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Tunnel stability is a critical factor in complex geological conditions, particularly in rock masses with
steeply dipping layers. Among widely used methods, the Convergence—Confinement Method (CCM),
a prevalent two-dimensional (2D) approach, effectively captures the relaxation process preceding
support installation. However, most studies focus on homogeneous or horizontally layered rock
masses, often overlooking the influence of steeply dipping, and layered geological formations. This
study investigates the influence of layer dip angle and layer position on the stress relaxation factor
(M) and tunnel deformation through parametric analysis. The results indicate that A increases with
steeper dip angles, such as 60° and 90°, and decreases as the layers are positioned farther from the
tunnel center, for instance, two tunnel widths above or below. Tunnel deformation is highly influenced
by these factors, and the optimized A values allow the 2D Convergence—-Confinement Method (CCM)
predictions to closely correlate with 3D simulation results. These findings enhance the applicability of
the Convergence-Confinement Method (CCM) for tunnel stability analysis in steeply dipping, layered
rock masses.
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Tunnels are essential for enhancing transportation infrastructure, particularly in regions with challenging
geological conditions, such as Ethiopia. To address these challenges, Ethiopia has been integrating tunnels into
its infrastructure through various large-scale geotechnical projects. Despite the relatively low number of tunnels
constructed in recent decades, the country has encountered several significant tunnel collapses' . The primary
failure mode in these tunnels is stress-induced, as indicated by the observed deformation patterns and stress
distribution®~°. However, local geological structures may also impact the overall stability. Therefore, accurate
assessment of the rock mass response is critical for preventing tunnel failure®. While 3D analysis offers a more
accurate representation of rock mass behavior during tunneling, its application is often constrained by high
computational demands and complexity. Consequently, tunnel engineers commonly favor 2D approaches for
the analysis and design of underground excavations’.

The Convergence-Confinement Method (CCM), initially introduced by Panet and Guenot?, is the most
widely adopted 2D approach for approximating the three-dimensional behavior of tunneling®!?. Despite its
widespread use, existing studies on the 2D Convergence-Confinement Method (CCM) predominantly focus
on tunnels located in homogeneous or horizontally layered media, overlooking the influence of steeply dipping
layered rock masses. In practice, many excavations are carried out in inclined strata that contain weak zones!""2.
Consequently, the applicability of the 2D Convergence-Confinement Method (CCM) for assessing the stability
of tunnels in steeply dipping layered rock masses remains insufficiently investigated. Zhou et al.!*> emphasized
that the orientation of rock layers is a critical factor in determining the macroscopic behavior of rock masses,
including excessive deformation and various failure mechanisms. However, the relationship between the
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optimal stress factor () and different layer configurations, such as dip angle and layer positioning, has not been
sufficiently explored.

This paper aims to evaluate the effectiveness of the 2D Convergence-Confinement Method (CCM) in
assessing the behavior of tunnels in steeply dipping layered rock masses, by comparing its results with those
obtained from 3D numerical analyses. Additionally, it investigates key factors influencing tunnel stability,
including the layer dip angle and layer positioning, with a focus on their impact on the optimal stress relaxation
factor and the response of the surrounding rock mass, particularly regarding tunnel convergence.

Study area

Location and topography

This study examines the geotechnical aspects of a newly constructed railway tunnel (T-04) along the Awash-
Kombolcha-Hara Gebeya railway project (Fig. la and b). The tunnel, situated near Kara-Kore town, was
constructed using the Drill and Blast method, tailored to address the prevailing geological conditions and
project specifications. The structure spans a total length of 1530 m and reaches a maximum overburden depth of
322 m. Geographically, the tunnel is located at 10°27'N latitude and 39°58'E longitude, with its longitudinal axis
oriented approximately in the south-to-north direction. The southern (entrance) portal is positioned at chainage
178+090 km, while the northern (exit) portal is situated at chainage 179+ 620 km. The tunnel intersects two

1974
T -
Fa W —
/ N A
i A
/ LY
/
3\
.k 3\
7 \
/ AN
] N
/l 1
7 j
1818 // \\
I \
R ®
w | N
7 [
=] [ \ e Ll
R [ I \ L L]
Ll [N [ X a1
il | / N ) Sal
B floe \ : £
F] : 7 =
hat / T el (T4
;: 7 Hunne(+4
Iy Vi —
/ | E—
= oo =
1638 4

