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Mechanism research of a new constant resistance yielding device for tunnels 
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Abstract: The constant resistance yielding support is the ideal form of support for squeezing tunnel. Current technology is difficult to 
satisfy the safety requirements of high bearing capacity, large deformation and load stability at the same time. In response to this problem, 
the constant resistance yielding device based on the principle of tension-compression conversion (CRYD-TCC) was developed inspired 
by the metal drawing process in combination with the working characteristics of steel arch support. In this paper, the working principle of 
the CRYD-TCC was discussed, and its mechanical response law and characteristics were analyzed. Through the indoor test and numerical 
simulation, the influence of the design parameters was analyzed, and the performance measurement index of the CRYD-TCC was 
determined. The analysis shows that: 1) The CRYD-TCC can constantly resist deformation under pressure; when installed in the steel 
arch joint allowing it to be part of the steel arch, the device can ensure the stability of the arch, improve its large deformation adaptability 
while providing constant support for the surrounding rock. 2) Based on the four design parameters: the cone angle, the friction coefficient, 
the cross-section shrinkage rate and the diameter of the pressure bar, the device can realize pressure resistance and pressure control with 
satisfactory load stability, which can provide important technical support for soft-rock tunnel large deformation and the stability control 
of support. 
Keywords: yielding support; squeezing large deformation; constant resistance yielding device; numerical simulation 
 

1  Introduction 
With the continuous development of infrastructure 

construction in China including water conservancy and 
hydropower, railways, and highways, tunnel engineering 
projects continue to merge in high-in-situ soft rock ground 
setting. For example, the Sichuan−Tibet Railway and 
the Central Yunnan Water Diversion Project both will 
inevitably pass through soft rock formations, where large 
deformations are a major challenge in the construction 
of these tunnels (caverns). When the surrounding rock 
undergoes large deformation, huge pressure will be gene- 
rated and acts upon the shotcrete layer, steel arch frame 
and other supporting structures, resulting in bulging and 
rupture of the shotcrete layer, twisting and instability of 
the steel arch frame, and anchor rod breakage. At present, 
when domestic tunnels (caverns) encounter large defor- 
mation due to squeezing, rigid support schemes such 
as increasing the shotcrete thickness and increasing the 
density or stiffness of steel arches are often adopted[1]. 
However, because the rigid support only allows for small 
deformation and is limited in bearing capacity, it cannot 
effectively control the deformation of the surrounding 
rock after premature failure. 

Since the 20th century, there have been different 
opinions on the mechanism and causes of large compression 
deformation, both domestic and international scholars, 

however, reached a consensus: with the surrounding rock 
continues to deform, the stress released by surrounding 
rock is gradually reduced. Therefore, in a hope to prevent 
the support from premature failure, the concept of flexible 
yielding that allows the squeezing ground to deform by 
a certain amount, in combination with the theoretical and 
technological principles of this support innovation, has 
achieved significant development. For example, Kovári 
et al.[2] proposed to fill the compressible material between 
the outer wall of the rigid support and the surrounding 
rock to allow the surrounding rock to produce a certain- 
degree of convergent deformation while ensuring that 
the tunnel section remains largely unchanged. Anagnostou 
et al.[3] modified the structure of the steel arch or shotcrete 
layer that allows it to have the pressure relief function, 
such as installing a steel arch support with sliding function 
(such as a retractable U-shaped steel arch) or installing 
compressible structure in a steel arch and the shotcrete 
support section. Hoek et al.[4] divided the steel arch into 
several sections, and installed two sliding structures at 
the segment joints, the friction of the joints thus functioning 
as pressure relief at the steel arch. Thut et al.[5] placed 
high deformable concrete (HDC) with high compressibility 
and certain strength in the reserved groove for lining. 
This helped prevent damage to the lining due to overly 
strong rigidity. Schubert et al.[6] installed lining stress 
controllers (LSC) in the reserved grooves of the lining 
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and steel arch, which significantly improved the safety 
of the support. In recent years, many Chinese scholars 
have conducted related researches. He et al.[7] developed 
a large-deformation anchor structure of constant resistance 
and negative Poisson’s ratio. The principle is that the inner 
cone of the anchor slips to allow the casing to expand 
radially, thus resulting in constant resistance. Academician 
Sun et al.[8] proposed a large-scale yielding anchor and 
a prestressed anchor cable, which provides support from 
the compression force and dynamic frictional resistance 
generated by the relative sliding of the extrusion head 
in the sleeve. Chen et al.[9] used foam concrete as the 
filling material for the deformation layer between the 
primary support and the secondary lining, which helped 
to relieve the creep deformation pressure of the lining. 
Pan et al.[10] developed a wave energy-absorbing buffer 
device, which effectively solved the problem of rock 
bursts in coal mine roadways by using metal foam in 
the curved shell and ribbed pipe. Lei et al.[11] designed 
a metal buckling pressure relief device, which used the 
rigidity-flexibility-rigidity characteristics of the pressure 
relief device during the loading process to achieve pressure 
dissipation. Tang et al.[12] designed an energy-absorbing 
and anti-impact component with radial expansion. The 
thin-walled round tube was deformed by constant resistance 
expansion through the moulding motion, which improved 
the stress condition of the column under loading. Qiu 
et al.[13] developed a limiter that solved the problem of 
primary support cracking of deep-buried loess tunnels 
through the process of steel slab yielding, bending and 
compaction. 

