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Pumped storage power plants play a crucial role in balancing electricity supply and demand during
peak periods. Given the structural complexity of underground facilities and the potential risks of
design oversights, this study evaluates the structural stability of the lower headrace tunnel bifurcation
at the Rudbar Pumped Storage Power Plant in Lorestan, Iran. A multi-method approach was employed,
integrating empirical classification systems (Q, RMR, RMi, GSI, and Protodiakonov coefficient)
with 3D numerical modeling using FLAC3D software. Initial results indicated that the underground
opening is marginally stable with a low factor of safety (FOS), necessitating the installation of a
support system. Upon implementing the designed support system comprising 10 cm of reinforced
shotcrete (steel grid) and 2 meter long fully grouted anchors in a 2x2 m pattern the internal forces
were analyzed. The efficiency of the system was verified using capacity diagrams and Sakurai’s

hazard level criteria, ensuring an FOS of over 1.5. Furthermore, the Ground Reaction Curve (GRC)

and Longitudinal Deformation Profile (LDP) confirmed the elastoplastic behavior of the rock mass.

Based on these analyses, an optimal excavation step of 2 meters (full-face) is recommended for

ensuring the long-term stability of the tunnel bifurcation.

1. Introduction

The Rudbar Pumped-Storage Power Plant, located in Lorestan
province, is a significant hydroelectric facility designed to balance
the national electricity grid. These plants serve as a critical solution
for load management, primarily by reinforcing the electrical
network during peak demand periods and compensating for

production deficits (Mousavi Kani, 2024). Given the vital role of

these facilities, ensuring the structural stability of their underground
components is a paramount concern in engineering geology and
rock mechanics. The stability analysis of such structures becomes
particularly complex at tunnel bifurcations and junctions. At these
locations, abrupt changes in tunnel geometry and dimensions lead

to significant stress concentration and redistribution, which directly
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impact the overall stability of the underground opening and the
performance of the support system. Despite its importance, the
behavior of rock masses at complex junctions requires rigorous
investigation through both empirical and numerical methods.
Therefore, this study aims to evaluate the stability and analyze the
internal forces generated within the support system at the bifurcation
point of the lower headrace tunnels of the Rudbar Pumped-Storage
Power Plant.

The Rudbar Lorestan Pumped Storage Power Plant is designed
to harness hydroelectric energy by connecting the lower Rudbar
Dam reservoir to an upper artificial reservoir. The facility has a total
capacity of 1000 MW, distributed across four 250 MW units. The
project site is located at approximately 32.9° N latitude and 49.68°
E longitude in Lorestan Province, situated 150 km west of Isfahan
and 100 km south of Aligudarz.

From a geological perspective, the study area lies within
the “High Zagros” (Northern Zagros) zone. This region is
characterized as a highly fractured zone, stretching 70 to 100 km
in width, bounded by the Zagros Folded Belt to the southwest and
the Main Zagros Reverse Fault and Sanandaj-Sirjan Zone to the
northeast. Tectonically, the area is predominantly influenced by
the Dalan Formation, exhibiting a northwest-southeast structural
grain (N130°E). The structural evolution of this region has been
significantly shaped by tectonic movements during the Late
Cretaceous and Pliocene periods, resulting in a complex geological

environment with high fracture density

2. Research methodology

This study adopts a comprehensive multi-disciplinary approach to
assess rock mass classification, evaluate structural stability, and
design the support system for the tunnel bifurcation. The research

methodology is organized into the following stages:

2.1. Empirical classification and support design

Initially, the rock mass was characterized using five widely
recognized empirical systems: 1) Rock Mass Rating (RMR)
(Bieniawski, 1989), 2) Rock Mass Quality Index (Q) (Barton et al.,
1974), 3) Protodyakonov’s Method (Protodyakonov and Koifman,
1964), 4) Geological Strength Index (GSI) (Hoek and Brown,
1997), and 5) Rock Mass Index (RMi) (Palmstrom, 1995). These
systems provided the baseline for preliminary support design and

geomechanical parameter estimation.