1750

1700

Tunnel (T4)

1650 -

1600

Chainage(km)

=1 =3
=1 =1
< [}
- -
< <
[ [
-— -—

178+400
178+600
1761800
179+ 000
1794200
179+400
179+600
17918600
180+000

Fig. 1. Tunnel alignment (a) and study section (b). Tk =“Ashangi formation-Tas”, and Tas = “Kemissie
formation-TK”.
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Density | Young’s Modulus | Uniaxial compressive strength Friction angle | Cohesion | Tensile strength
Lithology (kg/m?) | (GPa) (MPa) RMR | GSI | Poisson’s ratio | (°) (MPa) (MPa)
Basalt 2700 3.62 55 45 40 0.25 45.1 1.45 0.063
Volcanic Ash | 2700 2.13 49 38 33 0.25 41.6 1.25 0.052
Fault zone 2300 0.14 40 39 34 0.25 40 0.06 -
Table 1. Mechanical properties of the rock masses.
Cohesion Normal stiffness | Shear stiffness

Interface type Friction angle (°) | (MPa) Tensile strength (kPa) | (GPa/m) (GPa/m)

Interface #1

Basalt-Fault zone 42.6 0.76 0 188 75.5

Interface #2

Volcanic Ash-Fault zone 408 0.66 0 1135 454

Table 2. Mechanical properties of interfaces.

distinct geological formations: the “Ashangi Formation-Tas”, predominantly composed of black and dark grey
basaltic rocks, and the “Kemissie Formation-TK’, consisting of rhyolite, ignimbrite, tuff, and volcanic ash.

Geotechnical parameters

At the tunnel site, subsurface investigations were conducted, including soil investigation boreholes, in situ field
testing, and laboratory analysis of samples retrieved from the boreholes. These investigations were performed
to characterize the ground conditions and geotechnical properties of the site. For the basaltic and volcanic ash
units, rock mass properties were estimated using conversion equations embedded in the “RocData” software,
based on geotechnical data from reports in the surrounding area. Furthermore, a fault zone, consisting of highly
fractured rock mass, is located at the interface of the two lithological units, occurring at the transition between
the “Kemissie Formation” and the “Ashangi Formation”. The rock mass material properties are summarized in
Table 1.

Mechanical properties of interfaces between rock layers

The interfaces between rock layers exhibit distinct mechanical characteristics, as their strength and deformability
are governed by the properties of the adjacent rock masses'®. According to Huang et al.!>, the shear modulus,
friction angle, and cohesion of these interfaces can be approximated as the average values of the two adjoining
materials, while the tensile strength is defined by the lesser value of the two materials (Egs. 1 and 2). In line with
this methodology, the mechanical properties attributed to the discontinuity interfaces between the different rock
layers are summarized in Table 2.

The normal stiffness (ky,) is calculated as:

E
n — —7 1
ko = 2 (1)
where F is the elastic modulus of the rock mass or support material, and d is the thickness of the interface.
The shear stiftness (ks) is given by:
G
s — —7 2
ks = — )

where G is the shear modulus of the rock mass or support material, and d is the thickness of the interface.

The shear modulus of the rock mass, calculated as: G = , with v being the Poisson’s ratio of the rock mass.

_EBE
2(1+v)

Shotcrete

Shotcrete is a specialized concrete material applied to the excavated surface of tunnels. Its primary function is
to stabilize the surrounding rock mass by preventing loosening and providing structural support. The shotcrete
lining serves to seal rock joints, mitigate rockfall, and control overbreak. The material properties of the shotcrete
used in the numerical analysis are provided in Table 3.

Rock bolt properties

The tunnel support system includes an anchoring arrangement comprising @26 mm rock bolts, each with a
length of 4 m. These rock bolts are installed in accordance with the specifications defined for each support
class. The bolts are fully grouted along their entire length using a cement-based grout or resin with equivalent
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iiglamats (fonim), Young’s modulus (E) | Poisson’s
Support type | Initial lining | Final lining | (GPa) ratio
Shotcrete 100 100 32 0.2

Table 3. Shotcrete properties.

