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To solve the problems of insufficient stiffness and poor integrity of traditional F-type socket joints, 
steel screw connections are set along the longitudinal direction between rectangular pipe jacking 
joints. However, the mechanical properties of F-type socket joints with steel screw connections have 
not been fully investigated, and the influence of the coefficient of subgrade reaction has not been 
considered. In this work, through model tests and numerical simulations of F-type socket joints 
with steel screws under different coefficients of subgrade reaction, the influence of steel screws on 
the deformation and damage characteristics of F-type socket joints is discussed, and the bending 
mechanical response of F-type socket joints under different coefficients of subgrade reaction is 
analyzed. Compared with traditional F-type socket joints, the use of steel screw connections can 
reduce the risk of steel ring warping and cross-sectional deformation of the joints and improve 
the stiffness and load-carrying capacity of the joints. However, the use of steel screw connections 
exacerbates damage to the chamfered parts of the jack joints. With an increase in the coefficient 
of subgrade reaction, the benefit of the steel screw on the joint stiffness gradually decreases. For 
every 0.5-fold increase in the coefficient of subgrade reaction, the effect of the steel screw on the 
joint bending load-carrying capacity of the joint is reduced by approximately 23%. The failure mode 
of joints containing steel screws is mainly the crushing of concrete in the compression zone, and the 
penetration cracks extend from the joint to the bottom of the pipe section. The higher the jacking force 
is, the higher the load-carrying capacity of the joint and the better the bending resistance.

In recent years, the rectangular pipe jacking method has been widely used in subway stations, comprehensive 
pipe corridors, multilane tunnels and other projects because of its advantages. These advantages include high 
section utilization, the absence of interruptions to ground traffic during the construction process, and a smaller 
amount of earth that must be excavated1–4. Rectangular pipe jacking sections are formed by prefabrication after 
a transverse pour, and F-type socket joints are usually used between the ring joints of the pipe sections. The 
joint structure consists mainly of a waterproof rubber ring, a steel ring and a socket gap. This type of F-type 
socket joint is a flexible waterproof joint that has a low longitudinal bending stiffness and is the weak part of the 
rectangular pipe jacking tunnel. Therefore, the mechanical behavior of the pipe section is dependent mainly on 
the joint5,6.

Researchers have studied the mechanical properties of pipe jacking. Tang et al.7, Liu et al.8 and Zhang et 
al.9 studied the mechanical properties of pipes during pipe jacking using several engineering cases in China. 
Their studies revealed that the pipe‒soil contact pressure is a key parameter in the pipe jacking construction 
process and that reducing the pipe‒soil interaction force significantly improves the overall safety of pipe jacking 
construction. In addition, there are different modes of change in pipe stress under different top‒stop cycle 
conditions. Li et al.10 used direct shear tests to investigate the mechanical properties of a pipe when it restarted 
after top stopping. The study found that the length of the stagnation time was a decisive factor for the pipe-soil 
friction coefficient. Liu et al.11,12 investigated the axial mechanical response of bell-and-spigot joints via full-scale 
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tests and numerical simulations. The study found that an increase in joint deflection affected the extension of the 
axial stress concentration in the vertical direction near the joint, whereas the increase in jacking load increased 
the maximum compressive stress in the pipe wall in the center direction. In addition to the abovementioned types 
of joints, Xu et al.13 investigated the mechanical properties of F-type socket joints under different foundation 
reaction coefficients via model tests. The steel ring tored at the weld seam during the shearing test.

With the new applications for pipe jacking at long distances, in large section sizes, and at deep or shallow burial 
depths14–16, rectangular pipe jacking is associated with greater section utilization than circular pipe jacking. A 
square section can withstand higher external stresses17. At the same time, the problems of insufficient stiffness 
and poor integrity of the traditional rectangular jacking pipe F-type socket joint have been gradually exposed. 
To overcome the disadvantages of flexible joints that have been exposed through their use, locking connectors 
are set between the rectangular header pipe joints. Feng et al.18 proposed transverse joints of assembled joints 
with bent bolts + concave and convex tenon types, established a model for calculating transverse joint bending 
stiffness, proposed a method of determining the assembled pipe joint structure, and calculated the internal force 
on the assembled and integral pipe joints. Wang et al.19 proposed a high-performance assembled underground 
structural joint based on China’s Shenzhen Railway Transit Line 12 Shasan Station project, in which the 
longitudinal joints were connected by steel screws, and performed prototype tests on the joints. In addition, 
increasing the number of longitudinal bolts is conducive to improving the longitudinal equivalent stiffness 
efficiency of rectangular jacked pipes20.

