ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202511.00040

Calculation Method for Support Force of Full-
Length Prestressed Rock Bolts Considering
Shear Performance Postprint

Authors: Zhimin Chen
Date: 2025-11-01T00:00:004-00:00

Abstract

To investigate the shear resistance performance of full-length prestressed anchor
bolts against shear slip masses, a method for calculating the minimum support
resistance required for slip masses was proposed based on shear slip theory. The
neutral point position and support force calculation method for full-length pre-
stressed anchor bolts were derived and applied to a tunnel case study to verify
its rationality. The results indicate that: compared with traditional methods,
the approach using slip mass area and surrounding rock grade to calculate the
minimum required resistance is simpler and provides a higher safety margin.
Within the specified range: increasing the anchor bolt diameter shifts the neu-
tral point position toward the bolt tail; increasing the prestress shifts it toward
the bolt head. Although these two factors have different effects on the neutral
point position, both can proportionally increase the axial force in the anchor
bolt and the radial support resistance. When bolt-shotcrete support is em-
ployed, the radial support resistance provided by the anchor bolt is minimal.
It is recommended that anchor bolt parameters be designed based on the shear
force at the slip surface, with appropriate increases in diameter and prestress
to improve shear resistance performance while simultaneously enhancing radial
support resistance. The research findings can serve as a reference for calculating
the shear resistance performance of full-length prestressed anchor bolts.
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Abstract: To investigate the shear resistance of full-length prestressed bolts
against shear-slip bodies, this study proposes a method for calculating the min-
imum support resistance required for slip bodies based on shear-slip theory.
The neutral point position and support force calculation method for full-length
prestressed bolts are derived and validated through a tunnel case study. The
results demonstrate that calculating the minimum required resistance using the
slip body area and rock mass classification is simpler and provides higher safety
margins than traditional methods. Within specified ranges, increasing the bolt
diameter shifts the neutral point toward the bolt tail, while increasing prestress
moves it toward the bolt head. Although these parameters affect the neutral
point position differently, both proportionally increase the bolt axial force and
radial support resistance. When using shotcrete-bolt support, the radial support
resistance provided by bolts is relatively small. Tt is recommended to design bolt
parameters based on shear values at the slip surface, appropriately increasing
diameter and prestress to enhance both shear performance and radial support
resistance. The research findings provide a reference for calculating the shear
performance of full-length prestressed bolts.

Keywords: soft rock tunnel; shear slip theory; shotcrete-bolt support; neutral
point; support resistance

1. Shear Slip Failure Theory and Practical Analysis

During tunnel construction, phenomena such as local spalling of shotcrete, bend-
ing of steel arches, and cracking of secondary linings frequently occur, charac-
terized by large deformation magnitudes and rapid deformation rates. The key
to addressing tunnel deformation lies in analyzing the mechanical effects of sup-
port structures and identifying the root causes of their failure, thereby enabling
the design of more effective support methods. Scholars have employed numer-
ical analysis to illustrate the mechanical mechanisms of support systems [1-3],
while others have measured the internal force variation characteristics and fail-
ure mechanisms of soft rock tunnel support components through testing and
monitoring [4-6].

Liu et al. [7] proposed the shear slip theory, which can be applied to tunnel de-
formation stability analysis and support structure strength evaluation. Current
research on shear slip theory is extensive. Xiao et al. [8] developed a formula for
calculating the active earth pressure beneath composite soil layers during shield
tunnel excavation based on shear slip theory. Wang et al. [9] derived expres-
sions for horizontal fracture depth and plastic shear slip lines in circular tunnels
under non-associated flow rules for cases where the lateral pressure coefficient
A =1and X # 1. Guo et al. [10] applied shear slip theory to high-stress tunnels,
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proposing that the shear slip failure mode in such conditions comprises bedding
shear, bedding tension, and rock shear. These studies, based on shear slip line
theory, have discussed calculation methods for support resistance, failure modes
of surrounding rock, and fracture depths, yielding significant contributions to
tunnel support structure stability research. However, their practical engineering
application remains somewhat limited.