Diameter | Young’s modul Ultimate yield load | KBond Sbond
Support type | (mm) (GPa) (kN) (GN/m/m) | (MN/m)

Rock-Bolt 26 200 230 124 1.7

Table 4. Properties used to represent bolt structure in the numerical model.

characteristics. The cement grout is designed to achieve a minimum compressive strength of 21.0 MPa after
7 days. The material properties of the rock bolts used in this study are detailed in Table 4.

Numerical modeling

The numerical analysis conducted in this study begins with a 2D finite element method (FEM) analysis using
the Phase2 version 8.0 software package. This analysis evaluates the stress distribution associated with tunnel
excavation and support installation based on a 2D numerical model'®. Subsequently, a 3D distinct element
method (DEM) analysis is performed using 3DEC version 5.20 to investigate the effects of fault dip angle and
fault line location on the deformation behavior of the tunnel.

Development of the 2D model

To evaluate the effect of truncated boundary distance on the vertical and lateral deformation of the tunnel, a
series of stress—strain analyses were conducted on the rock mass. These analyses varied the boundary width and
height while maintaining consistent material properties, in-situ stress conditions, and other parameters. Based
on the results of the preliminary analysis, the model width was set to 8 times the tunnel opening width (80 m or
B +70 m), and the model height was set to 8 times the tunnel opening height (80 m or H+70 m) (Fig. 2).

The tunnel has a horseshoe-shaped cross-section with dimensions of 9.08 m in width and 9.84 m in height
(Fig. 2b). The tunnel center is located 324 m below the ground surface. In this study, the 2D model was discretized
using six-noded triangular elements. The mesh design was carefully optimized to ensure accurate results while
maintaining computational efficiency!”. A graded mesh was applied across all models, with finer mesh elements
in regions of high-stress gradients, such as near the tunnel opening. The mesh density gradually decreases from
the center outward to the model boundaries.

Prescribed boundary conditions and in-situ stress

The boundary conditions for the model were defined using a combination of stress and velocity constraints
to accurately replicate the behavior of the tunnel. The model dimensions in Phase2 were carefully selected to
encompass the zone of influence induced by tunnel excavation, thereby minimizing boundary effects on the
analysis. A key aspect of the model construction involved assessing the surrounding pressure to evaluate the
stability of the rock mass around the tunnel®®. This study employs two distinct approaches for this evaluation,
as outlined below.

Model-1: By considering rock pressure theory

In this section, the rock pressure theory proposed by Bierbaumer!® is employed to determine the tunnel loading.
According to the theory, a tunnel is subjected to a load from the rock mass, which is bounded by a parabola of
height. The crown of the tunnel (H) is located at a depth of 319.5 m from the ground surface. To simulate the
overburden gravitational loading at the top of the crown, a vertical stress of 1.19 MPa was applied. This value is
based on an average material density of 2700 kg/m?, an overburden depth of 319.5 m, and a reduction factor of
0.138.

Model-2: By considering the total depth

In situ stresses are influenced by the depth below the ground surface. The support pressure and tunnel closure
are also affected by these in situ stresses. Therefore, the tunnel depth, or overburden, is a critical parameter in
assessing the surrounding pressures in tunnels'”. In this section, the entire depth is considered in the calculation
of deformations within the rock mass surrounding the tunnel. As such, the top boundary of the model is located
284 m below the ground surface. To simulate the overburden gravitational loading, a vertical stress of 7.67 MPa
is applied at the top of the model. This value is derived from an average overburden material density of 2700 kg/
m? and an overburden depth of 284 m.

Material constitutive models

The constitutive model describes the relationship between applied stress and material deformation. In this
study, the shotcrete support is assumed to remain in an elastic state, as its modulus of elasticity is significantly
greater than that of the surrounding rock. Consequently, an elastic isotropic constitutive model was used to
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Fig. 2. Summary of the CCM methods (a) initial equilibrium condition (b) tunnel excavation with some stress
relaxation factor (c) support installation with the full stress relaxation factor.

simulate the behavior of the shotcrete material. The rock masses in Phase 2 were modeled using a linear elastic-
perfectly plastic Mohr-Coulomb constitutive model. While more advanced rock constitutive models, such as
strain-softening, can more accurately capture the nonlinear stress—strain behavior of rock masses, they require
several input parameters. Therefore, the Mohr-Coulomb model was deemed sufficient for this study. The Mohr-
Coulomb model is a conventional approach for representing the failure of soils and rocks!*. The mechanical
behavior of interfaces is represented by the Coulomb slip model.