According to the above analysis, there are few examples of existing rectangular pipe jacking projects in China 
that include longitudinal connectors. Most connectors are used in the transverse joints of pipe sections. There 
is a lack of research on the mechanical behavior of longitudinal joints with steel screw connections, and none 
of existing studies have considered the influence of the coefficient of subgrade reaction. It is worth noting that 
the bending stiffness of the joint is an important parameter necessary for the longitudinal design calculation of 
the rectangular pipe jacking tunnel. The magnitude and variation characteristics of the stiffness directly affect 
the stress performance and deformation characteristics of the joint. Understanding and mastering the stiffness 
characteristics of the longitudinal joint F-type socket joint is of great significance for studying the longitudinal 
mechanical behavior and deformation characteristics of the pre-rectangular pipe jacking structure. In addition, 
the relevant literature on longitudinal joints only reports on specific engineering cases, and issues such as the 
relationship between internal forces and deformation of rectangular top pipe F-type socket joints with steel screw 
connections have not been studied in depth, leaving theoretical guidance seriously lagging behind engineering 
practice. This study reports an improvement in the stiffness and integrity of the joint by setting steel screws 
at the joint armpit, as shown in Fig.  1. First, the influence of steel screw connections on joints is explained 
by comparing the deformation and failure characteristics of joints with steel screw connections with those of 
traditional F-type socket joints. Second, the bending mechanical response of F-type socket joints with steel screw 
connections under different coefficients of subgrade reaction is analyzed. Finally, the finite element simulation 
results are compared with the test results, and the influence of the jacking force on the deformation of the joint is 
further investigated. This provides a reference for the design of F-type socket joints for rectangular pipe jacking 
tunnels with steel screw connection.

Experimental program
Specimen design
In actual engineering, the volume of rectangular pipe jacking is very large. After the model test at the same 
scale, the length of the test piece is too narrow, making it extremely difficult to load the test. According to the 
descriptions of existing studies21 and St. Venant’s principle22, the stress distribution caused by load action falls 
within a certain range. The aim of the test is to analyze the joint part, so a sample section size of 1/4 times is 
adopted for the actual project, the joint size is unchanged, the reinforcement rate is the same as the design, and 
the final dimensions of the test sample is determined to be 1500 mm × 1625 mm × 1075 mm (L × W × H). 
The specific design of the rectangular pipe jacking is shown in Fig. 2. The concrete strength grade of the pipe 
section is C50, the jack joint length is 191 mm, and the step is divided into two levels, with the first-level step 
height being 11.5 mm and the second-level step height being 19.5 mm. The length of the socket joint is 150 mm, 
and the thickness of the steel ring is 12 mm. Four M12 steel screws are arranged longitudinally at the armpit 

Fig. 1. F-type socket joint structure (unit: mm).
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angle between the pipe section. The mechanical parameters of concrete are given in Table 1.The mechanical 
parameters of steel are given in Table 2.

Test conditions
To better simulate the actual stress conditions of the structure, an equivalent foundation spring23 under the 
pipe section was used in the test to reflect the effect of the elastic foundation at the bottom of the pipe jacking 
on the pipe section itself under actual engineering conditions. In addition, a steel cover plate was installed on 

Material Elasticity modulus (MPa) Yield strength (MPa) Ultimate strength (MPa)

Steel ring 210,000 216 350

Rebar 200,000 400 540

Steel screw 172,614 407 601

Table 2. Mechanical parameters of steel.

 

Material Modulus of elasticity (MPa) Compressive strength (MPa)
Tensile strength
(MPa)

Concrete (C50) 34,500 37.6 2.5

Table 1. Mechanical parameters of concrete.

 

Fig. 2. Design of the rectangular pipe jacking: (a) details of the cross-sectional design (unit: mm) (b) detailed 
design of A-A section (unit: mm) (c) detailed design of B-B section (unit: mm).
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the upper part of the spring to increase the contact area between the spring and the pipe section and to prevent 
damage caused by stress concentration. According to the principle that the foundation reaction force generated 
by a unit displacement of the foundation is equal, that is, n∙k = Kv∙S, the equivalent foundation stiffness can be 
calculated. Here, n is the number of equivalent foundation springs, S is the area of the bottom of the pipe, and 
Kv is the coefficient of subgrade reaction. The test methods for spring stiffness are generally divided into fixture 
measurement and force measurement methods, of which the force measurement method is more suitable for 
helical springs. This test selects the force measurement method to measure the spring. The specific steps are as 
follows: (1) Use a hydraulic testing machine to apply a certain force to the spring. (2) Measure the force on the 
spring based on the feedback from the sensor. (3) Determine the spring’s stiffness coefficient by calculating the 
change in the spring’s length. The stiffness of a single spring, k, was measured to be 1734 kN/m. The arrangement 
of the elastic supports is shown in Fig. 3, and the specific test conditions are shown in Table 3.The test loading 
uses displacement control standards, and when the bottom is supported by an elastic support, there are two sets 
of test conditions, with 2 mm added for each of the first 20 levels and 1 mm added for each subsequent level. 
When the bottom is fixed with steel supports, a set of test conditions is included, with each level of loading being 
1 mm. After each level of loading is completed, the test phenomenon is observed, and the crack development is 
recorded.

