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Study on stress characteristics of deep roadway bolt
based on nonlinear dilatancy angle model
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Abstract: Full-length bonded bolts are widely used in deep mining engineering and an in-depth
understanding of their mechanical characteristics under complex and high ground stress conditions is
of great significance for deep roadway support systems. Based on a quantitative GSI rating system of
surrounding rocks and rock nonlinear dilatancy angle model, a nonlinear dilatancy angle model suitable
for jointed rocks was developed. The Hoek—Brown strain-softening model parameters were transformed
into equivalent Mohr—Coulomb strength parameters, and a numerical model of the deep roadway was
constructed using FLAC3P numerical simulation software as a tool. The force characteristics of full-
length bonded anchors under different constitutive model and dilatancy angle model conditions were
analyzed, and the effects of different lengths of anchors on the stability of the surrounding rock were
studied. The obtained results revealed a big difference between the axial forces of bolts calculated
by strain-softening and ideal elastic-plastic models. It was also found that bolt shear force was less
influenced by the strain-softening behaviors of surrounding rocks. Dilatancy angle greatly affected
bolt axial force. Therefore, if the dilatancy angle was neglected, great errors would be created in the
calculation results of supporting structure designs. The nonlinear dilatancy angle model of jointed rock
masses more accurately captured the stress properties of bolts after field monitoring and analysis. The
findings of the study can serve as a guide for calculating the stability of surrounding rocks in deep
mining engineering.
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1. Introduction

In coal mining, especially in designing and constructing support systems for surround-
ing rocks of deep roadways, bolts are the main support structures. Under the action of
anchor bolts, the stress state and strength parameters of surrounding rocks can change
and bolts play critical roles in the reinforcement of surrounding rocks [1,2]. In practical
roadway support engineering, end-anchored bolts are the most widely used bolt type. For
full-length bonded bolts, due to their complex structures and high construction costs, it
takes a long time for the mortar to reach standard strength after grouting. Therefore, their
application in shallow excavation engineering is limited. In deep soft rock roadway support
systems, end-anchored bolts cannot control large deformations of surrounding rocks [3].
Under such conditions, however, full-length bonded bots play a key role in controlling
surrounding rock stability. Despite their importance, relatively few studies have been per-
formed on their mechanical characteristics in deep soft rocks, especially considering deep
rock masses under the condition of strain softening and dilatancy.

Researchers have mainly focused on the mechanical characteristics of full-length bond
bolts in experimental research and theoretical analyses and have obtained a large number
of data. In experimental studies, Shi et al. proposed a non-destructive acoustic testing
signal analysis method for bond bolts based on Hilbert-Huang transformation (HHT),
which was capable of identifying grouting defect location and bolt length using noise
signals of multiple reflection interfaces [4]. Feng et al. conducted bolt drawing tests un-
der different pre-tightening forces and found that pre-tightening all-bond bolts were more
durable and stable than end-sealing resin bolts in supporting systems adopted in most
coal mines [5]. Yang et al. analyzed the shear stress of bolts during shear displacement
based on the deformation and failure properties of jointed rock masses [6]. Wu et al.
performed a series of bolt dynamic response tests based on the SHPB system and stud-
ied the mechanical response characteristics of full-length binding bolts under dynamic
disturbance [7].

In terms of theoretical analysis, Liu et al. used a 3D linear model and local deformation
theory, the change process of the full-length bond anchorage interface was divided into
elastic, plastic softening and crack slip stages [8]. Oreste improved the existing full-length
bond bolt model by introducing the Hoek—Brown strength criterion and applied it to a
wider range of rock types [9]. Yao et al. used surrounding rock displacements in tunnels as
a parameter and obtained the shear stress of the anchor interface due to surrounding rock
deformations. Neutral point axial forces were used as concentrated force sources, and shear
stress distribution at the anchor interface was obtained from Mindlin solution of a semi-
infinite body under concentrated force [10]. Zhao et al. analyzed the force characteristics
of full-length bonded anchors using a nonlinear dilatancy angle model and verified the
reliability of this model through on-site monitoring [11].