2D simulation with the CCM method

In the 2D analysis, the tunnel excavation and support installations were simulated using the Convergence-
Confinement method (CCM). The deformation occurring prior to the application of the support system could
not be directly modeled; however, its effects were indirectly accounted for by using the stress relaxation coefficient
(M)'. The stress relaxation coefficient (A) was applied to simulate the delayed installation of the su gport during
the field tunneling process. During excavation, a portion of the initial ground stress, (1 —A)o, is induced
on the surrounding ground before the support is applied. Subsequently, a portion of the remaining stresses is
transferred to the tunnel supports, which are installed after a total stress release when A=1. The stress release

factor refers to the portion of ground stresses acting at the end of the preceding stage. A summary of the 2D
computation phases is shown in Fig. 2.

Development of the 3D numerical model
In this paper, the 3DEC Version 5.20 software package, developed by Itasca?, is used to construct the 3D
numerical model and perform the stress analysis associated with tunnel excavation and support installations.
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Fig. 3. Generated 3D block for the numerical model.
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Fig. 4. Meshes used in this study (a) 3D view of meshes and (b) Tunnel mesh.

It is also employed to evaluate the performance of the proposed 2D plane strain solutions. The 3D model is a
brick-shaped polyhedron with dimensions of 80 m in the X and Z directions, and 50 m in the Y direction, as
shown in Fig. 3. The tunnel is excavated through a rock mass consisting of Basalt, Volcanic Ash, and a fault zone.

Boundary

The boundary conditions and model dimensions used in the 3D model were selected as a combination of stress
and velocity constraints, similar to those used in the 2D model. However, for the 3D model, the length of the
numerical model in the Y direction is set to 50 m (Fig. 3). The boundary edges in the Y direction are fixed to
ensure stability and accurate simulation results. As a result, the model length is more than five times the width of
the tunnel opening. According to Hoek et al.?!, the model length in the tunnel direction should be at least four
and a half times the tunnel width from the advancing face.

Discretization of the 3D-model

Discretization of blocks in 3DEC is achieved by subdividing the blocks into smaller elements, which can be
either quadrilateral or tetrahedral. Quadrilateral elements offer higher accuracy and are well-suited for plasticity
calculations; however, the presence of inclined discontinuities and varying lithologies in the current model
makes the application of quadrilateral elements more challenging. In contrast, tetrahedral elements provide
greater flexibility in meshing irregular block geometries??. Therefore, tetrahedral zoning is employed for the
present study (Fig. 4a and b).

Excavation and ground support

The A3 rock class involves challenging gear placements with potential hazardous falls, requiring advanced
climbing skills. The length excavated and immediately supported is 2 m per stage. The numerical model extends
50 m along the tunnel axis. Therefore, the entire excavation and support installation process is carried out in
26 stages. The adopted excavation procedure aligns with the actual field sequences. The bolts were simulated in
3DEC software using the “Cable” structure element provided within the software. The shotcrete was modeled

using the “Liner” structure element (Fig. 5a and b) available in 3DEC software?.
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Fig. 5. Ground support using shotcrete and rock-bolt reinforcement.
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Fig. 6. Transverse settlement profiles predicted using 3D and 2D CCM methods.

Calibration of 2D CCM with the 3D numerical results

The CCM controlling parameter A was calibrated to ensure that the 2D CCM and 3D numerical analyses
predicted the settlement profile as accurately as possible. The following procedure was applied: Vertical
displacements computed by the CCM method at 20 different locations along the top of the model were used to
create a simulation line (S,,), while displacements obtained from the 3D analyses (S,,) formed an observation
line. The difference between the two was quantified using the sum of the squared errors method, as expressed
in Eq. 3:

20

SSE = (Sep — S3p)° 3)

=1

Several 2D calculations were performed by varying the stress release coefficient (A) in steps of 0.05 until the
optimal value based on the comparison criteria was determined. Ultimately, the appropriate stress release
coefficient (A) was obtained by fitting the 2D calculation results to the 3D results (Fig. 6), thereby minimizing
the value of Eq. 3.

