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Abstract. The diversion tunnel for the Riam Kiwa dam has a D-shaped design.
Structural stability analysis is crucial for ensuring the safety of tunnel construc-
tion. The purpose of this study is to look into what happens to the Riam Kiwa
Dam's diversion tunnel when the shape of the tunnel changes, including how it
was set up in the first place. This study examines circular and D-shaped tunnels
subjected to dead load, maintaining uniform parameters such as soil/rock char-
acteristics, dimensions, and reinforcement systems. The necessary data include
surface geological measurements, core drilling observations, and tunnel geome-
try data. We acquired the data sources through field observations, laboratory
analyses, and BWS Kalimantan III Banjarmasin. For computations in this
study, the finite element approach, facilitated by Phase2 software, was used.
The geological characteristics at the research location are predominantly rock,
hence the numerical analysis will employ the Generalized Hoek-Brown failure
criterion. The analytical findings will provide a comparison of tunnel geome-
tries that present the most favorable deformation values for tunnel building. The
research findings demonstrate that the deformation in circular tunnels is merely
39.1% of the deformation observed in D-shaped tunnels. Therefore, we can de-
duce that circular tunnels demonstrate greater stability compared to D-shaped
tunnels. The tunnel's shape can substantially influence the extent of defor-
mation.
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1 Introduction

Located in Angkipih Village, South Kalimantan Province, the diversion tunnel of the
Riam Kiwa Dam boasts a D-shaped design with a length of 425 meters, a diameter of
5 meters, and a height of 6 meters [1]. The diversion tunnel functions as a primary
structure to redirect the river flow during dam construction. Upon the completion of the
primary dam construction, the diversion tunnel will serve as a channel linking the inlet
and outlet for the reservoir's operations. In design planning, it is critical to determine
the geometric configuration of the diversion tunnel, taking into account safety factors
related to the deformation values that may arise. Previous research on this topic has
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involved comparing the deformation behavior of tunnels with different geometric de-
signs. The geometric configuration affects the deformation behavior observed in tun-
nels [2]. Because of the numerous parameters involved, tunnel deformation analysis is
a multifaceted process [3]. Consequently, appropriate tools are essential in the compu-
tational process referred to as the finite element method. The finite element method
mathematically addresses problems by decomposing the structural system into smaller
elements or sub-elements [4]. Numerous projects have conducted comparative studies
using numerical modeling to evaluate the safety of portal tunnel slope constructions
[5], and road tunnels [6], as well as to compare physical and numerical models of tun-
nels [7]. Using the finite element method, this study intends to analyze the impact of
tunnel geometry on its deformation characteristics. The numerical modeling will use a
circular tunnel design and a D-shaped tunnel, based on planning data from BWS Kali-
mantan III Banjarmasin. We anticipate that the research findings will offer technical
insights into the safest geometric design of tunnels, taking into account deformation
during construction.

2 Research Method

This study employs a two-dimensional finite element method in the analysis of tunnel
stability to derive deformation values for various tunnel geometries, specifically
circular and D-shaped. We utilize Rocscience's Phase2 software for numerical
modeling, which integrates the Mohr-Coulomb failure criterion parameters for soil, the
Generalized Hoek-Brown failure criterion parameters for rock, the physical and
mechanical properties of both soil and rock, and the horizontal-vertical stress ratio (in-
situ stress).

2.1 GSI Method

This study employs rock mass quality parameters as data inputs for tunnel stability,
utilizing the GSI method to assess subsurface rock mass quality [8]. The Geological
Strength Index (GSI) categorizes rock mass quality into five distinct classes [9].

Table 1. Assessment of rock mass quality utilizing the GSI methodology

GSI 95-76 75-56 55-36 35-21 <20
Class I II 1 v \%
Rock mass quality  very good good fair poor very poor

2.2 The Generalized Hoek-Brown failure criterion

The Hoek-Brown failure criterion was established by E. Hoek and E.T. Brown in the
late 1970s. This criterion was integrated with the Geological Strength Index (GSI)
method in 1995 to assess the mechanical behavior of rock masses in tunnels, slopes,
and foundations [10], expressed as follows (1).
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a
0, =03+ 0 (mb:—:i+s) €))
o0, and o3 denote the maximum and minimum effective principal stresses at failure,
respectively, whereas o,; signifies the rock's compressive strength. The GSI value de-
termines the parameters my (2), s (3) and a (4) in the Generalized Hoek-Brown model
[11][12].

GSI-100
mb = mi exp (28—14D) (2)
_ GSI-100
$= exp( 9-3D ) 3
GSI 20
a =3+1<e‘f—e‘?) (4)
2 6

D denotes the Disturbance Factor within the rock [13].

This analysis assumes that the material has isotropic properties and exhibits elastic-
brittle-plastic behavior, with the modeling taking into account the residual strength. The
relationship between the adjusted Generalized Hoek-Brown failure criterion parameters
and the residual GSI value (5), determines the material's residual strength [14].