Loading device
The test loading device and schematic diagram is shown in Fig. 4. The device consists of three main parts: the 
overall frame, which is used to maintain the stability of the structure and safety during the test, the vertical 
actuator for applying vertical loads, and the foundation springs to simulate the foundation. Lateral restraints are 
used to restrain the lateral displacement of the pipe section to prevent torsion of the pipe section during the test 
loading. To reuse the foundation springs, it is necessary to ensure that their compression is within the elastic 
range. Therefore, to avoid rigid displacement of the pipe section as a whole under limited loading displacement, 
distribution beams are placed at the position where the test piece is divided into four parts. Eight 100 mm × 

Working condition (WC) Spring amount Bottom area of pipe jacking (m2) Coefficient of subgrade reaction (×103 kN/m3) Equivalent strata

WC-1 9 1.43 10.16 Recent fill

WC-2 6 1.43 6.77 Soft clay

WC-3 0 1.43 - -

Table 3. Test conditions.

 

Fig. 3. Arrangement of the elastic support.
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200 mm × 20 mm (length × width × height, respectively) steel plates are placed between the lateral restraints and 
the sidewall of the pipe section to reduce the friction between the pipe section and the lateral restraints.

Layout of the measurement points
The main measurements of the test included the concrete strain on the surface near the joint, the axial force of 
the steel screw, the strain of the steel ring, the joint opening, the vertical displacement and the deformation of 
the joint cross-section. From the apparent data obtained from the above measurements, parameters such as the 
joint rotation angle and bending stiffness, which reflect the bending performance of the joint, are calculated. A 
total of 26 pieces of BMB120‒80AA concrete strain gauges were uniformly arranged along the ring direction 
at a distance of 10 mm from the joint to observe the longitudinal strain of the joint concrete, among which 
the concrete strain gauges of the sidewall were arranged at heights of 150 mm, 408 mm, 666 mm, and 925 mm 
from the bottom plate, and the concrete strain gauges on the top plate were arranged at the top of the socket 
and the jack joint, with 5 gauges on each end. According to the research of Xu24, the stress of the steel ring is 
concentrated at the chamfer, so a total of 4 pieces of BMB120-3AA steel ring strain gauges are arranged along 
the ring direction and longitudinal direction at the chamfered part of the steel sleeve ring 10 mm from the edge 
of the steel sleeve ring, and the axial force of the steel screws is measured by an axial pressure transducer with a 
sensitivity of 1.0–2.0 ± 0.1 mv/V. A total of 16 tensile bar displacement gauges with a sensitivity of 0.2 mv/V are 
laid around the pipe section, with 7 on each side, to measure the joint opening and the opening angle. Owing to 
the existence of an elastic foundation, with increasing loading regime, the whole pipe joint settles. To accurately 
measure the vertical displacement, a T-type steel plate is arranged at the measurement point at the bottom of the 
pipe joint, the bottom of the plate is connected with glass, and a heavy ball is arranged on one side to prevent 
shaking caused during the loading process. The cross-sectional deformation of the joint is measured by a pull-
string displacement sensor, which is arranged 150 mm from the joint, with a linearity accuracy of 0.1% and a 
repeatability of 0.01%. The specific arrangement of the measuring points is shown in Fig. 5.

Experimental results and analysis
Failure mode and deformation characteristics of the joint
In this section, the failure modes of the joints with and without steel screw connections, the deformation of the 
steel ring, and the deformation of the cross-section of the joint are compared and analyzed in conjunction with 
existing research25.

Failure mode
The final failure mode of the joints under all working conditions is shown in Fig. 6. Under the action of the 
bending moment, the top of the joint pipe is compacted, and the bottom of the pipe is separated. For the sample 
under working Condition 1 (as shown in Fig. 6a), when the vertical displacement is loaded to 20 mm, the bottom 
steel screw reaches the yield stress and withdraws from work to enter the plastic stage, the joint opening rate 
accelerates, and the first longitudinal crack appears at the armpit of the jack joint. As the vertical displacement 
increases, the concrete at the top of the joint is continuously compressed, and a concrete cracking sound is 
emitted. Cracks subsequently appeared on the bottom of the outer wall of the jack joint pipe section, and the 
vertical displacement at this time was 36 mm. When the vertical displacement increased to 45 mm, cracks also 

Fig. 4. Test loading device and schematic diagram.
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formed in the middle of the bottom plate of the pipe section near the jack joint. As the vertical displacement 
continued to increase, the cracks on the outer wall of the jack joint pipe section extended to the bottom of the 
pipe section at an angle of 20–45° from the horizontal direction, and the cracks on the bottom plate of the pipe 
section extended along the jack joint to the socket joint and gradually expanded. When the vertical displacement 
increased to 64 mm, the cracks in the base plate of the pipe section completely penetrated the entire base plate, 
and the cracks in the armpit and sidewalls continued to extend. When the cracks in the sidewall extended to 
the bottom of the pipe section, the concrete of the jack joint also spalled, and flexural failure finally occurred. 
At this time, the applied vertical displacement was 76 mm. After the test was terminated, the damage to the 
joint chamfer was the most severe. The left chamfer had a large area of cracking, the right chamfer had crushed 
concrete, and the middle part of the concrete had spalled.

