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An increasing number of railway tunnels are aficted with railway tunnel lining diseases. Trough on-site detection of lining
diseases in double-track railway tunnels, this paper analyzed its causative factors and developed a section steel arch frame lining
reinforcement. Trough a simulation of its mechanical performance, both the steel plate and concrete met the tensile strength
code requirements for railway tunnel design (TB 10003-2016). It efectively repaired the damage from lining diseases under
narrow-site and short maintenance “window” time conditions without afecting the normal operation of catenary and power
supply facilities. Tis reinforcement has great practical signifcance and broad application prospects.

1. Introduction

By the end of 2021, China’s railway network reached
145,000 km, which includes 17,532 railway tunnels having
a combined length of about 21,055 km [1]. As the train axle
load and transportation density increase, so do the dynamic-
load strength and fatigue efect of heavy-duty railway tun-
nels. In addition, seismic disturbances and corrosion from
water and salt increase the probability of structure diseases;
in fact, many tunnel linings have cracks, blocks, and voids. In
addition, the dynamic stress and vibrations of the heavy-
vehicle and light-vehicle lines unbalance the double-track
heavy-haul railways, resulting in a deteriorating lining,
which afects the train’s long-term operational safety [2].

Ma et al. tested the in situ stress distribution of the railway
tunnels in Southwest China based on the complete temperature
compensation technology. Ma et al. [3] analyzed the vibration
law of railway tunnel substructure under diferent axle loads
and health conditions, and Ma et al. [4] researched the design
parameters and fatigue life of tunnel bottom structure of single-
track ballasted heavy-haul railway tunnel with 40-ton axle load
[5]. Han et al. [6] developed a treatment technology for

optimizing the stress state of railway tunnel bottom structure.
Chai [7, 8] analyzed the dynamic response characteristics for
basement structure of heavy-haul railway tunnel with defects
and researched themultijoint rock failuremechanism based on
moment tensor theory.

Zhao [9] divided the crack reinforcement of a railway
tunnel lining into crack treatment and structural re-
inforcement. Cracks with a small width and no penetration are
generally flled with epoxy resin or mortar. Grout, shotcrete, or
reinforced concrete behind the lining is used on wide, pene-
trating cracks. For a lining structure without a load-bearing
capacity, it is removed and a new lining is reconstructed. Cheng
et al. [10] divided tunnel cracks into four grades according to
width and length: AA, A1, B, and C, from heavy to light. Tey
proposed that grade AA be reinforced by W-shaped steel-
belted mesh shotcrete; grade A1 by cross-seam anchor-bolt
grouting; and the lighter-grade B and C cracks by appropriate
shotcrete. Because the code has strict provisions regarding the
efective clearance area of a high-speed railway tunnel, re-
inforcement measures should not be adopted when repairing
cracks. Terefore, Cheng [11] put forward treatment measures
for diferent levels of cracks.
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In view of the defciency in lining thickness and strength,
Niu et al. [12] proposed structural reinforcement in the form
of anchor spraying or sticking fber cloth with a steel plate
inside. In addition, Yu [13] summarized and pointed out that
backfll grouting measures are generally adopted for small
cavities behind the railway tunnel lining, while arch sleeve
reinforcement is generally adopted for large cavities. Ma
et al. [14] proposed that a corrugated steel plate has certain
advantages, such as good ductility, for strengthening railway
tunnels and can be applied to sections that have large de-
formations. In general, for some minor diseases such as
cracks and cavities, grouting backfll reinforcement is gen-
erally carried out. For diseases of great structural impact,
secondary reinforcement by means of an arch covering or
pasted steel plates for backflling is required. Wu et al. [15]
and Cheng et al. [16] developed the hybrid complex variable
element-free Galerkin method for 3D elasticity problems. Li
and Wu [17] studied the basic formula of elastoplastic
damage constitutive model of concrete.

Finding an efective means of repairing the lining of
narrow, double-track heavy-haul railway tunnels that have
limited maintenance “window” time, without afecting the
normal operation of catenary and power supply facilities, is
an urgent problem. Terefore, conducting research into
current lining methods is of great practical signifcance and
could have broad application.