Constant resistance yielding support is an ideal support 
form in the adaptation and control of large deformation 
of tunnels in squeezing ground. With the adjustment to 
the stress in the surrounding rock, the load acting on the 
support increases, and the pressure relief function is tri- 
ggered once the designed resistance value is met. The 
rock and the support deform together and gradually tend 
to converge. At present, all kinds of flexible yielding 
support have achieved certain effects in controlling the 
large deformation of tunnels (caverns). However, the 
existing technology is still unable to simultaneously meet 
the requirements of high bearing capacity, large deformation 
controlling and stable loading. Steel arch is an important 
structure in the tunnel (cavern) support system, which 
is essential to maintain the initial stability and control 
the development of deformation. However, the friction 
force of the existing yielding sliding friction type yielding 
structure is unstable and greatly affected by the construction 
quality. In other words, the compressible yielding structures 
generally have unstable bearing capacity during the com- 
pression process, and are prone to instability and damage. 

Because of the aforementioned limitations, a new 
type of constant resistance yielding device (CRYD-TCC) 
based on the principle of tension-compression conversion 
was developed in this study. It is capable of converting 
between tension and compression. The device is installed 

at the joint of the steel arch frame, which allows the simul- 
taneous deformation of the steel arch frame and the 
surrounding rock. It provides the surrounding rock with 
a constant support during its deformation. In addition, 
both the support resistance and the range of yielding 
deformation can be adjusted by the design parameters. 
Based on the principle of constant resistance and yielding 
deformation, this paper analyses the device’s mechanical 
response and characteristic properties. Through indoor 
tests and numerical simulations, the feasibility of the device 
is verified, and the influence of various design parameters 
is discussed so as to promotes the future application of 
this supporting structure. 

2  Principle of constant resistance and yielding 
deformation 

Under high stress conditions, the excavation of tunnels 
(caverns) in weak rock will cause a long-lasting extrusion 
and large deformation. The ISRM (International Society 
of Rock Mechanics and Rock Engineering) defines the 
compressibility of surrounding rock as the large defor- 
mation of the surrounding rock with time, which is ess- 
entially the shear creep caused by the overstress in the 
rock body. The deformation can occur during the con- 
struction phase, and may last a long time[14]. During the 
construction of a soft rock tunnel (cavern), rigid supports 
can only temporarily control the deformation of the sur- 
rounding rock. The allowable displacement of these 
supports is very limited. Along with time, the energy 
restored in the rock cannot be released, and would even- 
tually acts on the support, causing it to be damaged. 
Therefore, before the application of ultra-high strength 
support materials or ultra-high bearing capacity support 
systems, the support depending strongly on rigidity should 
not be considered when coming to tunnel (cavern) design 
in squeezing ground. 