Regarding research on fully bonded bolts, Freeman [11] first analyzed the stress
distribution in fully bonded rock bolts and proposed the neutral point theory,
where bolt axial force reaches its maximum while shear stress equals zero at the
neutral point. Subsequently, Wang [12] investigated fully grouted bolts, present-
ing calculation methods for the neutral point and bolt axial force. Yao et al. [13],
based on neutral point theory, treated bolt axial force as a concentrated force
and derived the shear stress distribution along the bolt using Mindlin’s solution,
obtaining integral expressions for axial force distribution in fully bonded bolts
between the near end-neutral point and neutral point-far end segments. No-
tably, research on fully bonded bolts typically neglects transverse shear effects,
treating bolts as purely tension members. This “tie-rod model” is suitable for in-
tact rock masses without joints. For jointed rock masses, however, deformation
characteristics and mechanical properties are significantly influenced by discon-
tinuities, rendering the “tie-rod model” inadequate. In unstable rock masses
reinforced with bolts, the bolt shank provides strong lateral constraint, and
sufficient shear stiffness can prevent rock mass sliding along structural planes.
Therefore, both axial tension and transverse shear effects must be considered
when evaluating bolt reinforcement capacity.

Current research on shear slip theory primarily focuses on slip body failure
mechanisms and verification of support structure resistance adequacy, with lim-
ited investigation into shear performance when designing full-length prestressed
bolts using this theory. To study the shear performance of full-length pre-
stressed bolts and determine their action mechanism, this research establishes
the applicable range of internal friction angles for slip line equations based on
shear slip failure theory and neutral point theory. Calculation formulas for the
neutral point and support force of full-length prestressed bolts considering shear
performance are proposed, factors influencing the neutral point of prestressed
bolts and the impact of neutral point variation on support performance are ana-
lyzed, and the methodology is applied to a deep-buried tunnel engineering case
to provide reference for similar calculations.

1. Shear Slip Failure Theory and Practical Analysis

After circular tunnel excavation, when vertical stress is the maximum principal
stress, shear slip surfaces form on both sides of the tunnel at an angle of a =
/4 — ¢/2 to the principal stress trajectories (where « is the initial shear slip
fracture angle and ¢ is the internal friction angle), ultimately generating shear
slip bodies on both sides as shown in [Figure 1: see original paper|. When
horizontal stress is the maximum principal stress, shear slip bodies form on
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the top and bottom of the tunnel. This study assumes vertical stress as the
maximum principal condition.

The shear slip body is located within the plastic zone, and its equation consists
of a pair of logarithmic spirals. The coordinates of points on the slip line (r, §)
can be expressed in polar coordinates as [14]:

r= Toe[(é—a)tan al

b=2rycosa

where 7 is the curve radius of curvature, r, is the tunnel excavation radius, ¢
is the polar angle, « is the initial fracture angle, and b is the distance from the
shear slip body initiation point to the tunnel center.

The maximum radius of curvature of the slip body is r = 1.5r, to 1.8r, [14-15].
The applicable range of the shear slip curve equation (1) is calculated here with
a =7/4 — ¢/2, with results presented in .

Based on the determination formula for o and the polar coordinate equation
for r, the value of (0 — «)tan o should range between 0.4 and 0.6. Through
algebraic calculation, a € (17.5°,30°) and ¢ € (30°,55°), indicating that the slip
curve equation is only applicable to rock masses with ¢ = 30° to 55°.

An investigation and analysis of deformation and failure characteristics of tunnel
support structures under complex geological conditions in China are summarized
in . The failure patterns of some tunnel support structures are illustrated in
[Figure 2: see original paper].

