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Abstract: Under the circumstance of soft fractured surrounding rock with high geo-stress, the support
technology of tunnel has become a major challenge. Traditional I-shaped steel and bar lattice girder,
which cross-sections are often designed to be left-right symmetrical, may have insufficient strength
and stiffness. Based on the concept of symmetry, a new support technology of spatial steel tubular
grid (SSTG) arch is designed with high strength and large stiffness. In order to clarify the mechanical
properties and failure mechanism of SSTG arch used as primary support, through laboratory and
numerical experiments, this paper carries out the bending tests for the circumferential joint of
SSTG arch components combined with the excavation tunnel project of Panyu Square Station in
Guangzhou, and the analyses of the ultimate bearing capacity, deflection displacement, failure modes,
and stress–strain evolution laws of joint components are conducted in detail. The results show
that during the whole process of loading, the arch components have experienced elastic growth
stage, plastic development stage, and final failure stage. The average ultimate bending capacity of
SSTG arches is 340.5 kN·m, and the joint opening is 13.9 mm. The joint form of high-strength bolt
+ rigid flange plate proposed in the paper has reasonable stress state and high safety redundancy,
which can bear the load of surrounding rock effectively, and ensure the safety in tunnel construction.
The research results could provide a theoretical basis for the design and application of SSTG arch
support in related projects.

Keywords: spatial steel tubular grid (SSTG) arches; circumferential joint; mechanical behavior;
bearing capacity; failure mode; numerical simulation

1. Introduction

In recent years, with the rapid development of China’s transportation construction, the traffic
tunnel construction is developing to the direction of large scale and deep buried. It is inevitable to
face weak surrounding rock with high geo-stress and severe geological environment. Affected by the
factors of high geo-stress and large deformation, many tunnels under construction or already built
have suffered large deformation disasters [1,2], such as anchor rod breakage, steel arch distortion,
and sprayed concrete cracking. The collapse leads to frequent repairs, increase support costs and
decrease construction efficiency, and has become a scientific problem that affects the safety of the
underground engineering construction.

In view of the problems of insufficient primary support capacity and large deformation in the
complex surrounding rock tunnel, it is possible to reasonably strengthen the initial support structure
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of the tunnel. Domestic and foreign scholars have done a lot of research on the optimization design of
primary support, the mechanical characteristics of composite support structure considering shotcrete,
and the influence on support effect. First, a new type of three limb grid steel frame with 8-shaped
reinforcement was first designed in Germany [3], and the rationality and applicability of the structure
design were proved by practical engineering application. On this basis, some researchers had carried
out the structural parameter optimization, and obtained the deformation characteristics, ultimate
bearing capacity, and failure mode of different forms of grid arch through the mechanical performance
test of bending load [4–6]. Moreover, In order to evaluate the relationship between the ultimate
bearing capacity and the cost of each component, a series of optimization studies were carried out
by introducing performance index parameters [7]. Comparing with the traditional lattice girder,
I-steel concrete structure was more suitable for surrounding rock conditions with large deformation
rate in early stage [8], and heat-treated high-strength lattice girder had certain advantages in mechanical
properties and applicability [9,10]. Bolt support technology is more widely used in tunnel engineering
and has achieved good application effects. In the process of tunnel construction, various weak
surrounding rocks are often encountered, and engineering technicians and scholars have conducted
a lot of experiments and researches on the role of bolts in soft rocks [11–14]. Recently, steel tube
confined concrete structures are more and more widely used in tunnel support, and they have obvious
advantages in compressive strength, flexural performance, and bearing capacity. A new type of steel
grid concrete core tube support structure system was independently developed, and achieved good
application effect [15]. In addition, considering the obvious limitations of bolt-mesh-shotcrete support
in high geo-stress soft rock tunnel [16,17], several new high-strength steel tube confined concrete
arch support systems were proposed, such as UCC arch, CCFST arch, and SCFST arch, which were
successfully applied to the field test, and forming a tunnel assembly confined concrete construction
system [18–25].