In this paper, the initial value of the stress relaxation factor (A) was determined by considering the ground
load pressure based on the height formula proposed by Protodyakonov?® (Eq. 4):

A=1-— O Protodyakonov
ov

(4)
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where A is the stress relaxation factor, 0 protodyakonov 18 the vertical stress on the tunnel wall, calculated using
Protodyakonov’s parabola. Protodyakonov’s parabola is a method in rock mechanics used to estimate the stress
distribution around underground openings, such as tunnels, to understand the behavior of the rock mass during
tunnel excavation. oy represents the total vertical stress, including all vertical stresses acting on the tunnel, such
as the weight of the overlying rock and any additional loads.

Parametric study

A parametric study was conducted to investigate the influence of different layer dip angles and layer locations on
the stress relaxation coefficient (\) and the tunnel rock behavior, specifically in terms of the convergence of the
surrounding rock. In this study, only one parameter was varied at a time to isolate and observe the specific effect
of that parameter on the results. The parametric calculations were performed using Phase2 and 3DEC software.

Effect of layer dip angle (5)

In this section, the effect of the layer dip angle (B) on the convergence of the tunnel surrounding rock and
the corresponding stress relaxation coefficient () is studied. Five dip angles, p=0°, 30°, 45°, 60°, and 90°, are
selected, where 0° and 90° represent horizontal and vertical layers, respectively (Fig. 7). The dip angles are chosen
based on the recommendations of Jingyuan?* and Do et al.?>.

Effect of layer location (L)

In this study, the layer location (L) is defined as the minimum distance between the tunnel center and the
adjacent layer. The influence of the distance from the layer to the tunnel opening (as shown in Fig. 8) on the
tunnel convergence and the corresponding stress relaxation coefficient (\) is examined. Various layers, positioned
above, below, and at the center of the tunnel opening, are considered. The distance of the layer from the tunnel
opening (L) is expressed in terms of the tunnel span (B).

Results and discussion

Effect of layer dip angle on the stress relaxation factor

As shown in Fig. 9, the settlement profiles for different layer dip angles vary significantly. When the layer is
oriented horizontally (i.e., layer dip angle 0°) or vertically (i.e., layer dip angle 90°), the settlement profile follows
a symmetrical pattern. However, for layer dip angles of 30°, 45°, and 60°, the presence of inclined lithologies and
discontinuities causes the settlement profiles to follow an asymmetrical pattern. Such asymmetrical patterns are
expected when a tunnel is excavated through inclined lithologies.

In addition, the surface settlement is slightly influenced by the layer dip angle. When the layer is oriented
horizontally (i.e., layer dip angle 0°) or vertically (i.e., layer dip angle 90°), the settlement profile follows a
symmetrical pattern, with the maximum settlement occurring at the tunnel centerline. However, for layer dip
angles of 30°, 45°, and 60°, the presence of inclined lithologies and discontinuities causes the settlement profiles
to follow an asymmetrical pattern. Such an asymmetric pattern is expected when a tunnel is excavated through
inclined lithologies. As shown in Fig. 9, the location of maximum settlement shifts from the tunnel centerline
toward the area with weaker lithology. When the layer dip angle is 0°, the stress relaxation factor (A) is relatively
small. Higher values of X are obtained for steeply dipping layered rock masses (i.e., p=60° and 90°). The value
of A increases from 0.3 to 0.6 as the layer dip angle changes from 0° to 90°, indicating that the optimum stress
relaxation factor (A) has a direct relationship with the layer dip angle. Thus, as the layer dip angle increases from
0° to 90°, the stress relaxation factor (A) increases considerably, and vice versa.

B=30° p=45°

p=60° B=90°

Fig. 7. Layer dip angle ().
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Fig. 8. Layer location (L).

Effect of layer dip angle on deformation of surrounding rock
Table 5 shows the variations in displacements calculated using the 2D CCM and 3D analysis for different layer
dip angles. As expected, the deformations of the tunnel wall varied with the layer dip angle. The maximum
deformation of 71.4 mm occurred when the layer dip angle was 45° at the crown of the wall. The second-largest
deformation of 70.8 mm occurred at the right side of the wall, also for a layer dip angle of 45°. This is due to
the change in the rock mass behavior between sliding and bending at a 45° dip angle?>. Furthermore, when the
inclination angle is 45°, the principal shear stress in the layered surrounding rock reaches its maximum value?.
The deformations are less than 20 mm, or 2% of the tunnel width. Since the convergence of the surrounding
rock mass is less than 2% of the tunnel diameter, this indicates that the serviceability of the tunnel is satisfactory
for all layer dip angles>?’.

