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1.1.

PREFACE

Research purposes

Nowadays, the underconstruction hydropower in limestone or
basalt formation, we will be able to meet case headrace tunnel pass
to anisotropic rockmass (including shale, clay limestone, bedding,
weakness systems,..). It is difficult for engineer in design tunnel in
this case. In rock mechanics and engineering, there are many
research methods to prediction parameter of shear strength and
deformation elasticity of anisotropic rock mass. Thus, research effect
of anisotropic material of anisotropic rock mass to analysis stability
of headrace tunnel isvery necessary and useful.

1.2.

1.3.

14.

Research goals

Experiments triaxial compression test with specimens from
clay limestone of Dong Giao formation of Sap Viet
hydropower plan. Prediction relation parameters shear strength
of weakness system of anisotropic rockmass with anisotropic
angle and minimum principal stress.

Estimated parameters five constants of deformation elasticity
of anisotropic rock mass by multiple linear regession from
result of laboratory test.

Proposal factor Failure Approach for Anisotropic Index
(FAAI), have used in analysis stability headrace tunnel pass to
anisotropic rock mass.

Background of the research

Research subjects:Headrace tunnel pass anisotropic rock mass
(including bedding, weakness, shale,...).

The scope of research: Research prediction parameters of
shear strength and parameters of deformation elasticity of
anisotropic rock mass from Sap Viet hydropower plan.

Reseach approach



Experiments in laborary is main method for research in this
thesis.

All results from experiments have been used for analysis by new
methods in statistics suchas: multivariable analysis, multiple linear
regession, method analysis optimize Bayesian Model Average,
methosLinderman, Merrenda, Gold, methods anaylysis covariance
(ANCOVA). All analysis has been shown effect of anisotropic
material of set case of Sap Viet type, China type, Japan type.
Parameters including diameter, height of specimens are points of
analysis anisoptropic materials in rock mass. All analysis must be
verified and have value p <0.05, thus all results from analysis have
been statistical significance.

The analysis of stability headrace tunnel in anisotropic rock mass
in undercontruction has beenrunned with numerical model by RS’
software of Rocscience Inc. (Canada).

1.5. Materials

— The thesis have used anisotropic rock from Sap Viet
hydropower plan for producted specimens in the experiments.
There are 45 experiments triaxial compression test with five
case anisotropic angle difference and three case minimum
principal stress. With 25 experiments UCS tets with five case
of anisotropic angle difference. All thetests havedone in
SKLGGE (Chinese Academy of sciences).

—  Results of experiments in laboratory of Kajima Corp. (Japan);

—  Results of experiments for rock shale of SKLGGE;

1.6. Content of thesis

Thesis have 159 pages A4 form, including 145 pages main
thesis, 113 Figures, 37 tables and 140 references, 66 pages
appendixs.

—  Preface



—  Chapter 1: Introduction and literature review for strength of
anisotropic rockmass and stability of tunnel in anisotropic
rockmass;

— Chapter 2: Prediction parameters of shear strength of
anisotropic rock mass;

— Chapter 3: Prediction deformability parameters of linear
anisotropic of anisotropic rock mass;

—  Chapter 4: Analysis stability of tunnelling and underground in
anisotropic rock mass have been modeling by transversely
isotropic material;

—  Conclusion and recomendations

1.7. New scientific and medothological results

The thesis give proposals about methods prediction parameters
shear strength from results experiments triaxial compressive test and
UCS compressive test, with some cases anisotropic angle and
minimum principal stress;

From results of the analysis,via method ANCOVA, there are
someconclusion as following:

(1)The parameters of the shear strength of anisotropic rock are
equal to the constants with the weakness plane oriented anglea.

(2)The parameters of shear strength of anisotropic are equal
constants with value stressos, 64 in triaxial test.

The thesis have been proposal parameters shear strength and
linear anisotropic of anisotropic rock mass from SapViet hydropower
plan. Thesis have buildnumercal model for headrace tunnel of Sap
Viet hydropower plan by RS? software.