With the development of the New Austrian Tunnelling 
Method and the proposed convergence-constraint calcu- 
lation method, the idea of combining support and yielding 
deformation for tunnelling under condition of high ground 
stress and large deformation has been acknowledged based 
on the surrounding rock characteristic curve shown in 
Fig. 1[15]. While making full use of the self-supporting 
capacity of the surrounding rock, the surrounding rock 
is deformed under a constant resistance condition through 
constant resistance yielding support. A part of the energy 
in the rock body is released by pressure reduction, while 
the support provided via the constant resistance controls 
the deformation of the surrounding rock within a safe 
range. Under the combined action of the surrounding rock 
and the support, the plastic-zone development of the 
surrounding rock is controlled and the stability of the 
surrounding rock is maintained. 

3  Design of CRYD-TCC  
Similar to the cold-drawing process of metal materials,  

2

Rock and Soil Mechanics, Vol. 41 [2020], Iss. 12, Art. 8

https://rocksoilmech.researchcommons.org/journal/vol41/iss12/8
DOI: 10.16285/j.rsm.2020.5436



  4047               ZHANG Chuan-qing et al./ Rock and Soil Mechanics, 2020, 41(12): 4045−4053 

 

 

Fig. 1  Convergence−confinement curve for  
surrounding rock[15] 

 
Charette et al.[16] proposed the Roofex® anchor rods, 
Varden et al.[17] designed the Garford dynamic anchor 
rods, and Wang et al.[18] also proposed a similar anchor 
rod that has similar working principle as cold-drawing. 
The main rod is consisted of two sections with different 
diameters, and a bushing is arranged in the transition 
area. As the surrounding rock deforms, the rod is stretched. 
Because the diameter of the bushing die hole is smaller 
than that of the wide rod section, the rod would be defor- 
med plastically and the thinner rod would be slowly 
pulled out. 

Based on the working principle of this anchor rod, 
a constant resistance yielding device based on the principle 
of tension-compression conversion (CRYD-TCC) is de- 
signed and introduced in this paper that considered the 
structural force characteristics of the steel arch support, 
and applied tension members to the compression structure. 
3.1 The structure of the tension-compression 
conversion 

As shown in Fig. 2, the CRYD-TCC consists of the 
tension−compression conversion slab, round steel rods, 
side slabs and a hollow top slab with tapered holes. Some 
details of the device are shown in Fig. 3. The round steel 
rod is divided into 3 rod sections. The first section passes 
through the cone hole of the top slab and is fixedly con- 
nected to the tension-compression conversion slab; the 
taper of the second rod section is consistent with the cone 
hole of the hollow top slab; The third section is located 
on the hollow top slab, and the diameter of the third 
section is larger than that of the first section. The round 
steel rods are arranged symmetrically on two sides of 
the hollow top slab, and the number of rods can be adjusted 
according to actual engineering conditions. 
3.2 The working principle of CRYD-TCC 

The working principle of the CRYD-TCC is shown 
in Fig. 4. The end of the steel arch node passes through 
the hollow top slab to directly act on the tension−com- 
pression conversion slab to generate a vertical pressure 
P. The slab then converts the vertical pressure P into a 
tension on the round steel rob. As the surrounding rock 
of the tunnel deforms, the internal force of the steel arch 
frame increases, and then the vertical pressure P increases. 

 
Fig. 2  Structure of CRYD-TCC 

 
Fig. 3  Device details 

 
The pulling force acting on the first section of the round 
steel rob increases, because the diameter of the third 
section of the round steel rod is larger than that of the 
first section. When the tension increases to a certain 
degree, the second rod section of the round steel rod 
will overcome the resistance of the cone hole to produce 
shrinkage deformation, the second rod section will become 
thinner and gradually pass through the cone hole of the 
top slab, and at the same time the conversion slab also 
moves downwards, so as to realize the constant resistance 
and pressure reduction of the steel arch support. 

