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Abstract: Underground structures in earthquake-prone zones should be designed to withstand both
static overburden pressures and earthquake shocks. This paper presents a case study on a large-span
powerhouse cavern. With seismic data selected from past earthquake records, lab and in situ tests
of the cavern’s geological and geomechanical conditions were performed to analyze the static and
dynamic stability of the cavern through the continuum modeling approach. Performance analyses via
both 2D and 3D modeling were carried out under seismic conditions and for selected design ground
motions. The dynamic response of the surrounding rock mass and of the reinforcement system was
detected. The results obtained will facilitate future stability analyses of large underground caverns
constructed in the past on the basis of seismic design analyses and input data from post-earthquake
records that were recently made available on the site.

Keywords: powerhouse cavern; FEM equivalent continuum modeling; 2D and 3D dynamic analyses;
rock mass; Hoek–Brown model; rock–structure interaction

1. Introduction

Stability analysis of large-span underground caverns at the design stage, during con-
struction, and in service is a very challenging work in underground excavation engineering.
Historically, underground facilities have experienced a lower rate of seismically induced
damage than surface structures. Nevertheless, some underground structures have ex-
perienced significant damage in recent large earthquakes, including the 1976 Tangshan,
China earthquake; the 1995 Kobe, Japan earthquake; the 1999 Chi-Chi, Taiwan, China
earthquake; the 1999 Kocaeli, Turkey earthquake; the 2004 Niigata, Japan earthquake; and
the 2008 Wenchuan, China earthquake, and some more recent earthquakes such as the 2016
Kumamoto, Japan earthquake, and the 2016 Norcia, Italy earthquake [1–8]. In particular,
the Daikai subway station collapse, the first collapse of an urban underground structure
due to earthquake forces rather than ground instability [1], significantly changed the public
belief that underground structures had the ability to sustain earthquakes with little damage.
Underground structures, varying widely in shape and size, refer to many lifeline facilities
such as pipelines for water, sewage, gas, electricity and telecommunication, subways, roads,
storage tanks, parking lots, and common utility tunnels. While earthquakes, as some of the
most devastating natural disasters, may lead to damage to crucial underground structures
such as those associated with the electrical transmission and distribution, water supply,
transportation and communication, and even disaster prevention and rescue systems,
resulting in catastrophic disasters.

According to the available data, the seismic damage of underground structures in-
cludes three main categories, i.e., damage from ground shaking, damage from fault dis-
placement, and damage from ground failure. The major factors for shaking-caused damage
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are: (1) the shape, dimensions, and depth of the structure; (2) the properties of the sur-
rounding soil or rock; (3) the material properties of the structure; and (4) the severity of the
ground shaking [9–11]. Nowadays, with the increasing number of underground structures
with large cross-sections compared with less information on their seismic behaviors, it is
imperative to carry out relevant seismic analysis. Analytical methods are usually limited to
simple computational models and ideal seismic inputs [12]. Modern performance-based
design methods require detailed seismic response analysis of the rock–structure system to
investigate the seismic performance and fragility of underground structures under earth-
quake events [13–17]. More efficient numerical methods should be developed for practical
complex models, especially three-dimensional models capable of accurately simulating the
seismic response due to the additional seismic loadings, which induce stress redistribution
and three-dimensional deformation.

In this paper, following geological and geomechanical investigations with laboratory
and in situ testing, a complete sophisticated numerical model is constructed for the seismic
response analyses of a large-span powerhouse cavern considering rock–structure interac-
tion. The seismic input is selected from the past earthquake records, corresponding to the
seismic characteristics of the site. Although the site is not located in a high-magnitude seis-
mogenic zone, the dynamic modeling studies are of significance to underline the approach
adopted.

2. Project Background

The hydroelectric plant of concern has been built to replace the old one to enhance
the hydraulic production capacity. Compared with the plants previously built, the new
plant, with the flowing water controlled daily, will double the production of electricity and
quintuple the capacity, and can provide a total power of 27 MW and an average annual
electricity production of 200 GWh. This will help to reduce the huge electricity deficit of
the region (now about 60% of its needs) and cut the import of a significant amount of fuel.