The above research provided a theoretical basis for understanding the interaction be-
tween full-length bonded anchors and rock masses, but the mechanical properties and
stress conditions of deep surrounding rocks were simplified in calculations. In deep min-
ing, anchors often fail due to high ground stresses. Therefore, in order to better optimize
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the support design of surrounding rocks in roadways, it is necessary to determine the force
characteristics of full-length bonded anchors under high ground stress.

Salehnia et al. investigated dilatancy angle and proposed a new equation which related
dilatancy angle to plastic shear strain during loading [12]. Cheng et al. derived the direct
equation describing the relationship of expansion angle and surrounding rock deformation
based on the latest theoretical research results [13]. Zhao et al. derived the relationship
between expansion angle and confining pressure through expansion index and established
an expansion model for heterogeneous rocks with confining stress [14]. Wang et al. used
plastic theory and nonlinear fitting method to develop a two-parameter expansion angle
model based on the effect of confining pressure and plasticity parameters using three-axis
loading and unloading cycle test data obtained from Jinping marble [15]. Alejano proposed
a dilatancy angle model by performing a comprehensive analysis on experimental data.
The proposed model reflected the strain behavior of rock specimens in compression tests
and could be used to solve tunnel foundation reaction curves in poor to medium-mass
rocks [16, 17].

Based on previous studies using the Quantifying GSI Surrounding Rock Rating Sys-
tem and rock nonlinear dilatancy model, this paper proposed a nonlinear dilatancy angle
model suitable for jointed rock masses and converted Hoek—Brown strain-softening model
parameters into equivalent Mohr—Coulomb strength parameters. A numerical model for
surrounding rocks in deep roadways was constructed using FLAC3P numerical simulation
software as a tool to analyze the mechanical characteristics of full-length bonded anchors
under different constitutive and dilatancy angle models. It also provided a reference for the
analysis and calculation of surrounding rock stability in deep engineering.

2. Nonlinear dilatancy angle model of rock masses
based on quantitative GSI system

2.1. Quantifying GSI surrounding rock rating system

Proper determination of the mechanical parameters of rock masses plays a critical role
in the reliability of underground engineering designs. Among various surrounding rock
rating methods, the RMR (Relative Metabolic Rate) method is very suitable for engineering
quality evaluation of jointed rock masses and is convenient for obtaining the quality grade
of jointed rock masses. However, Hoek and Brown found that RMR value could not give a
reasonable evaluation value for weak and broken rock mass structures with poor qualities
in a large number of engineering practices. Therefore, Hoek and Brown replaced the RMR
system with GSI surrounding rock rating system [ 18]. With the extensive use and continuous
improvement of GSI surrounding rock rating system, a quantitative GSI surrounding rock
classification method was proposed by Cai et al. based on block size V}, and structural
surface condition factor J., which made the determination of GSI values more objective,
as shown in Fig. 1 [19].
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Fig. 1. Schematic diagram of quantifying GSI surrounding rock rating system

The quantized GSI system consists of multiple condition factors, which are separately
solved by establishing corresponding relations. Among them, the size and volume of rock
blocks are calculated according to the combination of direction, spacing, and a number of
joints, which are important indices for evaluating rock mass quality [20].

2.2. Post-peak mechanical characteristics of rock masses
based on GSI system

Strength parameters of rock masses gradually change during the yield failure process.
The intensity decay process is difficult to express in theory. Many engineering calculations
are based on classical elastoplastic theory or idealized strain-softening model. Hoek et
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al. found in engineering practice that the post-peak behavior of jointed rock masses was
related to geological strength index GSI [18]. As shown in Fig. 2, during the unloading
process, when GSI > 75, rock mass exhibited elastic brittle behavior while when 25 <
GSI < 75, it exhibited strain-softening behavior, and when GSI < 25, rock mass showed
ideal elastoplastic behavior, and it was considered that the dilatancy angle of the rock mass
was zero at this time and the expansion and strain-softening behavior of jointed rock masses
were disappeared.

