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Abstract: Structure form, steel bar and service time were considered to be the main factors of the tunnel disease state, based on 

the disease inspection results of subway tunnels in Beijing. The conclusion indicated that the diseases of shield tunnel such as 

ovalization of tunnel cross section, lining cracks, crushing and dislocation of duct pieces and water leakage were caused by the 

deformation of segment joints. Lining crack was the main disease form in monolithic tunnel. The width and depth of cracks were 

greatly influenced by tunnel operation time and had the characteristics of discreteness and random. Steel bar used in concrete 

lining could significantly enhance safety of tunnel structures. Water leakage in subway tunnel was influenced by rainfall and 

usually could be observed at the gaps of tunnel structures, such as bolt holes and segment joint of shield tunnel or the construction 

joints, deformation joints and lining cracks of monolithic tunnel. The most lining cavities were found located at the vault and the 

cavity shape was similar to strip, square or oval with lining cracking nearby. The carbonation depth of lining concrete was 

proportional to tunnel operation time and its value and speed at ballast bed was most, sidewall less and vault least. It is hoped that 

the results can provide some reference for the disease law analysis and treatment of urban tunnel. 
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1. Introduction 

It's shown by the daily inspection results and maintenance 

work that the structural defections are all over the subway 

tunnels in service. Structural defections have important 

influence on the security of subway tunnels in service. At 

present, the research on subway tunnel structural defections 

mainly focuses on grading and classification of defections, 

the cause analysis of defections under special geological 

conditions and the research and treatment technology for a 

specific defection. 

Zhang [1] based on the survey results of Nanjing Subway, 

classified the subway tunnel defections into longitudinal 

settlement, crack, seepage and ballast bed separation. Ye [2] 

analyzed the causes of defections based on the monitoring 

data of longitudinal unequal settlement in the tunnel of 

Shanghai Subway Line 1. Lin et al. [3] analyzed the factors 

affecting the longitudinal deformation of subway tunnels 

from the aspects of construction, geology and external 

disturbance. Zhu et al. [4] analyzed the reasons for cracks of 

shield tunnel from three aspects of production, construction 

and service. Qiu et al. [5], Liu et al. [6] analyzed the 

defections such as segment cracks and dislocation of 

segments caused by unequal stress on segments due to water 

gushing. Wu et al [7] studied the field leaking behavior of 

different shield tunnels under the Huangpu River and discuss 

the factors influencing the water tightness of tunnels. Luo [8] 

studied the cracking mechanism and control method of tunnel 

lining cracks based on fracture mechanics. Based on model 

tests and numerical simulations of Beijing Subway tunnel 

reinforced with fiber cloth, Li et al. [9] studied the 

reinforcing effect. Li [10] discussed the classification 

standard and reinforcement measures of subway tunnel 

diseases constructed by mine method. From aspects of 

construction and hydrogeology, Zhong et al. [11] analyzed 

the mechanism of separation, void and slurry pouring of 

ballast bed, and proposed corresponding remedial measures 
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for void and crack of the ballast bed. Zhao et al. [12] 

conducted a special study on the mechanism of seepage, 

crack, and separation of subway ballast bed and provided an 

evaluation system. Cao et al. [13] proposed the reinforcement 

and repair technology of segment crack and damage based on 

a case study. The existing studies lack the analysis of the 

damage state and influencing factors from the aspect of data, 

the influence of lining structure form on the damage, and the 

research on concrete carbonation which affects the durability 

of the structure. 

In this paper, subway tunnels are divided into two types: 

the monolithic tunnel which is lined with cast-in-place 

concrete and the shield tunnel which is assembled with 

segments. Based on the special inspection data of typical 

lines of Beijing Subway, the main disease states of two types 

of tunnels are analyzed. The diseases of subway tunnels are 

divided into over-limit deformation of shield tunnel, lining 

damage, water leakage, and ballast bed damage. The results 

show that the damage state of subway tunnel is greatly 

affected by the structure form of tunnel, the proximity 

construction, service time, concrete reinforcement and the 

location of measurement points. The results show that the 

damage state of subway tunnel in service should be 

considered as an important factor in the selection of 

construction methods during construction period. 

