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Abstract: Shield tunnel segments are prone to damage in practical use and require reinforcement. In order 

to test the reinforcement effect of internal adhesive steel plates on the segments, bending static tests were 

conducted on the standard block segments of shield tunnels. The effects of different burial depths (divided 

into mid buried segments and ultradeep buried segments) and different initial damage levels (initial loading 

values of 78% of the failure load of mid buried segments and 90% of the failure load of ultradeep buried 

segments) on reinforced shield tunnel segments strengthened by steel plates were studied. The changes in 

the main strain and displacement field of the reinforced shield tunnel standard block segments were meas-

ured using the digital image correlation (DIC) method, and the failure characteristics (including strain and 

crack development laws) of the reinforced shield tunnel were studied. The test results show that there is no 

significant change in the principal strain of the mid buried pipe segment in the early and middle stages of 

the bending static test after using internal adhesive steel plates for reinforcement. However, after using steel 

plates of the same size for reinforcement of the ultradeep buried pipe segment, many cracks and stress in-

creases are evident in the early and middle stages of loading. In the later stage of loading, the strain of both 

types of reinforced segments at the end of the steel plate will suddenly increase, and the cracks will extend 

diagonally toward the midspan direction. When the final damage occurs, the steel plate falls off, and the end 

of the steel plate used to reinforce the pipe segment becomes a weak point. When the bending moment 

changes from 500 kN to final failure, the displacement field of the buried pipe segment under 

initial loading to 78% of the failure load changes significantly, with the maximum value being 

1.4 times the change in the ultradeep buried pipe segment under initial loading to 90% of the 

failure load. An internal adhesive steel plate can effectively improve the stiffness of the pipe 

segment and significantly reduce the displacement in both the X and Y directions of the pipe 

segment. 
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1  Introduction 

At present, shield tunneling is commonly used in the construction of subway 

tunnels in China. The shield tunneling method has the characteristics of high mech-

anization, guaranteed construction safety, and minimal impact on the surrounding 

area [1]. Prefabricated reinforced concrete segment structures are generally adopted 

for shield tunnel support [2]. However, due to initial design defects and engineering 

activities during service, many subway shield segments experience problems such as 

structural cracking and aging with increasing operating time [3]. Due to the large 

burial depth of the structure, it is difficult to replace the original structure. Scholars 

have proposed many reinforcement methods [4-6], and currently, secondary lining 

reinforcement methods are mostly used. The construction techniques of the pasting 
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steel plate reinforcement method [7] and the pasting carbon fiber cloth reinforcement 

method [8] are relatively simple and are widely used in engineering. Although the 

material selected for fiber cloth reinforcement is convenient, it has poor impermea-

bility and insufficient stiffness to resist structural deformation. The addition of steel 

plates can improve structural stiffness, effectively control structural deformation, 

and result in good fire resistance and impermeability; thus, this approach has been 

widely used in engineering. 

Kiriyama et al. [9] proposed the use of thin steel plates to reinforce tunnel seg-

ments to enhance their performance and demonstrated the feasibility of this method 

in practical engineering for the first time. Liu et al. [10] studied the ultimate bearing 

capacity of shield tunnels strengthened with full-scale internal tensioning steel rings 

and found that the stiffness and strength of the reinforced segments were signifi-

cantly improved. Zhai et al. [11] established a model of steel plate reinforcement for 

shield tunnel segment circumferential seams, simulated the steel plate reinforcement 

of segment circumferential seams, and revealed the force transfer mechanism be-

tween the reinforcement steel plate and the segment. Liu et al., [12] established a 

three-dimensional solid finite element model on the basis of structural tests of shield 

tunnels strengthened with inner tensioned steel rings in an integral way [13,14]. By 

comparing the simulation and test data, they verified the consistency between the 

mechanical characteristics and the failure characteristics model of the tunnel lining 

strengthened with steel bonding and the actual test. 

As a new non-contact and non-destructive optical measurement method, DIC 

has been widely used in recent years [15]. Unlike previous measurement methods, 

3D-DIC technology can obtain full-range displacement and full-field strain results 

under loading with high resolution, reduced calibration time, and improved meas-

urement results without causing errors. 

This article adopts a full-scale standard block shield tunnel segment bonding 

steel plate reinforcement test, introduces digital image-related technology to achieve 

large-scale deformation measurements, analyzes the changes in the bending perfor-

mance and failure characteristics of the segment, aims to explore the reinforcement 

effect of different steel plate specifications and reinforcement timing, quantitatively 

evaluates the effect of bonding steel plate reinforcement, and provides experimental 

support for subsequent theoretical research. 