The overall perspective view of the scheme is shown in Figure 1, and it mainly consists
of the following components: the intake, which is located on the river at 1046 m asl; the
dam, from which a minimum flow of 1000 1/s can be derived; the 14 km long diversion
tunnel, with a gradient of about 1/1000 to supply daily the basin (560,000 m3); the 4 km
long pressure tunnel, which leads the water to the upper surge tank and finally to the
1.3 km long penstock with an average diameter of 3.2 m; the powerhouse cavern, where two
turbines (design flow 17 m3/s, speed 750 rpm) are coupled to an 85 MVA generator; and the
1.6 km long outlet tunnel, which returns water into the reservoir (420,000 m3 capacity) after
the downstream surge tank. One of the two above-mentioned turbines is also equipped
with a pump, which has a design flow of 13.5 m3/s so that the water could be raised from
the lower reservoir to the upper lake during the night time.

The central powerhouse cavern is one of the most imposing components of the scheme.
It has significantly large dimensions, with a maximum height of 49 m, a length of 50 m,
and a span of about 23 m. It is also noteworthy that the design concepts adopted in this
large cavern are not traditional; that is, the large cavern has been excavated and stabilized
without the use of a cast-in-place concrete arch for roof support. Great attention has been
paid to the design of the cavern.
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Figure 1. Illustration of the hydroelectric scheme of concern.

3. Rock Mass Properties

The cavern has been excavated in a schistose calcschist complex at a depth of 250 m be-
low the ground surface, in a zone where the rock mass is nearly impervious (Figure 2). The
structure is more or less foliated and laminated depending on the content of phyllosilicates
and graphite, which contributes to the rock mass fissility along the planes of schistosity.

Figure 2. Schematic illustration of the hydro-geological model.

According to research on systematic discontinuity, the rock mass conditions in the
cavern can be divided into two zones: Zone 1, chainage 0–25 m, good rock mass quality
with RMR 70–75; and Zone 2, chainage 25–50 m, fair rock mass quality with RMR = 56–64.
Moreover, the joints and the faults detected are few and most are narrow and closed,
without any water flow.

To obtain the physical and mechanical characteristics of the rock mass, a series of
surveys were carried out, including laboratory tests on rock cores, in situ rock properties
testing, and in situ stress measurements. The main results obtained from the uniaxial
compression tests are summarized in Table 1, which also indicates the unit weight, sonic
velocity, and Brazilian tensile strength.
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Table 1. Rock mass parameters calibrated from the triaxial tests.

Deformation Modulus (GPa) Possion’s
Ratio

Intact Rock
Compressive

Strength (MPa)

Hoek–Brown Model

Undisturbed Disturbed

Undisturbed Disturbed m s m s

22 14 0.25 72.3 1.18 0.012 0.28 0.002

The corresponding parameters of the Hoek–Brown model [18] were calibrated from
the triaxial tests, as shown in Table 1.

The deformability of the site was determined by plate load and flat-jack tests near the
cavern’s south wall; the plate load tests resulted in a deformational modulus Ed for the
undisturbed rock mass in the range of 20 to 30 GPa, during loading for stress level between
4 and 12 MPa. From the flat-jack tests, which are representative of disturbed rock mass
conditions, the corresponding modulus Ed is in the range of 14 to 20 GPa.

The in situ state of stress in the rock mass surrounding the cavern was determined
by hydro-fracturing tests performed in a vertical bore drilled to reach the location of the
cavern [19,20]. It could be inferred that the higher principal stresses are approximately
normal to the schistosity planes. The state of stress in the horizontal plane is shown to be
nearly isotropic with the horizontal stresses being 6.1 MPa, and the vertical stress equal to
10.6 MPa is shown to be slightly greater than the geostatic stress. Accordingly, the stress
ratio could be obtained as K = 0.57. The in situ stress is summarized in Table 2.

Table 2. The obtained in situ stress state (unit: MPa).

σx σy σz τyz τxz τxy σ1 σ2 σ3

6.11 6.05 10.58 1.38 −1.87 −1.23 11.8 6.4 4.8

4. Numerical Modeling

In earthquake-prone regions, additional effects occurring around the opening due
to earthquake loads should be considered in the design. In seismic design and seismic
performance evaluation of buildings, dynamic analyses, also known as response history
analyses, are becoming a common practice due to the rapidly increasing computational
power and the evolution of engineering software. The goal of seismic design for under-
ground structures is to develop a facility that can withstand a given level of seismic motion
with damage not exceeding a predefined resistance level. To evaluate the effects of the
seismic motion at a particular site, objective and quantitative descriptions of seismic ground
motions are required.