2. Over-limit Deformation of the Shield 

Tunnel Cross-section 

Shield tunnel is made up of prefabricated segments and 

connected by bolts. Shield tunnel structure has a large number 

of joints, resulting in a weak ability to resist deformation. The 

deformation of the structure under external load is mainly 

manifested as the ovalization of the cross section caused by 

the mutual dislocation and extrusion of adjacent segments. 

The large ovalization of the cross section leads to the 

penetration of the tunnel contour, which affects the safety of 

subway trains. At the same time, the ovalization of cross 

section changes the stress state of the structure and induces the 

segment damage. The deformation of segment joints leads to 

the failure of the waterproof function of structure, and causes 

serious water leakage in the area with abundant groundwater. 

Ovality is used to measure the degree of ovalization of 

shield tunnel cross section. Ovality is defined as the difference 

between the long axis and the short axis of the actual cross 

section shape. Because of the flexible character of shield 

tunnel, ovalization is a common phenomenon in shield tunnel. 

Taking the inspection data of a shield tunnel cross section of 

Beijing Subway Line 15 as an example. The tunnel is located 

in the northeast of Beijing, underpasses the existing river. The 

outer diameter of the shield tunnel is 6m, and the 

reconstruction of the existing bridge is carried out on the south 

side of the adjacent area. The inspection range is the west bank 

roadbed section, the bridge section and the east bank roadbed 

section, with a total of 219 shield tunnel sections of 1015m. 

The statistical results of the ovality inspection data of the 

three-part tunnel intervals in this area are shown in Table 1. 

According to Shield Tunneling Construction and Acceptance 

Code [14], the limit of the ovality of subway shield tunnel is 

±6‰ of the outer diameter of shield tunnel, where 36mm is 

taken. The direction of the ovalization section is indicated by 

the included angle between the long axis and the vertical 

direction, as shown in Table 2. 

Table 1. Statistic of ovality of shield tunnels cross-section in Beijing Subway Line 15. 

Interval Direction Maximum value/ mm Minimum value/ mm Mean value/ mm Over-limit rate 

West bank subgrade 
right 72 5 35.65 30.00% 

left 55 10 29.36 9.09% 

Bridge 
right 86 6 33.84 39.22% 

left 45 2 24.61 12.20% 

East bank subgrade 
right 63 2 27.39 18.18% 

left 36 3 22.69 0 

Table 1. Statistic of ovality direction of shield tunnel cross-section in Beijing Subway Line 15. 

Interval Direction Maximum value Minimum value Mean value 

West bank subgrade 
right 96°39'08'' 28°49'52'' 79°57'13'' 

left 101°52'39'' 32°04'06'' 79°37'57'' 

Bridge 
right 101°12'26'' 60°16'51'' 85°30'50'' 

left 104°54'30'' 48°15'16'' 80°25'55'' 

East bank subgrade 
right 126°08'52'' 10°47'40'' 72°50'25'' 

left 107°41'15'' 13°25'48'' 79°38'13'' 

 

According to the statistical results of ovality, ovalization 

deformation appears in all examined sections, and there are 

big differences in ovality. Except for the left direction of the 

east bank roadbed section, the ovality of each section appears 

to exceed the limit. The highest over-limit rate is found in the 

right direction of the bridge section, which reaches 39.22%. 

Although there is no over-limit in the east bank roadbed 

section, the section whose the ovality exceeds ±5‰ (30mm) 

of the tunnel outer diameter accounts for 25% of the total 

inspected section. Under the influence of bridge 

reconstruction, the over-limit rate of the tunnel section of 

upper routine is greater than that of the lower one. The 

over-limit rate of the bridge section is greater than that of the 

roadbed section on both sides. 
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Affected by the bearing capacity of each segment and the 

complicated construction conditions, the direction of the 

ovalization section in inspection range varies greatly. The 

maximum difference of the angle between the long axis and 

the vertical direction is 115°21'12''. 

3. Lining Diseases of Subway Tunnels 

The types of lining diseases of subway tunnels include 

lining crack, concrete carbonization, and lining cavity. Due to 

different structure forms, the conditions of tunnel linings are 

different. 

