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Abstract: A grouting pad is the key structure for the construction of water inrush grouting on the
shaftworking surface. Previousmethods of calculating the bearing capacity have limitations due to a
lack of understanding of the failure mode. To investigate the bearing capacity of a concrete grouting
pad on the working surface of a shaft, this paper establishes a mechanical model for the punching
shear failure of a grouting pad under symmetrical loading conditions. A unified solution for the
bearing capacity is derived, and the influence of parameters is discussed. In addition, a newmethod
for designing the plastic limit thickness is proposed based on this research. The results show that
the reason for the grouting pads’ punching shear failure resulted from the formation of peripheral
grouting holes “weak ring” caused by the reduction of the bearing capacity. When the thickness ofB0
remains constant, the bearing capacity qu of the grouting pad is inversely proportional to the ratio of
the diameter and the area of the bottom load. Therefore, following the method of “dividing, interval,
and jumping holes” during grouting construction is recommended. The greater the thickness of
the grouting pad, the greater the bearing capacity qu will be. When the grouting pad diameter is 2r2
and the thickness B0 is constant, the bearing capacity qu increaseswith thematerial tensile strength f t.
When designing grouting pads, following the principles of “large thickness, uniform strength theory,
high strength materials” will improve bearing performance. The findings have been implemented
in the design of the grouting pad thickness for the Tianshan Shengli Tunnel shaft project, which can
successfully solve the problemof frequent cracking caused by theweak bearing capacity of a grouting
pad. The findings can provide a theoretical basis and reference for the design and construction of
grouting pads in a highway tunnel shaft.

Keywords: grouting pad; punching shear failure; unified strength theory; bearing capacity;
thickness design

1. Introduction
Mountainous terrain is steep, and tunnels have become the main way to break down

traffic barriers [1–4]. To meet the ventilation requirements for construction and opera‑
tion, constructing deep and large shafts is the optimal choice for extra‑long highway tun‑
nels [5,6]. As shaft sinking depth increases, the problemofwater gushing into the fractured
surrounding rock during the construction period is highlighted, and the adoption of scien‑
tific and rational grouting measures plays an important role in the prevention and control
of water damage [7]. To achieve this, it is particularly critical to clarify the bearing capacity
of a shaft grouting pad in order to reasonably determine the thickness.

Many scholars have focused on the issue of grouting pads in wellbore workings. Chai
et al. [8] and Li et al. [9] have both adopted the elastomechanicalmethod to design the thick‑
ness of a high‑pressure deep‑hole pregrouting pad in the treatment of water inrush in a
coal mine shaft of water‑enriched geology. Wang and Pan et al. [10,11] gave empirical for‑
mulae for the thickness of a grouting pad for the suddenwater flooding project of a vertical
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iron ore and coal mine shaft, taking into account the stratigraphic–hydrological conditions
of the shaft site area. Qian [12] and Zhai et al. [13] proposed an empirical formula applica‑
ble to the thickness of a grouting pad in a 1# sub‑shaft aiming at the inrush of water in a
Tianxing iron mine. Zheng et al. [14] proposed a formula for calculating the thickness of a
two‑stage underwater cast‑in‑place grouting pad based on the geological and construction
conditions for a mine in the excavation of a sub‑shaft cavern in the Nanli Iron Mine. Ge
et al. [15] predicted the grouting volume of a gushing shaft using an adaptive fuzzy neural
system and multi‑regression methods. Hancock et al. [16], who analysed the gushing wa‑
ter problem in the construction of a tin mine shaft in Australia, believed that the adoption
of reasonable grouting in the construction of a shaft has positive significance for the con‑
struction period and construction cost control. Bukowski [17] established a gushing water
hazard risk assessment method for gushing water hazards to determine the potential fac‑
tors for the occurrence of gushing water in coal mine shafts. Han et al. [18] analysed the
mechanisms of water gushing in a shaft constructed by the freezing method in coal mines
in western China, constructed a risk assessment model of water gushing, and proposed
the parameters of a grouting pad, which can be used as a reference for the prevention and
control of water gushing in a shaft constructed by the anti‑freezing method. Kipko [19]
illustrated the engineering practical experience of successful water plugging by surface
pumping grouting with an example from the flooded accident of the abandoned shafts
of a coal mine in the former Czechoslovakian area. Xu et al. [20] studied the technology
of the simultaneous operation technique of the mechanical shaft boring construction and
surface deep‑hole grouting for vertical shafts in deep alluvial formations, proposing safety
measures that can be implemented.