Nevertheless, in the face of some deep buried and high geo-stress problems, the bearing capacity
of the support is still insufficient. Therefore, based on the design concept of “strong support,
immediate support,” a new spatial steel tubular grid (SSTG) arch is designed, which takes high-strength
seamless steel tube as the main bearing component, high-strength π-shaped reinforcement + U-shaped
reinforcement as connecting reinforcement, and trapezoidal flange plate + high-strength bolt as joint
connection form. The specific structure and joint connection are shown in Figure 1.Symmetry 2020, 12, x FOR PEER REVIEW 3 of 20 
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The original design plan adopts the H264 bar lattice girder as the initial support form. Taking 
into account the insufficient bearing capacity and the impact of the construction period, it is 
decided to adopt the combined support technology of the SSTG arch + rock bolts + shotcrete to 
ensure the tunnel construction safety. The assembly of the arch in the tunnel is shown in Figure 4. 
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Figure 1. Spatial steel tubular grid (SSTG): (a) assembled into a ring on the ground; (b) flange plates
and bolts in circumferential joint.

At present, the research on this type of SSTG arch used in tunnel engineering is still lack of
systematic research, in order to understand the mechanical properties and failure mechanisms of
SSTG arch, the flexural stiffness and yield strength of joint components should be determined at first.
Therefore, this paper through laboratory and numerical experiments, carries out the bending tests for
the circumferential joint of SSTG arch, hoping to provide a theoretical reference for the design of the
circumferential joint and the practical application of SSTG arch support in related projects. The main
research contents and technical route are shown in Figure 2. In order to realize rapid installation and
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timely seal the surrounding rock, the arch assembly machine is developed, and field application of
the new SSTG arch was successfully carried out in the underground tunnel of Guangzhou Panyu
Square Station.
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Figure 2. Research contents and technical route.

2. Engineering Background

The project is an underground tunnel between Hengli and Panyu Square Station of Guangzhou rail
transit line 22, which is located in Panyu District, Guangzhou. The underground tunnel passes through
Luojia River, Dongxing Road, Square East Road to Panyu Square Station, and the direction is generally
North-South. The tunnel is a single-hole double-line tunnel, belonging to class III–IV surrounding rock.
The thickness of overburden soil is 26.4~26.9 m, which is mainly composed of muddy soil, muddy
medium coarse sand, and sandy clay. The excavation section span is 14.7 m, the height is 11.95 m,
and the cross-section area is 143 m2. The bench method is adopted for construction. The geographical
location of interval tunnel is shown in Figure 3.
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The original design plan adopts the H264 bar lattice girder as the initial support form. Taking into
account the insufficient bearing capacity and the impact of the construction period, it is decided to
adopt the combined support technology of the SSTG arch + rock bolts + shotcrete to ensure the tunnel
construction safety. The assembly of the arch in the tunnel is shown in Figure 4.
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3. Experimental Testing

3.1. Specimen Design and Test Condition

The design of the specimen is based on the underground tunnel project of Panyu Square Station
of Guangzhou Metro, and combined with the relevant stratum condition and construction technology.
Three groups of SSTG arches are used in the experiment. In order to simplify the test and calculation,
the test adopts straight joint instead of arch joint, as expressed in Figure 5. The length of the tested
specimens is 1500 mm, the maximum width is 1109 mm, the center thickness is 220 mm, the diameter
of the π-shaped and U-shaped connecting ribs are both 14 mm, and the thickness of the flange plate is
10 mm. The joints are connected by bolts, and the steel tubes were welded to the flange plate to form a
whole, and U-shaped rebar is also welded to improve the stiffness and bearing capacity. The outer ring
and inner ring of main limb steel tubes adopt Q420 seamless steel tube with a diameter of 50 mm [26],
a wall thickness of 8 mm, which are staggered at equal intervals along the tunnel direction to form
the main force-bearing framework of the structure. The outer ring of steel tubes adopts the 4-leg
type, and the inner ring adopts the 5-leg type, respectively equipped with M20 high-strength bolts of
10.9 grades for connection [27]. Each steel tube is connected and fixed by HRB400 connecting rebar to
form a stable structure of positive triangle and inverted triangle, which is beneficial to improve the
flexural stiffness of SSTG arch and limit the radial displacement. The section structure is shown in
Figure 6, and the physical and mechanical parameters of the specimens are displayed in Table 1.