3.1. Lining Crack 

3.1.1. Overview of Lining Crack 

Crack of lining concrete is the most common disease in 

subway tunnels. The proportion of lining crack in the total 

damage is related to the form of lining structure. In general, 

the lining crack of monolithic tunnel accounts for the vast 

majority of the total damage, while that of shield tunnel is 

contrary. 

The distribution of the types of diseases in shield tunnel 

section of Beijing Subway is shown in Figure 1 (a). The 

inspection range is 112.7km, covering 7 lines such as Line 5, 

among which only 4% of the diseases are segment crack. The 

disease distribution of the tunnel of Beijing Subway Line 1 

and Line 2 with a total length of 51.4km is shown in Figure 1 

(b). More than 98% of the diseases are lining crack. In the line 

with transit shield tunnel, the proportion of lining crack to the 

total damage decreases with the increase of the length ratio of 

transit shield tunnel. For example, the lines including transit 

shield tunnels built in Beijing after 2007 all appear this rule. 

 

(a) Shield tunnel 

 

(b) Monolithic tunnel 

Figure 1. Disease distribution in two different tunnels. 

The lining cracks direction of monolithic tunnel include 

four kinds: longitudinal, circular, synclinal, and reticular. 

Except for reticular cracks, lining cracks mostly occur in the 

form of main cracks, namely, there is only one obvious visible 

crack in a certain area, and two visible cracks have a certain 

distance. The lining cracks of shield tunnels are mainly 

manifested as dense longitudinal cracks in the middle of 

segments, cracks of concrete near joints and cracks through 

bolt holes. The cracks of monolithic tunnel lining of Beijing 

Subway Line 1 and Line 6 are shown in Figure 2. Segment 

cracks of a shield tunnel in the Beijing Subway Airport Line 

are shown in Figure 3. 

 

Figure 2. Lining crack types at monolithic tunnel. 

 

Figure 3. Crack types of shield segments. 

Research shows that the generation and expansion of 

concrete cracks are accompanied by the accumulation and 

release of energy [15]. After cracks are generated, the nearby 

concrete is unloaded. It is only when new energy accumulates 

that new cracks appear. The load-bearing, deformation and 

crack expansion of a monolithic tunnel take the section 

between the deformation joints as the unit. From the point of 

view of tunnel cross-section and longitudinal scale, two cracks 

will be a certain distance apart. Deformation and cracks of 

shield tunnel take segment as a unit, and the scale is much 

smaller than that of monolithic tunnel. So the cracks in the 
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middle of the segment are more dense. At the same time, the 

stress of shield tunnel is similar to the plane strain problem. 

Cracks of the segment are mainly caused by the load in the 

plane of the cross-section, and cracks in the middle of the 

segment is shown as longitudinal cracks. In addition, the 

uneven distribution of jack thrust on the shield segment during 

construction is also an important reason for longitudinal 

cracks. 

Segment is the carrier of shield tunnel, and the boundary 

conditions of segments are composed of joints and bolts. After 

the structure is loaded, it is firstly manifested as opening and 

squeezing or dislocation of joints, which leads to the 

dislocation of segments (Figure 4) and the ovalization 

deformation. In this case, the boundary conditions can be 

regarded as plastic hinge supports. When the displacement of 

joint is completely limited, the deformation of segment itself 

will appear, and the continuous development will lead to the 

cracks of segment. At this time, the boundary is the fixed end 

support. The existence of bolt holes and hand holes weakens 

the bearing area of segment. When the extrusion pressure 

caused by joint compaction exceeds the bearing capacity of 

concrete, it will cause the collapse of concrete near the bolt 

holes, the drop of concrete blocks between joints and cracks 

through the bolt holes. 

 

Figure 4. Dislocation of shield segments. 

3.1.2. Influence of Reinforcement on Cracks of Lining 

Beijing Subway Line 1 consists of two parts. The first part, 

built in 1965-1969, is called ‘Old Line 1’. It covers the section 

from Ping guo yuan Station to Fu xing men Station and is 

lined with reinforced concrete with a rectangular cross-section. 

The second part, built in 1992, is called ‘Fu Ba Line". It covers 

the section from Fuxing men Station to Sihuidong Station, and 

adopts plain concrete secondary lining with horseshoe 

cross-section. 

