;sin 0,sin & — (R, — R, cos 0, )cos o] gR
2E ],

#m (R, — Rycos 0,)[R,sin 0,cos & + (R, — R,cos 0, )sin«]” - ¢, R
2EL

Ldo,

1
om (R, — Rycos 0,)[R,sin 0,cos & + (R, — R,cos 0, )sin o]’ - (e, — 31)§R1

2E1f

/
A
/"m2 (R, — R,c0s 0,)[R,sin 0,sin « — (R, — R,cos ,)cos o]*
-
-/

do,

(11)
q 2d02

2E I,

#m (R, — R,cos 0,) [Rysin 0,cos o + (R, — R,cos 0,)sin o] -
2E1

oms (Ry — Rycos 0,)[R,sin 0,cos & + (R, — R,cos 0,)sin o]’ - (e, — e,) =R,
2E1f

#m R sin 0, [R,sin 0,sin o — (R, — R, cos 0, )cos o]’

qu d@l
2EI

s
=)
Il
—
| R
:NLE
&
I
o\

#m R sin 0, [R,sin 0,cos & + (R, — R,cos 0, )sina]” - ¢,R,
2E

d0,

+
=

+

; 1
9ot R;sin 0, [R;sin 0, cos o« + (R, — R,cos B, )sin ]’ - (e, — ¢,) =R,
/ 3o,
0

2E1f

/M R,sin 0,[R,sin 0,sin o — (R, — R,cos 0, )cos «]*qR,
A 2E I

(12)

+

d0,

+

*#n2 R,sin 0, [R,sin 0,cos & + (R, — R,cos 0,)sin a]” -
0 2Ex1x

+

; 1
/M Rysin 6, [R,sin 6,cos o« + (R, — R,cos ,)sina]’ - (e, — ¢,) ng
do,

0 2ELf

Where: ¢y, is the angle corresponding to the arc of the primary support steel frame; ¢, is the angle cor-
responding to the arc of the middle wall steel frame; ¢ is the angle (acute angle) between the radial
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tangent line and the horizontal direction of the top of the middle wall steel frame; R, is the arc radius of
the primary support steel frame; R, is the arc radius of the middle wall steel frame; E[; is the compressive
stiffness of the primary support steel frame (N-m?); E, I, is the compressive stiffness of the middle wall
steel frame (N-m?).

By submitting B and yj from Eqs 3 and 4, and the unit displacement &; and A;;, at vault in
basic structure from Eqs 6-12 to the compatibility equation Eq (1), the axial force of each sec-
tion of the primary support steel frame and the middle wall steel frame can be obtained, as
shown in Eqs 13 and 14.

N(0,) =X, cos0, + X, sin0, + ([Rsin (&« — 0,) — (Rsina — f)]/sina) - sin 0, - q
- (R—f/sin o) -sinf, - q — e, - (Rsino— Rsin (x — 0,)) - cos (x — 0,)
[Rsina — Rsin (. — 0,)]* - (e, — ¢,)

— -cos (a—0,)

of

(13)

N(0,) = q - [R, -sin(a, + 0,) — (Rycos o, — R, - cos(ar, + 0,)) - tana, — (R, - cos(a, + 0,) — Rycosa, + f) - taner, ] - sin(a, + 0,)

— X, -sinf, — |e, - (Rycosa,

— R, - cos(a, + 0,)) +

(e, —¢) (14)

of

In order to accurately reflect the interaction between surrounding rock and support structure,

- (Rycosat; — R, - cos(a, 4 0,))*| - cos(a, 4 0,) — X,cos 0,

the surrounding rock pressure used in mechanical calculation is selected according to the mea-
sured contact pressure between surrounding rock and support structure in the field test, and
the parameters in the above structural calculation process are obtained from field test. In order
to verify the feasibility of the mechanical response model of the supporting structure, the five
key measuring points of the primary support structure and the temporary middle wall struc-
ture in the first three excavation stages are selected as the calculation and checking datum
points. The internal force values of the supporting structure calculated by the mechanical
model and the field test values are compared and analyzed, and the calculation results show
that the errors between the field measured value and the calculated value of the mechanical
model is less than 25%, and the results show that they are in good agreement, which can prove
that the mechanical calculation model in this paper has strong applicability and high reliability
in engineering.