The above research enriches the theory and technology of the prevention and control
of water inrush hazards during a shaft construction period and provides a necessary basis
for future work. However, there are some limitations and shortcomings. First, most of
the research objects pay attention to a coal mine shaft, while there is little literature related
to the grouting of the working surface of a highway tunnel shaft, and the shaft diameter
is often 1–3 m larger than that of a coal mine shaft. Therefore, the mechanical model of
a grouting pad belongs to the problem of plastic mechanics of a thin plate [21], and the
calculation formula obtained by combining the plane common point force with experience
is unreasonable. Secondly, there is a bias in the understanding of the failure mode of a
grouting pad. The author has observed in the field that the failure mode of a grouting
pad was a punching shear failure, guided by cracking along the peripheral grouting holes,
rather than a punching shear failure with overall cracking at the bottom [22]. Thirdly, the
treatment of the load on a grouting pad deviates from the actual situation in the field. Even
in the case of poorly fractured rock, the peripheral high‑pressure grouting holes generate a
back pressure that is difficult to apply to the entire bottomof a grouting pad [23]. Therefore,
the load range of a grouting pad should be simplified to the vicinity of the grouting holes.

Consequently, this paper analyses the failure mode of a grouting pad and establishes
a mechanical model under symmetrical loading. Firstly, a unified yield criterion is intro‑
duced, and the plastic limit load of grouting pad punching shear failure is derived. Sec‑
ondly, the rationality of the understanding is verified, and the influence of plastic ultimate
load parameters is discussed. Finally, a design method for the plastic limit of slurry cush‑
ion thickness is proposed. The research results have been applied to the design of grouting
pads for well 2‑2 of the Tianshan Shengli Tunnel, one of the longest highway tunnels in the
world. This method solves the problem of frequent cracking caused by insufficient bear‑
ing capacity in the elastic design of grouting pads. The results of the study can provide a
reference for the design and construction of grouting pads in similar shaft projects.

2. Grouting Pad Failure Mode
Compared with mine shafts, highway tunnel shafts have larger diameters, usually

ranging from 7 to 10.5 m. The grouting pad thickness typically ranges from 2 to 4 m, re‑
sulting in a thickness‑to‑diameter ratio close to 0.2. Therefore, it is treated as a circular
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thin plate problem [21]. Based on the analysis of failure modes in simply supported cir‑
cular plates, it is observed that tangential bending moments act along the radial direction,
while radial bending moments act annularly along different coefficients multiplied by the
radius (less than 1) [24]. Tangential bending moments generate radial cracks, while radial
bending moments generate annular cracks.

Based on the above discussion, the failure mode of a shaft grouting pad is analysed.
Regarding the grouting pad on the working surface of the shaft, the grouting holes are
generally arranged along the periphery of the grouting pad at a certain distance from the
circumferential spacing, and all the grouting holes are used for high‑pressure grouting on
the rock body of the working surface. After closing the grouting valve, the load acting
on the bottom surface of the grouting pad consists of two parts, one of which is the pres‑
surised water of the working surface, and the other one is the lifting force generated by the
diffusion of the grout from the grouting holes [25]. Both forces act in the same direction
on the bottom of the grouting pad, as shown in Figure 1.
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Figure 1. The force on the shaft grouting pad.

To facilitate the installation of the orifice pipe, the grouting hole must pass through
the full thickness of the grouting pad during the hole forming process. This results in the
formation of a ring hole “weak ring” around the grouting pad. It is worth noting that
this “weak ring” is caused by the grouting hole cracking at a certain distance around the
grouting pad. This ”weak ring” provides a stress concentration area for cracks caused
by tangential and radial bending moments [26]. However, its ring is more conducive to
the propagation and extension of circumferential cracks. During grouting construction,
it is important to balance the peripheral pressure in the relative direction of the grouting
pad to prevent ring cracking on one side of the pad. It is also important to consider the
limited ability of the grout to spread after closing the grouting valve. This can often result
in punching shear failure within a certain range from the mouth of the hole, as shown in
Figure 2.
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Figure 2. Cracking and failure of the grouting pad.

3. Deduction of Plastic Ultimate Load of the Grouting Pad
3.1. Double‑Shear Unified Yield Criterion

The double‑shear unified yield criterion [27] can be given as Equation (1):

F = σ1 − 1
1+b (bσ2 + σ3) = σtσ2 ≤ (σ1 + σ3)/2

F′ = 1
1+b (σ1 + bσ2)− σ3 = σtσ2 ≥ (σ1 + σ3)/2

}
(1)

where F and F′ are yield functions; σ1–σ3 is the first, middle, third principal stress, MPa; b
is the influence coefficient of intermediate principal stress on the strength of the material;
σt is the tensile strength of the material, MPa.