The presence of steel bars in concrete structures can 

significantly reduce the stress intensity factor at crack end and 

the displacement of crack opening, which has a great effect on 

limiting the development of cracks [16]. From the actual 

inspection results, the presence of steel bars has a great 

influence on distribution of the direction, width and depth of 

lining cracks. 

The inspection results show that the directions of cracks in 

the lining of ‘Old Line 1’ are circular. The directions of cracks 

in the lining of ‘Fu Ba Line’ are divided into circular direction 

and longitudinal direction. The number of longitudinal cracks 

in a inspection interval of ‘Fu Ba Line’ accounts for 72.49% of 

the total number of cracks. The stress of tunnel structure is a 

plane strain problem, and the bearing capacity of typical 

cross-section is considered in the design of structure. So 

longitudinal crack is the most dangerous form in the tunnel 

structure. The larger the proportion of longitudinal cracks is, 

the more disadvantageous it is to the safety of tunnel structure. 

 

Figure 5. Direction distribution of lining cracks in an interval of Fuxingmen 

to Sihui section. 

The distribution of crack width in the lining of ‘Old Line 1’ 

and ‘Fu Ba Line’ shown in Figure 6 and Figure 7, respectively 

(K represents crack width). The proportion of cracks with 

width greater than 1mm on plain concrete lining is greater than 

that on reinforced concrete lining. The proportion of cracks 

with width greater than 1.5 mm in plain concrete secondary 

lining reaches 6.25%, much higher than that in reinforced 

concrete secondary lining (1.49% and 3.37%). The crack 

width is one of the criteria to judge the stability of the structure. 

The larger the proportion of the wide cracks is, the lower the 

safety of the structure is. 

 

(a) Interval 1 

 

(b) Interval 2 

Figure 6. Width distribution of lining cracks in two intervals of Pingguoyuan 

to Fuxingmen section. 
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Figure 7. Width distribution of lining cracks in an interval of Fuxingmen to 

Sihui section. 

The distribution of crack depth is shown in Table 3. The 

existence of steel bars in lining concrete causes the width of 

cracks to be distributed in a certain interval. For example, the 

crack width in section 1 mainly concentrates in 75~150 mm, 

and that in section 2 mainly concentrates in 100~225 mm. The 

cracks of concrete are mainly affected by load. The crack 

distribution interval of plain concrete lining without 

reinforcement is more average and random. 

Table 3. Depth distribution of lining cracks in some intervals of Beijing Subway Line 1. 

Depth of lining cracks/ mm Interval 1 of ‘Old Line 1’ Interval 2 of ‘Old Line 1’ Interval of ‘Fu Ba Line’ 

<25 0 0 0 

[25, 50) 2.98% 0 6.11% 

[50, 75) 5.40% 0.31% 11.79% 

[75, 100) 17.13% 4.59% 6.11% 

[100, 125) 27.93% 15.90% 5.68% 

[125, 150) 12.66% 15.90% 12.66% 

[150, 175) 8.94% 12.54% 10.92% 

[175, 200) 8.01% 8.87% 11.35% 

[200, 225) 5.96% 18.35% 10.92% 

[225, 250) 3.35% 9.48% 6.99% 

[250, 275) 3.91% 7.34% 6.55% 

[275, 300) 3.35% 5.50% 10.92% 

>300 0.37% 1.22% 0 

 

The arch structure with horseshoe section can bear only 

compressive force and give full play to the compressive 

performance of concrete under the condition of reasonable 

arch axis. But the stratum condition is complicated, a single 

cross-section can not meet all geological conditions, coupled 

with the impact of train vibration, plain concrete lining 

structure will inevitably bear tensile force, resulting in 

structural cracks. In addition, plain concrete is brittle material, 

the deformation limit is very small, and there is no warning 

before the structural failure. Therefore, plain concrete should 

not be used in the secondary lining. 

3.1.3. Crack State of Beijing Subway Tunnel Linings 

‘Old Line 1’, ‘Fu Ba Line’ and the first phase of Line 10 of 

Beijing subway have been in service for 45 years, 16 years and 8 

years respectively. The statistical results of the width and depth of 

cracks in the lining of some interval tunnels of the 

above-mentioned lines are shown in Table 4. The statistical 

results contain inspection results of 1142 lining cracks. The 

statistical results of crack width show that the mean crack width 

of each line has little difference. The larger standard deviation 

and coefficient of variation indicate that the crack width and the 

degree of dispersion are greatly affected by the service time. Due 

to the long service time and the influence of surrounding 

environmental factors during the service period, the tunnel lining 

in the interval contains cracks at various development stages. 