2.2. Numerical modeling and stability analysis

To simulate the complex 3D geometry of the bifurcation, numerical
modeling was performed using the finite difference method via
FLAC3D software. The simulation captured three critical phases:

geostatic equilibrium (pre-excavation), immediate post-excavation,

and post-installation of the support system. Stability was evaluated
by comparing the resulting strain values with Sakurai’s critical
strain thresholds. Furthermore, the structural integrity of the
support system was verified using capacity diagrams (Axial Force-
Bending Moment and Axial Force-Shear Force). The safety factors
for the steel components and grout within the anchors were also
calculated based on the axial forces and stresses extracted from the
model. Finally, a sensitivity analysis was conducted to determine
the influence of the rock mass mechanical properties on the
predicted displacements, ensuring the robustness of the numerical

results.

2.3. Wedge stability and squeezing analysis

Given the presence of structural discontinuities, the potential for
unstable wedge formation was assessed using Unwedge software,
incorporating parameters such as joint orientation (dip/dip
direction), cohesion, and friction angle. Additionally, due to the
tunnel’s considerable depth and the region’s tectonic activity, the
potential for squeezing was analyzed using the criteria proposed by
Jethwa et al. (1982), Goel et al. (1995), and Singh and Goel (1999).

3. Results and discussions

The study area is located in a region characterized by significant
folding and tectonic activity, which substantially influences
the stability of underground openings. According to the RMR
classification, the rock mass is good categorized based on its
geomechanical properties, while the Q-system places it within the
“fair to poor’ range. Although stability analyses from both empirical
methods show a strong correlation, the support measures prescribed
by the RMR system are notably more conservative and robust.

In this study, the rock mass was modeled as a homogeneous and
isotropic quasi-continuum using the Mohr-Coulomb constitutive
model within the FLAC3D finite difference framework. The model
geometry was developed in Rhino software, meshed using Kubrix
software, and subsequently imported into FLAC3D. An excavation
step of 2 meters was adopted, consistent with the Longitudinal
Deformation Profile (LDP), the Ground Response Curve (GRC),
and Sakurai’s hazard warning levels.

The rock mass exhibits elasto-plastic behavior, with approximately
80% of the total displacement occurring within the elastic range and
the remaining 20% in the plastic zone. Numerical simulations across
various sections indicate that critical strain values remain below
the Sakurai threshold. Nevertheless, a primary support system
is required to enhance the factor of safety and mitigate potential
risks. The proposed support designs, integrating both empirical and
numerical findings, are summarized in Table 13.

Sensitivity analysis of the Mohr-Coulomb parameters indicates

that the rock mass deformation modulus, friction angle, and
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cohesion are the primary drivers of the observed displacement
fields. Furthermore, three-dimensional wedge stability modeling
(Unwedge) conducted at the pre-junction, junction, and post-
junction segments revealed localized instabilities; however, the
integration of the proposed reinforcement system effectively
enhances their factor of safety. In additional, both empirical and
semi-empirical evaluations confirmed that the tunnel alignment is

subject to negligible squeezing ground conditions.

4. Conclusion

Given that engineering geological assessments and structural
stability are critical for the successful operation of water conveyance
systems in pumped-storage power plants, this research evaluates

the stability and internal forces of the lower waterway bifurcations

125

at the Rudbar Lorestan Pumped Storage Power Plant, utilizing
empirical methods, structural analysis, and numerical modeling.
The results indicate that a temporary support system consisting
of 10 cm of steel-mesh-reinforced shotcrete combined with
fully injected reinforcement anchors is suitable for supporting
tunnel stability. Numerical simulations and capacity diagrams
demonstrate that the proposed support system provides a factor of
safety (FOS) exceeding 1.5, ensuring the long-term stability of the
rock mass along the alignment. A comparison between numerical
and empirical findings shows that the support measures derived
from the RMR classification are in good agreement with the
numerical results. Furthermore, sensitivity analysis reveals that the
deformation modulus and in-situ stress state are the most influential

parameters affecting the magnitude of displacements.
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Figure 1-A) Project location on the Digital Elevation Model (DEM) map of Lorestan province,
B) Geographical location of the Rudbar-Lorestan Dam, C) Layout of the Rudbar-Lorestan
Pumped Storage Power Plant including structural features, power station, injection gallery,
and discontinuities (Mahab Ghods Consulting Engineering Co, 2014), D) Geological map
of the dam site (Mahab Ghods Consulting Engineering Co, 2014), and E) Views of the water

conveyance system of the power plant.
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Figure 2. Geological profile and tectonic features of the study area (Mahab Ghods Consulting
Engineering Co, 2014).
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Table 1. Characteristics of discontinuities in the powerhouse cavern area of the Rudbar-Lorestan Pumped Storage Power Plant (Mahab

Ghods Consulting Engineering Co, 2014).