6. Parameter analysis of support structure

From the above-mentioned field tests and analysis of structural construction mechanical
behavior, it can be concluded that the mechanical and deformation distribution characteristics
of the support structure gradually change with the progress of each construction stage, and the
excavation of supporting rock in Part IIl leads to sharp changes in the mechanical and defor-
mation distribution of the support structure. With the gradual progress of tunnel excavation,
the whole supporting structure bears the gradually changing surrounding rock load. Accord-
ing to the mechanical calculation model, after the excavation of Part I, the primary support
steel frame is firmly welded with the foot-reinforcement bolt at the bottom, and the load trans-
mitted by the upper steel frame structure is shared by the foot-reinforcement bolt and the bot-
tom foundation rock. After the excavation of Part II, the load transmitted by the upper steel
frame structure is mainly borne by the foot-reinforcement bolt. Therefore, as a part of the
joint bearing structure, the foot-reinforcement bolt bears the load of different levels from the
upper support structure. Its mechanical properties and deformation behavior under different
structural loads are of great significance to the overall safety and stability of the supporting
structure in the process of tunnel construction. Therefore, it is necessary to study the
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mechanical and deformation distribution of the foot-reinforcement bolt with different struc-
tural parameters under structure load with different levels.

According to the mechanical calculation and analysis in literature [35] and this paper, the
bending strain of each section of the anchor pipe is calculated as shown in Eqs 15-17:

_ Mje *[cos (ax) + sin (ox)] + Q, e *sin (ox)

& I y (15)
. 1 . . >
M,=X,+X, - (R—Rcosg,,)— X, -Rsing, —5 [Rsing, sino— (R—Rcosg, )cosa|q
(16)
. . 1 : .3
—5 [Rsing,, cosoa+ (R—Rcosg, )sinole — o [Rsing  coso+ (R—Rcosg,  )sino] (e, —e)

Q=g -sin(a—9,)+ X, -cosp, + (e f+e f/2) cos(x—9,)—X sing, (17)
The axial force of each section of the foot-reinforcement bolt is shown in Eq 18:
X, cos(g,,) + X,sin(p,,) + ([Rsin(z — 9,,) — (Rsin(z) — )] /sin(z)) -sin(p,,,) -4
N(x) = +(R = f/sin(a)) - sin(g,,) - 4 — e, - (Rsin() — Rsin(x — ¢,,,)) - cos(x — ¢,,,)

[Rsin(o) — Rsin(a — §0m1)]2 (e, — )

. Esh(gx) — ch(sx)} (18)
7 -cos(a— ¢, ,)

The strain of each section of the anchor pipe is actually the combined strain of tension (com-
pression) and bending, and it bears a certain axial compression load as well. The research
focuses on the distribution of bending strain and axial strain along the length of the anchor
pipe under different levels of load. Mechanical properties of foot-reinforcement bolts with dif-
ferent angles under different surrounding rock loads can be seen in the Fig 13. Axial strain dis-
tribution of each section of foot-reinforcement bolt under different loads is as shown in Fig 14.
Under different installation angles, the strain of each section increases with the increase of
the external load, which indicates that the anchor pipe can effectively respond to the external
load. At the same time, the bending strain of each section of the anchor pipe has a positive

q i 4 —@—53.67kN
2 q —@—46.63kN
0 -;
2001 q K -@39.68kN
—@—31.25kN
@ 15001 @\ —@—26.95kN
z \ 18.63kN
& —@—12.84kN
% 1000 —@—6.53kN
g —@—59.65kN
z 2\ —@—65.38kN
- AR —@—72.69%kN
Loy, = 7
“hor =", S
l~rejn}brc i
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Fig 13. Mechanical properties of foot-reinforcement bolts under different surrounding rock loads.

https://doi.org/10.1371/journal.pone.0255511.g013

PLOS ONE | https://doi.org/10.1371/journal.pone.0255511  August 6, 2021 17/21


https://doi.org/10.1371/journal.pone.0255511.g013
https://doi.org/10.1371/journal.pone.0255511

PLOS ONE Construction mechanical behavior of supporting structure for the large cross-section tunnel

69

—@— Section 1
—@— Section 2
—@— Section 3
—@— Section 4
Section 5

=
N

N
1)

=3

(31l) urens [eIXY

-23

ot
. forcement
+-reinfor
¢ of fo0

Angl
Fig 14. Axial strain distribution of each section of foot-reinforcement bolt under different loads.

https://doi.org/10.1371/journal.pone.0255511.g014

correlation with the external load, and the distribution laws of the bending strain along the
length of the anchor pipe under the loads with different grades are basically the same. Under
different levels of load and different installation angles, the maximum strains of the anchor
pipe all appear in Section 1 (near the loading point), and the minimum strain all appears in
Section 5 (far away from the loading point). In addition, the bending strain of each measuring
point decreases with the increase of the distance from the loading point, and the strain changes
slowly along the length of the anchor pipe from section 1 to section 5, and finally tends to zero,
which indicates that the end load is gradually transferred to the deep surrounding rock along
the anchor pipe. At the same time, the bending strain of section 1 and section 2 is much larger
than that of the other three sections, which indicates that the anchor pipe bears the bending
load mainly by the bending capacity of the part near the loading point.