This paper takes the stratum condition of Guangzhou Panyu Square Station as the design basis.
The groundwater level is −1.8 m, the tunnel depth is 26.7 m, the tunnel passes through moderately
weathered to slightly weathered granite, and the uniaxial natural ultimate compressive strength is
36 MPa~59.3 MPa. It is calculated that the maximum positive bending moment of SSTG arch is about
200 kN·m, and the axial force was about 640 kN. The experiment conditions are shown in Table 2.

Table 1. Main physical and mechanical parameters of test specimens (Unit: mm).

Steel Tube π-Shaped Rebar U-Shaped Rebar Flange Plate Bolt

Material Size Material Diameter Material Diameter Material thickness Grade Size

Q420 Φ50 × 8 HRB400 14 HRB400 14 Q235B 10 10.9 M20
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Figure 6. SSTG arch structure (Unit: mm): (a) section structure of SSTG arch; (b) connection form of
circumferential joint.

Table 2. Experiment conditions.

Working Condition Horizontal Load (kN) Vertical Load (kN) Bending Moment (kN·m)

Design condition 640 412 200
Failure condition 640 614 298

3.2. Test Equipments and Loading Scheme

The specimens are tested on the hydraulic loading system. The vertical load consists of two
2500 kN actuators, which can provide a maximum vertical loading capacity of 5000 kN. The horizontal
load consists of a 2000 kN actuator, which can provide a maximum horizontal loading capacity of
2000 kN. The horizontal actuator of the loading system provides a horizontal load to the specimen
to simulate the axial force, and the vertical actuators supply a vertical load to replace the bending
moment at the joint. The force diagram is displayed in Figure 7.Symmetry 2020, 12, x FOR PEER REVIEW 6 of 20 
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The high-speed static resistance strain data acquisition and analysis system is used to collect
data on the deformation, strain, and bolt axial force of the specimens in real time, and the vertical
load is recorded by the JMZX-3006 comprehensive tester. Before the test, the geometric and physical
alignment of the specimens is carried out. The test loading is divided into two steps: first, loading
the horizontal force to the set value, then loading the vertical force. The pressure holding by steps is
realized through loading sub-system. The loading rate is set as 2.0 kN/s, and the pressure is held for
4 min per 20 kN. When the load does not increase significantly, it is changed to displacement loading
at a loading rate of 0.2 mm/s until the entire arches enter into their yield state or significant damages
occurred. Figure 8 shows the loading in progress.
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Figure 8. Loading in progress.

3.3. Monitoring Scheme

As shown in Figures 7 and 9, the measuring points are mainly distributed in the following five
areas: first, on the tension and compression sides, the stress and strain evolution law of the steel tubes
during the loading process is monitored respectively, and the measuring points are numbered with SP;
second, the measuring points are arranged at a position where the flange plate is prone to distortion,
and numbered with FL; third, the measuring points are arranged on the π-shaped connecting bars to
monitor the strain, and named with SB; fourth, in order to study the working performance of bolts
at different positions, the JTM-Y1800 pressure sensors are used to measure the stress status of the
bolts, and numbered with HB; fifth, at the mid-span position of the joint, displacement meters with a
measuring range of 100 mm are arranged to monitor the vertical deformation.

The measurement items in the bending test included: the surface strain of the main limb steel
tubes on the tension and compression side, the strain of the flange plate, the joint opening, the strain of
the π-shaped connecting rebar, the axial force of the bolt, the mid-span deflection, etc. All measuring
points are summarized in Table 3.

Table 3. Summary of measuring points.