The process of joint failure under different working conditions is similar, but the characteristics of failure are 
slightly different. The sample in working Condition 2 (as shown in Fig. 6b) is limited by the ultimate elastic range 
of the foundation spring, and the degree of joint damage is lower than that of the sample in working Condition 1 
under a limited load displacement. The cracking at the chamfer is not obvious. For the sample in Condition 3 (as 
shown in Fig. 6c) without considering the foundation, when the vertical displacement is loaded to 12 mm, only 

Fig. 5. Arrangement of the measuring points: (a) side wall measurement points (b) top measuring points.
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the outer concrete of the jack joint peels off locally, and then the steel screws are pulled off. Therefore, when there 
is a foundation, cracks will appear on the sidewall, and the damage area at the chamfer will increase. Moreover, 
the larger the coefficient of subgrade reaction is, the more severe the damage at the chamfer of the joint will be 
under the same vertical displacement.

For the sample without steel screw connections (as shown in Fig. 6d), failure is concentrated mainly on the 
outside of the first step of the jack joint, which manifests as concrete crushing and covers the outside of the 
first step. A comparison of the failure characteristics of the joints with and without steel screws reveals that 
the addition of steel screws intensifies failure at the chamfered portion and greatly reduces the area of concrete 
crushing in the middle of the joint. However, the deepening of the extrusion at the chamfered portion causes 
severe cracking at the armpit, which affects the replacement of the steel screws.

Deformation of the steel ring
The strain change law of the steel ring with and without the steel screw connection is shown in Fig. 7. The figure 
shows that the strain of the steel ring with and without the steel screw connection has the same change law. 
With increasing vertical load, the tensile strain at ST-H1 increases rapidly. The maximum strain of the steel ring 
without a steel screw connection joint is 820 µε at a vertical load of 17.6 kN. The maximum strain of the steel ring 
with the steel screw connection joint is 178 µε at a vertical load of 240 kN. However, the strains at the chamfered 
edges on both sides of the steel rings with and without steel screw connections differ greatly, and the deformation 
is severe on one side. Notably, the steel ring of the steel screw connection joint still did not establish contact with 
the jack concrete at the end of loading. The stress on the chamfered edges of a steel ring is not uniform, and the 
maximum strain is the tensile strain along the ring at the chamfered edge. The steel ring of the joint without 
steel screws acts as the main component resisting bending deformation and establishes contact with the concrete 
of the jack at an early stage, causing the steel ring to eventually warp at the chamfered area. However, owing to 
the presence of steel screws, joints with steel screws have a significantly smaller final opening angle than joints 
without steel screws. As a result, the steel ring neither establishes contact with the concrete of the jack nor 
deforms significantly; this reduces the risk of damage to the steel ring and allows the joint to be reused.

Deformation of the joint cross-section
The numerical value change of the pull cord displacement sensor can reflect the deformation of the joint, 
and its numerical value elongation is positive and shortening is negative. With and without a steel screw 
connection, joint deformation with a vertical displacement change rule is shown in Fig. 8. The figure shows 
that the deformation trends and deformation trends of the jack and socket joints are almost the same. When 
the vertical displacement is lower than 10 mm, the joint has no obvious deformation. With increasing vertical 
displacement, the deformation of the cross-section of the joint with a steel screw connection is always lower 
than that of the joint without a steel screw connection, and the difference in deformation between the two kinds 
of joints increases gradually. When the vertical displacement was loaded to 50 mm, the vertical deformation of 

Fig. 6. Failure mode of the joints: (a) working condition 1 (b) working condition 2 (c) working condition 3 (d) 
Screwless joint.
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the transverse section of the joints connected by steel screws was 3.8 mm, which was approximately 60% lower 
than that of the joints without steel screw connections, and the transverse deformation was 2.3 mm, which was 
approximately 55% lower than that of the joints connected without steel screw connections. The cross-sectional 
deformation of joints connected by steel screws was lower for the same amount of settlement. As the amount of 
settlement increases, the steel screw more effectively reduces the cross-sectional deformation of the joint.

Joint bending mechanical behavior
Concrete strain on the sidewall of the joint
The distribution of the concrete strain along the height of the outer wall of the joint is shown in Fig. 9. The 
figure shows that the concrete strain along the height of the sidewall is approximately linear, with the maximum 
tensile strain occurring at the bottom of the joint. In addition, the degree of tensile damage to the jack joint 
and the socket joint is not the same, and the tensile strain at the bottom of the jack joint is more severe. The 
greater the coefficient of subgrade reaction is, the greater the tension at the bottom of the joint under the same 
amount of settlement. The maximum tensile strain at the bottom of the joint under working Condition 1 is 1275 
µε, which is much greater than that under other working conditions; this means that under a stratum with a 
large coefficient of subgrade reaction, a greater foundation reaction and upper load acting on the pipe section 
intensify the deformation of the joint, thus causing the concrete at the bottom of the outer wall of the joint 
to crack. Notably, the position of the neutral axis also moves upward with increasing coefficient of subgrade 
reaction. In the case where the foundation is not considered, the position of the neutral axis is greater, reflecting 

Fig. 8. Deformation of the joint cross-section: (a) joints without steel screw connections (b) joints with steel 
screw connections.