Effect of layer location on the stress relaxation factor

As expected, the settlement profile varies significantly with different layer locations. As shown in Fig. 10, the
surface settlement is strongly influenced by the layer location. Figure 10a illustrates that when the layer is located
at the center (i.e., L=0), a relatively larger settlement of 25.99 mm is observed. Additionally, the settlement
profile follows an unsymmetrical pattern. Such asymmetrical settlement is expected when a tunnel is excavated
through inclined lithologies?”. As shown in Fig. 10b-d, the settlement values are slightly higher on the right side
than the left side of the tunnel center. This is because the rock mass on the right side has relatively lower quality
compared to the left side.

Therefore, the value of A decreases from 0.45 to 0.25 as the layer location shifts from the center to 2B above
the tunnel. As the layer location moves from the center to 2B below the tunnel, the stress relaxation factor ()
decreases from 0.45 to 0.3. This demonstrates that the optimal stress relaxation factor (A) is highly influenced by
the layer’s position. Thus, when the layer is located closer to the tunnel center, a higher stress relaxation factor
(M) is obtained, and vice versa.

Effect of layer locations on deformation of surrounding rock

The calculated displacements using the 2D CCM and 3D analysis for different layer locations are presented in
Table 6. The maximum crown deformation of 71.4 mm occurred when the layer was located at the center of the
tunnel. As the layer moves further above the tunnel, the crown deformation values decrease. This indicates that
the influence of the layer on the deformations of the surrounding rock mass diminishes as the layer is positioned
farther from the tunnel. Therefore, the maximum deformations at the crown, right side, and left side walls occur
when the layer is at the center. As the layer moves further below the tunnel, the deformation values at the tunnel
walls decrease.

As expected, the calculated deformations of the tunnel walls vary with different layer locations. For example,
when the layer location changes from the center to 1B above the tunnel, the deformations at the crown, floor,
left side, and right side are reduced by 57.7%, 3.59%, 41.39%, and 80.37%, respectively. This shows that the layer
location has a significant effect on the deformation of the tunnel surrounding rock mass. Furthermore, when
the layer location changes from 1B above to 2B above the tunnel, the total deformation at the selected key points
(i.e., crown, floor, left side, and right side) decreases by 26.16%, 23.73%, 22.22%, and 24.46%, respectively. This
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Fig. 9. Settlement profile for layer dip angle (B) (a—e).

indicates that as the layer moves farther above the tunnel, the deformation values at the selected key points
continue to decrease.

Furthermore, when the layer location is changed from the center to 1B below the tunnel, the deformations
at the crown, left side, and right side are reduced by 50.28%, 27.91%, and 78.25%, respectively. When the layer
location is changed from 1B below to 2B below the tunnel, the total deformation at the selected key points (i.e.,
crown, floor, left side, and right side) is reduced by 9.58%, 9.21%, 15.48%, and 16.88%, respectively. These results
demonstrate that the layer location significantly influences the convergence of the tunnel surrounding rock.
Additionally, the effect of the layer on the deformations at the selected key points diminishes as the layer moves
farther below or above the tunnel center.
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Deformation (mm)

Crown Floor Left side | Right side
Layer dip angle (°) (2D (3D |2D (3D (2D (3D (2D |3D
0° 42.539.1 |25 |24.7 | 425 | 36.7 | 42.5 | 36.8
30° 56 52 28 |26.5 |385 |33 51.5 | 50.7
45° 72 71.4 |32 |30.6 |24 215 |72 70.8
60° 57 52.8 |36 |34.7 |18 15.3 | 42 35.1
90° 38 41.5 |42 |43.8 |10 10.8 | 16 18.2

Table 5. Effect of layer dip angle on the rock deformation.