_‘;’ _E — = E »
g : |3, | £ & | 22 o -
=] g =9 = =0 = = E = £l 853
B = =3 @ = = 3 50 = !
8 S 5 e 2 ] g 2 E = = E =
a 2 g 2 2 £ © g S
E 5| 8
Bedding 35 72 6-60 >20
Cavern Exploration n 285 36 Calcite
Gallery and Surrounding 025-25 Sm"g;}t‘ and | d ﬁroyls“;
Spaces 2 130 75 | 20-60 1-3 Bitumen
J3 73 68
Fisher
Concentrations

% of total per 2.0 % area

0.00 ~ 1.00%
2.00~ 3.00 %
400~ 5.00%
6.00 ~ 7.00 %
&.00~ 9.00 %
10.00 ~ 11.00 %
12.00 ~ 13.00 %
— 14.00 ~ 15.00 %
16.00 ~ 17.00 %
18.00 ~ 15.00 %
20.00 ~21.00 %
22,00~ 23.00 %

No Bias Correction
Max. Cone. = 16.9021%

Equal Angle
Lower Hemisphere
189 Poles
159 Entries

B g & s e K sy (a5 e ¥ S

Figure 3. Orientation and position of discontinuities relative to the tunnel axis.
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Table 2. Rock mass properties of the Dalan Formation along the tunnel route (Mahab Ghods Consulting

Engineering Co, 2014).
Characteristics of the rock mass Symbole Value
The geological formation’s type -~ Lime and dolomitic lime
Dry unit weight v, (kN/m?) 25.87
Satureted unit weight ¥ (KN/m?) 26.26
Angle of internal friction o (degree) 42
Modulus of Elasticity E (GPa) 9.8
Cohesion C (MPa) 1.6
Poisson’s ratio Y 0.29
Uniaxial compressive strength c, (MPa) 88
Minimum horlzonte.il to vertical 0.1-04
) stress ratio
Hydraulic fracture test - -
Maximum horizontal to vertical 0509
stress ratio ’ ’
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Table 3. Proposed support system based on the RMR classification (Bieniawski, 1989).

Rock bolts with a diameter of 20 .
concrete spraying

be put in place, and the support system should
be installed at a distance of 10 meters from the

walls in the crown part of the metal
network

RMR Classification Drilling system mm and reinforced by cement (shotcrete)
mortar
The.tunnel excavathn should be done in stages, Regular Rock bolts with a length of 2
with each stage being 1.5-3 meters ahead of
. . . and spaced 1-1.5 meters apart should . .
the previous one. Following each blasting be installed in the crown part and the 50-100 mm thickness in
60-80 operation, a temporary support system should P the crown and 30 mm in

.the walls

work face.

[(Barton et al., 1974, 1980) Q ¢Xew (s tuails e ol (53l 053485 —F J sl

Table 4. Proposed support system based on the Q-system classification (Barton et al., 1974, 1980).

Tunnel Before the bifurcation After the bifurcation
Diameter 9 6.5
ESR 1.6 1.6
De 5.62 4.06
Q 3.5 3.5
Support system The shotcrete is 40-50 mm thick, and Hrlo::)(al;tolts s are 1.5-2.5 m long, spaced 1-1.5
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GEOLOGICAL STRENGTH INDEX FOR
SONTED ROCKS (Hoak and Marnos. 2000)
From: the
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Figure 4. Estimation of the Geological Strength Index (GSI) in the

study area.

.(Protodyakonov and Koifman, 1964; Ji et al., 2023 \¥aV sl 50k ,) G558 Us 5 5 sy olgin (516 e =0 J g

Table 5. Proposed support system based on Protodyakonov's theory (Protodyakonov and Koifman, 1964; Rahmannejad, 2012; Ji

et al., 2023).
Type of support system K Protodyakonov
‘Walls Crown ' G
Local rock bolts, shotcrete 10-15 cm thick Rock bolts, shotcrete 10-15 cm thick on SFRS
. . . 1.5-5 8.97
on wire mesh wire mesh 5-8 cm thick

"WYY



TEA= PP :(P) PF 1 Fod (o] pole/l JSas g (530> Sgoumo /... 0l 1T (sl Jsgs wledil J2o (515655 piisw o> b g 5150k Jal=s

F5 6ol o 61 RMI la el Sl ol = J gt

Table 6. Evaluation of tunnel stability status based on the RMi classification.

