E symmetry MBPY

Article

Experimental Study on the Application of
Heat-Treated High-Strength Lattice Girder in
Tunnel Engineering

Zhongsheng Tan ! and Kaihang Han 2*

1
2

School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China
College of Civil and Transportation Engineering, Shenzhen University, Shenzhen 518060, China

*  Correspondence: hankaihang@szu.edu.cn

check for
Received: 11 July 2019; Accepted: 1 August 2019; Published: 5 August 2019 updates

Abstract: Heat-treated high-strength rebar has many advantages, such as high strength, superior
ductility, high yield ratio, excellent welding and cold bending performance, which can effectively
reduce the amount of rebar and improve the project quality. Although heat-treated high-strength rebar
has been successfully applied in many fields of civil engineering, its application in tunnel engineering
is just getting started. In this study, the on-site test of axisymmetric heat-treated high-strength lattice
girders in rail tunnels and road tunnels was carried out. Comparative analysis of the performance
of axisymmetric heat-treated high-strength lattice girders and original-design 120b steel rib was
conducted. The test results show that the settlement of high-strength lattice girders is decreased by
about 7%~30% compared with the test section of original-design I20b steel rib. The surrounding rock
pressure is similar, but the stress of high-strength lattice girders is slightly higher than that of I120b
steel rib. Due to the better binding ability of the lattice girders and the concrete, the ultimate bearing
capacity of the ‘lattice girders and shotcrete’ is greater than that of the ‘I20b steel rib and shotcrete’.
Moreover, the steel consumption of lattice girder is about 36% less than 120b steel rib, which shows
significant economic and social benefits.

Keywords: tunnel engineering; lattice girder; section steel arch frame; axisymmetric high-strength
lattice girders; field test

1. Introduction

With the rapid development of tunnels and underground engineering, China has gradually
become the country with the largest scale and largest number of tunnels and underground projects,
the most complex geological conditions and structural forms, and the fastest-growing construction
technology in the world. However, the application of steel bars in tunnel and underground engineering
construction in China is still dominated by ordinary steel bars. Compared with high-strength rebar
in municipal engineering, building construction, and bridge projects, it is obviously in a lagging
phase [1,2]. High-strength rebar is a new type of building material with high strength, good ductility,
high yield ratio, low strain aging sensitivity, good welding and cold bending performance, etc.
Compared with ordinary steel rebar, it can improve the quality of engineering and reduce the amount
of steel used in the project, which corresponds the policy of energy saving and emission reduction in
China [3,4]. Therefore, the application of high-strength rebar in tunnels and underground engineering
will be the future development trend.

The support structure of tunnel and underground engineering is mainly divided into the wooden
girders mainly used in mining tunnels [5,6], and the combinations of ‘grid arches + sprayed concrete’
or ‘steel arches + sprayed concrete’ mainly used in road and rail tunnels [7-11]. At present, there is
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more relative research on the applicability of lattice girder and steel arch frame. The lattice girder has
stronger adhesion to shotcrete and better economics, whereas steel arch frame with a large rigidity can
quickly provide support capacity and is mostly used for soft fractured surrounding rock. High-strength
lattice girder is the lattice girder in which rebar is replaced by high-strength rebar in order to improve
the support performance. Nowadays, relevant research of high-strength lattice girder in China is
still in the start-up stage. Yu [4] carried out laboratory loading tests on high-strength reinforced
concrete composite support and concluded that high-strength steel significantly improved the ultimate
bearing capacity and ultimate deformation capacity. In other countries, research was focused on the
structural style of the grid arch [12-16]. However, none of the above studies involves the influence of
high-strength reinforcement on the mechanical properties of steel arch concrete composite support
structure, which restricts the technical progress of tunnel engineering.

With the gradual increase of the span of tunnel constructions and the complex and varied formation
conditions, the adaptability of high-strength steel grids to tunnels still needs to be verified. In this
paper, the in-situ test results of several tunnel engineering projects are compared and the feasibility
of replacing the 120b-shape steel arch frame with high-strength lattice girder in large-span tunnels
is investigated.

