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Abstract

The hydropower industry plays an important role in the energy in-
dustry of China. The southwestern region of China is high seismic inten-
sity zone. Currently there are many large scale hydropower plants distrib-
uting widely on the reaches of Jinshajiang River, Yalongjiang River,
Lancangjiang River and Daduhe River, etc. Most of these plants, either
under construction or scheduled to build, adopt underground-typed pow-
erhouse. The large scale underground cavern complexes are character-
ized by their huge dimension, complex spatial layout and geological con-
ditions. Once the underground caverns suffer earthquake disasters, the
national energy security will be severely affected. At present, the study
regarding to seismic response analysis methodology and relevant safety
criterion is not sufficient and also lacks comprehensiveness. Therefore ,
the study of seismic response analysis as well as assessment of surround-
ing rock stability is attached with critical and practical significance. It
also helps to provide actual projects with intellectual support.

This dissertation takes several critical issues, which constitute the
study of seismic response analysis and assessment of surrounding rock
stability in large scale underground cavern complexes, as the object of
research. These issues are the seismic analysis methodology of large
scale underground cavern complexes, the optimization of dynamic analy-
sis in multi-aspect, the approach for analyzing structural plane-controlled
stability of surrounding rock and its assessment method when under-
ground cavern complexes are subjected to earthquakes. A series of meth-

ods are proposed and corresponding computational codes are pro-
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grammed. The effectiveness and reliability of these proposed methods
and developed codes are demonstrated by several validation examples
and engineering cases, indicating that the application effects are favora-
ble. The main contents of this dissertation are described as follows .

(1) Based on extensive reading of research findings in terms of dy-
namic response features of rock masses, the dynamic response laws of
rock masses subjected to seismic load are summarized. Moreover, the
underground caverns are specially taken as the research object to numeri-
cally investigate the distribution laws of strain rate under seismic impact.
The numerical findings provide the dynamic analysis with valuing basis of
mechanical parameters of rock masses. Based on the summary of dynam-
ic response features of rock masses subjected to seismic load, the three-
dimensional elasto-plastic damage dynamic finite element method (3D-
EPD-DFEM) is proposed. This method is further applied to the seismic
damage analysis of Yingxiuwan hydropower plant, which is in the epi-
center area of Wenchuan M8. 0 earthquake. The numerical results, in-
cluding the tensile-crack area, the general variation law of surrounding
rock displacement during earthquake process, the deformation features at
typical area of surrounding rock, the stress distribution of surrounding
rock, are all in favorable agreement with the in-situ investigation find-
ings. Therefore, the numerical results help to explain many kinds of
seismic damage appearances discovered in post-earthquake investiga-
tions. It is thus concluded that the analysis results derived from numeri-
cal approach is reliable and also typical for same projects. It provides the
post-earthquake reinforcement and restoration with references. In a
word, the application of 3D-EPD-DFEM in the generalization and analy-
sis of seismic response of underground cavern complexes subjected to
earthquake impact is rational.

(2) With focus on the issue of large amount of computation and
considerable time-consuming expense, optimization algorithms in multi-
aspect are presented for the seismic response analysis of large scale un-
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derground cavern complexes. With respect to optimization of time do-
main aspect, the optimization algorithm for time domain selection of
measured strong motion acceleration used in structural dynamic analysis
is proposed. It is able to shorten the duration of measured strong motion
data and therefore lower the computing time considerably. As for the op-
timization of spatial domain aspect, dynamic sub-model method and de-
termination procedure of proper intercepted range of dynamic model is
proposed for the seismic response analysis of large scale underground
cavern complexes. It not only ensures that the earth’ s surface needs not
to be modeled but also reduces the covering range of model, which great-
ly cuts down the computing amount of dynamic analysis. The case study
validates the effectiveness and reliability of the proposed methodologies,
thus providing the seismic response of large scale underground cavern
complexes with a practical approach to enhance the efficiency of analy-
sis.

(3) With focus on the issue that FEM currently lacks capacity to
cope with the analysis of structural plane-controlled stability of surround-
ing rock, such as sliding of geological faults, instabilities of rock blocks,
a set of methods are proposed to analyze surrounding rock failure, espe- .
cially for the structural plane-controlled type. These sets of methods are
based on FEM and have complete procedures. The proposed methods are
composed by four parts. They are the modeling algorithm of structural
planes, the calculation algorithm of fault structures, the identification al-
gorithm of rock blocks and the evaluation of rock block stability. Firstly,
the methodology for modeling of complex geological faults in geotechnical
engineering based on element reconstruction is proposed. It provides a
rapid way for FEM modeling of arbitrarily distributed complex geological
planes. Secondly, the calculation algorithm of thin layer element-based
geological faults structures is proposed considering composite strength
criterion. It realizes the stability analysis of surrounding rock considering

geological faults. It is able to obtain the state of bedding surface, such
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as opening and sliding, and also employs the sliding safety factor of bed-
ding surface to evaluate the influences of geological faults on under-
ground caverns. Thirdly, the algorithm to identify three-dimensional
complex rock block system in underground cavern complexes is proposed
based on FEM mesh. It is able to take the complex combination of exca-
vation surfaces into consideration and therefore realize the construction of
rock blocks surrounding the caverns as well as the identification of insta-
ble blocks. Finally, the calculation method of block stability considering
stress of bedding surfaces is proposed. It enables the evaluation of blocks
to take the compression and shear influences of surrounding rock into ac-
count, which tallies better with the real situation of blocks. In summary,
the above four steps of methods can be generalized as “ modeling of
structural planes-calculation of thin layer elements-identification of rock
blocks-evaluation of rock stability considering stress of bedding surface” .
The introduced procedures constitute a complete system to analyze the
structural plane-controlled stability of underground caverns. The valida-
tion examples and engineering cases prove the effectiveness of the pro-
posed set of methodologies, providing the FEM analysis with a useful ex-
tension to cope with the structural plane-controlled surrounding rock sta-
bility.

(4) With focus on the evaluation of surrounding rock stability of
underground caverns subjected to earthquake impact, the seismic re-
sponse criterion of surrounding rock stability is proposed based on loos-
ened concept and 3D-EPD-DFEM. Based on the concept of loosened
surroundin'g rock, the threshold value of damage coefficient is deduced to
determine rock loosening. It enables to take the numerical results of 3D-
EPD-DFEM to evaluate the loosened range of surrounding rock after suf-
fering the earthquake. Then, based the seismic response wave filed
method , the method to evaluate the general stability of underground cav-
ern complexes is discussed. Moreover, the assessment approach of post-

earthquake reinforcement measures is proposed. Finally, based on the
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proposed methods aiming to analyze the structural plane-controlled stabil-
ity of surrounding rock, the influences of seismic load on geological

faults and rock blocks are studied.

Keywords: underground cavern complex; seismic response; dy-

namic analysis; optimization method; structural plane; surrounding rock

stability
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