Dalan
Formation 4 I ks & G, D, Ni & S,
Befor
. . 88 0.089 1 2.75 7 0.44 0.85 2 37.5
Bifurcation
Ater 88 0.089 1 275 5.5 0.44 0.85 2 375
Bifurcation

g8

else: Sr = (D/Db) x K2
o

—

20

10

Size ratio (Sr)

B U

For weakness zones with thickness Tz < Dt: Sr = (Tz/Db) x K2

For blocky and particulate ground Sr =( Dt/ Db) x K2
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Figure 5. Evaluation of tunnel stability status based on the RMi classification.
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Table 7. Input parameters of the rock mass used in the numerical model.

Young’s modulus (Gpa) Cohesion (MPa)

Internal friction angle (deg)

Shear Modulus (GPa) Bulk modulus (GPa)

9.8 1.6

3.8 7.77

ke 53 3V e 4y s s ST (5 sl S35 -A U

Table 8. Technical properties of the steel mesh reinforced shotcrete in the model.

Elastic modulus (GPa)

Poisson’s ratio

Thickness (cm)

20

10 and 15

Table 9. Anchor Properties Utilized in the Model.

e 3 0sa SIS 4 slalgs Jor s S35 -8 Jser
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Figure 6-A) Tunnel geometry generated in Rhino and B) the finalized numerical model in FLAC3D.

FLAC3D 5.01 FLAC3D 5.01
©2013 kasca Consuting Group, Inc 60 A ©2015 tasca Consubng Groxg, B
40 Contour of ZZ Stress
History e by Voumenc Avweaono
-1 Max unbal force 220 21638407
s sep 22006207
2009 123008407
124008407
180 125008407
e 126006407
< 1.60 127008407
= 120008407
=140 ~1.2900€+07
= 1.30006+07
120 131008407
|~ 1.3200€+07
100 133008407
134008407
~1.3500€+07
080 138976407
0.60
040
020 B
030 0% 060 080 100 120 130
Step x10°3
FLAC3D 5.01 FLAC3D 5.01
©2015 hasca Consuting Growp, inc C 2015 tasca Consutng Gioup, D
Contour of XX Stress Contour of YY-Stress
icutated by Voumetric Averaging) iculated by. Voumetnc Averaging|
3 6368 + 4059406
3 6500E+06 8 5000E+06
367508408 “8.6000E+06
-3.7000E+06 -8.7000E+06
372508406 “8.8000E+06
375006406 “8.9000E406
-3. 77506406 -9.0000E+06
-3 8000E+06 -9.1000E+06
3 82508406 92000E+06
-3.8500E+06 -9.3000E+06
387506406 -9 4000E+06
'9000E - -9.5000E+06
392506406 -9.5939E+06
95008
397508406
~4.0000E+06
4 02506406
~4.0500E+06
~4.0750E+06
4.0831E406
m
0 30 60 m 0 30 60

S 53 (ISl ) 25 (sl 5557 (C )l 31 iy (UKl o ) 056 25 (sl 5287 (B csloasals slag i ol Son ig; (A S

‘JJJ;JJNL‘S)‘)A&LP)Q (JK.”QWj)JJ‘SLA)};'.{(D}JJ}S)}mJa:P

Figure 7-A) Unbalanced force history, B) vertical stress (in Pascals) before excavation, C) Stress contours

perpendicular to the tunnel axis, and D) Stress contours parallel to the tunnel axis.
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Figure 8-A) Analyis Longitudinal Deformation Profile (LDP), and B) Ground Reaction Curve (GRC).
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Figure 9. Ground Reaction Curve (GRC) and Support
Characteristic Curve (SCC).
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Figure 10. Maximum displacements (m) in unsupported conditions: A) Vertical displacement before the
bifurcation, B) Vertical displacement after the bifurcation, C) Horizontal displacement before the bifurcation,

and D) Horizontal displacement after the bifurcation.
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Table 10. Determination of the Safety Factor based on the Ground-Support Interaction.