To address these lining diseases, this paper is divided as
follows. Section 1 introduces previous research results.
Section 2 introduces the general situation of tunnel and
lining diseases. Section 3 ofers a preliminary analysis of the
causes of tunnel lining diseases through data collection, feld
investigation, and detection. Section 4 introduces the design
principles and maintenance methods of a reinforced steel
arch frame lining. Section 5 analyzes the steel arch frame
reinforcement using a numerical simulation. Section 6 draws
conclusion and ofers suggestions for further research.

2. Project Overview

Daheishan Tunnel, completed in 1984 under the manage-
ment of the Chawu Railway Engineering Section of a heavy
haul railway in northern China, is located between Yanqing
North Station and Xiazhuang Station northeast of the
Changping District of the Daqin Railway. It is a double-
track tunnel.

Te center mileage is K 299+700, with a total length of
2715m. Te lining of the tunnel is mainly a curved wall
structure, and the line is downhill 10.1–10.8‰ in the direction
of tunnel exit. Te tunnel passes through the main peak of
Daheishan mountain in the Yanshan Mountains, and all the
tunnels pass through the Yanshanian granite layer. It is a gray-
yellow, fesh-red medium grain structure on complex terrain
and developed gullies. Te maximum buried depth of the
tunnel is 303m. Te lining was constructed according to the
special tunnel 0025 drawing. It is a double-track electrifed
tunnel with curved wall concrete masonry.

Te transportation load of this line is heavy, and the
Daheishan Tunnel has been in operation for nearly 40 years.
Over that time, its structural concrete has deteriorated

severely. In March 2021, according to data provided by the
tunnel management and maintenance unit and through
geological radar detection and three-dimensional laser
scanning, it was found that the lining of the tunnel
1605–1625m away from the tunnel entrance had cavities,
falling blocks, wrong platforms, and other diseases seriously
afecting driving safety, as shown in Figure 1. Te size of the
cavity opening is 0.1× 0.8× 0.3m; the thickness of lining
concrete is about 30 cm; the deterioration is serious; and no
reinforcement was found. Te depth of the cavity was about
1m and extended for 10m in the direction of tunnel en-
trance. According to the Evaluation Standard for De-
terioration of Railway Bridge and Tunnel Buildings Part 2:
Tunnel (Q/CR 405.2-2019) of China, the disease grade was
evaluated as AA, which meant treatment had to be taken
immediately because of the risk to trafc safety (see Figures 2
and 3).

3. Cause Analysis of Lining Disease

By means of data collection, feld investigation, and de-
tection, the preliminary analysis showed that the causes of
lining disease are as follows:

(1) Design Factors. Tunnel construction began in the
1980s, and there was a large gap between the design
standard and the engineering technology of the time,
which was generally low.

(2) Construction Factors. To reduce the amount of
shotcrete after tunnel overbreak, during shotcrete
construction, surrounding loose rock was not cleared
in place, resulting in a cavity not being fully back-
flled behind the initial support; as a result, the
performance of the concrete lining was poor. Te
construction quality was also poor and insufciently
thick. With the progress of geological changes, the
rock blocks above the cavity suddenly failed to
support the concentrated load, causing the lining to
break, resulting in falling blocks, a cavity, and other
problems.

(3) Deterioration Factors. Te tunnel is nearly 40 years
old, and as its lining concrete continues to de-
teriorate, its bearing, bending, and shear capacity
declines. Under continuous rock pressure, the de-
teriorating thin lining shell cracks, leading to falling
blocks and cavities.

(4) Fault Factor. Te diseased lining section crosses the
reverse fault, and fault activity leads to stress changes
around the tunnel.

(5) Infuencing Factors of Train Load. Te vibration of
heavy-haul trains is considerable and causes the
lining concrete to crack easily.

4. Design Principles and Maintenance Method

4.1. Design Principles. Due to limited operating space, poor
working environment, and safety of the operating line
tunnel, disease treatment is a very complex project.