Analysis of and [Figure 2: see original paper| reveals that regardless of shallow
or deep burial, spalling of shotcrete, twisting deformation of steel arches, and
cracking of secondary linings are common failure modes. The underlying cause
is that after excavation, stress release causes rapid increases in rock deformation
rates, and stress differences induce shear slip effects, with only the rock mass
itself providing resistance. After initial support installation, full-length pre-
stressed bolts can be considered as suspension members in close contact with
the rock mass, providing certain shear capacity together with the rock. Since
initial shotcrete and steel arches are located at the rock surface, shear forces
at potential slip surfaces deep within the rock mass are entirely borne by bolts
and the rock mass. As stress continues to release, excessive stress differences
generate shear slip bodies, requiring full-length prestressed bolts to function not
only in axial tension but also in shear to prevent sliding along slip surfaces. The
shear forces on bolts at slip surfaces are complex and cannot be neglected, ne-
cessitating consideration of both axial tension and transverse shear performance
in bolt design.
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2. Optimized Calculation Method for Minimum Support Resistance

The minimum support resistance P_;, is traditionally calculated using the fol-

lowing formula [15,20]:

n

Pmin:Pb+Ps

where P, is the support resistance balancing deformation pressure and P, is
the resistance required to support the rock mass self-weight. This conventional
method involves cumbersome calculations of plastic zone radius R, in-situ stress

Py, and other parameters. A new simplified calculation method is derived herein.

As shown in the calculation schematic [Figure 3: see original paper], if the shear
slip surface area Sgop can be determined, the external forces can be calculated
using the failure wedge concept similar to conventional retaining structures.
Taking a differential area dA with height approximated as arc length ds = rd#,
the following equation can be established:

1 —zQ ) tan o
A:/Tds:/r2d9: Ttonc [e<7T 2a)t —1] r3 = kord

where A is the area of figure BCO and k is an approximate coeflicient, with
other symbols as previously defined.

Given that a € (17.5°,30°), substituting « into equation (4) yields k, values
presented in . The results show that when o € (17.5°,30°), k, varies between
0.97 and 1.02, allowing area A to be approximated as the area of a square with
side length r,. The wedge slip surface area on each side can be calculated as:

4420 —

Spep = 24 — %T%

Multiplying the wedge slip surface area by the rock mass unit weight v yields
the vertical force per unit length. Multiplying further by the horizontal force
coefficient k specified in Table D.0.1 of the Code for Design of Railway Tunnels
(TB 10003—2016) [21] gives the required minimum support resistance P, ;. :

Pmin:k'S"y

Comparison of the two methods reveals: (1) The new method requires only
basic parameters such as rock mass classification, internal friction angle, and
tunnel radius, significantly reducing computational effort; (2) Example calcu-
lations show results from both methods are very close, with the new method
yielding slightly higher values, which provides greater safety margins for support
structure design.
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3. Mechanical Analysis of Full-Length Prestressed Bolts in Shotcrete-
Bolt Support

The mechanical behavior of shotcrete-bolt support systems is complex, with
total support resistance comprising contributions from shotcrete, steel arches,
rock mass, and bolts. The force relationship between the shear slip body and
support system is illustrated in [Figure 4: see original paper]. Specific calcula-
tion methods for shotcrete, steel arch, and rock mass resistance are detailed in
reference [14].

3.1 Neutral Point Analysis of Full-Length Prestressed Bolts Before
calculating bolt forces, preliminary design of bolt length and diameter should
be performed. Neutral point calculations for bolts with and without prestress
are compared below.

1) Without prestress, the neutral point is calculated as:

_rgtl
p* e,¢,

where p is the neutral point position, [ is bolt length, B is a coefficient with
different expressions for different zones (plastic zone B; and elastic-plastic zone
B, as described in reference [12]), and R is the plastic zone radius.

2) With prestress, the initial stress state is shown in [Figure 5: see origi-
nal paper|. Based on reference [12], the neutral point for fully grouted
prestressed bolts is calculated as:

o+l o+l
/ UTd?“:/ UK(u,—u;)dr=1F

0 0

where F' is the bolt prestress, U is bolt perimeter, u, is radial rock displacement
at any point, and K is the rock shear proportion coefficient (K for plastic zone,
K, for elastic-plastic zone).