 

Fig. 7. Strain change law of the steel ring: (a) joints without steel screw connections (b) joints with steel screw 
connections.
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that the area of the concrete compression zone is smaller, which is basically consistent with the phenomenon 
observed in the experiment.

Concrete strain at the top plate of the joint
The concrete strain on the inner side of the top plate of the joint varies with the load, as shown in Fig. 10. Since 
the diameter of the steel screw is smaller than the diameter of the screw hole, it is easy to cause misalignment 
during assembly. Before the test starts, the steel screw itself will experience a certain amount of prestress loss. 
Therefore, as shown in the figure, the position with the largest tensile strain in the concrete on the inner side 
of the top plate is at the chamfer on one side of the jack joint, and the top plate has a local compressive strain. 
This finding shows that the force on the joint is not uniform and that the degree of compression at the chamfer 
is much greater than that at other points on the top plate. In the case of a foundation, the greater the coefficient 
of subgrade reaction is, the more severe the damage to the joint chamfer at the same settlement. In the case of 
a foundation not being considered, the concrete strain at the joint top plate is much lower than that in the case 
of a foundation being present. Therefore, when steel screw connections are used for rectangular pipe tunnels in 
formations with a large coefficient of subgrade reaction, the reinforcement at the chamfer of the roof should be 
strengthened to further improve the load-bearing capacity of the joint.

Fig. 10. Concrete strain at the top plate of the joint: (a) wc-1 (b) wc-2 (c) wc-3.

 

Fig. 9. Concrete strain on the sidewall of the joint: (a) jack joint wc-1 (b) jack joint wc-2 (c) jack joint wc-3 (d) 
socket joint wc-1 (e) socket joint wc-2 (f) socket joint wc-3.
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Cross-sectional deformation of the joint
The variation in the deformation of the joint with vertical displacement is shown in Fig.  11. Stage 1: The 
deformation of the jack joint and socket joint does not change much with increasing vertical displacement, 
and there is no obvious deformation of the joint. The vertical displacement at which the socket and plug joints 
begin to deform is similar under working Conditions 1 and 2. Under working Condition 3, the socket begins 
to deform vertically at a displacement of 4  mm. Stage 2: As the vertical displacement increases, the cross-
sectional deformation of the joint gradually increases. The vertical deformation of the joint under all working 
conditions is negative, and the lateral deformation of the joint is positive. Under working Condition 1, the jack 
joint deformed more laterally than the socket joint did when the vertical displacement was loaded to 38 mm. 
When the vertical displacement was loaded to 76 mm, the final vertical deformation of the joint reached 11 mm, 
and the lateral deformation was 7 mm. Under working Condition 2, when the vertical displacement is loaded 
to 72 mm, the final vertical deformation of the joint is 4 mm, the transverse deformation is 2 mm, and the 
transverse deformation of the jack joint is slightly greater than that of the socket joint. Under working Condition 
3, when the vertical displacement is loaded to 13.7 mm, the final vertical deformation of the joint is 0.3 mm, the 
transverse deformation is 0.1 mm, and the cross-sectional deformation is much smaller than that in the previous 
two cases. Research has revealed that the deformation trends of the jack joint and socket joint are the same, with 
compression deformation in the vertical direction and tensile deformation in the horizontal direction. The larger 
the coefficient of subgrade reaction is, the stronger the reaction force of the foundation to the base plate under 
the same vertical displacement, and the more severe the convergent deformation of the joint cross-section. In 
addition, the deformation of the top and bottom plates is greater than that of the sidewalls.

Axial force of the steel screw
The variation in the axial force of the steel screw is shown in Fig. 12. The figure shows that the force on the steel 
screw on both sides is not uniform under all working conditions. The smaller the coefficient of subgrade reaction 
is, the greater the difference in the force on the steel screw on both sides of the base plate. The steel screw on the 
base plate bears the load earlier, and as the vertical displacement increases, the growth rate of the axial force is 
much greater than that of the steel screw on the top plate. The axial force of the steel screw on the top plate does 
not increase significantly with increasing vertical displacement for a long period, and due to the deepening of 
the joint extrusion, there will be a certain loss of prestress. After the base plate steel screw has stopped working, 

Fig. 12. Axial force of the steel screw: (a) wc-1 (b) wc-2 (c) wc-3.

 

Fig. 11. Cross-sectional deformation of the joint: (a) wc-1 (b) wc-2 (c) wc-3.
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the axial force of the top plate steel screw increases rapidly. The greater the coefficient of subgrade reaction is, the 
lower the change in the final axial force of the top plate steel screw compared with the initial axial force.