2 Advances in Civil Engineering



Terefore, the following principles concerning tunnel re-
inforcement construction organization design had to be
followed:

(1) Given the current state of tunnel diseases, the re-
inforcement design was carried out to ensure safe
operation of the line.

(2) Factors such as the construction environment and
amount of daylight were considered to minimize the
infuence on normal operation of the line as far as
possible.

(3) Te state of the surrounding rock and tunnel
structure had to be under constant observation, and
increased monitoring andmeasurement were done if
necessary.

(4) Because of the complexity, particularity, and un-
certainty of tunnel engineering construction, close
communication and cooperation among the con-
struction, design, equipment management, and

other units were required, and construction was
adjusted as necessary to match the actual conditions.

(5) Te construction scheme was controlled according
to the comprehensive minimum construction
clearance size of Daheishan Tunnel.

(6) Te insulation distance between temporary and
permanent measures and the electrifed body had to
meet the requirements set out in the Code for Design
of Railway Electric Traction Power Supply
(TB10009-2016).

(7) During construction, the cables in the diseased
section had to be efectively protected.

4.2. Remediation Plan

4.2.1. Technical Introduction. To prevent further cracking
and deformation of the tunnel lining or serious water
leakage, arch reinforcement was performed: an arch

Figure 1: Real map of lining diseases of Daheishan Tunnel on Datong to Qinhuangdao Railway.

Figure 2: Tree-dimensional laser scan of lining diseases in Daheishan Tunnel on Datong to Qinhuangdao Railway.

Figure 3: Geological radar detection of lining disease of Daheishan Tunnel on Datong to Qinhuangdao Railway.
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structure was added along the surface of the original lining to
form a common bearing body with the original lining. It is
the most efective method for solving serious lining leakage
because it gives good reinforcement, and construction
quality is easy to control.

Te main content of the treatment plan is to add cir-
cumferential H-shaped steel on the lining surface, weld
steel plates between the H-shaped steel on the side away
from the lining, and fll concrete between the steel plate and
the lining.

Te specifc measures were as follows. An H175 steel
arch frame was erected on the inner side of the lining
according to the clearance requirements, and spacing of the
steel arch frame was 1.0m. Te two steel arches were lon-
gitudinally connected with 20mm in diameter deformed
steel bars. Te circumferential spacing was 1m. Deformed
steel bars were connected longitudinally with a circumfer-
ential spacing of 1m; short anchor bolts were constructed
between the steel arches; circumferential reinforcing mesh
was erected; cavity grouting behind the lining was carried
out; 6mm thick steel plates were welded, and C35 concrete
was poured inside, as shown in Figures 4 and 5.

4.2.2. Specifc Steps

(1) During construction, the loose concrete lining was
chiseled out; the concave groove was excavated at
the erection position on the top surface of the
tunnel trench; and the footing was used to support
the grouting anchor pipe. Te erection steel plate
was welded at the end of the anchor pipe. After
erecting the H175 steel arch, drill and install the
anchor bolt and weld the end of the anchor bolt to
the steel arch. Ten, the micro-expansion concrete
was flled manually behind the fange of the H-steel
arch to ensure that the steel arch was close to the
original lining.

(2) Te H-shaped steel arch frame was processed
outside the tunnel in fve sections and assembled in
the tunnel. Te steel at both ends was connected
with a 1 cm thick steel plate and high-strength bolts
at the section connection and was frmly welded.
Te section length of the H-shaped steel arch frame
was appropriately adjusted according to diferent
mileage and sections.

(3) Before grade II welding, rust spots at the welding
position had to be cleared, and there had to be no
pores, undercuts, cracks, or other phenomena
during welding. All welds were fully welded.

(4) In addition to chiseling the loose and cracked
concrete in the reinforced section of the steel arch
frame, it also had to be chiseled in combination with
the tunnel clearance to embed the frame.