For axisymmetric circular plates, the double‑shear unified yield criterion is used to
express plastic yielding in terms of bending moments. This criterion is described in the
tangential moment–radial moment (Mθ–Mr) plane, as shown in Figure 3. To account for
the unknown direction of the principal stress during plastic deformation, Equation (1) is
decomposed into six expressions. When the limit bendingmoment is satisfied by any of the
expressions, it is considered that the point has entered a plastic state. This can be converted
into a double‑shear unified yield condition expressed by generalised stress [28], and it can
be given as Equation (2):

max(
∣∣∣Mr − b

1+b Mθ

∣∣∣, ∣∣∣Mr − 1
1+b Mθ

∣∣∣, 1
1+b |bMr + Mθ |,∣∣∣ 1

1+b Mr − Mθ

∣∣∣, 1
1+b |Mr + bMθ |,

∣∣∣ b
1+b Mr − Mθ

∣∣∣) (2)

where Mr is the radial bending moment, kN/m; Mθ is the tangential bending moment,
kN/m.
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Figure 3. Double‑shear uniform yield line for a circular plate.

3.2. Computational Model and Solution Method
According to the above analysis of the failure mode of the grouting pad, the solution

to the punching shear bearing capacity of the grouting pad involves the problem of plas‑
tic deformation of the circular plate under the action of a uniform circumferential load.
The boundary constraint conditions are equivalent to a simple support due to the fact that
the grouting pad and the initial support structure were not poured simultaneously. Prior
to conducting the plastic limit analysis, it is essential to make the following assumptions
regarding deformation and stress:
1. The vertical line of the neutral surface of the plate is unchanged in length and state

before and after deformation;
2. The deflection of the neutral plane is much smaller than the plate thickness;
3. The normal stress σz in the neutral plane is much smaller than other stress compo‑

nents and can be neglected.
The computational model andmicro‑hexahedral unit forces are established, as shown

in Figures 4 and 5.
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As shown in Figure 5, according to the force equilibrium of the plate microelement
under axisymmetric load, it can be given as Equation (3):

d(rMr)

dr
= Mθ + rQr (3)

where Qr is the shear force acting on the unit, kN; r is the radius of the circular plate,
m; dr is the micro‑hexahedral element radius; dMr is the micro‑hexahedral element radial
bending moment.

As shown in Figures 4 and 5, because of the section of the yield condition and the dis‑
continuity of the plate load distribution, resulting in (3) type differential equation solution
process needs to be based on different boundary conditions to select the corresponding
yield condition, and thus the partition solution idea, to a point on the plate bending mo‑
mentC as a reference point, set it is located in theE yield point, combinedwith the Figures 3
and 4 to discuss the solution.

3.3. Equilibrium Equations and Yield Conditions
3.3.1. Centre and Simply Supported Boundary

At the centre of the circular plate r = 0, the boundary condition satisfies Mr|r=0 =
Mθ |r=0 ̸= 0, and the yield condition satisfies the D point in Figure 3. At the edge of the
circular plate r = r2, the boundary condition satisfies Mr|r=r2

= 0, and the yield condition
satisfies the F point in Figure 3. Therefore, from the r = −r2 to r = r2 position, the yield
condition satisfies the DE, EF segments in Figure 3, and it can be given as Equation (4):

DE : b
1+b Mr +

b
1+b Mθ = Mp

EF : Mθ − b
1+b Mr = Mp

 (4)

whereMp is the cross‑sectional ultimate bending moment, kN/m.

3.3.2. Point C Is in the Range of the Simply Supported Plate AB
When point C is within the range of simply supported plate AB, the AO section of

the axisymmetric circular plate is divided into three sections: AC, CO, and BO. The equi‑
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librium equations are listed, respectively, and the yield condition is selected according to
Formula (4), given as Equation (5):

OB segment : r dMr
dr = (1 + b)(Mp − Mr) DE segment yield line

BC segment : r dMr
dr = (1 + b)(Mp − Mr)− qu

2 (r2 − c2) DE segment yield line

CA segment : r dMr
dr = (1 + b)(Mp − Mr)− qu

2 (r2 − c2) EF segment yield line

 (5)

where c is the grouting diffusion boundary value, m; qu is the ultimate bearing capacity of
a circular plate, MPa.

3.3.3. Point C Is in the Range of the Simply Supported Plate BO
According to the double‑shear unified yield criterion, the equilibrium equations can

be listed, and it can be given as Equation (6):

BO scope : r dMr
dr = (1 + b)(Mp − Mr) DE segment yield line (6)

Meanwhile, when point C is within the range of the simply supported plate BO, it
also satisfies Equation (3) and Qr = 0. Solving Equation (3) yields Mr = Mθ , and solving
Equation (6) yields 2Mr =Mθ . These results contradict each other, indicating that point C
cannot be within the range of the simply supported plate BOwhen it is at the E yield point.