Opening of the joint
The variation in the opening of the joint with vertical displacement at different heights is shown in Fig. 13. As 
shown in the figure, the opening of the joint exhibits a nonlinear change with increasing vertical displacement. 
The opening process of the joints under working Conditions 1 and 2 can be divided into three stages. Stage 1: 
The joints are nearly closed as the vertical displacement increases. A comparison of working Conditions 1 and 2 
reveals that the larger the coefficient of subgrade reaction is, the lower the settlement of the pipe section in the 
first stage. Stage 2: The joint gradually opens, and the opening increases with increasing vertical displacement. 
The opening of the joint is limited by the steel screw and the foundation, and the opening rate is relatively 
slow. Stage 3: The joint opening rate increases further. At this stage, the steel screw in the base plate has already 
withdrawn from work, and the joint opening is limited by the foundation. At the same settlement, the larger 
the coefficient of subgrade reaction is, the greater the degree of joint opening. Under working Condition 3, the 
joint opening process is divided into two stages because there is no foundation. Stage 1: The joint begins to open 
immediately as the vertical displacement increases. Stage 2: As the vertical displacement increases further, the 
amount of joint opening increases rapidly. Studies have shown that the foundation has a certain inhibitory effect 
on the opening of a joint. The greater the coefficient of subgrade reaction is, the slower the opening rate of the 
joint.

Bending stiffness of the joint
In this section, the effect of the steel screw on the bending stiffness of the joint is analyzed under different 
coefficients of subgrade reaction to further show the role of the steel screw. The law of variation of the bending 
moment with the corner angle for joints with steel screw connections and joints without steel screw connections 
is shown in Fig. 14.

The figure shows that the bending moment of the steel screw joint and the angle of rotation have an obvious 
nonlinear relationship, and the M-θ curve can be divided into two stages. Stage 1: With increasing bending 
moment, the joint opening angle is small, and the larger the coefficient of subgrade reaction is, the larger the 
bending moment required for the joint to open the same angle. Stage 2: With a further increase in the bending 
moment, the rate of joint opening is significantly accelerated compared with that in the previous stage, and the 

Fig. 14. Bending moment-rotation angle curves with and without steel screw joints: (a) wc-1 (b) wc-2 (c) wc-
3.

 

Fig. 13. Opening of the joint: (a) wc-1 (b) wc-2 (c) wc-3.
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steel screw of the base plate has stopped working at this stage. To further analyze the effects of steel screws on 
joint stiffness enhancement, the specific bending stiffnesses of the two joints at different stages of the process, 
which are shown in Table 4, were collated through the fitted curves in the figure. The stiffness of the steel screw 
joint is always greater than that of the nonsteel screw joint at rotation angles less than 0.01 rad under working 
Condition 1. As the angle of rotation increases further, the difference in stiffness between the two joints gradually 
decreases, and the stiffness of the joint without a steel screw connection gradually exceeds the stiffness of the 
joint with a steel screw connection. The stiffnesses of the two joints in working Condition 2 gradually approach 
each other with increasing rotation angle, and the stiffness of the joint without a steel screw connection is almost 
equal to that of the joint with a steel screw connection after the base plate steel screw is withdrawn from work. 
Under working Condition 3, it is even more intuitive to see that the steel screw improves the joint stiffness to a 
much greater extent than in the previous two cases.

The degree of stiffness enhancement of the joint by the steel screw decreases progressively with increasing 
coefficient of subgrade reaction. The larger the coefficient of subgrade reaction is, the closer the bending 
moments required for both joints to eventually open to the same angle of rotation. However, at low joint 
moments, the presence of a steel screw significantly reduces the opening rate of the joint. As a result, steel screw 
joint joints have greater stiffness and load-carrying capacity than joints without steel screws. However, the larger 
the coefficient of subgrade reaction of the formation is, the closer the ultimate load-carrying capacity of the steel 
screw joint and the steel screwless joint.

Numerical simulation
Establishment of the finite element model
A refined 3D numerical model was established, and the model size was the same as the actual size. In the model, 
the steel screw and the steel bar are both modeled via the bilinear ideal elastoplastic constitutive model. The 
concrete is modeled via the constitutive model of plastic damage (CDP), which assumes that the concrete 
material is damaged mainly by tensile cracking and crushing. The relevant performance parameters are shown 
in Table 5. The constitutive relationship of concrete is defined according to the uniaxial tensile and compressive 
stress‒strain function relationship of concrete given in the Code for Design of Concrete Structures (GB50010-
2010)26. The uniaxial tensile stress‒strain principal relationships for concrete are shown in Eqs. (1), (2), (3) and 
(4).