(5) Drill holes at the foot of the wall using a down-the-
hole drill, lock the steel arch frame in the depth of

the surrounding rock using anchor pipes and an-
chor rods, transfer as much load as possible to the
deep part of the surrounding rock, and clean the
connection between the steel arch frame, steel plate,
and anchor pipe.

(6) After the steel arch frame was erected, M20 cement
mortar was used to fll the chisel groove and the gap
between the profle steel fange and the concrete
lining surface to bring the frame close to the original
concrete lining and give full play to its bearing
capacity.

(7) Inspect the welds between the sections of the
original steel arch and repair and strengthen those
that failed to meet the requirements.

(8) Short anchor bolt with 20mm in diameter threaded
reinforcement with a circumferential spacing of
0.5m was welded with steel plate and anchored in
the lining using a coil anchoring agent.

(9) Erect three steel arches between two adjacent steel
arches (20mm in diameter) to form a circumfer-
ential reinforcement mesh.

(10) Grout the cavity behind the lining by a small
conduit (42mm in diameter) that injected micro-
expansion material with a grouting pressure of
0.3MPa.

(11) Remove the loose concrete between the arch frame
and the lining, roughen and clean the tunnel lining
surface, and then brush with a concrete
interface agent.

(12) Erect the steel plate from bottom to top from the top
surface of the tunnel trench. Weld the steel plat on
the inner side of the outer edge of the section steel
and at the end of the short anchor bolt. Weld the
plate with a ring spacing of 0.5m in diameter. Weld
the steel plate with a fange of the steel arch frame
with a length of 100 cm and a circumferential width
of 500 cm. Bend the steel plate according to the
radian of the steel arch frame on site. After each
steel plate was installed, vibrate C35 concrete flled
in the space between the steel plate and the original
lining to ensure flling.

(13) Remove rust, polish, and spray red lead primer on
exposed steel members and then brush dark gray
antirust paint twice.

4.3. Mechanical Analysis Method of Steel Arch Structure.
Taking the stress condition of the circular arch as an ex-
ample, the internal force was calculated and solved (see
Figures 6 and 7). As shown in Figure 8, the arch as divided
into n segments, where Ci represents the Ith segment from
bottom to top; the stifness is Ei; the node length is expressed
as Li; and the arch crown had no nodes. Te semistructural
analysis is shown in Figure 9.
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4.4. Establishing Equilibrium Equation. Te half structure of
the steel arch structure is a statically indeterminate structure,
and the internal force of the statically indeterminate
structure was solved according to the force method. Te
equation established by the external force balance condition
of the structure is as follows:

FAx � FCx � q2R,

MA � MC.
 (1)

4.4.1. Establishing Force Method Equation. Take Mc as the
redundant unknown force and M1 as the basic unknown

force, and the force method equation is shown in the fol-
lowing formula:

δ11M1 + ∆1P � 0. (2)

4.4.2. Solving ∆1P. According to the generalized diagram
multiplication method, only internal forces caused by bending
moments are considered, so the following is obtained:

∇1P � 
MM

EI
ds. (3)

According to the calculus formula, the accumulated
displacement of each segment is added to obtain

Minimum construction
clearance

Φ32 Bolt

Φ25 chemical planting reinforcement

Φ32 Feet-lock Bolt L=3 m

The depth into the stable bedrock
shall not be less than 1.5 m

Implantation depth not less than 20 cm

Actual inner contour of tunnel

Heavy vehicle lineLight vehicle line

Chiseled part
of wall corner

25

11
3

46

17

Figure 5: Overall cross section layout.
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of V ≤ 160 km/h Mixed Passenger and freight railway

Profile of inner surface of section steel arch
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limitation bounds

Messenger cable
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clearance

Figure 4: Gauge comparison.
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∆1P � 
MM

EI
ds � 

θ1/2

0

MM

EI1′
Rdφ + 

α2−θ1/2

θ1/2

MM

EI
Rdφ + · · · + 

α2+θ1/2

α2−θ1/2

MM

EI1′
Rdφ

+ 
αi+1−θi+1/2

αi+θi/2

MM

EI
Rdφ + · · · + 

π

αn+θ/2

MM

EI
Rdφ,

(4)

of which the radian of steel arch section Li � Ri • θi is

θ1 � θ2 � · · · � θn � θ. (5)