3.4. Boundary Conditions
The boundary conditions primarily examine the existence and continuity of the values

of the four points O, B, C, and A, where point O satisfies Mr|r=0 = Mθ |r=0 ̸= 0, points
B and C satisfy the continuity, and point C satisfies 2Mr = Mθ from the analysis in the
previous section.

3.5. Bearing Capacity Solution
Equations (4) and (5) will be used to substitute into the boundary conditions, resulting

in the final solution for the grouting pad bearing capacity, given as Equation (7):

qu =
(2b2 + 6 + 8b)Mp

(2 + b)
[
2c2(c/r1)

1+b − (3 + b)c2 + r2
1(b + 1)

] (7)

where r1 is the calculation reference radius, m.
Parameter r1 conforms to the non‑linear equation and can be given as Equation (8):

2(1 + b)(3 + 2b)c2(c/r1)
1+b + (2b3 + 6b2 + 4b)r2

1

+(b2 + 4b + 3)
[
r2

2 − (3 + 2b)c2](r2/r1)
1/(1+b)−

(2b2 + 7b + 6)
[
(1 + b)r2

1 − (3 + b)c2](r2/r1)
1/(1+b)

−(4b2 + 14b + 12)c2(c/r1)
1+b(r2/r1)

1/1+b = 0

(8)

Parameter r1 can be solved byNewton’s iterativemethod, with r1 = x, taking the initial
value of x0, defining the accuracy e*, and constructing the iterative function and equation.
It can be given as Equation (9):

x = x0 − f (x)/ f ′(x)
|(x − x0)/x| ≤ e∗

}
(9)

where f (x) is the iterative function; f ′(x) is the derivative of the iterative function.



Appl. Sci. 2024, 14, 2933 8 of 19

In order to further illustrate the steps of Newton’s iterative method for solving r1, a
specific algorithm flowchart is provided. The algorithm can be solved using 2016 Excel
software, as shown in Figure 6.
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4. Parameter Sensitivity Analysis
4.1. Verification of the Reasonableness of the Solution

Figure 3 shows that the uniform strength yield criterion can be degraded to the typical
properties of the other yield criteria depending on the values of b. The Tresca yield criterion
is commonly used in plastic structural analysis when b = 0, while the double‑shear unity
yield criterion is used when b = 1. When b = 0.5, it approximates the Mises yield [28]. Due
to space limitations, this paper compares the solution of the Tresca yield criterion with
b = 0 by substituting it into Equations (7) and (8).

The derivation of the Tresca yield criterion qu for the circular plate AB, ranging from
c ≤ r ≤ r2, satisfiesMθ ≥Mr ≥ 0 andMp =Mθ . Substituting these values into Equation (3)
gives Equation (10):

Mr = Mp +
qu
2
(c2 − r2/3) + S1/r (10)

For the round board BO range, the Tresca yield criterion satisfies Mp = Mθ, and be‑
cause ofMr =Mθ, soMp =Mr, according to r = c solution S1, and substituting (Mr)r=r2

= 0
into Equation (10), it can be given as Equation (11):

qu =
6Mp

r2
2 − 3c2 + 2c3/r2

(11)

Equation (11) happens to be a special case of Equation (7) when b = 0, which shows
that the unified solution in this paper is reasonable and has good extensions.

4.2. Effect of b on Load‑Bearing Capacity qu
Using c = 3 m, r2 = 5.5 m, andMp = 16.41 MPa, Figure 7 illustrates the impact of the b

value on qu. The Tresca yielding criterion solution is a special case of this paper when b = 0,
while the Mises yielding criterion solution is a special case of this paper when b = 0.5. This
demonstrates the rationality of the unified solution presented in this paper. As the value
of b increases, qu shows a tendency to decrease and then increase. It reaches a minimum
value at b = 0.4, which is close to 5.03 × 103 kN/m3, and a maximum value at b = 1, which
is close to 8.04 × 103 kN/m3. The increase in the qu value of 6.7% for b = 1 compared to
b = 0 and 59.8% compared to b = 0.5 suggests that the double‑shear unified strength yield
criterion is more capable of utilising the potential of material strength compared to the
Tresca and Mises yield criterion.
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4.3. Effect of Shaft Radius r2 on Bearing Capacity qu
Figure 8 illustrates the impact of the effect of shaft radius r2 on qu under different b

