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ABSTRACT

The stability of the surrounding rock is intricately linked to joint characteristics, particularly
when a tunnel traverses layered, jointed rock masses. However, existing research has
predominantly concentrated on tunnel stability within single-jointed rock formations, considering
large-span tunnels situated under complex geological conditions. Therefore, drawing upon the
Chongging Guobo Station Tunnel Project as a case study, this paper employs a numerical
experimental approach to conduct an in-depth exploration of the relationship between joint dip
angles, the thickness of jointed rock layers, and the stability of the tunnel's surrounding rock. The
research findings reveal that variations in both joint dip angle and the thickness of jointed layers
exert a substantial influence on the stability of the surrounding rock. Under different conditions, the
maximum increase in tunnel deformation approaches 400 mm. As the dip angle changes, the
deformation of the surrounding rock initially decreases and then increases. The disparity between
displacement perpendicular to the joint surface and displacement along the bedding plane initially
narrows and subsequently widens, eventually becoming predominantly governed by displacement
along the bedding direction. Moreover, the location of maximum displacement gradually shifts from
the arch shoulder to the tunnel crown. For large joint dip angles, the surrounding rock primarily
undergoes tensile yield failure along the direction of the joint surface and shear yield failure
perpendicular to it. When the thickness of the joint layer increases, both the displacement of the
surrounding rock and the distribution range of the plastic zone diminish, which enhances the overall
integrity and bolsters the stability of the surrounding rock.
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INTRODUCTION

In the Chongging-Guizhou region, the geological setting is exceedingly intricate,
characterized by a diverse array of adverse geological conditions. Among these, the layered jointed
rock mass stands as a quintessential example. Guaranteeing the stability of the surrounding rock is
of paramount importance for the safety of tunnel construction activities [1-3]. Notably, the existence
of joints exerts a profound impact on the stability of the surrounding rock [4]. Owing to the cutting
action within the joints, construction operations in certain soft rock masses may trigger a series of
disasters. These include substantial displacement of the surrounding rock, block-falls from the
tunnel crown, and cracking of the preliminary lining [5, 6]. Consequently, it becomes imperative to
conduct in-depth research on the stability of tunnel excavation in laminated jointed rock masses.
Such research is essential to fully ensure not only the safety but also the efficiency of tunnel
construction endeavors.

Several studies have primarily centered on the failure mechanisms inherent in jointed rock
masses [7, 8], highlighting that the dip angle of rock strata exerts a substantial influence on the
mechanical behavior and failure patterns of rock specimens. In addition, scholars have also
conducted a certain degree of research on the stability challenges associated with tunnels
constructed in jointed rock masses [9]. Luo et al [10] found that for the steep dip angle of the joint,
the stability of surrounding rocks was mainly affected by the nature of the rock mass, while for a
slow dip angle, the joints are the key factors leading to damage to the surrounding rock. Suo et al
[11] pointed out that the surrounding rock was the most stable if the dip angle of joints was in the
range 45° ~ 60°. Zhou et al [12] found that the maximum extrusion deformation of the excavation
face of a nodular rock tunnel was distributed in an ‘M’ curve centered at 90°, and the deformation
was largest when the inclination angle was 60° and 120°. If the inclination angle increases, the
damage form of the palm face was circular, triangular, and inverted triangular in that order. Li et al
[13] analyzed the impact of inclination angles as well as the spacings of surrounding rock joints on
tunnel deformation, and concluded that the tunnel displacement with the change of inclination angle
shows a decrease and then an increase, and the lining control effect is positively correlated with the
inclination angle. Zheng et al [14] found that the size and distribution density of joint inclination are
negatively correlated with tunnel stability, in which joint inclination is the most critical factor affecting
the stability of the surrounding rock. Tang et al [15] investigated the impact of laminated rock body
on the stabilities of surrounding rock, and found that the displacement of surrounding rocks caused
by the joint surface was the greatest in the direction of vertical joint surface, and the failure zone of
surrounding rocks was also largely distributed along the directions in vertical joint surface. An
in-depth analysis was conducted on the influence of dip direction on the main deformation zones of
layered rock masses [16]. The findings revealed that the main deformation zones were prone to
developing in areas where the normal direction of the rock layers is oriented towards the interior of
the tunnel. Wang et al [17] delved into the impact of columnar joints on the stability of surrounding
rock. Their study demonstrated that, in terms of the self-bearing capacity of the rock mass under
various dip angles, the order from the weakest to the strongest is 45°, 60°, 75°, 90°, 30°, 0°, and
15°. Jiang et al [18] explored the failure characteristics of jointed rock in deep-buried tunnels at
different inclination angles. They discovered that when the inclination angle of the fracture surface is
either less than 70° or greater than 77°, stress-controlled failure serves as the primary failure mode.
Conversely, stress-structural control failure occurs under other circumstances. Jia et al [19]
investigated the effects of different dip angles of layered joints and lateral pressure coefficients on
the stability of tunnels within jointed rock masses. Numerical analyses carried out in their study
indicated that both the joint dip angle and the lateral pressure coefficient exert significant influences
on the failure modes and deformation characteristics of tunnels. Jayakumar et al [20] analyzed the
failure characteristics of tunnels under different fault dip angles. Their research found that when the
dip angle is 60°, the structural force generated in the tunnel lining is greater.