2. Performance of Heat-Treated High-Strength Rebar and Steel Arch Structure

2.1. Mechanical Property of Heat-Treated High-Strength Rebar

At present, high-strength rebar generally has a yield strength of 400-500 MPa. Heat-treated
high-strength rebar is made by adjusting the hot-rolled rebar of HRB400 through the quenching and
tempering process of heat-treatment to improve the strength and plastic toughness of the rebar, so that
the yield strength of the rebar can reach over 600 MPa. Considering the bearing capacity requirements
of the tunnel primary support, the main rebar of the high-strength lattice girder chooses the crescent
ribbed rebar with a yield strength of 600 MPa, and stirrup and stiffeners choose plain round bars
with a yield strength of 900 MPa. The structure is shown in Figure 1 and the mechanical properties
in Table 1. Heat-treated high-strength rebar not only improves the yield strength but also meets the
requirements of strength ratio and elongation. Therefore, for the primary support to withstand large
surrounding rock pressure or local stress concentration, the rebar allows a certain plastic deformation
and can provide sufficient support strength to ensure the safety of the support structure.

CRMG600
Main Rebar

@) (b)

Figure 1. High-strength lattice girders. (a) Display of overall lattice girders. (b) Display of partial
lattice girders.
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Table 1. Mechanical properties of heat-treated high-strength steel reinforcement.

High-Strength Yield Strength Ultimate Tensile Strength Ratio Max1mum.T0ta1
Rebar Grade Re1/MPa Strength Ru/Rer/% Elongation
¢ Rm/MPa miThe Agt/%
CRMG600 600 750 1.25 9.0
HTH900 900 1070 1.15 3.5

2.2. Structural Characteristics of Steel Arch Frame

Steel arch frame includes section steel arch frame and lattice girder. Section steel arch frame
has a good section, such as H-shape, I-shape, or U-shape, which is always used in complex broken
surrounding rock conditions. It can provide a certain supporting reaction force in a short time and
independent bearing capacity after tunnel excavation. Lattice girder has the characteristics of equal
strength, equal stiffness, and equal stability in two directions on the cross-section and has considerable
flexibility. The application of high-strength lattice girder not only retains the support flexibility of
the original lattice girder but also improves the ultimate bearing capacity of the support, so that
high-strength lattice girder has the feasibility of application in complex fractured formations.

2.2.1. Support Stiffness of Steel Arch Frame

According to Equation (1) of structural bending stiffness, the bending stiffness of the arch structure
is related to the elastic modulus of material and the cross-section of the arch structure to the moment of
inertia of the curved neutral axis.

k=EI, 1)

where E is the elastic modulus of the steel material, I is the moment of inertia of the structural cross
section facing the curved neutral axis.

Heat-treated high-strength rebar only changes the heat-treatment method of quenching and
tempering during the processing, and the material elastic modulus E is not much different from
ordinary rebar. Table 2 shows the elastic modulus of heat-treated high-strength rebar and ordinary
rebar. High-strength lattice girder and ordinary lattice girder adopt a four-legged structure, and the
cross-section moment of inertia is also same. According to this, the bending rigidity of the high-strength
lattice girder is similar to that of the ordinary lattice girder. The shape of the section steel arch frame
is mostly H-shape and I-shape, and the moment of inertia is larger than lattice girder. According to
Equation (1), the bending rigidity of I20b steel arch frame is about 56% higher than that of lattice girder.
Therefore, the bending rigidity of high strength lattice girder + shotcrete is less than section steel arch
frame + shotcrete [17-19].

Table 2. Elastic modulus statistics of different steel reinforcement types.

Grades and Types of Rebar Elastic Modulus E/GPa
HPB300Rebar 210
HRB335, HRB400, HRB500Rebar 200
HRBF335, HRBF400, HRBF500Rebar
CRMG600, CRMG700, CRMG785, CRMG830Rebar 200

HTHS800, HTH900, HTH1000Rebar

2.2.2. Cohesiveness between Steel Arch Frame and Shotcrete

The form of high-strength lattice girder makes it more fully combine with shotcrete, the structure
does not easily form cavities, and the primary support integrity is stronger. Section steel arches frame
can provide larger supporting stiffness, but because of the existence of the flange plate, the back of
the steel arch frame and the joint position form cavities, which directly affect the overall mechanical



Symmetry 2019, 11, 1007 40f 13

performance of a primary support—it is prone to groundwater seepage in the water-producing
environment. After the combination of high-strength lattice girder and shotcrete, the supporting
performance of “first soft then rigid” is formed. As the strength of shotcrete increases, the supporting
structure stiffness also gradually increases, so the bearing capacity gradually increases [20]. However,
the contact surface between the section steel arch frame and the surrounding rock is difficult to fill
compactly with shotcrete, which leads to the uncoordinated deformation of the primary support; the
cracking and falling phenomenon between the shotcrete and section steel arch frame can easily occur.
In general, the high-strength lattice girder and shotcrete bond better.