4.1. Selection of the Seismic Input

Selection of input ground motions is a crucial step in the dynamic analysis, because
the outcome of the analyses is markedly affected by this choice, thus an accurate estimation
of the seismic performance should be carried out based on the seismic hazard at the site
where the structures are located. Generally, accelerograms can be defined using different
methods as: (1) selecting and scaling real accelerogram (seismic input recorded in real
earthquakes), (2) generating artificial records that are compatible with a design response
spectrum, and (3) generating synthetic records based on a seismic source model. For the
seismic design of some important underground structures such as tunnels and nuclear
power plants located in seismically active areas, the real accelerograms, which are recorded
in past earthquakes, are still very predominant.

The selected accelerograms, according to EUROCODE 8, need to be representative of
the seismicity of the site and be compatible with its seismological and geotechnical charac-
teristics. Several criteria have to be taken into account in the selection of accelerograms for
the site of interest.
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A suite of not fewer than 3 appropriate ground motions shall be used in the analysis.
If at least 7 accelerograms are adopted, average values of response quantities can be used
for analysis; on the other hand, if the number of accelerograms is less than 7, the most
unfavorable value of the response quantity should be used.

The average response spectrum should be compatible with the target spectrum. In
the range of periods of 0.15 s–0.20 s (and 0.2 T1–2 T1) for horizontal components and the
range of 0.15 s–1 s for vertical components, where T1 is the fundamental period of the
structure in the direction where the accelerogram will be applied, no value of the mean 5%
damping elastic spectrum, calculated from all time histories, should be less than 90% of the
corresponding value of the 5% damping elastic response spectrum [21].

The site where the accelerogram station is installed must be classified as stiff soil or
rock so that the local amplification effect can be neglected.

The selected accelerograms must be in accordance with the seismological parameters,
that is, magnitude and distance pairs, which are obtained by the deaggregation process.

Seismic hazard analyses should first be performed to determine the seismic param-
eters, so as to select appropriate real accelerograms. The seismic hazard of the site is
characterized by two parameters: the horizontal peak ground acceleration (PGA) and
expected macroseismic intensity. The probabilistic seismic hazard maps, generally in terms
of these two parameters, can be constructed for areas of different seismogenic regions,
showing contours of ground parameter values, to estimate the rate of potential earthquakes
across a region and quantify likely ground-shaking levels at a site.

The studied cavern is located in a zone characterized by the horizontal PGA in the
0.10 to 0.15 g range and by the site intensity of VI, with a 10% probability of exceedance in
50 years. The seismic properties can be roughly characterized by design response spectra,
which depend on the seismic hazard level as well as geological characteristics of the site.
EUROCODE 8 describes the spectral shape distinguishing between horizontal and vertical
components of accelerograms. For the horizontal components, the elastic spectral shape is
expressed by:

0 ≤ T ≤ TB : Se(T) = αg · S · η · F0 ·
[

T
TB

+
1

η · F0

(
1 − T

TB

)]
(1)

TB ≤ T ≤ TC : Se(T) = αg · S · η · F0 (2)

TC ≤ T ≤ TD : Se(T) = αg · S · η · F0 ·
[

TC

T

]
(3)

TD ≤ T ≤ 4s : Se(T) = αg · S · η · F0 ·
[

TCTD

T2

]
(4)

where T is the vibration period; ag is the design ground acceleration on type A site class; S
is the soil factor; TB and TC are the limiting periods of the spectrum’s plateau; TD is the
lowest period of the constant spectral portion; and η is the damping correction factor, and
it is equal to one for 5% viscous damping.

For the studied cavern, the parameters of the design spectrum are shown in Table 3,
according to the EUROCODE 8.

Table 3. Parameters of design spectrum of the studied cavern for horizontal components.

F0 ag (g) TB (s) TC (s) TD (s) S η

2.462 0.134 0.088073 0.264218 2.137759 1 1

Based on the adequate knowledge of the seismic hazard of the site, identification of
a dominant scenario should be also defined through a process called deaggregation [22]
(Reiter, 1991), which aims at estimating the most likely earthquake ground motion records.
The primary purpose of deaggregation of the seismic hazard, which in terms of M (magni-
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tude) and R (distance) displays their contributions to the annual exceedance, is to assist
in the determination of earthquake events (M and R) that are physically reasonable and
most likely to cause the exceedance, and the determined earthquake events are usually
referred to as scenario earthquake events. With the deaggregation process carried out, for
the maximum PGA with a 10 percent of exceedance probability in 50 years, a scenario for
the site with the magnitude–distance pair of M = 5.3 and R = 19 km was determined.