 σ=(1-dt)Ecε (1)

 
dt=

{1 − ρt [1.2 − 0.2x5] x ⩽ 1

1 − ρt

at(x − 1)1.7 + x
x > 1  (2)

 
x = ε

εt,r  (3)

 
ρt=

ft,r
Ecεt,r

 (4)

where at is the parameter value of the descending section of the stress‒strain curve in the uniaxial tensile state of 
the concrete, ft, r is the representative value of the uniaxial tensile strength of the concrete, εt, r is the peak tensile 
strain of the concrete corresponding to the uniaxial tensile strength ft, r, and dt is the uniaxial tensile damage 
evolution parameter of the concrete.

Expansion angle Eccentric angle Ratio of strength Kc Cohesion of coefficient

32° 0.1° 1.16 0.6667 0.0005

Table 5. Parameter settings of C50 concrete plastic damage model.

 

Number of springs /N Rotational angle θ / (rad)
Bending stiffness of Steel screw joint 
Kθ/(kN·m· rad− 1)

Bending stiffness of steel screwless joints 
Kθ/(kN·m· rad− 1)

relative 
proportion 
/%

9

0 ~ 0.003 27,924 5313 5.25:1

0.003 ~ 0.01 14,173 5313 2.66:1

0.01 ~ 0.18 14,173 22,533 1:1.59

6
0 ~ 0.0036 15,554 7778 1.99:1

0.0036 ~ 0.0143 8380 7778 1.07:1

0
0 ~ 0.006 10,040 448 22.41:1

0.006 ~ 477 1882 448 4.20:1

Table 4. Bending stiffness of joints.

 

Scientific Reports |        (2024) 14:30952 12| https://doi.org/10.1038/s41598-024-81974-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The uniaxial compressive stress‒strain principal relationships for concrete are shown in Eqs. (5), (6), (7) and 
(8).

 σ=(1-dc)Ecε (5)

 

dc=




1 − ρcn
n − 1 + xn

x ⩽ 1

1 − ρc
ac(x − 1)2 + x

x > 1
 (6)

 
x = ε

εc,r  (7)

 
ρc=

fc,r
Ecεc,r

 (8)

where ac is the parameter value of the descending section of the stress‒strain curve under uniaxial compression, 
fc, r is the representative value of the uniaxial compressive strength of the concrete, εc, r is the peak compressive 
strain of the concrete corresponding to the uniaxial compressive strength of fc, r, and dc is the uniaxial compressive 
damage evolution parameter of the concrete.

Model meshing is performed via reduced-integral eight-node hexahedral cells (C3D8R), with the exception 
of the reinforcement cages. Reinforcement cages use truss cells (T3D2) and are embedded in concrete members 
via built-in means. The steel screws were modeled using solid elements (C3D8R). In addition, the mesh at the 
screw holes was encrypted. In the numerical simulation, the soil stresses in the pipe jacking are applied by means 
of grounding springs in a special setup in the Abaqus software, which are set at the bottom of the numerical 
model. Different contact types were used for the interaction between the members, including hard contact 
between the jack joint and the socket joint and constraints on the steel screws and grounded springs. The degrees 
of freedom of the outer sidewall of the pipe section are constrained along the direction perpendicular to the 
sidewall according to the constraints of the test. For working conditions without foundation springs, the bottom 
end of the pipe section is restrained in a fixed manner. The other end is restrained only for vertical displacement, 
whereas horizontal movement is allowed. The 3D refined finite element model is shown in Fig. 15. The specific 
material parameters of the model are shown in Table 6.

Verification of simulation results
Bending moment‒rotation angle curve
A comparison of the test and numerical simulation results is shown in Fig.  16. The figure shows that the 
change rules of the joint bending moment‒rotation angle curves of the test and simulation are consistent. As 
the bending moment increases to a certain value, the joint rotation angle increases rapidly. Notably, in the 
numerical simulation, even if the hole diameter of the screw hole is larger than the diameter of the steel screw, 
after assembly, the steel screw can still be in the center of the screw hole, which is in the ideal state, so the curve 
will exhibit some differences.

Fig. 15. 3D refined finite element mode.
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Damage and crack distribution
The numerical model compression and tension damage cloud maps are shown in Fig. 17. Figure 17a shows that 
the compression damage in the numerical model is consistent with that in the test and that the most severely 
damaged part is located at the chamfer. The tensile damage in the numerical model is distributed at the bottom 
of the bottom plate, the armpit, and the bottom of the sidewall, as shown in Fig. 17b-d. The cracks in the bottom 
plate are longitudinal through cracks, the cracks in the armpit extend from the screw holes to the cabin, and the 
cracks in the sidewall gradually extend from the joint to the bottom of the pipe section. This finding is consistent 
with the distribution of cracks in the test.

Effect of the jacking force on the joint deformation
Owing to the limitations of the test loading device, the effect of the jacking force was not considered in the test. 
To investigate the effect of the jacking force on the bending performance of the joint, the working condition of 
no foundation was taken as an example, and the “Technical Regulations for Rectangular Top Pipe Engineering”27 

Fig. 17. Compression and tension damage cloud maps of the numerical model: (a) compression damage to 
joint (b) tensile damage to base plate (c) tensile damage to armpit (d) tensile damage to the bottom of the pipe 
jacking.