 
Fig. 4  Work process of CRYD-TCC 

 
The placement of CRYD-TCCs on steel arch in section 

view for actual engineering use is shown in Fig. 5. As 
the surrounding rock converges, the pressure acting on 
the steel arch frame gradually increases. When it reaches 
the design value, the CRYD-TCC is triggered, and the 
device generates yielding deformation. As each device 
is triggered, the overall circumference of the steel arch 
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frame is reduced, and the steel arch frame moves inwards 
creating a displacement of s in the radial direction (2πs = 
nΔu, n is the number of the devices being installed). 

 
Fig. 5  Yielding principle of steel arch 

 
3.3 Applicable conditions of CRYD-TCC  

The design of the CRYD-TCC needs to meet two 
requirements that state: (1) when the second section of 
the round steel rod is forced to yield with shrinkage and 
deformation, the internal tensile stress of the rod should 
not be greater than the tensile strength of the round steel 
rod material, otherwise the first section will yield or even 
break directly; and (2) the constant resistance of the support 
provided by the CRYD-TCC should be less than the 
load-bearing capacity of the steel arch frame, otherwise 
it may cause the steel arch frame to fail before the device 
takes effect, resulting in failure of pressure reduction. 

In engineering field application, the yielding devices 
should be arranged considering the stress distribution of 
the surrounding rock of the tunnel. Design optimization 
should be carried out that analyzes the instability mode 
and position of the steel arch. In addition, tests should 
be performed to make sure that the yielding devices can 
operate normally under axial pressure. It should be avoided 
to install the devices at places with stress concentration 
or large local deformation. Figure 6 shows the two basic 
working forms of the devices. 

 
Fig. 6  Work forms of CRYD-TCC 

4  Mechanical response test of CRYD-TCC 
In order to study the mechanical response of the 

CRYD-TCC at work, a small device that can be used 

for indoor tests was processed, as shown in Fig. 7. The 
overall size of the device is 210 mm×150 mm×180 mm, 
and the square hole size of the hollow top slab is 100 
mm×100 mm. The surrounding side slabs, the tension− 
compression conversion slab and the hollow top slab 
are all made with #45 steel. Considering that the tension− 
compression conversion slab will be directly subjected 
to pressure, the material used to build the slab has therefore 
been heat treated to improve its physical properties. In 
order to facilitate the development of the test, a bushing 
with a tapered hole inside was specially processed to 
replace the role of the tapered hole in the hollow top 
slab. The tapered hole in the processed bushing has a 
diameter of 11.5 mm, an outlet diameter of 10 mm, and 
a cone angle of 2.6º. Because the round steel rod is plas- 
tically deformed in the tapered hole of the bushing, the 
hardness of rod therefore should be lower than that of 
the bushing and should have better ductility, while ensuring 
that the two materials have a smaller coefficient of friction. 
Based on the investigation of various types of steel, this 
paper selects the heat-treated Cr12MoV industrial die 
steel as the bushing material, and the Q235 steel as the 
pressure bar material. 

The test was carried out on a 600 kN hydraulic uniaxial 
loading test machine. A manual pump was used to pre- 
ssurize the device, the hydraulic instrument panel and 
the electronic dialgage were employed to record the 
real-time loading and the real-time yielding displacement, 
respectively. In order to reduce the friction between the 
round steel rod and the bushing, lubrication treatment 
is also carried out. 

 

Fig. 7  CRYD-TCC with bushing 
 

The load−displacement curve obtained from the test 
is shown in Fig. 8. It can be seen that the load−displa- 
cement curve can be divided into three stages: the first 
stage is associated with elastic deformation. As the load 
increased, the round steel rod was brought into close 
contact with the inner wall of the bushing, and became 
elastically deformed under tension; the second stage is 
associated with nonlinear deformation. Due to the tapered 
inner wall of the bushing, the round steel rod was subjected 
to an annular pressure and friction, and the metal material 
began to plastically deform and squeeze upward, and 
the deformation continued nonlinearly; the third stage 
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is the stable deformation stage. With further deformation, 
the deformation of the metal inside the pressure bar became 
stabilized, and the metal continued to plastically deformed 
and squeezed upwards. While the load remains almost 
unchanged, the displacement continued to increase. When 
the round steel rod was slowly pulled out, the entire device 
entered a quasi-static process. Given no consideration to 
the influence of the frictional heating, material strengthening 
and other factors, the device is capable of providing constant 
resistance. Figure 9 shows the change of the CRYD-TCC 
before and after the test. 