According to the data, the maximum crack width and coefficient 

of variation in the three intervals of Line 1 are larger than those of 

Line 10. There are many factors affecting the crack width. The 

crack width of all tunnel linings in the statistical range doesn’t 

concentrate on a certain value, which has a strong randomness. 

The minimum crack width of each interval is about 0.5mm, 

except for the two intervals of the left direction tunnel of ‘Old 

Line 1’. The maximum crack width of each interval is located in 

the right direction tunnel on the ‘Fu Ba Line’, reaching 3.57mm. 

Table 4. Statistic of width and depth of lining cracks in some intervals of Beijing Subway. 

Interval Direction 

Width / mm Depth / mm 

Percent/ % 
Density / 

strip/m Mean value 
Maximum 

value 

Minimum 

value 
Mean value 

Maximum 

value 

Minimum 

value 

Interval 1 of ‘Old 

Line 1’ 

Right 0.77 1.77 0.50 97.49 197 32 0 0.144 

Left 0.85 1.81 0.29 176.67 367 73 0 0.158 

Interval 2 of ‘Old 

Line 1’ 

Right 0.86 2.85 0.46 186.64 331 75 2.4 0.124 

Left 0.88 2.91 0.05 176.82 374 70 0.6 0.125 

Interval of ‘Fu Ba 

Line’ 

Right 0.98 3.57 0.50 139.22 298 25 40.6 0.079 

Left 0.90 2.2 0.50 184.93 299 30 71.2 0.109 

Interval 3 of Line 10 Left 0.71 0.93 0.56 100.7 126 84 0 0.011 

Interval 4 of Line 10 Left 0.61 0.9 0.51 107.3 151 40 0 0.018 

Interval 5 of Line 10 Left 0.73 1.15 0.51 107.7 151 82 0 0.018 
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The average crack depth of each line has large difference, 

which basically shows that the longer the service time is, the 

greater the depth is. Similar to the crack width, the crack depth 

is also very discrete and random. Due to the different lining 

thickness, the maximum crack depth is located in the tunnel of 

‘Old Line 1’. Percentage in the table refers to the ratio of the 

number of cracks with a depth greater than half of the lining 

thickness to the total number of cracks. On the whole, the 

cracks of ‘Fu Ba Line" are the most serious. There are 40.6% 

and 71.2% cracks in the right and left direction lines 

respectively, whose depth exceeds half of the lining thickness. 

The deepest reaches 99% of the lining thickness. The 

inspection results also show that the maximum crack length in 

the interval of ‘Fu Ba Line’ is much larger than that in other 

intervals. The maximum crack length of the right direction 

line reaches 202.2m, and the direction is longitudinal. 

From the results of crack density, it can be seen that the crack 

density gradually decreases with the decrease of service time, 

and the crack density in the same period is in the same order of 

magnitude. Although the service time of the ‘Fu Ba Line’ is 

nearly 30 years less than that of ‘Old Line 1’, there is little 

difference in the crack state between the two lines because the 

plain concrete secondary lining is used in the ‘Fu Ba Line’. 

Because of the complex stress of tunnel structure, the 

inspected cracks include tensile cracks and shear cracks. 

Therefore, the average crack width of each line has little 

difference, while the average crack depth has great difference. 

3.2. Carbonization of Lining Concrete 

Concrete material reacts with carbon dioxide in the 

environment to produce carbonization, which reduces the 

alkalinity inside the concrete. Carbonization mainly leads to 

corrosion of reinforcement, increases the brittleness of the 

structure, and reduces the bearing capacity and safety of the 

structure [17]. 

Table 5. Statistic of carbonation depth of lining concrete in some intervals of Beijing Subway. 