For plastic and elastic-plastic zones, the neutral point expressions are:
Plastic zone:

g+l
B e(FJ“/’)/W

Elastic-plastic zone:
o rgtl
T e(FHyte)/w

where w = UK B (R — 1) + UK,By(rqg + 1 — R) and ¢ = UK, B, In(R/ry) +
UK,ByIn[(ry+1)/R]. Since K, B, R, and 1, are constants in equations (12), and
w and ¥ become constant once bolt length [ and diameter d are determined, p is
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inversely proportional to F'. Similarly, p is directly proportional to d. Analysis of
neutral point formulas reveals: (1) With prestress, increasing prestress F' moves
the neutral point toward the bolt head (inversely proportional); (2) Without
prestress, neutral point position is independent of bolt diameter, while with
prestress, increasing diameter d moves the neutral point toward the bolt tail
(directly proportional), and decreasing diameter moves it toward the head.

3.2 Bolt Axial Force Calculation The bolt axial force N at any shear slip
surface r is:

N:/Tde—I—F:/ UK(u, —u, )Udx + F
To

3.3 Support Resistance Provided by Bolts The support resistance P’
provided by bolts is:

N
P cos o

e-tcosa —cosb,

where e and ¢ are longitudinal and transverse bolt spacing, respectively, and N
is bolt axial force. Since only bolts within the a to 6, angle range contribute
resistance to the slip body, and P,, is a concentrated force, it is assumed to be
uniformly distributed over the shear zone height b/2:

mry(cosa — cos )

[
Pr= b/2

Analysis of equations (10)-(15) shows that full-length prestressed bolt support
resistance is influenced by neutral point position. Two scenarios are discussed:
First, increasing bolt diameter shifts the neutral point toward the bolt tail,
proportionally increasing both axial force and support resistance according to
equations (13) and (15); conversely, decreasing diameter reduces both values.
Second, increasing prestress shifts the neutral point toward the bolt head but
still increases axial force and support resistance proportionally; decreasing pre-
stress reduces both. Therefore, increasing either bolt diameter or prestress
within specified ranges enhances bolt support resistance. The recommended
bolt diameter range is 20-28 mm, with initial prestress recommended at 0.5-0.8
times the tensile design value [22], not exceeding the bolt’s tensile yield limit,
while satisfying p > .

3.4 Bolt Shear Force Calculation Shear slip bodies undergo relative dis-
placement with the rock mass. At slip surfaces, bolts experience both axial and
shear forces, with deformation shown in [Figure 6: see original paper]. The bolt
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shear force T comprises the shear component from axial force N and the direct
shear @) on the shear plane [23]:

T = N(sin Stan ¢ + cos 8) + Q(sin 8 — cos S tan ¢)

where () is the shear force on the plane:

N2

?= 2./(380 x 360)2 — N?

and [ is the acute angle between the bolt axis and slip surface, which can be
considered as 8 = 7/2 — « according to shear slip theory. After calculating
axial force N and shear force @ at the slip surface, the bolt shear force can be
determined. The shear stress at any point on the bolt cross-section can then be
calculated using the shear stress reciprocity theorem:

where 7,, is the shear stress on the bolt cross-section and A, is the cross-
sectional area. Finally, the calculated tensile stress is compared with bolt tensile
strength, tensile force with pullout resistance, and shear stress with bolt shear

strength to verify support adequacy.

4. Case Study

The Youfangping tunnel has a radius of 5 m, Class IV surrounding rock with
cohesion ¢ = 0.32 MPa, internal friction angle ¢ = 40°, density p = 2.2 g/cm?,
Poisson’s ratio p = 0.35, bolts located in the plastic zone with K = 5 GPa, and
maximum burial depth of 120 m. The tunnel support configuration is detailed
in .

During tunnel excavation, large rock deformation occurred with sidewall
bulging, longitudinal tensile cracks in the lining, and shotcrete failure, as shown
in [Figure 7: see original paper| [20]. A failure cause analysis is presented
below.