The thesis have proposal about factor FAAI (Failure Approach
by Anisotropic rock Index), calculated results of FAAI are compared
with results Strength Factor of RS” software.



Chapter 1 INTRODUCTION AND LITERATURE
REVIEW FOR STRENGTH OF
ANISOTROPIC ROCKMASS AND
STABILITY OF TUNEL IN ANISOTROPIC
ROCKMASS

1.1. Introduction

Research analysis stability of structure in Rock foundation
actually is the estimatiom exactly about stress-strain of rock mass
around tunnel and underground. Feng and Hudson (2011) have
proposal about classification methods for design in rock engineering
and rock mechanics, shown in Figure 1-1
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Figure 1-1: Flowchart of rock mechanics modeling and rock
engineering design approaches (Feng and Hudson, 2004).

1.2. Methodology
— Research strength of anisotropic rock mass by uniaxial
compression strength test
—  Research strength of anisotropic rock mass by point load test
— Research strength of anisotropic rock mass by Brazil test.



—  Research strength of anisotropic rock mass by Oblique shear
test

— Research strength of anisotropic rock mass by triaxial
compression test

1.3. Failure criterion for anisotropic rock

—  Failure criterion Mohr-Coulomb, Patton (1966), Barton-
Bandis (1970).

—  Failure criterion as type non-linear as: Hoek—Brown (1980),
Ramamurthy(1985), Saroglou and Tsiambaos (2008), Rafiai
(2011),...

—  Failure criterion for anisotropic rock modified Mohr-Coulomb
as : Jeager (1969), Walsh B.J et. al., and proposal of Nghiém
Hiru Hanh (1985).

1.4. Discussion about effect of anisotropic angles & minimum
principal stress to parameters shear strength of weakness
system

Jeager had proposal modified failure criterion Mohr-Cloulomb.
He also gave proposal Jeager failure criterion with equation
estimates value cohesion and internal angle with value internal angle
equal constant. McLamore had used Green River shale for
experiments triaxial compression test and UCS test, he used Jeager
failure criterion and proposal equation estimated internal angle and
cohesion, with change approximatedwith internal angle equal too
small, and with cohesion have approximated 35%. Nghiem Huu
Hanh (1985, 1999) had been modified Mohr-Coulomb failure
criterion, and proposal failure criterion with assumption: parameters
shear strength including internal angle and cohesion of weakness
system equal constants with anisotropic angle and minimum
principal stress.

Jeager, McLamore, Nghiem Huu Hanh all said that prediction
parameters shear strength of weakness systemwas very difficult, had
many problems to research and must verify by statistical methods.



1.5. Stability of tunnelling and underground in anisotropic

rockmass

We could reviewthe analysis stability tunnel and undergroundin
four methods shown in Figure 1-2.

Methodology analysis stability tunnelling and underground

v v v v
Rock load Stand-up time Stand-up time Rock mass
classification classification with classification with Classification

method material model by linear,

material model by non-
1sotropic, continuous

linear, anisotropic,
discontinuous

Figure 1-2: Flowchart classifications methodology analysis
stability tunnelling and underground

The thesis has used 3rd method for estimating analysis stability
tunnel in anisotropic rock mass.

1.6. Conclusions in chapter 1

Jeager (1969) et. al. had used modified Mohr-Coulomb failure
criterion, he proposed failure criterion for anisotropic rock with
parameters internal angle equal constants, and had equation given
variable cohesion. McLamore have used Jeager’s failure criterion,
proposal equation given variables internal angle and cohesion.

In the thesis, we have the answers for two question as:

Q1: What is the effect of the parameters of shear strength of
anisotropic rock with weakness plane anisotropic anglea?

Q2: What is the effect of the parameters of shear strength of
anisotropic rock with value minimum principal stresscz?

We give proposal methods prediction estimated parameters shear
strength of weakness system of anisotropic rock mass.