Selection of Seismic Inputs

Based on the above-mentioned criteria, seven groups of accelerograms in three direc-
tions (vertical, N–S, E–W) were selected from the database of the national seismic service
for the seismic design of the studied cavern, and the seismological characteristics of the
selected accelerograms are summarized in Table 4. Figure 3 shows the comparison between
the scaled average response spectra, calculated from the seven groups of accelerograms in
the E–W direction, and the target response spectra of horizontal accelerograms, developed
by EUROCODE 8 for the cavern site. It can be inferred that the average response spectra
are compatible with the target horizontal spectrum, and no value of the mean spectrum is
less than 90% of the target spectrum in the period range of 0.15–2 s. The calculated average
response spectra in the N–S direction and vertical direction also agree very well with the
recommendations of EUROCODE 8.

Table 4. Seismological characteristics of the selected accelerograms.

Code Acc. Name Distance Date Mb ML MS MW

410Y A1 Golbasi (Turkey) 29 5 May 1986 5.7 5.90

428X A2 Aetolia (Greece) 23 18 May 1988 5.4 5.3 5.00

594X A3 Apennines 11 26 September 1997 5.7 5.8 5.90 5.7

765Y A4 Apennines 11 12 October 1997 5.2 5.1 5.20 5.3

854X A5 Apennines 21 3 April 1998 5.1 5.2 4.80 5.1

858X A6 Apennines 36 3 April 1998 5.1 5.2 4.80 5.1

1314Y A7 Athens (Greece) 23 7 September 1999 5.8 5.60 5.9

Figure 3. Response spectrum of the selected accelerograms and reference response spectrum.
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4.2. 2D and 3D Finite Element Modeling

Continuum modeling by the finite element method (FEM) with the Midas/GTS code
was performed in two- and three-dimensional conditions. The implicit modified Newton–
Raphson method in Midas/GTS code is used to capture the nonlinearity of the complex
rock–structure system, in which the tangent stiffness is updated in each time step based on
deformation [23]. Because of the dimension and complex geometry of this cavern, the three-
dimensional analysis of the cavern was also performed with the purpose of validating the
two-dimensional analysis, as shown in Figure 4. The seismic response of the underground
cavern was studied by applying the above-selected accelerograms (Table 4).

Figure 4. Reinforcement system adopted in the three-dimensional numerical model.

Zero-thickness Goodman interface elements are used to represent the rock–structure
interaction behavior [24]. High normal and shear stiffnesses were set to avoid the occurrence
of overlapping. To ensure that the most appropriate methods of modeling are used, the
following assumptions/conditions are introduced:

No sliding at the rock–structure interface is assumed to occur (no-slip condition);
Kinematic rock–structure interaction effects are ignored;
Appropriate mechanical damping, representative of the materials under study, has

to be determined. The critical damping ratio is taken to be equal to 5%, according to the
average value of natural material damping in dynamic conditions;

For accurate representation of wave transmission through a numerical model, the
spatial element size, l, must be smaller than approximately one-tenth to one-eighth of the
wavelength associated with the highest frequency component of the input wave, which
can be expressed by [25,26]:

1 ≤ λ

8 ∼ 10
(5)

Appropriate boundary conditions should be applied in the analysis: in order to
simulate an infinitely extended medium, viscous boundaries are introduced at both the
vertical sides of the model;

The recorded accelerograms are assumed directly applied at the bottom of the numeri-
cal model.

In both the 2D and 3D models, the bottom boundary was fixed in the vertical direction
and viscous boundaries were applied along the lateral boundaries. The filtered input
motions were applied at the bottom boundary of the models.
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5. Results and Discussion
5.1. 2D Analyses

The dynamic analyses using the 2D model were performed first, with the purpose to
obtain the seismic response of the cavern when subjected separately to seismic inputs in the
E–W, vertical, and both directions. With only the accelerogram A1 adopted, the deformed
shapes of the cavern cross-section obtained are shown in Figure 5.