value conditions. The results indicate that qu decreases as the r2/c value increases, while
the b value remains constant. The bearing capacity of the grouting pad increases with an
increase in the b value for a given value of r2/c. Assuming a constant thickness, the bearing
capacity of the grouting pad is inversely proportional to the ratio of the diameter to the area
of the bottom loaded area. When the value of b is set to 1, the grouting pad qu increases by
15% to 87% compared to when b is set to 0.5. Similarly, when b is set to 1, qu increases by
0.5–1.3 times compared to when b is set to 0.75. These results indicate a significant increase
in the grouting pad qu when considering the contribution of the middle principal stress.
When b is set to 0.5 and 1, qu increases by 15–87%. When b is taken as 0.75 and 1, the qu
increases by 0.5–1.3 times. After considering the contribution of medium principal stress,
the qu of the grouting pad significantly increased. Specifically regarding construction prac‑
tice, reflection of the working surface high‑pressure grouting holes should be placed at the
edge of the grouting pad to reflect the working surface. The grouting length should be
reasonably controlled to avoid high‑pressure grouting in the surrounding holes. It is im‑
portant to reduce the diffusion area of the grouting pad pulp at the bottom to minimise
the possibility of punching shear failure. Therefore, the construction of grouting should
follow the principle of “subdivision, time interval, and jump hole”.
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When c = 3 and b = 1, we analysed the effect of r2/r1 on the bearing capacity qu. Figure 9
shows a non‑linear relationship between r2/r1 and qu. As r2/r1 increases, qu first decreases
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slowly, then experiences a sudden increase, and finally decreases again. This means that
larger r2/r1 ratios do not necessarily result in larger qu values. Instead, qu reaches its rela‑
tivemaximumvalue at a certain ratio of r2/r1. This point aims to guide engineering practice
by recommending the use of a uniform yield criterion for designing grouting pads. It is
important to check whether the r2/r1 ratio is close to 1.25 to verify the calculation’s reason‑
ableness.
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Figure 9. Effect of the value of r2/r1 on qu when b = 1.

The influence of r2/c on the value of r1 was calculated using the iterative method, as
shown in Figure 10. The value of r1 exhibits a three‑stage trend of decreasing, then increas‑
ing, and finally decreasing again as r2/c increases. When r2/c is less than 1.375, r1 is the
largest when b = 1 and the smallest when b = 0.5. When r2/c is between 1.375 and 1.571,
the maximum r1 is obtained when b = 0.75, and the minimum r1 is obtained when b = 0.5.
When r2/c is greater than 1.833, r1 is the minimum when b = 1.
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4.4. Effect of Section Mp Parameters on Bearing Capacity
The impact of the cross‑sectionMp parameter on qu is examined under various b value

conditions. The influential parameters of cross‑sectionMp are grouting pad diameter 2r2,
thickness B0, and concrete material tensile strength f t, respectively, discussing the relation‑
ship between each parameter and qu, as shown in Figures 11–13.
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Figure 11 shows that the bearing capacity qu of the grouting pad decreases as the
diameter 2r2 increases when the thickness B0 of the grouting pad is constant, which is
consistent with the theory of thin plate failure. Moreover, increasing the value of b for
any diameter condition results in a greater bearing capacity qu of the grouting pad. For a
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vertical or 7 m diameter shaft, when b = 1, qu is approximately 2.4–3.3 times greater than
when b = 0.5 or b = 0.75.

Figure 12 shows that the bearing capacity qu of the grouting pad 2r2 increases with
the thickness B0. This indicates that a thicker grouting pad can bear a greater capacity qu
under the same load conditions. Furthermore, the bearing capacity qu of the grouting pad
increases with the value of b for any given thickness condition. For a 2.0 m thick grouting
pad, when b = 1, qu increases by 59.8% compared to b = 0.5 and 31.5% compared to b = 0.75.

Figure 13 shows that the bearing capacity qu increases with the design value of the
tensile strength f t of the grouting pad concrete material when the diameter of the grouting
pad 2r2 and the thickness B0 remain constant. This indicates that under the same load
conditions, the bearing capacity qu is greater with higher tensile strength of the grouting
pad concrete material. For example, when b = 1, qu increases by 59.8% compared to b = 0.5
and by 31.5% compared to b = 0.75. To achieve better bearing performance when designing
the grouting pad poured with C20 concrete, following the principles of “large thickness,
high‑strength materials, and unified strength yield criteria” is recommended.

5. Design Method and Engineering Application of Grouting Pad Thickness
5.1. Design Method of Grouting Pad Thickness

To design the thickness of a flat‑bottomed grouting pad, China’s coal mine vertical
shafts often use the calculation method shown in Equation (12) [29]:

B0 = P0r2/[σc] + 0.3r2 (12)

where B0 is the thickness of the grouting pad, m; P0 is the termination pressure of the
grouting orifice, MPa; [σc] is the permissible uniaxial compressive strength of the grouting
pad concrete, MPa.