Analysis of the test curve suggests that there are 
two indicators for evaluating the device’s performance, 
which are the constant resistance and the allowable yielding 
deformation. 

 
Fig. 8  Loading−displacement curve of CRYD-TCC 

  
(a) Before test                   (b) After test 

Fig. 9  CRYD-TCC before and after the experiment 
 

Based on NATM, in order for the pressure support 
system to better exert the self-supporting capacity of the 
surrounding rock, it is necessary to set a reasonable constant 
resistance and allowable yielding deformation. If the 
constant resistance is set too low or the allowable yielding 
deformation set too large, it may cause loose damage 
or collapse of the rock mass due to excessive deformation 
of the surrounding rock; if the pressure resistance is set 
too high or the allowable yielding deformation is set too 
limited, the steel arch would still bear excessive pressure, 
and therefore not having an optimal yielding effect. 

5  Simplification of analysis for force 
characteristics of the round steel rod 

In order to explore the mechanical characteristics of 
the CRYD-TCC during yielding deformation, only a single 
round steel rod is selected as the research object. The 

analysis gives no consideration to the influence of the 
rod material defects, additional bending moment, and 
friction during the drawing process and temperature. In 
the process of yielding deformation, the rod is subjected 
to axial tension and compression in the other two directions, 
which has some similar characteristics as the problem 
of thick spherical shells under internal pressure[19]. Because 
the strain analysis of the thick spherical shell is based 
on small deformation, for large deformation problem that 
makes the compression rod to shrink and deform, the 
analysis in this section assumes that the device enters a 
stable deformation state when the strain state of the rod 
is kept unchanged. The material of round steel rod is an 
ideal elastic-plastic non-compressible material. 

 

Fig. 10  Tensile stress state of yielding bar 
 

The round steel rod in the cone hole is regarded as 
a part of the spherical shell whose outer radius is r1, 
and the inner radius is r2, and this part of the spherical 
shell is subjected to internal tension, as shown in Fig. 10. 
For a thick spherical shell subjected to internal pressure, 
the radial stress σr is always negative, and the circum- 
ferential stress σθ is always positive, then the first and 
second principal stresses are σ1 = σ2 = σθ , and the third 
principal stress is σ3 = σr, the Mises yield condition is 
the same as the Tresca yield condition, which is σθ − 
σr = σs , σs is the yield strength. The principal stress 
state of the round steel rod (approximately regarded as 
a thick-walled spherical shell under internal tension) is 

1 2

3

r

θ

σ σ σ
σ σ

= = 
= 

                             （1） 

The Mises yield condition and Tresca yield condition 
are also the same as 

s=r θσ σ σ−                               （2） 

Incorporate Eq. (2) into the shell equilibrium differential 
equation: 
d 2 = 0
d

rr

r r
θσ σσ −

−                         （3） 

where r is the radius at any thickness. 
By solving Eq. (3), the principle stresses are obtained 

as 
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2
s

2
s

= ln
= ln(1 )

r c r

c rθ

σ σ
σ σ

− 


− + 
                      （4） 

where c is the integral constant. The integral constant 
in Eq. (4) can be determined by the stress condition at 
the entrance of the cone hole, which are r = r1, σr = 0. 
From which the integral constant can be obtained to be 

2
s 1= lnc rσ . 