Te equivalent bending stifness of the segment is

EI1′ � EI2′ � · · · � EIi
′ � · · · � EIn

′. (6)

6 mm steel plate
95 cm×60 cm

Φ20 mm circumferential main reinforcement
@ 25 cm

Φ20 mm longitudinal reinforcement
@ 50 cm

H175 section steel

Φ25 chemical planting reinforcement
Implantation depth not less than 20 cm

Secondary lining of existing tunnel

Figure 6: Structural cross section design drawing.

Φ20 mm longitudinal reinforcement

Φ20 mm circumferential main reinforcement

50
50

50

100

25 25 25 25

Figure 7: Reinforcement layout drawing.
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So, equation (3) can be simplifed as

∆1P � 
m

1

αi+θi/2

αi−θi/2

MM

EIi
′

Rdφ + 
αi+1−θ/2

αi+θ/2

MM

EI
Rdφ, (7)

of which α1 � θ1/2, αn+1 − θn+1 � π/2.

4.4.3. Solving δ11

δ11 � 
MM

EI
ds. (8)

Accumulating the integral by segment number gives

δ11 � 
MM

EI
ds � 

m

1

αi+θi/2

αi−θi/2

MM

EIi
′

Rdφ

+ 
αi+1−θi−1/2

αi+θi/2

MM

EI
Rdφ,

(9)

in which α1 � θ1/2, αn+1 − θn+1 � π/2.
In general, for the convenience of design and con-

struction, a unifed arc length segment was adopted so that
θ1 � θ2 � · · · � θn � θ.

Te equivalent bending stifness of the segment is
EI1′ � EI2′ � · · · � EIi

′ � · · · � EIn
′.

4.4.4. Solving Support Reaction. Substitute equation (9) into
equation (3) to obtain the unknown force MC and bring it
into the balance equation (10) to obtain the reaction force
MC of other supports.

[K] δ{ } � P{ }, (10)

where [K] is the overall stifness matrix of lining structure;
δ{ } is the node displacement matrix of lining structure,
δ{ } � [δ1 δ2δm]T; and P{ } is the lining node loadmatrix P{ } �

[P1 P2 Pm]T. In the structural calculation, the structure was
generally divided into many micro-elements, and the local
element stifness [K]e, element displacement δ{ }

e, and ele-
ment load matrixes P{ }e were established. Finally, the ele-
ment stifness, displacement, and load matrixes were
assembled into the overall stifness, displacement, and
overall load matrixes, respectively.

4.4.5. Internal Force Solution. After the bearing reaction was
obtained, the axial force and bendingmoment of the internal
force of each element was solved as

FNφ � FCX cosφ + q1R sin2 φ − q2R cosφ(1 − cosφ),

Mφ � MC + FCXR(1 − cosφ) −
1
2
q1R

2 sin2 φ −
1
2
q2R

2
(1 − cosφ)

2
.

(11)

q1

q2

Li

Lt

FAXA

MA

EI

Lk

q1

θ

θ

θ/2

O

Lj

(EI)

C

A

MC

FCX

α iα j

α k
θ

Figure 8: Stress analysis diagram.
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4.5. Boundary Conditions. Te left and right sides, bottom,
front, and rear are fxed constraints.

4.6.ModelDimensions. Te dimensions were 16m along the
longitudinal direction of the tunnel, 4 times the tunnel
diameter on both sides, 2 times the tunnel diameter at the
bottom, and the value at the top taken according to the actual
buried depth. Te model is shown in Figures 8–11.

4.6.1. Material Parameters. Te surrounding rock param-
eters were selected according to the intermediate value of
class IV in the Code for Design of Railway Tunnel of China
(TB 10003-2016) (see Tables 1 and 2).

Te existing structural C30 concrete was selected after
being weakened by 50%. Te parameters of a newly poured
C30 concrete structure were selected according to the
equivalent elastic modulus of internal reinforcement.