Interval Built time Direction Point location Mean value/ mm Carbonation rate/ mm/a 

Interval 1 of ‘Old Line 1’ 1971 

Right 
Left wall 10.62 0.25 

Right wall 11.06 0.26 

Left 
Left wall 10.00 0.23 

Right wall 10.86 0.25 

Interval of ‘Fu Ba Line’ 1999 

Right 

North wall 8.48 0.71 

Crown 4.05 0.34 

South wall 7.76 0.65 

Left 

North wall 7.34 0.61 

Crown 4.22 0.35 

South wall 7.31 0.61 

Interval 3 of Line 10 

(open-cut) 
2008 

Right 

Left wall 2.61 0.52 

Crown 2.39 0.48 

Right wall 2.33 0.47 

Left 

Left wall 2.67 0.53 

Crown 2.17 0.43 

Right wall 2.61 0.52 

Interval 3 of Line 10 

(underground-cut) 
2008 

Right 

Left wall 2.57 0.51 

Crown 2.40 0.48 

Right wall 2.52 0.50 

Left 

Left wall 2.76 0.55 

Crown 2.40 0.48 

Right wall 2.67 0.53 

Interval of Line 9 2011 
Right Side wall 2.02 0.67 

Left Side wall 2.19 0.73 

Interval 6 of Line 6 2012 

Right 

Left wall 1.75 0.88 

Crown 1.25 0.63 

Right wall 2.00 1.00 

Left 

Left wall 1.63 0.81 

Crown 1.13 0.56 

Right wall 1.75 0.88 

Interval 7 of Line 15 2012 

Right 

Left wall 1.90 0.63 

Ballast bed 2.56 0.85 

Right wall 1.89 0.63 

Left 

Left wall 1.80 0.60 

Ballast bed 2.50 0.83 

Right wall 2.00 0.67 

 

The carbonization depth measurement results of 4719 

points in 14 intervals of 5 subway lines in Beijing were 

analyzed. The statistical results of typical inspection data of 

carbonation depth in some intervals of Beijing subway are 

shown in Figure 5. The statistical results cover the 

carbonization depth measurement values of multiple lines in 

each construction period of Beijing subway, including 

different cross-section forms and construction methods. 
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Inspection locations in most intervals include side walls and 

crowns. Except for Line 6 and Line 15, the coefficient of 

variation of statistical results of other lines is small, and the 

dispersion of statistical results is not large. 

The statistical results show that the carbonation depth of 

concrete is most affected by service time. The carbonization 

depth of lining concrete of ‘Old Line 1’ is more than 10mm on 

average. The carbonation depth of the side wall concrete of 

‘Fu Ba Line’ tunnel is 7.3-8.5mm, and the carbonation depth 

of the crown is about 4mm. The carbonization depth of new 

lines after 2008 is 1.1-2.8mm. In intervals containing the 

measuring points of the crown, except for the interval 3 of the 

Line 10, other intervals all show a trend that the average 

carbonation depth and carbonation rate of crowns are smaller 

than those of side walls. The carbonation depth and 

carbonation rate of side walls of the interval 7 of the Line 15 

are less than those of ballast bed. Preliminary analysis 

suggests that this phenomenon is due to higher concentration 

of carbon dioxide in the lower part of tunnel. The average 

depth and rate of carbonation of open-cut and 

underground-cut intervals in the interval 3 of line 10 have little 

difference, which indicates that the construction method have 

little influence on the carbonation depth. The statistical results 

of carbonization data for the right and left direction tunnels of 

the same line are not significantly different. The carbonation 

depth of the concrete of each line doesn’t exceed the thickness 

of the protective layer of the reinforced concrete lining. 

3.3. Cavities in Linings 

Due to the effect of gravity, it is difficult to guarantee the 

pouring quality of second lining crowns, which leads to the 

occurrence of cavities in tunnel lining crowns. Among the 48 

cavities inspected in the tunnel of Beijing Subway Line 6, all 

of them are located in crowns except for one of them located at 

shoulder. 

The shapes of the cavities in linings include strip, square, 

and oval. In the inspection range, the longitudinal length of 

cavities is 0.15-3.8m, the circular length is 0.3~3m, the depth 

is 0.05-0.43m, and the area is 0.125-11.68m
2
. Among them, 

the cavities with longitudinal length of 0.4-0.5m and 1.1-1.2m 

were the most, accounting for 12.5% of the total number of 

cavities. The cavities with circular length of 0.4-0.5m were the 

most, accounting for 16.7% of the total number of cavities. 