2  Digital Image Correlation (DIC) 

The DIC method calculates sample deformation and displacement changes 

through speckle patterns on the surface of a specimen [16], which has the advantages 

of easy on-site operation, a wide measurement range, and the ability to obtain defor-

mation in any direction. The measurement results are not affected by the shape or 

size of the measured object [17]. 

The basic principle is to compare geometric points on randomly distributed 

speckle images on the surface of the component and calculate the deformation of the 

component surface based on the motion changes of the points [18]. The specific ap-

proach is to first select a sample subarea in the image before deformation and select 

target points P and Q in this sample subarea, as shown in Figure 1. After the compo-

nent undergoes deformation and displacement, the target subarea in the deformed 

image is searched for by calculating the peak value through the correlation function, 

and the corresponding displacement components u and v of the target points P’ and 
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Q’ are calculated. The above calculation process is repeated to obtain the full-field 

displacement of the calculated area. 

 

Figure 1  Schematic diagram of subregions before and after deformation 

The DIC test equipment included a loading system, light source, CCD camera, 

computing system, etc. The test process ensured the stability of the light source, 

sprayed matte paint on the surface of the test piece to artificially create speckle, ad-

justed the exposure and set the shooting frequency of the CCD camera after camera 

calibration, and then captured the distribution of speckle on the surface of the com-

ponent and transferred it to the computer for image digitization, storing the grayscale 

information in the form of a matrix in the computer. 

3  Experimental Design 

3.1  Design of Segment Specimens 

The segment used in the Xuzhou Metro Project is adopted, with a concrete 

strength of C50, longitudinal reinforcement of HRB400, and stirrup of HPB300 grade 

steel. The reinforcement spacing is shown in Table 1. The reinforcement steel plate is 

a Q235B steel plate with a thickness of 10 mm. The thickness of the pipe segment is 

350 mm, and the width is 1200 mm. Due to objective limitations such as experimental 

equipment, it is not possible to reinforce the segments under load. Instead, the 

method of loading and unloading can only be used to cause initial damage to the 

segments, and then the inner arc surface is pasted with steel plates. S1 and S2 were 

selected as reference specimens to determine the final bending load of the pipe seg-

ment. The principle for selecting the preload value is to use the maximum width of 

the surface crack of the pipe segment to reach 2 mm. The force control method is 

adopted, and the first vertical loading loads of pipe segments S3 and S4 are deter-

mined by referring to the maximum load values of the bending performance tests of 

S1 and S2. The conversion equation between the vertical load and mid-span bending 

moment is obtained through the balance equation. The initial loading bending mo-

ments of segments S3 and S4 are 392 kN·m and 497 kN·m, respectively, reaching 78% 

and 90% of the final loading values, as shown in Table 2. 

Table 1  Grouping of specimen design 

Test piece 

number 
Segment type 

Outer curved sur-

face longitudinal 

reinforcement 

Inner curved 

longitudinal re-

inforcement 

Stirrup 

S1、S3 10<h≤16 10C 18 8 C 20 14 A 10 

S2、S4 h>22 2 C 20+8 C 22 8 C 25 14 A 10 
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Table 2  Segment design parameters 

Test piece 

number 

Upper soil cover 

thickness 

(m) 

Reinforced or 

unreinforced 

Final loading 

value 

(kN·m) 

Preload 

value 

(kN·m) 

Proportion of pre-

load values 

S1 
Middle embedded 

depth 
unreinforced 500 / / 

S2 
Ultradeep embedded 

depth 
unreinforced 553 / / 

S3 
Middle embedded 

depth 
reinforced / 392 78% 

S4 
Ultradeep embedded 

depth 
reinforced / 497 90% 

Each segment is equipped with four curved steel plates, with a size of 1,900 mm 

× 180 mm, with 5 holes evenly distributed on each steel plate, with a diameter of 10 

mm. The size of the steel plate is shown in Figure 2, and the actual reinforcement of 

the plate is shown in Figure 3. 