In conclusion, while research into the influence of joints on the stability of tunnel surrounding
rocks has yielded some notable achievements, a significant portion of the existing findings primarily
pertains to medium and large-span tunnels. In contrast, relevant research on super - large - span
tunnels remains relatively scarce. On the flip side, current studies have predominantly concentrated
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on a single type of jointed rock mass. Consequently, the applicability of these existing research
results to large-span tunnels with a complex composition of jointed rock masses, as well as the
impact of geologic compliant bias, remains uncertain. In light of these gaps, this paper undertakes a
systematic investigation into the effects of varying joint inclinations and rock thickness on the
excavation stability of large-span tunnels. The study is based on the Chongging East Ring Road
Guobo Center Station project. Such research is instrumental in ensuring the safety and stability of
the construction process and serves as a valuable reference for similar projects in the future.

PROJECT OVERVIEW

The Guobo Center Station of Chongqing East Ring Railway has a total length of 284m, with
a burial depth ranging from approximately 23m to 55m, and an excavation width and height of 24m
and 22m, respectively. The tunnel section area is approximately 449.6m?, which belongs to the
super large-span tunnel. The location of Guobo Station was displayed in Figure 1.

The tunnel is covered with miscellaneous fill at the top and passes through a stratified,
jointed rock body, which is mainly composed of sandstone and mudstone. The rock stratum
occurrence is S-N/38~40°NW, with rock dip angles varying between 38° and 40°. The surrounding
rock is fragmented and exhibits poor stability, primarily rated as Grade V. The exposed surrounding
rock at the excavation faces of the tunnel is displayed in Figure 2.

‘J‘f‘“& 7 :f

inshan road

\
““
2 .---l‘m
The Huangmaoping
Branch Line of Chongqing
t Chongqmg

Eastern Ring Railway
) International <

l Expo Centcr ' m ‘
=1

Fig. 1 — Location of the Guobo Station

Fig. 2 — Joint Condition of rock mass in the on-site tunnel

NUMERICAL TEST MODEL AND CALCULATION INSTRUCTIONS

Drawing on the tunnel dimensions of the project under consideration, along with the
stratigraphic distribution features and the objective of minimizing boundary-effect impacts, the
ultimately adopted and established computational model is presented in Figure 3. The
computational model has dimensions of length x width x height =243 m x 60 m x 190 m. There is a
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vertical distance of 110 m between the tunnel bottom and the base of the model. Normal constraints
[21] have been applied to the front, back, left, right, and base surfaces surrounding the model. In
contrast, the top surfaces are designated as free surfaces, allowing for unrestricted deformation.
Regarding the initial stress conditions, only the gravitational stress field has been taken into
account.