Test Item Measuring Range Accuracy Quantity

The strain of steel tube 0~0.02 1 × 10−6 18
The strain of flange plate 0~0.02 1 × 10−6 24

The strain of π-shaped connecting rebar 0~0.02 1 × 10−6 8
Bolt axial force 0~300 kN 0.5 kN 6

Mid-span deflection 0~100 mm 0.1 mm 2
Joint opening 0~50 mm 0.1 mm 2
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4. Results and Discussion

4.1. Experiment Phenomenons

The SSTG arches present a failure mode of combination of compression and bending. Under the
action of the bending moment, the flange plates on the tension side exhibit obvious opening
deformation, and there is a gap between the flange plates, forming a cavity, but there is no obvious
opening deformation on the compression side of the joint. In addition, the deformation of steel
tubes on the tension side is relatively larger, and there is a certain degree of necking phenomenon.
During the entire loading process, the π-shaped ribs have obvious bending deformation, and emerge
breakage occasionally near the bearing position. Moreover, the stirrups also produce obvious irregular
deformation along with the uneven deformation of the steel tubes. After the loading is completed, it is
observed that the bolts are in good condition without bending deformation and anchorage failure.
The initial and final failure modes of SSTG arches are shown in Figure 10.
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4.2. Deflection Displacement

In the flexural loading test of SSTG arches, the vertical downward displacement of the joint is
recorded as the mid-span deflection, and the value is positive. The vertical load collected by the
pressure sensor is converted into the bending moment of circumferential joint. Under the combined
action of horizontal axial compression and bending moment, the bending moment–mid-span deflection
curve of SSTG arch is shown in Figure 11.Symmetry 2020, 12, x FOR PEER REVIEW 9 of 20 
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The deformation of the SSTG arches is divided into the following three stages during the loading
process:

(1) When the bending moment is 0~180 kN·m, the curve increases linearly, and the maximum
mid-span deflection is about 16.7 mm; the SSTG arches have no obvious deformation except for
local small deformation.

(2) When the bending moment is within the range of 180~300 kN·m, the curve shows approximately
linear development, and the deflection growth rate gradually accelerates. At this time, mid-span
deflection reaches 34.9 mm, and SSTG arches have a certain degree of bending deformation.

(3) After the bending moment exceeds 300 kN·m, the deflection growth rate is further accelerated.
When the bending moment reaches 340.5 kN·m, the deflection is 56.7 mm; reaching the ultimate
bearing capacity, the SSTG arches fail to resist external load, and show a rapid growth of
mid-span deflection.
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4.3. Joint Opening

The deformation of the flange plates is another important index for evaluating the bearing
performance of the joint. According to the analysis of the deformation of the flange plates on
the tension side, the bending moment–joint opening curve is obtained, which is similar to the
bending moment–mid-span deflection curve and also experiences the elastic growth stage, the plastic
development stage and the final failure stage.

(1) It can be seen from Figure 12 that at the initial stage of loading, the opening value of the joint
increases slowly with the bending moment, and the maximum opening is about 3.0 mm.
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(2) When the load continues to be applied, the joint opening rate increases and the stiffness of the
specimens decreases gradually, the maximum joint opening amount reaches 8.0 mm.

(3) With the joint opening increasing rapidly, the vertical load improves further until the specimens
reach the ultimate bearing capacity and lose the ability to resist deformation. When the ultimate
bearing capacity is 340.5 kN·m, the joint opening deformation reaches 13.9 mm.

In combination with Table 1, it can be seen that the design value of the joint of SSTG arches under
the positive bending moment is 200 kN·m, which does not reach the yield load of 298 kN·m. Therefore,
the joint design of the SSTG arches can be considered safe and reasonable.

4.4. Steel Tube Strain

The relationship between the bending moment and the strain of the steel tubes is shown in
Figure 13. A total of 18 strain measurement points are monitored for two sections. For Section 1,
adjacent to the joint, the maximum tensile strain occurs at the measuring point of SP-7 with the
strain value of 4643 × 10−6, and the ultimate compressive strain on the tensile side was −1081 × 10−6.
For Section 2, the maximum tensile strain occurred at the measuring point of SP-15 with the strain
value of 1634 × 10−6, and the ultimate compressive strain on the tension side is −2061 × 10−6 which
occurred at the measuring point of SP-13 of the main limb steel tube.