4.1 Minimum Support Resistance Required for Slip Body P, ;, Given

¢ =40° and 1y = 5 m, a = 25° and b = 9.06 m are calculated. Using the
traditional method:

Pypin = P, + Py = 0.745 + 0.648 = 1.393 MPa

For this Class IV rock mass, the most unfavorable coefficient & = 0.3 [23] is
selected. The slip body area is calculated as 21.65 m?, yielding:
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P = 0.3 x 21.65 x 2.2 = 1.429 MPa

4.2 Support Structure Resistance P With calculated average slip surface
inclination ¥ = 23° and bolt tension N = 104.8 kN, the support resistance
provided by initial support and rock mass is summarized in . The total support
resistance P = 1.971 MPa exceeds the required P, ;, = 1.429 MPa, indicating
that the original support design theoretically met requirements. However, since
initial support failure occurred, deeper investigation into other failure causes is
warranted.

4.3 Bolt Shear Strength Verification Given 8 =7/2—«a = 65°, ¢ = 40°,
and N = 104.8 kN, the shear force is calculated as:

(380 x 360)2 — 104.82
2

Q= — 44kN

T = 104.8(sin 65° tan 40° + cos 65°) + 44(sin 65° — cos 65° tan 40°) = 148.2kN

The resulting stresses are:

4 x 1482

Tm = 311x0.0202 o001 MPa
4 % 104.

o X 1048 s s MPa

m = 3714 % 0.0222

Experimental studies by Azuar et al. [24-25] indicate that bolt shear strength
at joints can reach up to 80% of ultimate tensile strength, giving o, = 400 MPa
and 7, = 320 MPa. Since 7,,, = 390.1 MPa > 7, = 320 MPa while o, = 275.8
MPa < o, = 400 MPa, the bolt shear stress exceeds the steel shear strength,
indicating shear failure.

4.4 Comparative Analysis A comparison with literature results and fail-
ure cause analysis is presented in . The proposed method (Method ) involves
fewer parameters and simpler steps, with results differing by only 2.5% from
traditional methods while providing higher safety margins. Previous analysis
[20] attributed failure to construction disturbance without further mechanical
investigation, whereas this study identifies insufficient bolt shear capacity as a
deeper root cause.
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4.5 Optimization Increasing bolt diameter to 25 mm yields:

4 % 148.2
’

This simple modification reduces shear stress to 302.1 MPa, increasing shear
capacity by 22.6% and meeting requirements.

5. Conclusions

1) To satisfy the maximum slip body curvature radius r = 1.5 to 1.8r, «
should range between 17.5° and 30°, corresponding to ¢ = 30° to 55° for
applicable rock masses.

2) Addressing the lack of shear performance consideration in bolt design using
shear slip theory, this study proposes a calculation method for full-length
prestressed bolt support force that incorporates shear performance. Bolt
shear at slip surfaces is determined from slip forces and bolt axial force,
with shear stress calculated using the shear stress reciprocity theorem and
compared against bolt shear strength for design verification.

3) The minimum support resistance can be obtained by multiplying slip body
area by rock unit weight v and the horizontal force coefficient k. This ap-
proach eliminates calculations of in-situ stress and loosened zone radius,
significantly reducing computational effort compared to traditional meth-
ods based on deformation pressure and rock self-weight.

4) Full-length prestressed bolt support performance is affected by neutral
point position in two ways: increasing diameter shifts the neutral point
toward the bolt tail and proportionally increases axial force and support
resistance; increasing prestress shifts the neutral point toward the bolt
head but also proportionally increases axial force and support resistance.
Both parameters enhance support resistance within specified ranges.

5) Case analysis demonstrates that in shotcrete-bolt support systems, bolts
provide minimal support resistance. Designing bolt diameter based solely
on total required resistance cannot ensure adequate shear performance. It
is recommended to design bolt parameters based on shear values at slip
surfaces through an iterative process: initial parameter selection — shear
stress verification — parameter modification until slip surface shear stress
is less than bolt shear strength.
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