Equilibrium Pressure (MPa)

Maximum Holding Pressure (Mpa)

Safety Factor

0.65

0.95 1.46
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Figure 11. Contours of induced shear strain around the tunnel: A) unsupported condition, and B) after installation of the

proposed support system.
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Table 11. Critical shear strain thresholds based on Sakurai’s hazard warning levels.

Sakurai Danger Alert Level

I 11 1II

Critical shear strain

0.08 0.0034 0.0015
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Table 12. Comparison of induced strains and Factors of Safety for different support scenarios.

Analysis parameter in different tunnel Tunnel leading up to Tunnel at the Tunnel following the
conditions the bifurcation bifurcation bifurcation

Induced strain (unsupported) 0.00275 0.00275 0.002

Induced Shear strain (unsupported) 0.004 0.004 0.00325

Induced strain (10 cm shotcrete) 0.002 0.002 0.0015

Induced shear strain (10 cm shotcrete) 0.00325 0.00325 0.00275

Induced strain (15 cm shotcrete) 0.00175 0.00175 0.0015

Induced shear strain (15 cm shotcrete) 0.003 0.003 0.0025
Factor of safety (unsupported) 1.07 1.07 1.32
Factor of safety (10 cm shotcrete) 1.32 1.32 1.56
Factor of safety (15 cm shotcrete) 1.43 1.43 1.72
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Figure 12. Axial force distribution (N) in the shotcrete lining with thicknesses of: A) 10 cm, and B) 15 cm.

FLAC3D 5.01 FLAC3D5.01 | B
et Cosuteg o | 24 7015 Rasa Corcuhg Siup, e
Shell Mx ZLoue

I 612706403 Shell Mx

500006403 05282404
3.0000E403 2 0BOE
1.0000E403 1 S000E+04
-1.0060€: 1 C0BOE+04
-2.0000€403 5.0000E+03

I -5.00006+03 0.0000E+00.
~7.0000€ -5.00C0E 403
-9.00006403 ~1.0000E-

I 310008108 ot
-1.3000E+04 260008404
-13760E 404 2 5000E 404

sur = 1,00 3.6000¢-
350008404
4 00COE+04
437738404

X = 1.00

Noem (B ) cm(A6\ﬂgﬁuoutﬁ(ﬂoﬁ,gwﬂwﬁdﬁwGj;—\sz;
Figure 13. Bending moment distribution (N.m) in the shotcrete lining with thicknesses of: A) 10 cm, and B) 15 cm.
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Figure 14. Shear force distribution (N) in the shotcrete lining with thicknesses of: A) 10 cm, and B) 15 cm.
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Figure 15. Shotcrete capacity diagrams (10 cm thickness): A) Axial force vs. Shear force interaction, B) Axial force vs.

bending moment interaction.
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Figure 16. Shotcrete capacity diagrams (15 cm thickness): A) Axial force vs. Shear force interaction, B) Axial force vs.

bending moment interaction.
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Figure 17-A) Maximum axial force induced in the anchors, B) Maximum axial stress in the anchors.
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Figure 18. Maximum stress induced in the anchors- grout.
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Table 13. Comparison of proposed support systems based on empirical classifications and numerical modeling.

RMR Q

RMi Numerical

Grid of regular rock bolts, measuring

2 meters in length and spaced 1.5 to 1

meter apart, should be installed on the
crown and walls, accompanied by a metal
grid on the crown. Additionally, shotcrete

with a thickness of 50-100 mm should

be applied to the crown and 30 mm to

the walls.

1-1.5 meter apart.

Shotcrete should be 30-50 mm
thick, and rock bolts should
be 1.5-2.5 meters long, spaced

Shotcrete has a thickness of
100 mm and includes steel mesh
reinforcement, anchored with
that are 2 meters rock bolts
apart and 2 meters long.

Shotcrete has a thickness
of 60-100 mm and is
reinforced with rock bolts
spaced 1.5 m apart.
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Figure 19. Comparison of the Displacement variation influenced

by the parameters in the Mohr-Coulomb criterion.
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Table 14. Analysis Outcomes from Unwedge Software.
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Figure 20. A) Formed wedges in the tunnel section before bifurcation, B) General wedge information after support system installation
before bifurcation, C) Formed wedges at the junction area, D) General wedge information after support system installation at the
junction, E) Formed wedges in the tunnel section after bifurcation; and F) General wedge information after support system installation

after bifurcation.
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