 

Figure 2  Schematic diagram of the steel plate size (Unit: mm) 

 

Figure 3  Steel plate reinforcement diagram 
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3.2  Loading Device and Steps 

The loading device consists of a reaction frame, a distribution beam, a hydraulic 

oil pump, a jack, a pressure sensor, and a sensor display device. In the bending per-

formance test, the support at both ends of the pipe segment adopts a form like that 

of a simply supported beam: one end is horizontally constrained, and the other end 

can move horizontally. The self-designed all steel support is used as the base to sup-

port the specimen, consisting of three parts: the support part, the connection part, 

and the fixed part. A schematic diagram is shown in Figure 4, where 1 is a hollow 

support box structure welded with steel plates (20 mm thick), 2 is a hollow trapezoi-

dal connection block composed of steel plates (20 mm thick), and 3 is a connecting 

anchor rod. According to CJJ/T 164—2011 "Technical Standards for Quality Inspec-

tion of Shield Tunnel Segments", the loading method adopts the two-point compres-

sion method, and the stress diagram and simplified diagram are shown in Figure 5. 

Considering the limitations of the experimental loading device, the loading method 

adopts the load control method. When the load is less than 900 kN, the increment of 

each level is 50 kN. When the load is greater than 900 kN, the increment is 25 kN, 

and the duration of each load level is 2-3 minutes. The loading pressure of the jack 

was manually controlled through the oil pump, and the specific load was read 

through the pressure indicator. 

 

Figure 4  Schematic diagram of the segment and support (Unit: mm) 

 

Figure 5  Segment force diagram (Unit: mm) 

4  Analysis of Test Results 

4.1  Changes in the Main Strain of the Pipe Segments 

The entire testing process is monitored using 3D-DIC technology to obtain the 

propagation path of cracks in real time. In the later stage, the main strain of the sam-

ple surface is calculated using the GOM software analysis system, with a focus on 

analyzing images with typical changes. The side of the segment is taken as an exam-

ple to analyze and discuss the results. 

The failure process of the buried pipe segment S3, which was initially loaded to 

78% of the failure load and then reinforced, is as follows. 
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When the bending moment M is small, there is no significant change in the prin-

cipal strain diagram on the S3 side. As the bending moment increases, several evenly 

distributed vertical cracks appear in S3. When M=440 kN·m, as shown in Figure 6 a), 

the main strain at the end of the steel plate increases sharply, and cracks rapidly de-

velop upward. The main strain suddenly changes locally at the end of the steel plate. 

When M increases from 500 kN·m to final failure, as shown in Figure 6 b), the devel-

opment of cracks can be clearly observed. The component is damaged from the end 

of the steel plate, and the concrete cracks and falls off. 

  
a) M = 440 kN·m 

  
b) M = 500 kN·m (Failed) 

Figure 6  Principal strain diagram of S3 under different loads 

The failure process of the ultradeep buried segment S4 after initial loading to 90% 

of the failure load and reinforcement is as follows: 

(1) When M=265 kN·m, several linear cracks are distributed in the middle of the 

span, loading points, and ends, most of which are vertically upward, as shown 

by the red line in Figure 7 a). 

(2) When M=352 kN·m, the number of strain curves did not significantly increase, 

but the color of the curve deepened significantly, indicating an increase in strain. 

(3) When 352 kN·m ≤ M ≤ 412 kN·m, the variation in S4 is more significant than that 

in S3, and there are multiple abrupt changes in the strain curve. Taking the typ-

ical three stages as an example, as shown in Figures 7 b) - d), the first stage is the 

sharp increase in cracks at the end of the steel plate, with a tendency to develop 

diagonally and horizontally toward the middle of the span. The second stage is 

the deepening of the curve color in the strain diagram and the obvious upward 

development of cracks. In the third stage, the line color on the strain diagram 

deepens and significantly widens, with the top extending to the height of the 

water stop channel and several small cracks extending around the main crack. 

Multiple small vertical and oblique cracks appear near the loading point and 

mid span. 