4.5. Flange Plate Strain

The relationship between the bending moment and the strain of the flange plate is shown
in Figure 14. There are nine strain-measuring points on the periphery of the flange plate and
15 strain-measuring points on the inside.
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It can be seen from Figure 13a that the ultimate strain values range of the measuring points of
FL-1~FL-5 on the tension side is 11,638 × 10−6~21,577 × 10−6, and the maximum tensile strain occurs at
the measuring point of FL-3. The range of ultimate strain values of measuring points of FL-6~FL-9
on the compression side is −373 × 10−6~−1826 × 10−6, and the maximum compressive strain occurs
at measuring point of FL-8. It can be seen from Figure 13b that among the measuring points of
FL-10~FL-24, the maximum tensile strain occurs at the measuring point of FL-18 with the value of
1931 × 10−6. The maximum compressive strain occurs at measuring point of FL-20, and the ultimate
strain value is 4613 × 10−6.
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Figure 14. Bending moment–flange plate strain curves: (a) strain of measuring points of FL-1~FL-9;
(b) strain of measuring points of FL-10~FL-24.

In summary, the flange plate on the tension side bears greater tensile stress, which is consistent
with the opening deformation of the flange plates. While the flange plate on the compression side
bears smaller compressive stress. The inner area of the flange plate is mainly in tensile stress state,
while there is large compressive stress locally.

4.6. Rebar Strain

The relationship of bending moment–rebar strain is displayed in Figure 15. A total of six strain
measuring points for 2 sections are monitored, and the strain gauges are pasted on the reinforcement
surface after grinding. As shown in Figure 9, the measuring points of SB-1~SB-3 are located on the
same cross-section, and the strain value range is 1703 × 10−6~−1926 × 10−6. The maximum tensile
strain occurs at the measuring point of SB-1, the maximum compressive strain occurs at the measuring
point of SB-2. It can be seen that the different positions of the measuring points, the force modes also
change accordingly. The measuring points of SB-4~SB-6 are located on the other section, and the strain
value range is −246 × 10−6~−1595 × 10−6, all of which bear compressive stress, and the maximum
compressive strain occurs at measuring point of SB-5.
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4.7. Bolt Axial Force

The relationship between bending moment and bolt axial force is shown in Figure 16. Six axial
force meters are arranged to monitor the stress of the bolts on the tension side and compression side.
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According to Figure 16, during the whole loading process, the bolt axial force of measuring
points of HB-1~HB-3 located on the compression side, reduced by 3.9%, 6.5%, and 3.6% respectively
compared with the initial preload. For measuring points of HB-4~HB-6, the bolt axial force increases
faster during the entire loading process, and measuring point of HB-5 is the most obvious, which is
about 70.3% higher than the initial preload. HB-4 and HB-6 measuring points, increased by 38.2% and
29.1% sequentially compared with the initial preload. All of them are within the scope of safety design.

Based on the above analysis, the bolts on the compression side have good stress condition and
a high safety factor. The bolts on the tension side generally bear greater stress, especially near the
middle position. Bolts with larger diameters can be used to strengthen the reliability and safety of the
bolt connection.

5. Finite Element Analysis

Numerical simulation is more and more widely used to analyze the deformation and failure of
engineering structures. In this paper, the stress, deformation characteristics, and failure mechanism of
SSTG arches are analyzed by using numerical method, and are compared with the experimental results.

5.1. Numerical Modeling

The general finite element software ABAQUS is used to carry out the analysis of the bending
performance of SSTG arches under combined axial force and bending load, and a three-dimensional
refined full-scale entity model is established. The model mainly includes the following six types
of components: main limb steel tube, π-shaped rebar, U-shaped rebar, trapezoidal flange plate,
high-strength bolt and bearing. As shown in Figure 17, the FE mesh of steel tubes, flange plates,
and bolts in the model are achieved by using eight-node linear hexahedral incompatible element
(C3D8I), which can overcome the shear self-locking problem, and suitable for elastic-plastic analysis
and complex contact problems. The stress and deformation characteristics of the flange plate and bolts
are the focus of this experimental study. The appropriate mesh density is determined, and refined at the
stress concentration locations. In this paper, the simulated components are appropriately simplified,
the influence of stirrups is not considered in the modeling, and the nut and the screw are assembled
into one part instead of the threaded connection.