By introducing the diameter of the third section of 
the round steel rod D1 , the diameter of the first rod 
section D2, and the diameter of any part of the second 
rod section D, we have r1/r = D1/D. Substituting r1/r = 
D1/D into Eq. (4) results in the principle stressed as 

2
1

s 2

2
1

s 2

= ln

= ln 1

r
D
D

D
D

θ

σ σ

σ σ





 −  

                       （5） 

During the yielding process, the rod is subjected to 
the maximum compressive stress in the critical state of 
deformation and the maximum tensile stress at the exit 
of the cone hole. Radial stress always acts to reduce the 
surface area, so the farther from the rod, the larger the 
area of the outer surface and the greater the stress is 
required. According to the yield criterion, the closer to 
the surface of the rod, the greater the compressive stress, 
and the smaller the tensile stress; and the center of the 
rod experiences the smallest compressive stress and the 
greatest tensile stress. Therefore, the center of the rod 
is the most easily prone to breakage due to the small 
diameter. This conclusion should provide reference to the 
selection of rod material and size design of round steel 
rod. 

6  Analysis of CRYD-TCC design parameters 
The allowable constant resistance and yielding defor- 

mation of the CRYD-TCC should be designed according 
to actual engineering conditions. The allowable yielding 
deformation can be adjusted arbitrarily by changing the 
length of the third section of the round steel rod and the 
height of the side slab. The allowable constant resistance 
is mainly governed by the size and number of the round 
steel rod and the cone holes of the top plate. 

Through the analysis of the plastic shrinkage defor- 
mation process of the round steel rod, four parameters 
are summarized that have the most prominent influence 
on the constant resistance of the rod: cone angle, friction 
coefficient, rod cross-sectional shrinkage rate (the ratio 
of the difference between the cross-sectional areas of the 
first and third section of the rod to the cross-sectional 
area of the third section), and diameter of the first rod 
section (hereinafter referred to as the diameter). This section 
uses the LS-DYNA module in ANSYS to calculate and 
systematically study their influence on constant resistance. 
6.1 Calculation model 

In order to facilitate the study of a single round steel 

rod, according to its actual size and the bushing used in 
the test as described in Section 5, a 1:1 calculation model 
was established, so that the diameter of the first section 
of the round steel rod is 10 mm, the diameter of the third 
rod section is 11.5 mm, and the cone angle is 2.6º, Figure 
11 shows the calculation model and the meshing. 

 

Fig. 11  1/2 yielding bar model 
 

6.2 Material parameters 
The actual material of the round steel rod is Q235, 

which has a Young's modulus of 206 GPa, a Poisson's 
ratio of 0.3, and a density of 7.9×103 kg/m3. The input 
stress and strain data are shown in Table 1. The hollow 
top slab is actually an industrial die steel material. To 
ensure calculation efficiency, it is treated as a rigid body. 

 
Table 1  Stress and strain data 

Strain 0.001 0.01 0.02 0.03 0.05 0.10 0.20

Stress /MPa 240 245 250 300 380 455 460 

 
6.3 Boundary conditions 

The contact type of the round steel rod and the bushing 
was set to surface contact. The degrees of freedom of the 
bushing in the X-axis, Y-axis and Z-axis were constrained, 
and the degrees of freedom of the round steel rod in the 
X-axis and Y-axis were also constrained. The loading was 
applied at a constant speed of 1 mm/s on the lower end 
of the round steel rod. 
6.4 Analysis of numerical simulation results 

Figure 12 shows the comparison between the numerical 
calculation results and the test results. There were 4 round 
steel rods used during the test, and only one of them was 
simulated, so the simulation result was multiplied by 4. 
It can be seen that the load−displacement curve obtained 
from the simulation is basically consistent with the test 
results, but the test curve has showed a slow increasing 
trend, which may be the manifestation of the streng- 
thening effect when the metal is deformed. 

Figure 13 shows the stress distribution in the process 
of rod being deformed. It can be seen that the round steel 
rod inside the cone hole accumulates the highest stress, 
the stress of the outer elements is higher than that of the 
elements towards the center, indicating that the closer to 
the outer side of the round steel rod, the greater the stress 

z

xy
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Fig. 12  Comparison between numerical results and 
measured data 

 
required. This is because the material on the surface of 
the round steel rod is in direct contact with the bushing. 
The material on the surface bears the pressure from the 
bushing and enters the yielding state earlier than the 
material at the center. Then the deformation gradually 
develops towards the center. This phenomenon verifies 
the results of the mechanical analysis of the round steel 
rod in section 5. 