Prestress Technology 2024, 2, 02 https://pt.tongji.edu.cn

- 24 - https://doi.org/10.59238/j.pt.2024.02.002



  

  

(4) At the final failure, most of the cracks turn green, and some red segments appear 

at the lower end of the inclined cracks, with the curve becoming significantly 

thicker. The maximum strain occurs at the end of the steel plate near the lower 

side of the side. 

  
a) M = 265 kN·m 

  
b) 352 kN·m ≤ M ≤ 412 kN·m (1st stage) 

  
c) 352 kN·m ≤ M ≤ 412 kN·m (2nd stage) 

  
d) 352 kN·m ≤ M ≤ 412 kN·m (3rd stage) 

Figure 7  Continue 
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e) Final failure stage 

Figure 7  Principal strain diagram of S4 under different loads 

According to the previous bending performance tests of S1 and S2, the maxi-

mum mid span bending moment of S1 is approximately 500 kN·m, and the maximum 

mid span bending moment of S2 is approximately 553 kN·m, indicating that the bear-

ing capacity of S2 is better than that of S1. During the bending performance test of 

the reinforced pipe segment, there was no significant change in the main strain at the 

mid span, loading point, or outside the loading point of S3. Until failure, only the 

local damage at the end of the steel plate was severe, with fewer and finer cracks 

developing, and the damage range of the concrete was relatively small. Many cracks 

appeared and developed rapidly in the early and middle stages of S4 loading, and 

the location of the cracks was not limited to the end of the steel plate. The color 

change of the curve is obvious, indicating a significant increase in strain. The reason 

for this phenomenon may be that the initial damage of the segments is different. The 

performance of the mid buried segments after initial loading to 78% of the failure 

load is better than that of the ultradeep buried segments after initial loading to 90% 

of the failure load. 

4.2  Displacement Changes in the X-direction of the Segment 

Unlike the local measurement points of the previous two horizontal displace-

ment meters, 3D-DIC technology can calculate the displacement changes in the hor-

izontal X direction on the side of the pipe segment, obtain the magnitude of the X 

direction displacement of 1/2 of the pipe segment and the displacement changes of 

the pipe segment, and also solve the problem of difficult placement of displacement 

meter monitoring points because the pipe segment is curved. In addition, the inter-

face position of the pipe segment displacement changes in real time. Taking the key 

points of major strain mutation as the research object, the horizontal X-direction dis-

placement changes in S3 and S4 after initial damage and reinforcement are analyzed. 

Taking S3 as an example, in Figure 8 a) – c), the changes in the displacement 

field of S3 under different loads are shown, and in Figure 8 d), the changes in the 

displacement field during S3 failure are shown. From the figure, it can be clearly seen 

that the downward displacement field on the right side of the pipe segment has the 

largest change, followed by the middle and right sides of the pipe segment and fi-

nally the left side of the pipe segment, which is the mid span and outer curved surface 

of the pipe segment. The entire displacement change can be approximated as a fan 

shape that diffuses outward with the bottom right corner of the pipe segment as the 

center, with greater changes in the displacement field as it approaches the center. 
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a) M = 329 kN·m 

  
b) M = 471 kN·m 

  
c) M = 500 kN·m 

  
d) Final failure stage 

Figure 8  Displacement field changes of S3 in the X direction under different loads 

By comparing and analyzing the changes in the displacement field of segments 

S3 and S4, it can be concluded as fellow. 

The final failure modes of S3 and S4 are similar, both of which are caused by the 

peeling of the end of the bonded steel plate, resulting in a sharp increase in pipe 

cracks and the peeling of concrete blocks. 
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(1) When M=179 kN·m, Figure 9 shows that the displacement change in S3 is very 

small, not exceeding 0.3 mm, while the displacement change in S4 ranges from 

0.5 mm to 1 mm. 

(2) When 329 kN·m ≤ M ≤ 359 kN·m, the increase in S3 is not significant, while the 

increase in S4 is relatively large, with a maximum value of approximately 3.25 

mm, which is approximately four times the maximum value of S3. 

(3) When 419 kN·m ≤ M ≤ 471 kN·m, the growth rates of S3 and S4 are significantly 

accelerated, and the growth rate of S4 is much faster than that ofS3. The maxi-

mum displacement change of S4 is as high as 6 mm, and the minimum value is  

approximately 3.75 mm. The maximum displacement change of S3 is approxi-

mately 2.5 mm, which is similar to the minimum displacement change of S4 in 

the middle stage of loading. It can be observed that pasting steel plates has a 

better reinforcement effect on buried pipe segments. 

(4) When M changes from 500 kN·m to final failure, as shown in Figure 10, the 

change in the displacement field value of S4 is not significant. S3 undergoes a 

sudden change, and the change value increases by approximately 3 times, with 

a minimum value of 5 mm, which exceeds the minimum displacement value of 

S4. The change in S3 is as high as 8 mm, which is approximately 1.4 times that 

of S4. The reason for this reversal may be that after the steel plate falls off, the 

pipe segment loses its reinforcement effect and is in an unreinforced state. The 

bearing capacity of the ultradeep buried pipe segment is better than that of the 

medium buried pipe segment, which is consistent with the results of the early 

S1 and S2 bending performance tests. 