GSI,. = GSI e(—0.0134GSI) 5)
Furthermore, the deformation modulus value (6) employed in this analysis is associated

with the material's modulus ratio (MR) and mechanical properties [15]

1-D/2
E,m(MPa) = MRo; (0.02 + —— e (60+{5D_Gs,)) (©)
exp|\|—————

11

2.3 K-Ratio Parameter

Numerical modeling of tunnel stability necessitates input data represented as in-situ
stress ratio values, known as K-Ratio (7), which compares horizontal and vertical
stresses. The modulus of deformation and the depth of the material layer from the
ground surface correlate with the K-Ratio value [16].

K = 0.25 + 7E,;,(0.001 + ) (7)

3 Results and Discussion

31 Overview

The tunnel comprises three strata: residual soil (the uppermost layer), andesite lava 1
(GSI 66.5), and andesite lava 2 (GSI 67.8). Both tunnels are located in identical soil
and rock conditions, dimensions, and reinforcement systems. Figure 1 presents an over-
view of the two tunnels. The groundwater level is located at a depth of 13.56 m from
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the surface (indicated by the blue line) or 19.44 m from the tunnel's bottom. The mate-
rial undergoes restraint XY at the base, restraint X on the lateral sides, and remains
unrestrained on the surface. The tunnel weighs only soil and rock.

Fig. 1. Overview of tunnel modelling condition (a) D-shaped; (b) circular

3.2 Evaluation of tunnel stability employing the finite element method

Phase2 software (Rocscience, Inc.) was used to analyze tunnel stability and calculate
deformation values using Generalized Hoek-Brown failure criterion parameters, phys-
ical and mechanical properties of the material, as shown in Tables 2 and 3. The GSI
method determines rock mass quality, while laboratory testing determines physical and
mechanical properties, such as soil unit weight test [17], rock [18], triaxial test [19],
and UCS test [20].

Table 2. Generalized Hoek-Brown parameter

Litology GSI D m; my s a
Peak values Andesite lava 1 66.5 0 25 7.557 0.0242 0.502
Andesite lava 2 678 0 25 7916 0.0279 0.502
Residual values Andesite laval 2728 0 25 1.862 0.00031 0.527
Andesite lava2 2733 0 25 1.866 0.000311  0.527
Table 3. Physical and mechanical properties of materials

[ [ Erm Y K

Litology MR 0] v H .
(MPa) (MPa) (MPa) (MN/m3) Ratio

Residual soil - - 16.03 0.021 15 0.3 0.0169 7 0.27
Andesite lava 1 146.4 300 - - 593.07 0.34 0.026 20 10.65
Andesite lava 2 146.4 300 - - 616.87 0.34 0.026 33 6.89

This model's tunnel uses a reinforced Sm circular and a 5x6 D-shape (Table 4). Rock-
bolts, shotcrete, and concrete reinforce the tunnel sides.
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Table 4. Specifications for tunnel reinforcements

Type Fully Bounded

D (mm) 22
Rockbolt ¢ \pay 210000

F, (MN) 0.1

E (MPa) 20000

v 0.15

Shortcrete o, (MPa) 19

o, (MPa) 1.25

E (MPa) 23000

v 0.15
Concrete

o, (MPa) 25
o, (MPa) 1.25

The numerical modeling results indicate that the total deformation surrounding the D-
shaped tunnel exceeds that of the circular tunnel (as shown in Figure 2).
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Fig. 2. Circular and D-shaped tunnel deformation comparison
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The comparison of the total deformation of both is illustrated in Figure 3.

(b)
Fig. 3. Deformation on tunnel (a) D-shaped; (b) circular

The finite element method analysis indicates that the deformation in both tunnels varies
from 0.04 mm to 1.97 mm on each side. The left and right walls exhibit the peak defor-
mation in both tunnel shapes, reaching a maximum deformation of 1.97 mm in the D-
shaped tunnel and 0.77 mm in the circular tunnel. The circular tunnel only exhibits a
deformation of 39.1% compared to the D-shaped tunnel. The minimum deformation in
the D-shaped and circular tunnels is 0.35 mm and 0.04 mm, respectively, which occur
at the tunnel's floor. This result indicates that the construction of circular tunnels is
more stable than D-shaped tunnels in terms of deformation.

4 Conclusions

This study employs two tunnel shapes (circular and D-shaped) that are identical in
terms of soil/rock conditions, dimensions, and reinforcement systems, as well as the
absence of external loading. The numerical modeling results indicate that the defor-
mation in the circular tunnel is only 39.1% of the deformation value in the D-shaped
tunnel. The tunnels' shapes are characterized by maximum deformation on both sides
and minimum deformation at the tunnel's floor. These results indicate that the shape of
the tunnel can significantly influence the magnitude of the deformation. In addition,
circular tunnels are more stable than D-shaped tunnels.
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