Fig. 2. Post-peak mechanical model of jointed rock masses based on GSI

In the process of yield damage, whether the rock is intact or moderately or highly
jointed, the damage will produce a plastic shear fracture zone, thus transforming the rock
from more intact to more or extremely fractured. It can also be expressed by the GSI system
and converted into Hoek-Brown model parameters. Rock mass V;, and structural surface
condition factor J,. are degenerate during the softening and damage processes and jointed
rock mass GSI indices are linearly decreased from the peak GSI” conversion to post-peak
residual GSI". Fig. 3 shows a schematic diagram of the degradation process of the GSI
index of jointed rock masses.

Cai et al. performed a large number of indoor triaxial tests and large-scale underground
structure engineering to analyze post-peak residuals GSI™ and proposed the available peak
values of rock GSIP®® and post-peak residuals GSI™ range [21]. When peak rock size was
V), > 10 cm?, the average rock mass size in the plastic residual stage was considered to
be V, =10 cm?. When peak rock mass size is Vj, < 10 cm?, the average rock mass size
in the plastic residual stage can be assumed to remain unchanged; that is, V; = Vj,. Rock
surface condition factor J, is also decreased during the failure process. Cai et al. then
developed a quantitative method for the calculation of the residual GSI” indices of rock
masses which can be used in actual engineering applications and verified by large-scale
in-situ tests. Based on this, Alejano fitted the empirical relationship between peak GSI”?
and residual GSI" as [22]:

@.1) GSI" = 17.25 - ¢00107GSI”
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Fig. 3. Schematic diagram of the degradation process of GSI indicators

2.3. Nonlinear dilatancy angle model of rock mass
based on GSI system

2.3.1. Unloading process of surrounding rock in cavern

As can be seen in Fig. 4a, a strain-softening zone and a residual strength zone were
formed after the excavation unloading of roadway surrounding rock. During excavation
and unloading processes, surrounding rock was transformed from the stress state of the
original rock (point A) to the peak GSI” of the elastic stage (pointB), and after joint fissure
expansion and softening (point C), it was transformed into the residual GSI” of plastic
residual phase (point D). According to the gradual evolution of surrounding rock strength
parameters, plastic shear strain y” was closely related to o3 and o3 was determined by
virtual support pressure p; obtained from working face and support pressure p;* of the
support system. As shown in Fig. 4b, in the H-B principal stress curve, when support
pressure p; decreased to pj, the surrounding rock entered the plastic softening stage and
thereafter p; changed in the range of p;—p;*.
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Fig. 4. Rock mass softening and residual areas: a) softening and residual areas of surrounding rock
in cavern, b) Hoek—Brown principal stress curve

2.3.2. Dilatancy angle model considering strain-softening of rock mass

Mohr-Coulomb yield criterion can be expressed as:
(2.2) f(oe,00,m) =09 — Ky(n)o, — 0

where o is rock uniaxial compressive strength, such that:

(2.3) oc =2c(n){| Ky ()
1 + si
2.4) K, = —>0%
I —sing
Hoek—Brown and Mohr—Coulomb strain-softening relationships can be expressed as:
P _ r
wP — wn O<np<n*
2.5) w() = 7 :
wr’ n > T]*

where w? is peak parameter, w” is a residual parameter, and n* is the critical softening
parameter value of the rock transitioning from strain-softening to residual phase. w can
replace cohesion force ¢ and friction angle ¢, and can also replace my.

As can be seen from Fig. 5, when 1 = 0, rock mass and contact surface were in the
elastic deformation stage, 0 < 1 < n* represented strain-softening stage, and n > n*
implied residual stage; the softening process of rock was controlled by slope M which is
the softening modulus of rock.