The mesh generation strategy has a huge impact on the calculation results. Therefore, a
large number of mesh division trials were conducted before the start of this study. Considering the
computational efficiency and accuracy, a local densification of the mesh was ultimately adopted in
the area close to the tunnel, while a sparser mesh was used in the area far from the tunnel. Due to
page limitations, the final adopted mesh division diagram is placed in this section, as shown in
Figure 3.

The surrounding rock is simulated using solid zones, while joints were modeled with thinner
solid zones and reduced mechanical parameters compared to the surrounding rock [22, 23].
Considering that the Mohr-Coulomb constitutive model can well characterize the shear failure of
rock masses with high calculation efficiency, and the calculated parameters are convenient and
accurate to obtain [24, 25]. Therefore, both the surrounding rock and the joints follow the
Mohr-Coulomb ideal elastoplastic constitutive relation. Referring to the field geological survey of
Guobo tunnel project and the data in Code for Design of Railway Tunnels [26], the computation
parameter for the surrounding rock adopted in this paper is shown in Table 1.

Tab. 1 - Mechanically computation parameters of the surrounding rock

) Elastic modulus E | Poisson’s |[Internal friction angle ¢| Cohesion c Density p
Surrounding rock )
(MPa) ratio y ®) (kPa) (kg/m?3)
Miscellaneous fill soil 13 0.28 5 50 1800
Sandstone 1800 0.35 35 400 2200
Mudstone 130 0.38 24 65 2200

Miscellaneous fill soj]

Sandstone interbedded
with mudstone

Fig. 3 — Calculation Model

To investigate the combined impact of jointed dip angles and variation in rock layer
thickness on the stability of tunnels with large-span sections, the relevant calculated condition is
displayed in Table 2.
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Tab. 2 - Calculation condition
Variable name Variable value Remarks
Joint dip angle 30° 45° 55° Fixed rock layer thicknesses of 1m
Rock layer thicknesses im 2m 3m Fixed joint dip angle 45°

The tunnel is excavated by the full-face excavation method, with a cycle footage of 2 meters.
No support is provided until the tunnel is excavated through. That is to say, the focus is on studying
the impact of laws of jointed dip angles as well as rock layer thickness on the construction stability
of super-large span tunnels without support, to offer a reference basis for the selection of tunnel
lining methods in the subsequent dependent projects. The middle section (y = 30m) of the model is
used as the monitored section, and the schematic diagram of the layout of monitored positions is
displayed in Figure 4.

Fig. 4 — Layout of the monitoring point

ANALYSIS OF THE CALCULATION RESULTS

Discussion about tunnel stability under various joint dip angles

The cloud diagrams of surrounding rock displacement under various jointed dip angles are
displayed in Figure 5. In Figure 5, the changes in jointed dip angles have very significant impacts on
the displacement of the surrounding rock. For the jointed dip angle at 30°, the displacement of the
surrounding rock in both the direction perpendicular to the jointed plane and the bedding direction is
relatively large. Still, the displacement in the former direction is greater than that in the latter, and
the maximum displacement is located near point B at the arch shoulder. For the jointed dip angle at
45°, the displacement of the surrounding rock in the bedding direction and the direction
perpendicular to the joint plane are relatively close, and the maximum displacement appears
between points A and B. For the jointed dip angle at 55°, the displacement of the surrounding rock
in the bedding direction dominates, and the displacement perpendicular to the jointed plane is
relatively small, with the maximum displacement appearing near point A. It indicates that during the
addition of the jointed dip angle, the difference in displacement in the two directions first decreases
and then increases. Eventually, the displacement in the bedding direction becomes dominant, and
the location of maximum deformation of the surrounding rock moves from point B at the arch
shoulder to point A at the crown, with the maximum displacement increasing from 43.2 mm to 437
mm.
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Fig. 5 — Cloud diagrams of surrounding rock displacement under various jointed dip angles