 

Fig. 16. Simulation and testing of bending moment-rotation angle curves of joints: (a) wc-1 (b) wc-2 (c) wc-3.

 

Material Elasticitymodulus (MPa) Poisson ratio Density (kg/m3) Compressive strength (MPa) Yield strength (MPa)

Steel ring 2.1 × 105 0.3 7850 - 216

Steel screw 1.7 × 105 0.3 7850 - 407

Rebar 2 × 105 0.3 7800 - 400

C50 concrete 3.45 × 104 0.2 2500 37.6 -

Table 6. Parameters related to rectangular pipe jacking model with steel screw connection.
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were combined to calculate and select the cases with jacking forces of 300 kN, 500 kN, and 700 kN for numerical 
simulation.

Joint opening
The variation rule of the maximum joint opening of the joint with the bending moment under different jacking 
forces is shown in Fig. 18. As shown in the figure, the maximum joint opening under different jacking forces 
shows a nonlinear change, and the opening process of the joint can be divided into three stages. In Stage 1, the 
joint opening remains constant as the bending moment increases, and the joint is nearly closed. At this point, 
the entire cross-section of the joint is under compression. The greater the jacking force is, the greater the bending 
moment at which the joint begins to open. In Stage 2, as the bending moment increases, the joint opening 
gradually increases, and the steel screw begins to exert force. The joint opening rate under different jacking 
forces is different, and the greater the jacking force is, the faster the joint opening rate. Stage 3, after the steel 
screw fails, the joint opening rate accelerates compared with that in the previous stage. Owing to the absence of 
a foundation, the joint opening rate is the same under different jacking force conditions, and the maximum joint 
opening is 14.47 mm. The study revealed that the greater the jacking force is, the longer the time in phase 1, the 
greater the bending moment when the joint begins to open, and the later the steel screw begins to be stressed.

Joint rotation angle
The variation rule of the joint bending moment with respect to the rotation angle under different jacking forces 
is shown in Fig. 19. The figure shows that the bending moment‒rotation angle curve can be divided into three 
stages. In the linear stage, the joint bending moment and angle of rotation linearly develop, the maximum angle 
of rotation of the joint at this stage is 0.0007 rad, and the joint is in an approximately closed state. The larger the 
jacking force is, the larger the bending moment required when the joint starts to open. In the elastic stage, the 
joint starts to open, and the angle of rotation of the joint increases gradually with increasing bending moment. In 
the ultimate bearing stage, the angle of rotation of the joint increases further with increasing bending moment. 
The difference in the bending stiffness of the joint under different jacking forces is not significant. The larger 
the jacking force is, the larger the bending moment required to open the joint to the same angle of rotation. The 
above findings show that the jacking force has a certain restraining effect on the opening of the joint. Under 
the same bending moment, as the jacking force increases, the resistance of the joint to deformation increases, 
and the bending stiffness of the joint in the linear stage is maintained for a longer period. After the steel screw 
fails, the jacking force has no significant effect on the joint stiffness. However, the greater the jacking force is, 
the greater the load-bearing capacity of the joint for bending moments and the better the bending resistance of 
the joint.

Conclusions
By comparing the deformation and failure characteristics of steel screw joints with those of traditional F-type 
socket joints, the influence of the use of steel screw joints on the joints can be determined. The bending test of 
the joint under different coefficients of subgrade reaction is then carried out with the steel screw joint as the 
object, which compensates for the lack of research on the mechanical properties of the F-type socket joints 
of rectangular jacking pipes with steel screw connections. The influence of the jacking force on the bending 
performance of the joint during the construction process was further investigated via the finite element method. 
The main conclusions are as follows:

Fig. 18. Moment- maximum joint opening curve for different jacking forces.
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 (1)  Compared with the traditional F-type socket joint, the contact between the steel ring and the concrete of the 
jack joint can be effectively retarded by arranging the steel screw at the axillary angle, which greatly reduces 
the risk of warping at the chamfer of the steel ring.

 (2)  Joints connected by steel screws have greater stiffness and are more suitable for large-section tunnels. As 
the coefficient of subgrade reaction increases, the stiffness enhancement benefit of the steel screw to the 
joint decreases, and the closer the load carrying capacity of a steel screw connection joint is to that of a joint 
without a steel screw.

 (3)  The damage to the joints is mainly concentrated in the jack joints, in which the damage to the joints without 
steel screw connections is mainly concentrated on the outside of the first step of the jack joints, which is 
manifested by the crushed concrete and covers the outside of the first step. The damage to the steel screw 
joint is more concentrated in the chamfered part.

 (4)  Under the action of the jacking force, the bending deformation process of the joint can be divided into three 
stages: the linear stage, the elastic stage, and the ultimate bearing stage. The greater the jacking force is, the 
greater the ability of the joint to withstand bending moments and the better the bending resistance of the 
joint.

Data availability
The datasets used or analysed during the current study available from the corresponding author on reasonable 
request.
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