5.2. Contact Setting and Bolt Load

Tie constraint is set to realize the fixed connection of the steel tube with the steel bar and the
flange plate. The bearing and the steel tube define the surface-to-surface contact properties, the normal
behavior adopts hard contact, and the tangential behavior defines the penalty function. The contact
surfaces between flange plates and high-strength bolts are also set face-to-face contact.
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Figure 17. FE model.

The bolt preload is simulated by the method of defining the bolt load. Considering the convergence
of the model calculation, a small amount of preload is applied to the bolts after setting the initial
analysis step to establish a stable contact relationship between the bolts and flange plate. In the next
analysis step, the bolt preload is increased to the final preload, and the bolt load definition method is
changed to maintain the current bolt length in the subsequent analysis step. When the strain of the
crucial parts in the model reaches the elastic-plastic limit value, it can be considered that the specimen
has been damaged, and then the ultimate bearing capacity and failure form can be obtained.

5.3. Material Parameters

For steel tube, yield stress f y = 420 MPa, the modulus of elastic ES = 2.06× 105 MPa. For connecting
rebar, yield stress f y = 400 MPa, the modulus of elastic ES = 2.06 × 105 MPa. For flange plate, yield stress
f y = 235 MPa, the modulus of elastic ES = 2.06 × 105 MPa. For high-strength bolt, yield stress
f y = 900 MPa, the modulus of elastic ES = 2.1 × 105 MPa. Poisson’s ratio 0.3 is considered.

The steel tube and the connecting rebar are low-alloy high-strength steel, there is no obvious
yield point and yield step on the stress–strain curve. Meanwhile, considering the strengthening
effect, a three-fold line-strengthening elastic-plastic model is selected for analysis, the stress–strain
relationship is shown in the Figure 18a. Besides, the flange plate is made of carbon structural steel,
and its yield condition is studied using an ideal elastic-plastic model. The stress–strain relationship is
shown in Figure 18b.Symmetry 2020, 12, x FOR PEER REVIEW 14 of 20 
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5.4. Results and Discussion

A concentrated force is applied in the horizontal direction to simulate the axial load, and a vertical
concentrated load is applied to simulate the bending moment of the joint. Under the combined load,
Figures 19 and 20 show the vertical displacement characteristics of the specimen. The results indicate
that the main limb steel tubes have large deformation and the maximum displacement occurs at
the joint. In summary, the numerical results are in good agreement with the experimental results.
Therefore, it is reliable to employ numerical simulation method to study the mechanical properties of
steel structures.
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Figure 20. Bending moment–mid-span deflection curves.

The joint opening deformation and the total load curves reflect the mechanical behavior of SSTG
arches, as shown in Figures 21 and 22. The results reveal the deformation and failure characteristics of
the flange plates, which on the tensioned side produce bell-mouth opening deformation under the
influence of the tension of the main limb steel tubes, and the amount of deformation is directly related
to the load. In the initial stage of loading, the joint opening of the specimen changes linearly with
the increase of the load, while the growth rate is relatively slow. As the load continues to be applied,
the deformation rate of the joint opening gradually increases. When the bending moment reaches about
270 kN·m, the specimen reaches yield strength, and the deformation rate is significantly accelerated.
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Figure 23 shows the process of plastic strain and failure of the flange plate. It indicates that
the plastic zone of the flange plate is mainly concentrated around the bolt holes and the connection
between the main limb steel tubes and the flange plates on the tension side. These areas are prone to
large deformation, and are more likely to reach yield strength and fail. In the initial stage of loading,
the flange plates are in the elastic deformation stage without plastic strain. With the further increase of
the load, the distribution range of the plastic zone gradually expands to the vicinity, and the value
of the plastic strain continues to increase until the specimens reach ultimate bearing state. When the
bending moment is 200 kN·m, the maximum plastic strain value of the flange plates is 0.016. When the
bending moment is 300 kN·m, the maximum plastic strain value of the flange plates improves to 0.144.
At the same time, it can be seen that the flange plates on the tension side have certain regular opening
deformation between the bolts, and a cavity is formed between the flange plates.
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Figure 24 shows the yield failure state of the flange plate. It can be seen that the flange plate shows
obvious compression zone and tension zone, and the boundary is clear. Moreover, the areas around
the bolt holes on the tension side and most areas on the compression side are in compression state.
The connection between the steel tubes and the flange plate on the tension side, and the connecting
areas formed by the adjacent steel tubes are in tension state. Thus, these results mentioned above are in
good agreement with the experimental results and also reflect the accuracy of the numerical calculation.Symmetry 2020, 12, x FOR PEER REVIEW 17 of 20 
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Figure 24. The nephogram of maximum principal stress of the flange plate.