We give proposal failureapproach for anisotropic index (FAAI)
for analysis stability anisotropic rock field around headrace tunnel.



Chapter 2 PREDICTION PARAMETERS OF SHEAR
STRENGTH OF ANISOTROPIC ROCK MASS

2.1. Research aim

— Research effect of anisotropic angle of weakness system and
minimum principal stress o3 to shear strength of anisotropic
rock mass.

— Propose method prediction shear strength parameters of
anisotropic rock mass, estimate shear strength of anisotropic
rock mass.

2.2. Experiments

Anisotropic rock mass of Sap Viet hydropower plan was taken
from Son La province to Hanoi. In Analytical and Experimental
Center for Geology, we had produced specimens with some cases of
anisotropic angle as: code G witha = 0°, code K witha = 30°, L
with @« = 45°, M witha = 60°, N with @ = 90°. Dimesion of
cylindrical specimens shown in Figure 2-1.

0 3 45 60 90

Figure 2-1: Cylindrical specimens with some anisotropic type.
2.3. Experiment type

Author sent specimens from Hanoi (Vietnam) to Wuhan (China).
All experiment was been analyzed in SKLGME (Chinese Academy
of Sciences). The methods used for experiments aretriaxial
compression test, uniaxial compression stress test.

2.4. Equipment for experiments



The equipments aretriaxial test system MTS 815.03, Rock
Muliple system test RMT 150C.

2.5. Result of tri-axial compresive test

Figure2-2: Triaxial test system MTS Figure2-3: Rock Muliple system test
815.03 RMT 150C
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Figure 2-4: Results Figure 2-5: Results triaxial
triaxialcompression test with compression test with
anisotropic anglea =0° anisotropic anglea =30°.
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Figure 2-6: Results triaxial compression test with anisotropic
anglea = 45°.
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Figure 2-7: Results triaxial compression test with anisotropic
anglea = 60°.
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Figure 2-8: Results triaxial compression test with anisotropic
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anglea = 90°.

2.6. Analysis Experiment Results

The thesis have used methodology BMA (Bayesian Model
Average)and LMG(Lindeman, Merendaand Gold’s methods)to
estimateliear correlationvalue g; — o3(sigl3) with some variations
such as:anisotropic angle (Angle), minimum principal stress(sig3),
diameter (D, hight specimens (H). Results analysis with method
BMA and LMG are shown inFigure 2-9, Figure 2-10.
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Figure 2-9: Model Figure 2-10: Flowchart multivariable analysis such

selected by BMA as: Angle: anisotropic angle (d9); sig3: minimum
(Bayesian Model principal stress (MPa); D: Diameter, H: Hight
Average) specimens and sigl3

2.7. Discussion about effect anisotropic material and
parameters effect to evalutation mechanical material of
rock type including Sap Viet, China, Japan

Application multiple variable analysis have shown matrix
parameters effect relation from producted specimens and minimum
principal stress, anisotropic.
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Table2-1: Estimates effect anisotropic ratio and parameter effect
to results experiments triaxial compression test of some case
anisotropic rock mass type

2

Rock type Parameters Regression r Post Lmg
effect coefficient value | prob ratio
0f0'1 — 03
a|o3 DI H (%) (%) (%) (%)
Sap Viet X | X 22.90 63.00 | 15.50 11.47
Japan X | X |x 34.60 67.80 | 26.10 6.03
China X | x 72.20 86.40 | 50.80 2.87

In Table2-1, we can see effect of anisotropic material downward
from rock type Sap Viet (Vietnam) to Japan, China. Due to lack of
modern equipment in Vietnam, the work to prepare specimens of Sap
Viet more difficult than rock type from China and Japan.Set
specimens SapViet had effected of diameter specimens to estimate
value g; — g3. Anisotropic materials of set specimens from China
had except parameters diameter and height of specimens to estimated
value o4 — g3. Set specimens from Japan have effected diameter
specimens to estimated value g; — 03.