As shown in Table 6, the total displacement predicted by the CCM and 3D methods yields very similar
results. For example, for a layer located 2B above the tunnel center, the 2D analysis slightly underestimates the
deformations at the crown, floor, left side, and right side by 7.17%, 8.0%, 17.34%, and 22.83%, respectively, with
a maximum variation of 22.83% compared to the 3D analysis. For a layer located 1B above the tunnel center,
the 2D analysis underestimates the deformations at the crown, floor, left side, and right side by 10.59%, 8.47%,
16.67%, and 13.67%, respectively. For the layer located at the center, the 2D analysis slightly overestimates the
deformations at the floor, crown, left side, and right-side walls by 0.84%, 4.58%, 11.63%, and 1.69%, respectively.
For a layer located 1B below the center, the 2D analysis overestimates the deformations at the crown, floor, and
left and right sidewalls by 7.04%, 10.52%, 3.23%, and 3.89%, respectively.

In summary, the total displacements predicted by the 2D CCM and 3D methods are very close, with a
maximum deformation variation of 22.83%. Finally, in all the considered layer locations (i.e., L=2B and 1B
above, center, 2B and 1B below the center), the maximum displacement values calculated using the 2D and 3D
analyses are 72 mm and 71.4 mm, respectively. The deformations are less than 20 mm or 2% of the tunnel width.
Since the convergence of the tunnel surrounding rock mass is less than 2% of the tunnel diameter, this indicates

that the serviceability of the tunnel is satisfactory for all layer locations®.

Conclusion

In this paper, the 2D Convergence-Confinement Method (CCM) for analyzing tunnels in steeply dipping
layered rock masses is evaluated through a comparison with the fully 3D numerical method. The study focuses
on a tunnel located along the Awash-Kombolcha-Hara Gebeya railway route. The comparison between the 2D
CCM and 3D simulations was conducted in terms of settlement profiles and tunnel convergence. The results
indicate that, for an optimal value of the stress relaxation factor (), the tunnel convergence predicted by the
CCM method agrees well with the 3D simulations. Therefore, the 2D CCM can be effectively applied to analyze
tunnels in steeply dipping layered rock masses.

A parametric study was conducted to investigate the influence of layer dip angle and layer location on the
corresponding value of the stress relaxation factor (\) and the convergence of the tunnel surrounding rock mass.
Both the 2D CCM and 3D numerical modeling were used in the parametric study. Based on the results obtained,
the following conclusions can be drawn:

The optimum stress relaxation factor (A) was found to be problem-dependent. The analysis shows that \ is
influenced by the layer dip angle (), with values increasing from 0.3 to 0.6 as the layer dip angle changes from
0° to 90°. Consequently, a higher stress relaxation factor is obtained for steeply dipping layered rock masses (i.e.,
B=60°and 90°).

The convergence of the tunnel is also affected by the layer dip angle. The maximum deformation of 71.4 mm
occurred when the layer dip angle was 45° at the crown of the tunnel wall. The second maximum deformation of
70.8 mm occurred for a layer dip angle of 45°.

The optimum stress relaxation factor is also influenced by the layer location. The value of A decreased from
0.45 to 0.25 as the layer location moved from the center to 2B above the tunnel. When the layer is located farther
from the tunnel center (i.e., 2B above or 2B below the tunnel), A further reduces.

The results indicate that the deformation of the tunnel surrounding rock mass is directly related to the layer
location. The maximum tunnel wall deformations occurred when the layer was positioned at the center of the
tunnel.

The deformations predicted by the 2D CCM and 3D methods are very similar. The results show that, for an
optimal value of A, the tunnel convergence predicted by the CCM method agrees well with the 3D simulations.
Therefore, the 2D CCM can be effectively applied to analyze tunnels in steeply dipping layered rock masses.
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Fig. 10. Settlement profiles (a—e).
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Deformation (mm)

Right
Crown floor Left side | side
Layer location (L) (2D (3D |2D (3D |[2D |3D |2D |3D
2B, above 20.7 | 223 [20.7 | 22,5 | 8.1 9.8 |81 |10.5
1B, above 27 30.2 |27 29.5 | 10.5 | 12.6 | 12 | 13.9
Center 72 714 |32 30.6 | 24 215 |72 | 708
1B, below 38 355 | 42 38 16 155 |16 | 154
2B, below 34 32.1 |38 345 | 14 13.1 | 14 | 12.8

Table 6. Deformation values for different layer locations.
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