2.2.3. Processing, Transportation, and Installation of Steel Arch Frame

The processing technology of the high-strength lattice girder includes the cutting and bending
of the main rebar and stirrup, the pressing and bending of the stiffener, the welding of the lattice
girders, and the welding of the connecting plate. But the processing of section steel arch frame can be
completed by bending the section steel and welding the junction plate. In contrast, machining the
lattice girder is more cumbersome. However, the steel consumption of high-strength lattice girder
is obviously less than that of the section steel arch frame, so both the material cost and construction
efficiency have advantages. Table 3 shows the weight statistics of standard section steel arch frame and
high-strength lattice girder per meter. It can be seen that the weight of the high-strength lattice girder
is about 82% of that of the I18 steel arch frame, 64% of that of I120b, and 54% of that of 122a. Therefore,
high-strength lattice girder can save a large amount of steel and improve the construction efficiency of
artificial support, so it has good social and economic benefits.

Table 3. Statistics of the steel arch frame weight per meter.

Steel Arch Form Weight per m/kg
I16 20.5
118 241
120b 31.1
122b 36.5
High-strength steel grille arch (Main Rebar ® 22) 19.8

3. Field Test of Heat-Treated High-Strength Lattice Girder

The laboratory loading test of heat-treated high-strength lattice girders is not enough to show
its adaptability in real engineering. Therefore, field comparative tests of heat-treated high-strength
lattice girders and section steel arch frame were carried out in several large-span tunnel projects that
are under construction. The test items included tunnel crown settlement and horizontal convergence
deformation, surrounding rock pressure, steel arch frame stress, etc. The relevant conditions of the
engineering test section are shown in Table 4.

Table 4. Test project of high-strength lattice girder.

Project Type Conditions of Surrounding Rock Steel Frame Type Tunnel Span/m

Limestone with dolomitic limestone;

Double-track railway tunnel . 120b 13.50
Limestone sand shale

Two-lane road tunnel Tuff sandstone 120b 12.86

Three-lane road tunnel Fragmented lithified mixed granite 120b 16.52

In the test section, the main ribs, hoop ribs, and splayed ribs of the high-strength steel grid
arch frame were made of heat-treated high-strength steel bars of ® 22, ® 10, and P 12, respectively.
The properties of the steel bars are shown in Table 5. The test section was an 120b-shaped steel arch
frame made of Q235 steel having a yield strength of 235 MPa. The measure point layout of the test
section is shown in Figure 2. In Figure 2a, GD1 is the measure point of tunnel crown settlement and
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SL1 and SL2 are horizontal convergence measure lines. In Figure 2b, TY1-TY8 are the measure points
of surrounding rock pressure. In Figure 2c, WG1-WGS8 are the outer measure points of steel arch
stress and NG1-NGS8 are the inner measure points of steel arch. There are eight measure points of the
surrounding rock pressure and steel arch stress for each section in the two-lane railway tunnel and
the two-lane highway tunnel, while there are five measure points for each section in the three-lane
highway tunnel. The test section of two-lane highway tunnel was conducted in winter, the test sections
of three-lane highway tunnel was conducted in summer, and the test section of two-track railway
tunnel was conducted in spring, respectively. Moreover, all the three test sections were more than
500 m away from the mouth of the tunnel and the air temperature had little influence on the stress of
surrounding rocks. The influence of season on the test results is ignored in this paper.

Table 5. The property of high-strength lattice girders.

Type Model Diameter (mm)  Yield Strength (MPa) Tensile Strength (MPa)
Main rebar CRMG600 O 22 600 750
Stirrup HTH900 @10 900 1070
Squama HTH900 P12 900 1070
Bolt M20 / / /

GD1

c

SL1
Horizontal convergence

SL2

Horizontal convergence

Figure 2. Cont.
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Figure 2. The location of measure points. (a) Displacement measure points. (b) Surrounding rock
pressure measure points. (c) Steel stress measure points.

4. Results and Analysis

4.1. Settlement and Convergence

Table 6 shows the average values of settlement and convergent of high-strength lattice girder
and I20b-shape steel arch frame in each test tunnel. Figures 3 and 4 are, respectively, typical sections
time-history curves of crown settlement and horizontal convergence for each tunnel.