The variation curves of surrounding rock displacement with the joint dip angles are displayed
in Figure 6.
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Fig. 6 — Diagram of the relationship between the displacement of tunnel surrounding rocks and
jointed dip angles

In Figure 6, for the dip angle at 30° ~ 45°, although the surrounding rock displacement
increases, the change is relatively slow. Nevertheless, when the dip angles varied within the range
of 45° to 55°, notable increases in displacement are recorded at the vault and both arch shoulders.
In comparison to the preceding angular variation range, monitoring points A, B, and C demonstrate
growth rates of 600%, 360%, and 700%, respectively. As the dip angle changes, the characteristics
of the stratum bias pressure also evolve, as evidenced by the fact that the displacement difference
between the surrounding rocks on either side initially decreases and subsequently increases,
reaching a maximum difference of 36 mm. Ultimately, the displacement observed at monitoring
point C surpasses that at monitoring point B.

Figure 7 displays the cloud diagrams of the distributed state of the plastic area of the
surrounding rock under various dip angles. Among them, the red part represents shear failure, and
the black part represents tensile failure. The relationship diagram between the area ratio of the
plastic zone of the surrounding rock to the tunnel sectional area (abbreviated as “Ry") at various
jointed dip angles is displayed in Figure 8.
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Fig. 7 — Cloud diagrams of the plastic zone of the surrounding rock under various joint dip angles
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Fig. 8 — Diagram of the relationships between the R and the jointed dip angles

In Figure 7, the weak interlayer is mainly subject to shear slip failure, and the distribution
range of surrounding rock failure is mainly in the two directions perpendicular to the joints and along
the joints. At little dip angles, shear failure predominates as the primary failure mode. If jointed dip
angles increase, the distribution ranges of plastic zones in the two directions also change
accordingly. The range along the joint plane direction gradually increases, while the range in the
directions perpendicular to the joint plane slowly decreases. Finally, the failure mode along the joint
plane direction is mainly tensile yield, and the failure in the directions perpendicular to the jointed
plane is mainly shear yield. As the dip angle increases, the main failure mode of the rock mass
changes from shear failure to shear-tension failure, which is consistent with the results of the model
test [27]. Overall, the plastic area of the surrounding rock mostly appears above the center line of
the tunnel, while yield zones on the left and right sides show an asymmetric distribution.

It can be seen from Figure 8 that Ry also presents a nonlinear growth tendency with the
increase of the dip angles, indicating that the jointed dip angle has a large influence on the failure of
tunnel surrounding rocks, and the maximum increase rate of R, even reaches 0.7.
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Discussion about the surrounding rock stability in a tunnel under different rock layer
thicknesses
The cloud diagrams of the deformation of the tunnel surrounding rock under various rock

layer thicknesses are displayed in Figure 9. The curve diagram of relationships between the
displacement in the surrounding rock and variation of the rock layer thickness is shown in Figure 10.
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Fig. 9 — The relationship between rock layer thickness and displacement diagram of the tunnel
surrounding rocks
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Fig. 10 — The relationships between the displacement of tunnel surrounding rocks and the variation
of rock layer thickness