 

Figure 9  Displacement field changes in the X direction for S3 and S4 

  
a) S3 (Final failure stage) 

Figure 10  Continue 
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b) S4 (Final failure stage) 

Figure 10  Displacement field changes in the X direction when S3 and S4 are damaged 

4.3  Changes in the Y-direction Displacement of the pipe segments 

For the segment, the displacement in the Y direction is also important. By using 

3D-DIC, the displacement change in the horizontal Y direction of the segment sample 

surface can be obtained. Taking the buried segment S3 as an example, comparing the 

displacement field changes in the X and Y directions, as shown in Figure 11, the anal-

ysis shows the following: 

The variation pattern of the horizontal displacement in the Y direction in S3 is 

similar to that in the X direction, both decreasing from the mid span to the right end, 

and the growth pattern is also similar. In the early and middle stages of loading, the 

growth rates of the displacement field change in both directions are similar, with the 

Y direction slightly greater than the X direction. However, when M=500 kN·m, there 

is a wave peak in the displacement field in the X direction, indicating that pasting 

steel plates can effectively enhance the stiffness of the damaged pipe segments in 

both directions, and the reinforcement effect is not significantly different. The reason 

for the wave peak in the X direction may be that when M=500 kN·m, the reinforced 

pipe segments reach the maximum bearing capacity limit in the X direction, which is 

consistent with the maximum load value in the S1 bending performance test. 

 

Figure 11  Changes in displacement fields in the X- and Y-directions of S3 

5  Conclusions 

Based on 3D-DIC technology, the 1/2 side of the pipe segment was selected as 

the observation sample surface to observe the entire process of the bending static test 

of the reinforced pipe segments with different burial depths. The changes in the 
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displacement field in the X- and Y-directions were compared and analyzed, and a 

principal strain analysis was conducted. The load values corresponding to the sud-

den change points, or the range of graded loads were found, and the strain and crack 

development on the side of the pipe segment were obtained. The conclusions are as 

follows. 

(1) After using steel sheets of the same specification for reinforcement, due to dif-

ferent initial loading values, the strain changes in the two types of pipes in the 

early and middle stages of loading are different. The medium buried pipes that 

were first loaded to 78% of the failure load showed no significant strain changes 

in the early and middle stages of loading, while the ultradeep buried pipes that 

were first loaded to 90% of the failure load showed many obvious cracks at 

M=265 kN·m. In the middle stage of loading, the development of cracks became 

more obvious, and the number of cracks increased sharply. 

(2) In the later stage of loading, the strain of both types of pipe segments at the end 

of the steel plate increases sharply, and the cracks develop rapidly diagonally 

toward the midspan until ultimate failure. Therefore, when using adhesive steel 

plate reinforcement in practical engineering, the end of the steel plate should be 

considered a danger point, and the position of the end of the steel plate should 

be reasonably arranged. 

(3) In the early and middle stages of loading, the displacement change in the mid-

dle-buried pipe segment is very small, while the displacement changes in the 

ultradeep buried pipe segment increases significantly. The maximum displace-

ment change is approximately 2.4 times the maximum value of the middle-bur-

ied pipe segment, indicating that the addition of steel plates for reinforcement 

is effective for the middle-buried pipe segment. 

(4) By comparing the load-bearing capacity of the bending resistance performance, 

it can be observed that steel plate reinforcement can improve the stiffness of the 

tunnel segment to a certain extent and play a significant role in controlling the 

horizontal displacement of the shield tunnel segment in both directions. A rea-

sonable design can ensure that the reinforced segment can reach a load-bearing 

capacity similar to that of the original segment even if initial damage occurred. 

(5) When the steel plate specifications and test environment are consistent, there is 

a reversal phenomenon in the later stage of the bending performance test of the 

pipe segment. When not reinforced, the maximum load of the bending perfor-

mance test of the ultradeep buried pipe segment is slightly greater than that of 

the medium buried pipe segment, while the performance of the reinforced ul-

tradeep buried pipe segment after initial loading to 90% of the failure load is 

actually lower than that of the medium buried pipe segment after initial loading 

to 78% of the failure load, possibly due to different initial damage conditions of 

the pipe segment. This point can be further studied in the future. 
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