Under the same load, the maximum bending strain of anchor pipe decreases with the increase
of the setting angle, which is mainly because the shear force at the end of anchor decreases with
the increase of the installation angle under the same surrounding rock load. This distribution
law shows that increasing the installation angle of the anchor pipe can reduce the bending load
on the anchor pipe. The transfer length of the external load varies with the installation angle of
the anchor pipe. With the increase of the angle, the section position with strain close to 0 gradu-
ally moves to the deeper position of the anchor pipe, which indicates that increasing the installa-
tion angle is conducive to transfer external load to the deeper surrounding rock.

The axial strain of each section increases with the increase of load approximately, but the
axial strain at 45 degrees first increases and then decreases. Under the same load and installa-
tion angle, the axial strain at the end of the anchor pipe is larger than that at the tail, and gradu-
ally decreases along the length of anchor pipe, and finally tends to zero at the tail, while for the
anchor pipe in 45 degrees, the axial strain of each section first increases and then decreases
along the anchor pipe, and reaches the maximum between section 3 and section 4; With the
increase of installation angle, the axial strain of each section on the anchor pipe gradually
changes from positive strain to negative strain, which indicates that with the increase of angle,
the mechanism property of anchor pipe changes from overall tension to partial tension, and
finally to overall compression; For the anchor pipe with any angle, the axial strain is small
under all levels of load, which indicates that the axial stress of the anchor pipe is small.

7. Conclusion

1. The internal force distribution of each position of the supporting structure changes gradu-
ally with the excavation of each part. During the excavation of each part, the excavation of
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Part 1, 2 and 3 has a great influence on the internal force of the supporting structure, and
the internal force value of each monitoring position in these three stages reaches 75% of the
limit internal force during the whole excavation process. The internal force of the support
structure gradually tends to be stable after a slight increase in the excavation of Part 4 and
Part 5. The internal force of the supporting structure changes most obviously during the
excavation of Part 1, Part 2 and Part 3, and the above three excavation stages are the most
unfavorable period for the supporting structure. Compared with other excavation stages,
the subsequent excavation of Part 4 and Part 5 has a certain influence on the internal force
of the supporting structure.

. The deformation of different parts of the supporting structure changes gradually with the

excavation of each part. On the whole, the vertical displacement of the supporting structure
is larger than the horizontal displacement, and the dynamic response of the temporary dia-
phragm structure during tunnel excavation is shrinkage-expansion-shrinkage-expansion.
From the overall deformation distribution, the horizontal deformation and vertical defor-
mation of the support structure mainly occur in the excavation process of Part 1, 2 and 3,
and the excavation of Part 4 and 5 has little effect on the deformation response of the struc-
ture. The horizontal deformation of the middle diaphragm structure mainly occurs in the
excavation process of upper bench, and the excavation of this part has limited influence on
the horizontal deformation of the initial support structure. The excavation of the rock mass
at the lower bench is the main affecting factor for the horizontal deformation of the primary
support arch foot.

. Under different installation angles, the strain of each section increases with the increase of

the end load. In addition, the bending strain of each measuring point decreases with the
increase of the distance from the loading point, and the bending strain of section 1 and sec-
tion 2 is much larger than that of the other three sections. Under the same load, the maxi-
mum bending strain of anchor pipe decreases with the increase of the setting angle. The
transfer length of the end load varies with the installation angle of the anchor pipe. With
the increase of the angle, the section position with strain close to 0 gradually moves to the
deeper position of the anchor pipe, which indicates that increasing the installation angle is
conducive to transfer end load to the deeper surrounding rock, and the axial strain of each
section on the anchor pipe gradually changes from positive strain to negative strain. Under
the same setting angle, the axial strain of the same section increases with the increase of
load. Under the same load and installation angle, the axial strain at the end of the anchor
pipe is larger than that at the tail, and gradually decreases along the length of anchor pipe,
and finally tends to zero at the tail except for the situation of 45°. The axial strain of the
anchor pipe is small at any angle.
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