Plasticity parameter * was derived based on the difference between the maximum and
minimum principal plastic strains, that is:

(2.6) yP=n"= sf - 85

where yP is plastic shear strain, and sf and sf are maximum and minimum values of
plastic strain, respectively.
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Fig. 5. Strain-softening curves of rock

According to the simplified strain-softening curve after rock peak in Fig. 5, the maxi-

mum principal plastic strain &f can be expressed as:
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where s’fea "“ is the pre-peak elastic maximum principal strain, slr°p is the post-peak

softening strain, and &{ is the elastic maximum principal strain. When confining pressure
03 is constant, the parameters in Eq. (2.7) can be expressed as:
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! -M
e 07 (03)
Sl = —E

where o-lp and o[ are peak and residual principal stress, respectively.

In numerical calculations, softening modulus M of rock and structural surfaces can be
obtained by fitting the stress-strain curves of rock samples of each rock stratum obtained
from the test.

Considering the volumetric deformation of rock mass, it is necessary to introduce
dilatancy angle y. Alonso et al. proposed an expansion angle equation based on the Hoek’s
study as [23]:

_ 5GSI- 125

29) 1000
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where ¢ is rock mass friction angle, which can be obtained from indoor tests. This equation
is only applicable to rock mass with geological strength index is within the range of
25 < GSI < 75. When GSI < 25, the value of i is considered to be 0.

2.3.3. Nonlinear dilatancy angle model of rock mass

Hoek et al. reported rocks show different yield failure under different triaxial confining
pressure. By observing the stress-strain relationship curves of rock mass, it was found that
the influence of confining pressure on the dilatancy behavior of rock mass was also very
strong [24]. Zhao et al. concluded that rock specimens had large volume expansions under
low confining pressure conditions by the study of the dilatancy angle curves of sandstone
specimens with the change of shear strain, [25]. The optimal fitting equation for dilatancy
angle by changing plastic shear strain without considering confining pressure effect was
obtained as:

(2.10) ¥ = ab [exp (-by,) —exp (—cyp)] /(c = b)

where a, b, and c are all fitting constants.

Based on the study of Zhao et al., combined with the strain-softening model of jointed
rock mass, it was considered that the stress required to reach the yield stage of jointed rock
mass under different GSI strength grades was different, and the required confining pressure
after reaching the peak intensity was also different. In this paper, the confining pressures
of surrounding rock after plastic softening failure were simplified to be o3 = 0.5(p;p;™)
and the relationship between sandstone dilatancy angle and plastic shear strain based on
the GSI index was proposed. It can be seen from Fig. 6 that with the decrease of GSI
indices of surrounding rock, the peak value of nonlinear dilatancy angle of rock masses
was decreased and the dilatancy angle model was also very different for different rock
materials, especially in dilatancy angle peak values and shear strain.

Dilatancy angle /(*)

0 1
00 02 04 06 08 1.0 12 14 lo6 18 2.0

Plastic shear strain/%

Fig. 6. Improved nonlinear dilatancy angle model of sandstone



644 ZENGHUA LIN

3. Numerical analysis of force characteristics
of full-length bonded bolts

3.1. Numerical model and parameters

A numerical model for surrounding rock in circular tunnel was developed to analyze
the force and support effects of full-length bonded anchors. The boundary conditions
of the developed numerical model are shown in Fig. 7a, where the roadway radius was
R = 2.5 m, both vertical Py and the Py ground stress values were 15MPa, and the side
pressure coefficient was 1. Anchors were simulated using cable unit in FLAC3? support
structure, which can simulate axial tensile and compression failure characteristics, as well
as the shear failure of anchor systems. In order to better simulate stress release during
the bolt support process, tunnel load release was simulated under plane strain conditions.
The detailed process was as follows: after tunnel excavation, the force acting on the tunnel
excavation boundary node was extracted and the same amount of force was applied to the
corresponding node of the numerical model. The reduction coefficient is the stress release
rate, so as to realize the stress release process of surrounding rock. Bolt units were installed
when the stress of the surrounding rock was released by 70% after tunnel excavation. Then,
surrounding rock residual stress of the tunnel was released until the system finally reached
equilibrium. In the simulation, bolt length was set at 1, 2, 3, 4, 5, and 6 m, bolt diameter
was set at 22 mm, and spacing Sr was set at 1.0 m. Bolt arrangement is shown in Fig. 7b.