 
Fig. 13  Distribution of stress(unit: MPa) 

 
6.5 Analysis of parameter influence effect 

The constant resistance of the CRYD-TCC is jointly 
determined by the dimension of the round steel rod and 
the bushing. The relationship between the cone angle θ, 
the friction coefficient μ, the cross-sectional shrinkage 
rate of the round steel rod and the diameter d and the 
constant resistance of the round steel rod are studied as 
follows. 
6.5.1 Cone angle θ 

The cone angle θ is a key structural parameter of the 
hollow top slab design. By only changing the cone angle 
while keeping the friction coefficient to be 0.05, the 
diameter of first section of the round steel rob d to be 
10 mm, and the section shrinkage rate to be 30.6%, the 
constant resistance under different cone angles is calculated 
and is shown in Fig. 14. It can be seen that as the cone 
angle increases from 2º to 12º, the constant resistance 
demonstrates a change of decreasing first and then be- 
coming stabilized. The analysis suggests that the constant 

resistance is affected by two factors with opposite changing 
trends as the cone angle increases. They are the height 
of the second section of the round steel rod and the vertical 
component of the normal force: (1) As shown in   
Fig. 15(a), when the cone angle increases, and the round 
steel rod enters the stable deformation stage, the height 
of the second rod section decreases, so that the contact 
area between the round steel rod and the bushing decreases, 
and the volume of metal involved in plastic deformation 
also decreases, which results in a rapid decrease in constant 
resistance. (2) As shown in Fig. 15(b), as the cone angle 
continued to increase, the vertical component of the normal 
force on the contact surface between the round steel rod 
and the bushing increases, but the normal force itself would 
decrease due to the decrease in the volume of the metal 
involved in the plastic deformation. Under the action of 
various changing trends, the constant resistance become 
stabilized and approaches a constant value. The relationship 
between constant resistance and cone angle obtained by 
fitting is 

0.2334.6F θ −=                          （6） 
where F is the constant resistance; and θ is the cone angle. 

 

Fig. 14  Relationship between constant resistance 
and cone angle 

 
(a) Reduction in height of the second   (b) Reduction in vertical component 

rod section                     of normal force  

Fig. 15  Angle effect 
 

6.5.2 Coefficient of friction μ 
In actual engineering use, there is inevitably friction 

between the round steel rod and the hollow top slab. If 
the friction coefficient is too large, the round steel rod 
would be broken in advance. Therefore, it is necessary 
to analyze the influence of friction between the round 
steel rod and the hollow top slab on the constant resistance 
of yielding. By only changing the friction coefficient μ, 

N′

N′x

N′y 

θ' h1 h2

NNy

Nxθ

5.311×102 

4.721×102 
4.131×102 
3.541×102 
2.950×102 
2.360×102 
1.770×102 
1.180×102 
5.901×101 
0.000 
No result 

Max = 5.311×102 

Node 5 703 
Min = 0.000 
Node 1 
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but keeping the cone angle to be 10º, the diameter d of 
the round steel rod to be 10 mm, and the section shrinkage 
rate to be 30.6%, the constant resistance with different 
friction coefficients is obtained and plotted in Fig. 16. 
As the friction coefficient increases, the constant resistance 
increases almost linearly. Since the friction coefficient 
would increase the constant resistance, this parameter 
should be used reasonably to increase the utilization rate 
of the round steel rod material and improve the device 
performance while ensuring that the round steel rod is 
not damaged. The linear relationship between constant 
resistance and friction coefficient obtained by fitting is 

52.8 18F μ= +                             （7） 

 

Fig. 16  Relationship between constant resistance and 
friction coefficient 

 
6.5.3 Section shrinkage rate of round steel rod 

By only changing the section shrinkage rate while 
keeping the diameter d of the round steel rod to be 10 mm, 
the friction coefficient to be 0.05, and the cone angle 
to be 10º, the relationship between the constant resistance 
and the section shrinkage rate is approximately linear, as 
presented in Fig. 17. Maintaining the cone angle unchanged 
and increasing the section shrinkage rate would increase 
the height of the second section of the round steel rod, 
which increases the volume of the metal involved in plastic 
deformation and increases the degree of plastic defor- 
mation. The linear relationship between constant resistance 
and area shrinkage is obtained by fitting 

54 4.2F x= +                              （8） 
where x is the shrinkage rate (%). 