Figure 5. E–W and vertical components of the selected accelerogram A1.

The ovaling or racking deformation of the shotcrete, induced by the propagation
of shear and pressure waves in the plane of the cross-section of the tunnel, is generally
considered as the most critical deformation pattern during a seismic event. In this study,
it can be inferred from Figure 6 that the horizontal component of motion generates shear
deformations of the rock mass and then ovaling of the cavern cross-section, typical of that
produced by a vertically propagating S wave. On the other hand, the application of the
vertical component generates a deformation typical of a vertical propagating P wave.

Figure 6. Deformed shapes of the cavern cross−section when the model is loaded by horizontal, i.e.,
E−W (a), vertical (b), and both components (c).

It is noted that the deformed shape and the displacements computed with the two
components of motion can be derived by the superimposition of the results obtained for
each component. This is due to the dynamic motion producing effects that are completely
in the elastic field.

Figure 7 shows the distribution of the thrust force along the shotcrete lining when
the horizontal, vertical, and both components are applied. The thrust induced by vertical
motion is larger than that resulting from horizontal motion. Moreover, the thrust induced
by both the components of motion is slightly smaller than the superimposition of the results
of the two separate analyses. Moreover, the thrust force time history of the lateral bottom
element, when subjected to three types of seismic input, is shown in Figure 8, and the
results indicate that the thrust force of shotcrete is more dependent on P wave than on
S wave in this case, which is in accordance with the conclusions obtained by Perino [27].
Accordingly, it may be concluded that the effect of P-wave propagation should be properly
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considered during the seismic design of underground structures, though generally, only
more attention has been given to the effect of shear wave propagation.

Figure 7. Thrust force along the shotcrete subjected to horizontal (a), vertical (b), and both (c) compo-
nents of ground motion.

Figure 8. Thrust force time histories of the studied beam element subjected to P wave, S wave, and
both waves.

Ground shaking by seismic events induces redistribution of stresses around the open-
ing. Seven analyses using the selected seven groups of accelerograms containing two
components (in the E–W and vertical directions) were performed, and the average seismic
response could then be obtained. Figure 9 shows the average minimum principal stress
distribution around the cavern induced after the application of the two components of
motion. The maximum tensile stress value, equal to 0.5 MPa, is very close to the tensile
strength (0.51 MPa).
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Figure 9. Tensile zone distribution resulting from dynamic analyses.

5.2. 3D Analyses

Three-dimensional (3D) analyses of the entire cavern were performed with the seven
groups of accelerograms in three directions being applied to the FEM model. The redistri-
bution of stress around the cavern induced by additional seismic loading has been studied
in Figure 10. The tensile zone around the cavern, when the dynamic effect is considered, is
larger than that observed in the static case and consists of scattered tensile tiny failure zones
at the opening contour. The minimum principal stress distribution along the longitudinal
cross-section is shown in Figure 11, where the tensile zone is mainly concentrated at the
sharp corners.

Figure 10. Minimum principal stress distribution after dynamic analysis.
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Figure 11. Tensile zone of longitudinal cross-section when considering dynamic effects.

Figure 12 shows the thrust in the shotcrete lining when the cavern undergoes the A1
seismic event. The values obtained are in good agreement with those derived from the
2D analysis shown in Figure 8. The 3D results for other seismic events are quite similar.
Finally, the additional stresses in the short dowels and in the tensioned anchors induced by
the seismic events are rather small.

Figure 12. Thrust force of shotcrete induced by seismic loading.

6. Concluding Remarks

The comparison of the plastic-zone evolution and the distribution of principal stress
surrounding the cavern in intrinsic and reinforced conditions indicates that the reinforce-
ment system is very effective to control the development of the plastic zone, reduce the
tensile stress, and hence further stabilize the rock mass. The systematic bolt reinforcement
is an efficient earthquake countermeasure to significantly improve the seismic performance
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and reduce the fragility of large-span underground structures (e.g., powerhouse cavern)
under strong earthquake events.

The results obtained indicate that the 2D plane-strain model can serve as a complement
to the 3D model, which gives reasonable predictions of the seismic response of the large-
span powerhouse cavern. The proposed 2D model is expected to facilitate future detailed
seismic response analysis of large underground caverns constructed in the past on the basis
of seismic design analyses and input data from post-earthquake records recently made
available, within the framework of modern performance-based design methodology.
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