2.8. Propose methods of prediction parameters shear strength
of anisotropic rock

2.8.1. Method estimated effect of shear strength with value of
anisotropic angle a and minimum principal stress o;

Solution 1:In Figure 2-11 according to the triaxial tests results, it
is proneto define the strength properties of the weakness plane for
the test specimens by following steps: Draw up the chart in a
coordinated system with axiso —7 anddisplay Mohr circles
according to the strength of specimens obtained by compression at
anglesa;. Draw the line at a tangent to the Mohr circles. We have a
curve of strength criterion for slip in the weak plane:

Tmy =0 .tgQPmy + Cpy (D
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Figure 2-11: Proposal method estimation shear strength

parameter of weakness system
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Figure 2-12: Proposal method estimation shear strength

parameter of weakness system

Solution 2: In Figure 2-12, translational Descartes coordinates
with axis olength equal g;3. We have a new unit coordinate system.
Draw the graph in a new coordinated system with axisg — 7. Display
Mohr circles according to the strength of some rock type specimens
obtained by compression at an anglea;.From O’ the coordinated
point draw lines Obg; at an anglea;, we presentpoints of intersection
B; between Mohr circle and lines Obe;. By link all points B;the
curve of strength criterion for some rock typeis obtained.

With all database from experiments from Sap Viet (Vietnam),
China, Japan (Kajima), we have used method analysis of covariance
(ANCOVA)for prediction relation parameters shear strength
(including internal angle “phimy” and cohesion “cmy” of weakness
system) with mimimum principal stress (sig3) and rock type, showns
in (2-2), (2-3).
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Rock mass type Sap Viet (Vietnam): (2-2)
Phimy= 13.2807+0.006751.(sig3);

Rock mass type China:

Phimy=13.2807+5.56414.(group2)+ 0.006751.(sig3);

Rock mass typeJapan:

Phimy=13.2807-6.55072.(group3)+ 0.006751.(sig3);

Rock mass type Sap Viet (Vietnam): (2-3)
cmy=29.17159 + 0.12162.(sig3);

Rock mass type China:

cmy=29.17159+11.75832(group2)+ 0.12162.(sig3);

Rock mass typeJapan:

cmy=29.17159- 22.42140(group3)+ 0.12162.(sig3);
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Figure 2-13: Flowchart optimation model shows effect of minimum
principal stress sig3 (MPa), anisotropic rock mass type to value internal
angle phimy (dg), cohesion cmy (MPa) of weakness system of anisotropic
rock mass type from Sap Viet (1), China (2), Japan (3)

The author continues using method analysis of covariance
(ANCOVA) for analysis effect of variables anisotropic angle (Angle)
with parameters shear strength of weakness system (including
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internal angle “phimy” and cohesion “cmy” of weakness system),
equations shown related of variable as in (2-4), (2-5).

Rock mass type Sap Viet: (2-4)
phimy = 19.20406 -0.01836 .(Angle);

Rock mass type China:

phimy = 19.20406 +10.47914(group2) -0.01836 .(Angle);

Rock mass typeJapan:

phimy=19.20406+ 6.15050(group3)-0.01836 .(Angle);

Rock mass typeSap Viet: (2-5)
cmy=41.337545 -0.007545 .(Angle);

Rock mass type China:

cmy=41.337545 +5.064857(group2) - 0.007545 .(Angle);

Rock mass typeJapan:

cmy=41.337545 -35.741182(group3) -0.007545 .(Angle);
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Figure 2-14: Flowchart optimation model shows effect anisotropic angle,
anisotropic rock mass type to value internal angle phimy, cohesion cmy
(MPa) of weakness system of anisotropic rock mass type from Sap Viet (1),
China (2), Japan (3)