a) b)

Py 1]
% 77 !‘ 7 77 ! 7 Fi a_: /7 |
10R |

Fig. 7. Numerical calculation model (a) Model size and boundary conditions (b) Anchor layout

In calculations, the lithology of roadway surrounding rock was sandstone with intact
rock uniaxial compressive strength o; of 65 MPa and Hoek—Brown constant value of
m; = 10. Peak and residual geological strength indices of surrounding rock were calculated
to be GSI? = 60 and GSI" = 30, respectively. Elastic modulus E was obtained using the
following equation [26]:

1-D/2
+ el (75425D-GSI)/11]

3.1) E(GPa) =100+



STUDY ON STRESS CHARACTERISTICS OF DEEP ROADWAY BOLT BASED ON.. ..

645

where D is the disturbance coefficient. D = 0.5 and Poisson’s ratio v = 0.35. Table
function in FLAC?P was used to achieve the variations of softening coefficient 7. Table 1
summarizes surrounding rock strength parameters.

Table 1. The values of model parameters

E , mpeak | pres gpeak gres cbeak cres @reak | pres n*
GPa 10—3 10—3 MPa MPa ° o 10_3
4.7 0.35 2.86 0.97 20.5 0.69 3.78 2.39 36.4 27.5 0.72

3.2. Analysis of calculation results

Fig. 8a shows the relationship between the axial force of anchor bolts with different
lengths and the length distribution of bolts obtained by the ideal elastoplastic model. It
was observed that anchor length had little effect on the axial forces of anchors and the
anchor peak force was about 125 kN. As the length of the bolt increases, the axial force
curve of the anchor becomes gentle and drops sharply to zero at a distance of about 20
cm from the end. Fig. 8b shows the curve of the axial force of anchors with anchor length
under strain-softening conditions. It was witnessed that the axial force of anchors is highly
improved compared to the ideal elastoplastic model and axial force peak at different lengths
became closer. The peak point position stayed basically constant and the curve of the curve
after the peak is not gentle. This was mainly due to the outward expansion and nonlinear

softening of the plastic zone in the strain-softening model, resulting in uneven axial force
distribution throughout the anchor.

a)
125
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75(|
i
£ 50
2 L=3
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L Y -.---.\?l
0
1 2 3 4 5 6

Anchor length/m

b)

Axial force/KN
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150

100(

50

Anchor length/m

Fig. 8. Axial force at different bolt lengths: a) ideal elastoplastic model, b) strain-softening model

From the shear curves of bolts with different lengths shown in Fig. 9, it was observed
that using strain-softening and ideal elastoplastic models, the shear force difference between
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the two models was small, and different constitutive models had a slight influence on the
shear force of bolts.
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Fig. 9. Shear force of bolts with different lengths: a) Ideal elastoplastic model,
b) strain softening model

Fig. 10 shows the axial force of anchors obtained by the application of different pre-
stress values for constant bolt length. It was seen from the calculation results that pre-stress
had little effect on the peak position and peak size of the anchor shaft force. It was also
found that the axial strain of the strain-softening model was the highest while that of
the ideal elastoplastic model was the lowest. The results obtained for the two models
were quite different. Obviously, using different constitutive models to calculate the stress
characteristics of supporting structures gave very different values.
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Fig. 10. Axial force of different pre-stressed anchors: a) ideal elastoplastic model,
b) strain-softening model