Table 6. Average deformation of each tunnel test section.

Tunnel Type
Measure Point Types of Steel Arch Frame Double-Track Two-Lane Three-Lane
Railway Tunnel = Highway Tunnel Highway Tunnel
Crown High-strength lattice girder 35.8 112 122
settlen(l)ent Jmm 120b-shape steel arch frame 43.2 15.1 13.1
Difference value -7.4 -3.9 -0.9
. High-strength lattice girder 24.0 12.2 122
conljgslze?lrclct;l{nm 120b-shape steel arch frame 34.2 15.4 139
& Difference value -10.2 -3.2 -1.7
0

-10

00000000000000

High-strength lattice girder

—=— Double-track Railway Tunnel
—®— Two-lane Highway Tunnel

40 - —A— Three-lane Highway Tunnel
L 120b-shape steel arch frame
50 e, —=— Double-track Railway Tunnel

il —e— Two-lane Highway Tunnel
—8— Three-lane Highway Tunnel
R R R I R r I r I :
0 10 20 30 40 50 60
Time/d

Crown settlement /mm
&
S
T

Figure 3. Time-history curves of crown settlement for each tunnel’s test section.
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High-strength lattice girder
—=— Double-track Railway Tunnel
—e— Two-lane Highway Tunnel
—— Three-lane Highway Tunnel

120b-shape steel arch frame

Horizontal convergence /mm

—=— Double-track Railway Tunnel
—e— Two-lane Highway Tunnel
—A— Three-lane Highway Tunnel
-50 . 1 . 1 . 1 . I N I N I )
0 10 20 30 40 50 60
time/d

Figure 4. Time-history curves of horizontal convergence settlement for each tunnel’s test section.

Comparisons of high-strength lattice girder and 120b-shape steel arch frame test section show that
the crown settlement was reduced by 7%~26% and the maximum decrease was 7.4 mm. The horizontal
convergence of the high-strength lattice girders test section was reduced by 12%~30% compared with
that of the 120b-type steel test section and the maximum decrease was 10.2 mm. The distribution rule
of the crown settlement and horizontal convergence of the high-strength lattice girders test section was
basically the same as that of the 120b-shape steel arch frame test section. The difference value of crown
settlement and horizontal convergence was —1.0~11.8 mm, and the difference value of 120b-shape steel
arch frame test section was —0.8~9.0 mm. Both kinds of steel arch frame show that the settlement of the
vault was close to horizontal convergence. The deformation development rule of high-strength lattice
girders and I120b-type steel indicates that the early speed was faster and the deformation was stable
after the steel arch frame was enclosing. In other words, the main reason was that the heat-treated
high-strength lattice girders with the same section had relatively large stiffness compared to that of
120b-shape steel arch frame.

4.2. Surrounding Rock Pressure

Figures 5-7 are the time-history curves and envelope diagram of surrounding rock pressure
maximum value for the high-strength lattice girder test section of the double-track railway tunnel, the
double-lane highway tunnel, and the three-lane highway tunnel, respectively. It can be seen that the
surrounding rock pressure increased rapidly in the initial stage of tunnel excavation, while the strength
of shotcrete was relatively low, and the steel arch frame provided the main support resistance. With the
increase of shotcrete strength, the support strength of steel arch frame and shotcrete had increased, and
the stress releasing rate of surrounding rock had decreased, until the invert was enclosing for a period
of time, the surrounding rock pressure tended to be stable.
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Figure 5. Surrounding rock pressure distribution of double-track railway tunnel. (a) Time-history curve
of surrounding rock pressure of high strength lattice girder. (b) Time-history curve of surrounding
rock pressure of 120b steel arch. (c) Envelope diagram of surrounding rock pressure (red line for high
strength lattice girder and blue line for I120b steel arch) (unit: kPa).
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Figure 6. Surrounding rock pressure distribution of double-lane highway tunnel. (a) Time-history curve
of surrounding rock pressure of high strength lattice girder. (b) Time-history curve of surrounding
rock pressure of 120b steel arch. (c) Envelope diagram of surrounding rock pressure (red line for high
strength lattice girder and blue line for I120b steel arch) (unit: kPa).
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Figure 7. Surrounding rock pressure distribution of three-lane highway tunnel. (a) Time-history curve
of surrounding rock pressure of high strength lattice girder. (b) Time-history curve of surrounding
rock pressure of 120b steel arch. (c) Envelope diagram of surrounding rock pressure (red line for high
strength lattice girder and blue line for 120b steel arch) (unit: kPa).