Equation (12) shows that the formula belongs to the elastic designmethod, which pro‑
hibits plastic deformation inside the grouting pad. However, deformation of the grouting
pad is allowed to occur during field grouting construction due to the appearance of the
plastic region of the grouting pad. Therefore, this paper proposes the design method for
the plastic limit of the shaft grouting pad.

Separate the cross‑sectional ultimate bending moment Mp variable in Equation (7),
which can be given as Equation (13):

Mp =
qu(2 + b)

[
2c2(c/r1)

1+b − (3 + b)a2 + r2
1(b + 1)

]
(2b2 + 6 + 8b)

(13)

According to the formula for calculating the bending normal stress of a cross‑section
in material mechanics [30], the ultimate bending moment inside a circular plate can be
obtained, given as Equation (14):

Mp = σsWx =
1
6
(2r2)B2

0σs =
r2B2

0σs
3

(14)

where σs takes the design value of tensile strength of the grouting pad, MPa; Wx is the
grouting pad section modulus, m3.

To solve for B0, substitute Equation (14) into Equation (13), replace the plastic ultimate
load qu with P, and define the safety factor γ; the solution can be given as Equation (15):

B0 =

√√√√3Pγb(2 + b)
[
2c2(c/r1)

1+b − (3 + b)c2 + r2
1(b + 1)

]
r2(2b2 + 6 + 8b)σs

(15)
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where P is the mean grouting pressure of the working surface and single hole, MPa; γ is
the safety coefficient. Considering the importance of the engineering service cycle, it is
recommended that the mine shaft γ should be 1.2 and the tunnel shaft γ should be 1.5.

Equation (7) can be used to calculate the bearing capacity of the constructed grouting
pad, which guides the grouting construction. Equation (15) is used for the design of grout‑
ing pad thickness and material selection based on grouting pressure and water pressure.
Both equations ensure a scientific and reasonable grouting of the working surface.

In order to facilitate better implementation by design and construction personnel, a
specific design process is given, as shown in Figure 14. Firstly, determine the strength
theory b value, shaft radius r2, grouting diffusion radius c (three parameters), so as to sub‑
stitute into Formula (8) to calculate the r1 value and, at the same time, to determine the
value of the working surface of the shaft water pressure value pw and paz to calculate the
value of P,as well as concrete material σs (f t) and the safety factor γ. Secondly, the above
seven parameters are substituted into Formula (15) to calculate the thickness of the grout‑
ing pad B0. Finally, the site construction is carried out according to the designed thickness
of the grouting pad.
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Figure 14. Design flow chart.

5.2. Engineering Applications
5.2.1. Project Overview

The Tianshan Shengli Tunnel is a key project of theUrumqi–Yuli Expressway inChina.
The tunnel is 22.13 km long, and it is the longest highway tunnel under construction in the
world. The tunnel adopts the construction method of “3 main tunnels and 4 shafts”. The
No. 2‑2 shaft has a design diameter of 10.5 m and a depth of 704 m, making it the largest
diameter highway tunnel shaft under construction in China. During the construction of
the 2‑2 shaft, when drilling to the � granite crushing zone, there were many water surges
in the working face, and the water surges were as high as 40 m3/h. During the grouting
and water blocking process in the working face, the grouting pads were cut and cracked,
affecting the effect of normal grouting and water blocking, as shown in Figure 15a–c.
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After the grouting pad on the working face cracked, two circumferential cracks and
radial cracks emerged. The main circumferential crack is located approximately 2.6–3.5 m
from the initial support, with a length of around 8.4 m and a width of 3.5–5.0 cm. It runs
in an east–west direction, starting near the opening of the 6# grouting hole and ending
at the initial support structure. The secondary crack runs parallel to the main crack and
measures approximately 1.8 m in length and 2–3.0 cm in width. Radial expansion cracks
are perpendicular to tangential cracks and have a lower degree of cracking than tangential
cracks. The cracking of the grouting pad is shown in Figure 15d.