Figure 25 presents the distribution nephograms of stress and strain of the high-strength bolts.
The bolts on the tension side bear greater stress than the bolts on the compression side, and a few nodes
of the screw and nut exceed the yield strength. Meanwhile, the plastic zone is mainly concentrated on
the tension side bolts. The bolts on the compression side are overall in good condition and basically in
the elastic deformation stage. The working situations of bolts at different positions on the same side are
also different, the stress and plastic zone of bolt 1# and bolt 6# is smaller than other four bolts. There is
no obvious bending deformation and failure for all bolts. In general, the whole bolts are reasonably
stressed and deformed and have a high degree of safety redundancy.
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(b) strain nephogram.

By extracting the stress on the screw section to obtain the bolt tension, then the curve of bending
moment-bolt axial force is shown in Figure 26. In the initial stage of loading, the axial force of the whole
bolts remains basically unchanged. When the bending moment increases to 225 kN·m, the growth rate
of the bolts on the tension side increases significantly, and the growth trend is similar. The bolt 2#,
bolt 3#, bolt 4#, and bolt 5# bear greater tensile force, but none of the bolts exceeds the critical yield
strength. The axial force of the bolts on the compression side remains basically unchanged during
the initial and middle stage of loading, and decreases to a certain extent in the late stage of loading,
which is consistent with the experimental results.
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6. Conclusions

In this paper, based on the subsurface excavation tunnel project of Panyu Square Station of
Guangzhou Metro, SSTG arch is proposed for the first time. Combined with model experiment and
numerical simulation, the mechanical characteristic and failure mode of SSTG arches are analyzed.
The results in this study can be summarized as:

(1) A new support technology of spatial steel tubular grid (SSTG) arch is proposed, in which
high-strength seamless steel tube is used as the main load-bearing member, high-strength
π-shaped rebar + U-shaped rebar are used as connecting rebar, and trapezoidal flange plate
+ high-strength bolts are used as the main connection of the joints. The SSTG arch has good
mechanical performance with high strength and rigidity, which can bear the load of surrounding
rock in real time, and ensure the safety of tunnel construction.

(2) During the whole process of loading, the specimens experience elastic growth stage,
plastic development stage, and final failure stage. The average ultimate bending moment
of the three groups of specimens is about 340.5 kN·m, and the corresponding joint opening is
about 13.9 mm.

(3) The main limb steel tube is mainly subjected to bending deformation, and there is a certain degree
of necking and sagging without obvious yield failure. The bolts on the tension side bear more
tensile force, and the plastic zone is more widely distributed than the boils on the compression
side. In addition, the bolts on the compression side are basically in the elastic deformation stage,
and are still in good condition until the end of the loading. Furthermore, the π-shaped rebar
shows obvious deformation and is broken locally during the loading process.

(4) The failure of the specimen is mainly due to the plastic yield of the flange plates. The flange
plates on the tension side have obvious opening deformation. In the yield stage, the opening
deformation rate is significantly accelerated. Therefore, in engineering application, the thickness
of flange plate could be appropriately increased to improve the anti-deformation ability of
circumferential joint.

In this paper, a new support technology of spatial steel tubular grid (SSTG) arch was designed
independently. Moreover, the mechanical properties and field application of the new SSTG arch were
carried out in combination with the Guangzhou stratum condition, and the mechanical characteristic
and failure mode of SSTG arches had made clear. Test results also provided a theoretical basis for the
design and application of SSTG arch support in other related projects. In the subsequent researches,
the support system and bearing mechanism of the SSTG arch will be further improved according to
factors such as different surrounding rock grades and tunnel depth, so as to form a complete set of
supporting technology for tunnels with high geo-stress and soft broken surrounding rock.
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