 

Fig. 17  Relationship between constant resistance strength 
and rate of shrinkage 

6.5.4 Round steel rod diameter d 
The diameter d of the round steel rod would be the 

parameter that affects the constant resistance most intui- 
tively. By only changing the diameter d, while keeping 
the round steel rod section shrinkage rate to be 17.4%, 
the cone angle to be 4º, and the friction coefficient to 
be 0.05. The relationship between the constant resistance 
and the diameter is obtained as shown in Fig. 18. Given 
a constant section shrinkage rate, when the diameter 
increases, the volume of the second section of the round 
steel rod increases, results in the volume of the metal 
involved in the plastic deformation increases, so the constant 
resistance increases approximately linearly. The linear 
relationship between the constant resistance and the dia- 
meter of the round steel rod is obtained by fitting 
F = 3.7d − 22.7                          （9） 

 

Fig. 18  Relationship between constant resistance 
and diameter 

 
In summary, it can be concluded that when other para- 

meters remain unchanged, the constant resistance provided 
by the device is most sensitive to two parameters—the 
diameter of first section of round steel rod and cone angle, 
followed by the section shrinkage rate. However, when 
designing for actual projects, these parameters cannot 
be changed arbitrarily, because these parameters jointly 
determine the dimension of the taper hole and the round 
steel rod, and correlated with each other. For example, 
when the section shrinkage rate and the diameter of the 
first rod segment are definite values, the taper angle will 
determine the length of the second rod segment of the 
round steel rod. If the cone angle is too small, the second 
rod segment will be too long to be designed or processed. 
Therefore, it is necessary to consider various parameters 
at the same time when designing, and to find the safest 
combination through a dynamic design approach. Pre- 
ferably, one should first determine the appropriate height 
of the second rod segment, that is, the length of the cone 
mold, and then determine any two parameters among the 
cone angle, the diameter of the first rod segment, and the 
area shrinkage rate. By adjusting the third parameter, the 
constant resistance can be determined. Test and simulation 
verification should also be carried out before the design 
size is applied to ensure that the round steel rod will not 
break. 
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7  Conclusion 
(1) In order to tackle the problem of large rock defor- 

mation of tunnelling in squeezing ground, this paper 
developed a constant resistance yielding device based 
on the principle of tension-compression conversion, which 
can be installed at joints of steel arches or sections with 
large axial forces. 

(2) Experiments show that the proposed device presents 
stable mechanical properties and could provide constant 
support resistance for tunnels experiencing large extrusion 
deformation. Two indicators are proposed to measure 
the performance of the device: the constant resistance 
and allowable yielding deformation. 

(3) Through mechanical analysis, the force charac- 
teristics of the round steel rod during plastic shrinkage 
deformation are obtained as follows: (i) In the critical 
state of deformation, the round steel rod is subjected to 
the maximum compressive stress, and the maximum tensile 
stress at the exit of the taper hole. (ii) The closer to the 
surface of the round steel rod, the greater the compressive 
stress and the smaller the tensile stress. The center of the 
round steel rod at the exit of the taper hole is the most 
vulnerable to impact. 

(4) Through analyzing the characteristics of deformation 
of the yielding device, four factors that affect the constant 
resistance provided by the yielding device are summarized 
as the cone angle, friction coefficient, section shrinkage 
rate and diameter. The analysis shows that the constant 
resistance is proportional to the friction coefficient, the 
area shrinkage rate and the diameter, and as the cone angle 
increases, the constant resistance is reduced first and then 
stabilized. These characteristics can be used for different 
purposes in actual engineering applications. Moreover, 
understanding these properties provides a theoretical 
foundation for future designs at different level of details 
while facilitating better control of the yielding perfor- 
mance of the device. 
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