ANSYS
R15.0

X

Y

Z

Figure 10: Numerical model.

Figure 11: Steel frame and steel plate assembly.
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Te steel frame parameters were selected according to the
code for railway tunnel design (TB 10003-2016).

4.6.2. Analysis Results

① H175 Steel Frame (Spacing: 1.0m)
Te maximum tensile stress of the steel frame was
28.9MPa, which occurred at the top of the side wall,
meeting the specifcation requirements (Figure 12).
Te maximum tensile stress of the steel plate was
3.09MPa, which occurred at the bottom of the side wall,
meeting the specifcation requirements (Figure 13).
Te maximum tensile stress of the newly poured
concrete structure was 2.03MPa, which occurred at the
top of the side wall. It met specifcation requirements
but was close to the tensile limit of the concrete.

② H125 Steel Frame (Spacing: 1.0m)
Te maximum tensile stress of the steel frame was
30.9MPa, which occurred at the top of the side wall,
meeting the specifcation requirements (Figure 14).
Te maximum tensile stress of the steel plate was
3.42MPa, which appeared at the bottom of the side
wall, meeting the specifcation requirements
(Figure 15).

4.7. Application Efect. In 2021, after the Daheishan Tunnel
was reinforced with the lining steel arch frame structure
(Figures 16 and 17), the crack and cavity of the tunnel lining
were efectively repaired; the service capacity of the lining
structure was efectively improved; the speed limit of the
train in the diseased section was lifted; and the train returned
to normal operation (see Figures 18 and 19).

Figure 12: Steel frame model.

Figure 13: Steel frame steel plate concrete composite model.
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Figure 14: Stress diagram of steel frame with H175 steel.
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Figure 15: Stress diagram of steel plate with H175 steel frame.
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Figure 16: Stress diagram of steel frame with H125 steel frame.
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Figure 17: Stress diagram of steel plate with H125 steel frame.
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5. Conclusions and Further Observations

5.1. Conclusions

(1) Te lining disease of narrow double-track heavy-
haul railway tunnel can be repaired with limited
maintenance “window” time without afecting the
normal operation of the catenary and power supply
facilities. Tis technology has great practical signif-
icance and broad application prospect.

(2) When H175 and H125 steel frames with an ar-
rangement spacing of 1m were used, the steel frame,
steel plate, and concrete met the material tensile
strength requirements set out in the Code for Design
of Railway Tunnel of China (TB 10003-2016), in-
dicating that the lining steel arch frame re-
inforcement structure of “circumferential H-section
steel +welded steel plate between arches + flled
concrete between slab walls” for a double-track
railway tunnel is feasible as a whole.

5.2. Further Observations. Trough theoretical analysis and
numerical simulation, the compressive strength of the
reinforced structure of a lined steel arch frame in a double-
track railway tunnel was analyzed, and the applicability and
efectiveness of the reinforcement scheme were verifed by
feld work. Although some conclusions were drawn, this
paper had limitations due to time and conditions.

(1) Tis paper only analyzed the tensile capacity of each
component of the reinforced structure and did not
compare and analyze the stress state of the lining
before and after reinforcement. In the next step,
changes to the stress state of lining before and after
reinforcement will be studied in depth.

(2) In the feld verifcation, long-term health monitoring
of the reinforced structure was not carried out. In
subsequent research, sensors will be installed in the
reinforced structure for real-time health monitoring.

6. Conclusion

(1) Te technology is simple and can efectively repair
the defects of railway tunnel bottom structure under
the conditions of narrow site, short time of main-
tenance skylight, strict requirements of track size
variation, and no interference with normal operation
of train, which has great signifcance and broad
application prospect.

(2) Te drainage system of the existing railway tunnel
bottom can be applied to the bottom structure
renovation of railway tunnel. Te high-strength
transverse diversion structure at the bottom of the
tunnel has the advantages of strong bearing capacity,
high drainage capacity, and corrosion resistance,
which can provide reference for the subsequent
implementation of the reconstruction project of the
bottom structure of railway tunnel.
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