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Abstract— Underground excavations are of immense interesmitting engineers worldwide.
Underground projects are often complex in natureer@hgeological features, geomechanical
parameters of rock mass and stress play importdat The present research has conducted 2D,
Quasi-3D and 3D continuum analyses of the undergt@xcavation of the extension phase at the
Masjed-e-Solaiman hydroelectric project in Iransuthwestern province of Khuzestan. The
effects of weak zones and the formation of multipgeenings in the inhomogeneous rock mass
have, in particular, been taken into account duthmgse analyses. This study reveals that 2D is
more deformed than the other models, whereas 3@sisgields the best results comparable with
in-situ measurements.
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1. INTRODUCTION

Underground excavations usually possess differeapes, varying from straight tunnels to complex
excavations in hydroelectric projects. Excavation®ck mass cause a new distribution of stressebas
such, the amount of deformations.and stress digioib around the underground opening are signifitan
analyze stability as well as to design a propepstipsystem [1].

Although empirical knowledge and engineering judgmglay an important role in practical rock
mechanics, numerical analyses have also becomialcwith the advancement of computer skills.

Numerical analyses are divided into 2-D and 3-Dlyaes. 2-D analysis is applied once two-
dimensional assumption istacceptable. But, sineetwno-dimensional method is inadequate in complex
geometries and geology, 3-D numerical analysis Inesonecessary.

Here, plain strain.assumption seems to be inval&ltd the discontinuous nature of rock mass and the
presence of joints, beddings, faults and inducegbses. On the other hand, this assumption isithglak
to the cyclic nature of excavation and supportaihetion, at least in the vicinity of the workingde.

Eberhardet al. and Meyewt al. [2, 3] demonstrated that three-dimensional nucaéanalysis allows
a more detailed examination of stress concentratawound the ends and edges of an excavationeln th
case of an advancing tunnel face, three-dimensiinass effects play an important role, especiaiti
respect to induced stress concentrations and toekgsh degradation.

Duddeck [4] noted that, if the engineering desigjuires knowledge of induced stresses and
deformations of the tunnel structure, the geomatcbhanges at the working face as well as the segse
of excavation and support must be taken into cenatibn.
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Studies conducted by Pan and Hudson [5] and Kisthasid Duddeck [6] have also indicated that
two-dimensional plain strain models are inadegudien stresses and tunnel convergence near thel tunne
face are modeled.

When a tunnel continues to go ahead into a moreplageological environment, knowledge of
three-dimensional induced stress becomes even memessary, given the adverse consequences such
stress paths will have on the host rock strengtinthEr, corresponding displacements, the exterthef
damage, and the plastic zones at the front of theel face, as well as the stability of subsequent
excavations are important [1].

Dahawanet al. [7] studied 2-D and 3-D elasto-plastic analyses doset of four underground
openings. Their study revealed that deformatiortained from 3-D elasto-plastic analysis in weak and
inhomogeneous rock mass are greater than those2fidranalysis.

Following a similar procedure, the aptness of 2A0 3-D elasto-plastic.analyses has also been cenesid
in the present study.

2. PROBLEM AND FIELD INVESTIGATIONS

The Masjed-e-Soleiman dam and hydroelectric poveant@are constructed on the Karun River, close to
the Godar-Landar village in the Khuzestan proviotkan. A hydroelectric power plant with a 2000 MW
capacity (100 MW in each phase) was constructetivin phases: In the extension phase, two main
underground excavations being carried out are:p@yerhouse cavern (30mx50mx112m) and (b)
transformer cavern (13.6mx21mx110m) (Fig. 1).
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Fig. 1. Details of the openings at Masjed-e-Soleimgdroelectric project
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These openings are located in the Aghajari and @akhformations that consist of siltstone,
claystone, sandstone and conglomerate. The avexagkurden thickness of the openings is about 320m.
Flat jack and overcoring tests detected that tittcad stress is equal to overburden weight andrikstu
stress ratio (k) is 0.5 [8]. The geomechanical p&tars of rock mass are shown in Table 1.

Table 1. The rock mass properties used in the ptasady [10]

Rock group oy Dilation C () N En
(Mpa) | (O* (Mpa) |(°) (GPa)

Conglomerate 2 11 2.87 143 |0.2 15

Sandstone 2 8 1.67 |38 0.2 7

Siltstone of roof 1 5 0.73 |251|0.25| 6

Siltstone of walll 1 5 0.73 |301(0.25| 6

Claystone 1.5 4 05 ([241]0.25| 6

*Dilati@ngles are changed according to engineering judgme
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The support system in the caverns consists of 6cAdcm shotcrete, wire mesh, 6m and 10m long
wedge anchored bolts, 3m to 10m grouted rock baitd, 15m to 25m double protected tendons. During
excavation, minor roof instabilities appeared iaystone and siltstone that were later reinforcetth wi
additional support [9].

The monitoring system installed in the caverns ista®f 71 extensometers and 168 load cells. Since
extensometers were installed about 3 months alfter eixcavation, it led to the loss of important
information about displacements, and hence conpatietween the acquired results of modeling and
extensometers is not possible.