5.2.2. Calculation of Load Capacity of the Grouting Pad
The radius of the 2‑2 shaft radius is r2 = 5.6 m, the original design thickness of the

grouting pad 2.1 m, and C25 concrete was used, with Mp = 11.5445 kN/m. There are
25 grouting holes arranged in a circular direction with a radial distance of about 1.0 m
from the initial support. By substituting the lining radius r2 = 5.6 m, c = 2.8 m, and b = 1
into Equation (8) and iteratively solving for r1 = 4.35 m, and then substituting it into Equa‑
tion (15), it can be given as:

qu =
(2 × 12 + 6 + 8 × 1)× 11.5445

(2 + 1)×
[
2 × 2.82(2.8/4.35)1+1 − (3 + 1)× 2.82 + 4.352 × (1 + 1)

] = 4.745 MPa

The water pressure of the shaft working face is 1.6 MPa, and the average injection
pressure of the injection hole is 5MPa. Thismeans thatP = 6.6MPa < 4.745MPa. Insufficient
bearing capacity caused the punching shear failure of the 2‑2 shaft grouting pad.
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5.2.3. Thickness Design of the Grouting Pad
It is known that the water pressure on the working surface of the shaft is 1.6 MPa, and

the average grouting pressure of the hole is 5 MPa, that is, P = 6.6 MPa, and γ is taken as
1.5. The grouting pad was poured with C40 concrete, and r2/r1 = 5.5/4.35 = 1.264, which is
close to 1.25. Therefore, r1 is still taken as 4.35 m, and the thickness B0 of the grouting pad
is calculated, which can be given as:

B0 =

√√√√3 × 6.6 × 1.5 × (2 + 1)
[
2 × 2.82 × (2.8/4.35)2 − 5 × 2.82 + 4.352 × 2

]
5.5 × 16 × 1.43

= 2.87 m

The actual design is 2.9 m.
Using the Chinese coal mine experience design method in Equation (12), the grouting

termination pressure P0 is taken to be 2–2.5 times the static water pressure of 3.2 MPa, and
the thickness B01 of the grouting pad is calculated, which can be seen as:

B01 =
3.2 × 5.5

40
+ 0.3 × 5.5 = 2.09 m

Therefore, compared with the thickness of the grouting pad designed by the plas‑
tic limit method, the thickness of the grouting pad designed by the empirical calculation
method of the Chinese coal mine is about less than 40%, which is consistent with the above
analysis of the 2‑2 shaft grouting pad due to the insufficient bearing capacity that occured
through a punching shear failure.

5.3. Post‑Construction Effect of the Grouting Pad
After sevendays of construction and curingwithC40 concrete, a series of core samples

were taken at the site to perform internal uniaxial compression tests on the grouting pad.
The average compressive strength of the grouting pad reached 40 MPa, indicating that
the tensile strength f t also reached the design value [31], as shown in Figure 16. After
construction, the surface of the grouting pad was flat. During the grouting of the surface
using the “staged, interval and hole skipping” grouting method, the problem of surface
cracking of the grouting pad is well solved, as shown in Figure 17.
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5.4. Discussion
This study investigates two problems of the bearing capacity and thickness calcula‑

tion of grouting pads for shafts. We have derived a unified solution for the plastic ultimate
bearing capacity of grouting pads based on the analysis of the punching shear failuremode
of grouting pads, considering the current lack of calculation methods for the bearing ca‑
pacity of large‑diameter shaft grouting pads in highway tunnels. Secondly, we propose
a new plastic limit design method for grouting pad thickness in response to the problem
of weak bearing capacity failure caused by previous elastic design methods for coal mine
shaft grouting pads. The research results were applied to the 2‑2 shaft project of the Tian‑
shan Shengli Tunnel, which solved the problem of frequent cracking caused by the failure
of the grouting pad during construction. The research findings were implemented in the
Tianshan Shengli Tunnel’s 2‑2 shaft project, resolving the issue of frequent cracking due to
grouting pad failure during construction.

Compared with existing research [32,33], this study analyses the punching shear fail‑
ure mode of the grouting pad by simplifying its mechanical model as a simply supported
circular plate. The grouting pressure and water pressure are equivalent to the edge load
of the circular plate. The plastic structural limit analysis method is used to obtain a uni‑
fied solution for the bearing capacity, which is compared with existing research. After
examining the factors that influence the bearing capacity of the grouting pad, we propose
a reasonable understanding that can aid in grouting construction. We clarify the bearing
capacity of the grouting pad and establish a plastic limit design method for the thickness
of large‑diameter vertical shaft grouting pads. This method improves the defect of weak
bearing capacity in the traditional elastic design method applied to the thickness design
of large‑diameter shaft grouting pads [29]. There are two reasons for the deviation caused
by the two methods of elastic and plastic limit design. Firstly, the failure of concrete ma‑
terials generally undergoes an “elastic plastic” process when failing [34]. Elastic failure
occurs before plastic failure, and the required ultimate failure load is small [35]. The bear‑
ing capacity is directly proportional to the thickness B0, according to Equation (14), so the
design thickness is relatively small. Secondly, the elastic design method is based on expe‑
rience and is intended for coal mine shafts with a diameter of less than 7 m. However, for
highway tunnel shafts with a diameter of 7.5–10.5 m, the “diameter thickness ratio” of the
grouting pad is relatively large when using the elastic design method. This poses a thin
plate problem in mechanics, as thin plates are more prone to damage than thick plates.