The surrounding rock pressure in the high-strength lattice girders test section was irregular,
the scale of double-track railway tunnel was 91-693 kPa, the double-lane highway tunnel was
66-590 kPa, and the three-lane highway tunnel was 16-282 kPa. The surrounding rock pressure of the
120b-shape steel arch frame was irregular, the scale of double-track railway tunnel was 154-1355 kPa,
the double-lane highway tunnel was 67-628 kPa, and the three-lane highway tunnel was 52-235 kPa.
The surrounding rock pressure of the two supporting test sections was larger at the arch part, and
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the maximum value was at the crown. On the whole, the surrounding rock pressures of the two
supporting forms were almost equal to each other.

4.3. Stress of Steel Arch

Figure 8 shows the inside and outside maximum stress envelope diagram of each measure point
for two kinds of steel arch frames. The red dashed lines in the figure represent the high-strength
lattice girder, and the blue solid lines represent the I120b-shape steel arch frame. The negative sign
indicates compression.

(a)

(b)

Figure 8. The stress envelope diagram of high-strength lattice girder (red dashed line) and I120b steel-arch
(blue solid line) (unit: MPa). (a) Double-track railway tunnel—inside and outside. (b) Double-lane
highway tunnel—inside and outside. (c) Three-lane highway tunnel.
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Most of the inside and outside measure points of the high-strength lattice girder element and 120b
steel arch frame were under pressure, and a few of the measuring points were under tension and the
value was small. The stress difference between the inside and the outside of the high-strength lattice
girder was —23.0~37.4 MPa, the average difference was about 4.4 MPa. On the whole, the stress on the
outside was bigger than that on the inside, and the stress above the arch was generally much bigger,
the average stress of arch part was —63.1 MPa, the average stress of sidewall was —22.3 MPa, and the
average stress of invert was 3.0 MPa. The stress difference between the inside and the outside of the
I120Db steel arch frame was —32.1~17.1 MPa, the average difference was about —2.9 MPa. The overall
performance shows that the stress on the outside was bigger than that on the inside and the stress above
the arch was also much bigger, the average stress of the arch part was —47.9 MPa, the average stress of
the sidewall was —11.1 MPa, and the average stress of the invert was —6.2 MPa. The average stress
of the high-strength lattice girder was —27.5 MPa, the average stress of the I20b steel arch frame was
—21.7 MPa. The steel stress of the high-strength lattice girder was slightly higher, but stress distribution
was relatively uniform.

5. Conclusions

Through the on-site comparison test study of heat-treated high-strength steel grid arch frame and
steel arch frame, the main conclusions are as follows:

(1) Heat-treated high-strength rebar has many advantages such as high strength, superior ductility,
high yield ratio, excellent welding and cold bending performance, which can effectively reduce
the amount of steel bars used in the project. The combination effect of the grille and the sprayed
concrete is good, and the construction is convenient. It is not easy to form a void behind the
initial support, which makes it easy to ensure the quality of the project.

(2) The deformation monitoring data of the test section show that the crown settlement of the
high-strength lattice girder is about 7%~26% smaller than that of the I20b steel arch frame, and
the horizontal convergence of high-strength lattice girder is about 12%~30% smaller than that
of 120b steel arch frame. The deformation law for both of them is same. In the early stage, the
deformation increased rapidly, and it became stable after the invert was enclosing. The main
reason for this is that the heat-treated high-strength lattice girders with the same section have
relatively large stiffness compared to that of the I20b-shape steel arch frame.

(3) The surrounding rock pressure and distribution of the high-strength steel grid arch section are
basically the same as that of the I20b steel arch section, and the surrounding rock pressure of the
dome is relatively large. Although the stress of the high-strength steel grid is slightly higher than
that of the 120b steel, the stress distribution of the high-strength steel grid is more uniform.

(4) Compared with the 120b steel arch frame, the high-strength lattice girder has more advantages.
The main rebar for high-strength lattice girder is ® 22, the weight per linear meter of which is
64% of that of the I20b steel arch frame, therefore, the high-strength lattice girder will reduce
about 36% of the steel consumption, which has remarkable social and economic benefits and
popularizing value.
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