3. NUMERICAL ANALYSES

In order to analyze underground openings, FLAC2DAE3D and 3DEC codes developed by the Itasca
consulting group have been utilized in the curresearch [11-13]. Firstly, a 2-D model was prepaned
the chainage, 71.25m of the powerhouse cavern bygusLAC2D. Then a Quasi-3D model was
constructed through the FLAC3D code. Finally, viite help.of FLAC3D and 3DEC codes, 3-D models
geared up (Fig. 2).

@) (b)

Fig.2. Discretization of the models, a) 2D and §48D analyses, b) 3D analyses

The dip of each layer in the longitudinal directimfrthe caverns is about 1-1.5%. However, the dlip o
layers in the longitudinal direction has been igmbm the 3-D analysis, carried out with the FLAC3D
code because of the modeling limitations in thidecdBut that was not the case of the 3DEC modetavhe
real dips are considered.

The location of each group of rock mass is presemié-ig. 3. It is assumed that the rock mass obeys
the Mohr-Columb yield criterion.

To authenticate excavation sequences, elementseimbdels were deleted at different stages, as
shown in Fig. 4. 3-D models have been excavatedlby advancements. The powerhouse and
transformer caverns have one and two working facespectively. The excavation of the transformer
cavern started from the middle of the cavern anidreded on both sides, same as was done practically.
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4. COMPARATIVE RESULTS OF ANALYSES

In order to compare the results, deformations fdifferent locations of the caverns were used. FEgu-
7 show the results of deformations at 3 pointharbof of the powerhouse cavern against the exicava
steps.

It can be observed from the plots that 3-D and @BBsanalyses are in conformity, whereas the 2-D
analysis results are far away from the others. Defdion trends are similar, but 3-D analysis reveal
additional information about this trend.

Table 2 presents the computed deformations andtsesfi extensometers. By comparing 3-D
analyses, it can be found that‘deformations ofdidifference analysis (FLAC3D) are a little mohart
those of distinct element analysis (3DEC). Thidedénce is seen more in weak rocks and as such, wit
the increasing strength of rock, the differencerel@ses. When the results of Quasi-3D and 3-D aeslys
of FLAC3D are being compared, it is concluded thefbrmations obtained from 3-D analysis are more in
the weak rock mass as compared to Quasi-3D analyiseseas for strong rock mass it is vice versa.

Due to delayed installation of extensometers, & wasuitable to compare those computed and moditore
deformations. For that matter, tensions in boltgehzeen selected for comparison (Table 3). Accgrtin

the loads, it is clear that 3-D analysis, which hasn carried out by using FLAC3D code, shows s b
agreement with field measurements. In this taltle, results of a 3DEC code have not been presented
because of the limitations of the code.

Table 2. Computed and monitored deformations (mimppaerhouse

Roof U/S wall D/S wall
uU/S D/S | Center | EIl. 207 | EIl. 217 | EIl. 225 | El. 207 | ElL 217 | El 225
Monitored | 15.3 | 28.85| 19.5 15.78 19.94 25.05 29.15 16.58 19.8
FLAC2D | 21.37| 36.9 | 27.82 35.15 28.79 54.1 51.61 32.23 29.36
Quasi-3D | 19.51| 24.62| 24.54 36.78 27.78 42.82 48.05 27.88 23.59
FLAC3D | 18.85| 26.01| 23.53 43.55 29.42 39.51 43.65 25.08 22.46
3DEC 18.26 | 24.84| 23.15 39.46 28.76 38.85 42.18 24.3 21.82
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Fig. 5. Deformations in the D/S of roof in powerbeuor different steps
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Fig. 6. Deformations in the center of roof in pohause for different steps
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Fig. 7. Deformations in the U/S of roof in powerkedor different steps

Table 3. Computed and monitored loads in bolth@rbof of powerhouse (KN)

Center u/s D/S

Loadcel 12C 69.9¢ 143.%

Flac2C 130.5 62.2¢ 148.7
Quas-3D 105.2¢ | 63.4Z 129.8:
FLAC3D 116.2 69.5¢ 137.7¢
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5. CONCLUSION
Based on the results and above discussions tlenialj conclusions can be drawn:

1. Compared to the 2-D analysis, the effect of the-mmmogeneity of rock mass has been better
revealed in 3-D analysis, as the effect of wealezas suitably taken into account in the 3-D analys

2. For inhomogeneous rock mass with weak zones, 3d3taplastic analysis exhibits the best
agreement with the field observations; however @d3to-plastic analysis yields conservative results

3. In the weak rock mass, deformations determined f8ehanalysis are more than those of Quasi-3D
analysis, whereas for strong rock mass, deformait#wa less for 3-D analysis compared to Quasi-3D
analysis.

4. In 3-D analyses, deformations of finite differenapalysis (FLAC3D) are a bit more than the
deformations of distinct element analysis (3DE®@)weak rocks this difference is more significant
and with the increasing rock strength, the differedecreases.
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