However, the use of plastic limit analysis methods is only suitable for simple prob‑
lems. The second method assumes that the material is rigid plastic and studies the be‑
haviour of the structure when it reaches the plastic limit state based on the plastic defor‑
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mation law, which is also the method used in this article to calculate the capacity. Based
on this study, there are two limitations:
(1) When analysing the plastic ultimate bearing capacity of the grouting pad in the paper,

it is assumed that the material is rigid plastic and elastic deformation is not consid‑
ered, so that the internal stress–strain distribution before the plastic ultimate state of
the grouting pad cannot be obtained.

(2) When establishing the calculationmodel in this paper, it is assumed that the grouting
pad corresponds to an axisymmetric circular plate, the bottom of the shaft working
face is flat, and no settlement occurs before the grouting pad is poured. In particular,
in the construction of shafts in soft rock strata, the unevenness of the working face
after mucking, coupled with the influence of settlement deformation effects in soft
rock strata [36,37], these result in a rather complex problem of the bearing capacity of
the grouting pad, which can be further discussed in the future.
Numerical simulation methods may be used to solve the first problem mentioned

above, which is the cracking problem of concrete circular plates with holes [38]. This is cur‑
rently a difficult problem that computational mechanics urgently needs to overcome [39].
Traditional universal numerical calculation methods are unlikely to achieve satisfactory
results. Regarding the second point, it is more complex and belongs to the category of
structural rock foundation interaction problems. However, determining the load distri‑
bution characteristics can be challenging, and on‑site testing methods are necessary to re‑
veal the internal mechanism. The author’s team anticipates reading reports on relevant
research findings.

6. Conclusions
This paper first analyses the punching shear failure mode of a grouting pad under

symmetric load. Secondly, the unified solution of the plastic limit load for grouting pad
punching shear failure is deduced, and the influence law of the plastic limit bearing ca‑
pacity parameter of a grouting pad is discussed; finally, the plastic limit design method
of grouting pad thickness is proposed. The results of this study are applied to the opti‑
mal design of grouting pad thickness in shaft 2‑2 of the Tianshan Shengli Tunnel, which
solves the frequent cracking of the grouting pad. The main conclusions of this paper are
as follows:
1. The grouting pad failure mode is punching shear failure. The formation of annular

holes or ‘‘weak rings’’ due to peripheral grouting holes is the basic condition for fail‑
ure. The bearing capacity is insufficient to withstand the lifting force produced by
grouting and the water pressure on the working surface. These two factors work
together to lead to punching shear failure.

2. Auniform solution for the bearing capacity of the grouting pad is derived and verified
to be reasonable. When b is set to 0 and 0.5, it can degenerate to the Tresca and Mises
yield criteria, respectively. The bearing capacity qu shows a trend of first decreasing
and then increasing as the value of b increases. The minimum value is reached when
b = 0.4, and the maximum value is achieved when b = 1. Therefore, the unified solu‑
tion is recommended for design calculations, as it better utilises the the potential of
material strength.

3. When the thickness is certain, the bearing capacity of the grouting pad is inversely
proportional to the ratio of the diameter to the area of the loaded area at the bottom.
It is important to follow the principle of “division, interval, and hole skipping” dur‑
ing grouting construction. When designing a grouting pad, the maximum bearing
capacity is achieved when the r2/r1 ratio is close to 1.25. As the ratio of r2/c increases,
the value of r1 exhibits a three‑stage trend of first decreasing, then increasing, and
finally decreasing.

4. The bearing capacity of a grouting pad increases with its thickness under the same
load conditions. When the diameter of the grouting pad is 2r2 and the thickness B0 is
constant, the bearing capacity qu increases with an increase of the tensile strength de‑



Appl. Sci. 2024, 14, 2933 18 of 19

sign value f t of the grouting pad concrete material. Following the principle of “large
thickness, unified strength yield criterion, high‑strength material” in the design is
recommended to obtain better bearing performance of the grouting pad.

5. The new method for bearing capacity design proposed in this article has been ap‑
plied in engineering practice, effectively solving the problem of frequent cracking of
grouting pads during shaft grouting construction, and confirming its good feasibility
and practicality. The findings have practical guidance significance for the design and
construction of grouting pads for deep and large shafts of extra‑long tunnels.
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