In Figures 9 and 10, for rock layer thickness at 1m, the displacement of the surrounding rock
in the bedding direction and the direction perpendicular to the joint plane is relatively close. If the
layer thicknesses increase, the deformation of the surrounding rock in the two directions basically
remains consistent. This indicates that if joint dip angles remain constant, the changes in layer
thickness hardly influence the difference in the distribution of surrounding rock deformation in
different directions but have a relatively large impact on the magnitude of surrounding rock
displacement. When the layer thickness increases, the displacement of the surrounding rocks at
each monitoring position gradually decreases. Especially at the monitoring points B, C, and D, E,
which are symmetrically distributed along the tunnel centerline, the variation in horizontal
displacement of surrounding rocks gradually decreases; that is, the integrity of the rock mass
becomes better. Since the increase in layer thickness brings about a reduction in the proportion of
joints around the tunnel, thereby weakening the unbalanced pressure effect on the layer, as well as
enhancing the stability of the surrounding rock. It is important to note that the horizontal
displacement observed at vault point A and invert point H is nearly equal in magnitude and
gradually converges towards 0 mm. This phenomenon can be attributed to the fact that these two
points are vertical measurement locations, where horizontal displacement tends not to be
significant.
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The distribution of the plastic zone of the surrounding rock under various rock layer
thicknesses is displayed in Figure 11. The variation of the Ry of the tunnel with rock layer
thicknesses is shown in Figure 12.
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It can be seen from Figures 11 and 12 that the failures range of the surrounding rock in the
directions perpendicular to the joint and in the bedding direction are basically the same, and it is
found that the thickness of the layer has a great influence on the distribution area of plastic area of
the surrounding rock. When the layer thickness is 1m, the joints are distributed relatively densely,
and the integrity of the rock mass is poor, resulting in a relatively large distribution area of the plastic
zone, which is mainly distributed at arch waists. When the layer thicknesses increase, the spacing
between joints gradually widens, the integrity of the rock masses improves, making them less
susceptible to damage. Concurrently, the distribution area of plastic zones diminishes accordingly.
As the layer thickness increases, the Ry gradually decreases, the fragmentation degree of the
surrounding rocks is reduced, and stability is enhanced. The maximum reduction rate of the Ry
reaches 0.25. Generally speaking, the thicknesses of the jointed layer have a direct effect on the
stability of tunnel excavation. The smaller the joint spacing and the denser the distribution, the
poorer the stability of the surrounding rock [14].
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CONCLUSION
The main findings of this paper are listed below:
(1) The variation in dip angles exerts a profound impact on the displacement of the surrounding

rock. When the dip angle is set at 30°, the displacement occurring in directions perpendicular to the
joint plane surpasses that in the bedding direction. At a dip angle of 45°, the displacement of the
surrounding rock in both the bedding direction and the direction perpendicular to the joint plane is
relatively similar. Once the dip angle reaches 55°, the deformation of the surrounding rocks in the
bedding direction becomes dominant. As the dip angles continue to increase, the growth rate of the
surrounding rock’s displacement initially exhibits a slow-paced trend, which then accelerates. The
location of the maximum displacement gradually shifts from the arch shoulder towards the crown.
Simultaneously, the difference in displacement between the two sides of the surrounding rock
gradually widens, and the characteristics of unbalanced stratum pressure become increasingly
prominent.

(2) Under varying joint dip angle scenarios, the plastic zone of the surrounding rock
predominantly concentrates in two key directions: perpendicular to the joints and along the joints.
Nevertheless, the extent of the plastic zone’s distribution undergoes alterations in response to
changes in the joint dip angle. As the dip angles gradually increase, the area encompassed by the
plastic zone expands in a nonlinear fashion. In the case of large dip angles, the surrounding rocks
are primarily subject to tensile yield failure along the direction parallel to the joint plane. Conversely,
they mainly encounter shear yield failures in the direction perpendicular to the joint plane.

(3) When the dip angles are held constant, alterations in layer thickness exert minimal influence on
the distribution pattern of surrounding rock deformation, whether in the direction perpendicular to
the joint planes or along the jointed plane. However, they have a relatively significant impact on the
magnitude of surrounding rock displacement. In scenarios where the layer thickness is small, the
displacement of the surrounding rocks tends to be relatively substantial. As the layer thickness
gradually increases, the displacement of the surrounding rock exhibits a corresponding decrease.
Simultaneously, the disparity in displacement between the surrounding rocks on both sides of the
tunnel diminishes. Consequently, the characteristics of unbalanced stratum pressure are mitigated,
and the stability of the surrounding rocks is enhanced.
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