The cavities with area less than 2m
2
 account for 74.5% of the 

total number of cavities. The cavities in linings lead to stress 

concentration phenomenon and cause lining cracks. Cracks of 

lining concrete near cavities in the inspection process are 

shown in Figure 8. 

 
Figure 8. Lining cracks around the hole at arch crown. 

4. Water Leakage in Subway Tunnels 

The formation of water leakage in subway tunnels needs to 

meet the two conditions of water accumulation point and 

water flow channel in the stratum. The ‘channel’ here consists 

of stratum channel (permeable stratum) and tunnel lining 

structural channel. 

The waterproofing system of monolithic tunnel is 

composed of concrete self-waterproofing and waterproofing 

sheets laid between primary support and secondary lining [18]. 

The leakage channels of tunnel structure mainly come from 

the joints formed by the construction of waterproof sheets, 

damage of waterproof sheets caused by binding and welding 

of steel bars in secondary lining, structure construction joints, 

deformation joints, cracks of linings and waterproof 

performance of concrete. The water leakage in monolithic 

tunnels mainly appears in deformation joints, construction 

joints and cracks of linings. When there are water 

accumulation points in stratum, the leakage situation of 

monolithic tunnels are shown in Figure 9. 

 

Figure 9. Water leakage at monolithic tunnels. 

The waterproof system of shield tunnels includes the 

waterproof gaskets between segments, the synchronous 

grouting rings during construction and the waterproof 

performance of segments. Shield tunnels are composed of 

segments. There are a large number of circular joints, 

longitudinal joints, bolt holes and grouting holes. These joints 

and holes are potential water leakage channels in shield 

tunnels. The opening of segment joints and dislocation of 

segments caused by the deformation of shield tunnel will have 

a great influence on the waterproof performance of shield 

tunnels. When the dislocation exceeds a certain value, the 

waterproof gaskets are no longer overlapped, resulting in 

waterproof failure. Once there are water accumulation points 

in stratum, the leakage situation in shield tunnels will be very 

serious and difficult to deal with. The field investigation 

results show that 77% of the damage in shield tunnels is 

related to water leakage (as shown in Figure 1). The leakage 

situation of a shield tunnel in Beijing subway is shown in 

Figure 10. It can be seen that the location of leakage is mainly 

concentrated in joints and bolt holes mentioned above, and 
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water leakage is mainly distributed below the waist of tunnels. 

 

Figure 10. Water leakage at a shield tunnel of Beijing subway. 

In addition, the degree of water leakage is also related to 

local precipitation in a certain period of time. The leakage 

situation of the same location in a shield tunnel of Beijing 

subway in different seasons is shown in Figure 11. The rainy 

season in Beijing is usually from June to September. It can be 

clearly seen from the two figures that during the rainy season, 

there are more locations of water leakage and wider range of 

water leakage in the tunnel and the inner space of the tunnel is 

wetter. 

 

Figure 11. Water leakage in different seasons at a shield tunnel of Beijing 

subway. 

5. Conclusions 

Based on the on-site inspection results, this paper analyzes 

the disease status of Beijing subway tunnels in service and 

draws the following conclusions: 

(1) Deformation of segment joints is an important cause of 

diseases of shield tunnels. Deformation of segment 

joints causes the oval deformation of shield 

cross-sections, the collapse and dislocation of segments, 

and water leakage. Water leakage is mainly located in 

segment joints and bolt holes, and greatly affected by 

precipitation. 

(2) Crack of lining is the main disease of monolithic tunnel. 

The width and depth of cracks are greatly affected by the 

service time, and characterized by strong dispersion and 

randomness. Concrete reinforcement has positive effect 

on safety of tunnel. Water leakage is mainly located in 

deformation joints, construction joints and position of 

lining cracks. 

(3) Cavities of linings are usually located in crowns, and 

their shapes are nearly strip, square and oval, and 

usually accompanied by cracks in linings. The 

carbonation depth and rate of concrete are the largest in 

ballast beds, the second in side walls and the lowest in 

crowns. 
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