Fig. 11 shows the axial force curves of bolts with different dilatancy angles of sur-
rounding rocks under the three tested model conditions. It could be seen in Fig. 11a that the
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increase of dilatancy angle increased the axial force of anchors and the difference in anchor
axial forces was changed at different dilatancy angles, such that anchor axial force when
¢ = 15° was 1.7 times higher than that when ¢ = 0°. Fig. 11b shows the distribution curve
of anchor axial force obtained using strain-softening and nonlinear dilatancy angle models.
By comparing axial force curves of constant and nonlinear dilatancy angles, the curve of
anchor axial force in the nonlinear dilatancy angle model was changed between constant
dilatancy angles ¢ = 15° and ¥ = 0°. Moreover, the peak position of axial force was closer
to the middle of the anchor. It was seen that the dilatancy angle greatly influenced anchor
axial force. In support structure design, if the dilatancy angle is neglected, a large error is
created in calculation results.
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75 | 120
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Fig. 11. Axial force of bolts with different dilatancy angles: a) ideal elastoplastic model,

b) nonlinear dilatancy angle model

4. Engineering case analysis

4.1. Project overview and numerical model parameters

Mucheng Coal Mine transportation roadway in Inner Mongolia, China is 600 m deep
and the design section of roadway is a semi-circular arch type of straight wall. The lithology
of the surrounding rock is mainly mudstone and sandstone, mixed with coal line, and the
rock mass is relatively soft and broken rock masses (Fig. 12). Hoek—Brown constant m; = §;
Based on uniaxial compressive strength tests on on-site rock samples, o.; = 35 MPa.
According to the disturbance situation on-site, the disturbance coefficient was calculated
tobe D =0.5.

The peak geological and residual strength indices of rock masses were estimated to be
GSI?” =52 and GSI" = 30 from on-site observation of the lithology on excavation surface.
Vertical and horizontal ground stress values were Py = 17 MPa and Py = 12.5 MPa,
respectively. Anchor net spray support was adopted in the design, where full-length bonded
rebar anchors with a spacing of 0.8 X 0.8 m, length of 2.2 m, and diameter of 22 mm.
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Fig. 12. Rock samples obtained on-site and post-fracture characteristics

The numerical calculation model applied in this work is depicted in Fig. 13 and calculation
parameters are listed in Table 2.

Fig. 13. Numerical calculation model of transport roadway in Mucheng Coal Mine

Table 2. The values of model parameters

peak res gpeak gres cpeak cres @peak @res *
m

GPa 103 | 1073 | MPa | MPa ° ° 1073
24 1 025 | 20 | 085 | 67 | 047 | 315 | 226 | 334 | 266 | 20

4.2. Analysis of calculation results

In this paper, by constructing a 3D numerical model, the numerical calculation of
full-length bonded anchor supports was carried out and numerical results were compared
with experimental findings. It can be seen from Fig. 14 that surrounding rock displacement
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in the dome was increased by increasing the distance from the excavation surface and
the experimental results revealed that the deformation of surrounding rocks tended to be
stable when it was about 40 m away from working surface. Numerical results revealed that
the deformation curves of surrounding rocks obtained according to the ideal elastoplastic
model were quite different from experimental values and surrounding rock tended to
be stabilized 25 m away from working surface. Numerical results obtained by strain-
softening model based on nonlinear dilatancy angle were close to experimental values.
Under the action of full-length bonded anchor support, surrounding rock tended to be
stable 45 m away from working surface. Obviously, numerical results obtained from the
strain-softening model based on nonlinear dilatancy angle were closer to actual engineering
conditions.
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Fig. 14. Tunnel vault subsidence curve

5. Conclusions

1. Based on the quantitative GSI system, considering the volume deformations of rock
masses, a nonlinear dilatancy angle model was proposed. The model reflected the
variation of dilatancy angles of rock masses with plastic shear strain. With the
decrease of GSI indices of surrounding rocks, peak values of nonlinear dilatancy
angles of rock masses were decreased.

2. Anchor axial forces calculated by the elastoplastic model were lower than numerical
results obtained while considering strain-softening and different constitutive models
had little effect on anchor shear force. When a preload was applied to full-length
bonded anchors, anchor axial forces were only slightly changed.

3. Constant dilatancy angle greatly affected anchor axial force. The nonlinear dilatancy
angle proposed in this paper was closer to the actual situation of the project by
experimental measurements and numerical analyses. The calculation results can
provide support for the design of deep roadway engineering.
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