2.9. Flow chat and results caculation shear strength of
anisotropic rock
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Flowchart of program showns in Figure 2-15. Program is written
by language Mathcad, is used to estimate value shear strength of
anisotropic rock mass from Sap Viet hydropower plan in case have
one weakness system (Figure 2-16), two weakness system (Figure
2-17), three weakness system (Figure 2-18).
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Figure 2-16: Results
estimates shear strength of
anisotropic rock mass with
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Figure 2-15: Flowchart of program
estimates shear strength of anisotropic
rock mass
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Figure 2-17: Results estimates
shear strength of anisotropic rock
mass with two weakness system

Figure 2-18: Results estimates
shear strength of anisotropic

rock mass with three weakness

system

2.10. Consideration and peculiarity of MYM by element model

analysis

Author with the support of a colleague from Kajima Corp.
(Japan) have used method Multiple Yield Model (MYM) for
numerical model triaxial compression test for anisotropic rock
specimens. Results laboratory test and MYM triaxial test have been
compared with the estimation by Jeager’s and Nghiem Huu Hanh
failure criterion. All results are shown in Figure 2-19.
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Figure 2-19: Strength anisotropy (J.C. Jeager formula and
Hanh. N.H critertion) of rock by modeling numerical MYM and
laboratory test(Uniaxial test and triaxial test using schist)

2.11. Conclusions in chapter 2
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In chapter 2, we share the way to makeexperimens for
anisotropic rock specimens from Sap Viet hydropower plan in
SKLGME (Wuhan, China).

We have used method BMA and LMG of statistics to estimate
parameters effect to value of triaxial compression test with set
specimens SapViet, China, Japan. We discuss about quality of
specimens of Sap Viet, China, Japan.

From all results of experiments of SapViet, China, Japan, via
method ANCOVA, wegive conclusion as following:

(1)The parameters of the shear strength of anisotropic rock are
equal to the constants with the weakness plane anisotropic anglea.

(2)The parameters of shear strength of anisotropic are equal
constants with value stressc3, 64 in triaxial test.

Chapter 3 PREDICTION DEFORMABILITY
PARAMETERS LINEAR ANISOTROPIC
OF ANISOTROPIC ROCK MASS

3.1. Methodology and results prediction deformability
parameters linear anisotropic

Deformability parameters including five elastic constants i.e.:
E.E’, v,v" ,G’ step by step as modulus Young in plane transeversely
parallete and perpendicular with plane; v va v'are value Poisson and
G’ is modulus shear for planetranserversely. A method to estimate
the five elastic constants for anisotropic rock was presented by
authors such as Amadei (1992), Barla (1974), Min (2012). They used
the method elasticity of anisotropic body of Lekhniskii (1981) to
estimate five constant elasticity. For a transversely isotropic rock in a
local and glocal coordinate, generalized Hooke’s law can be given in
the following tensor equations with set specimens with three
anisotropic anglea = 0°%,a = 90°, and 0° < a < 90°as:
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[€] = [T].[C] (3-1)

where: [€]- matrix column (Nx1) of represent strain,[C]- matrix

11 vv 1

column (5x1) have value [C] = (E’E’E’E’E)-’[T]' matrix type

(Nx5)- stress effect anisotropic angle;

Simulation model multiple linear regession have matrix 5x20
independent variable, and 20 defend variable, with least squares
method, use R software, authod have estimated five constants
elasticity shown in Table3-1, Table3-2.

Table3-1: Prediction deformability parameters linear anisotropic
of anisotropic rock mass from Sap Viet hydropower plan by
multiple linear regession

Estimate Std. Error t value p value
() (2) (3) “) (%)

Const. -7.30E-05 2.25E-05 -3.241 0.00592

al (1/E) 9.40E-05 3.65E-05 2.577 0.02193

a2 (1/E%) 8.66E-05 3.65E-05 2.374 0.03245

a3 (%) 2.43E-05 4.49E-05 0.54 0.59761
U’

a4 () 3.92E-05 2.25E-05 1.74 0.10386
1

as (=) 1.63E-04 1.10E-04 1.478 0.16161

Table3-2: Deformability parameters of anisotropic rock from
Sap Viet hydropower plan

Set E E v v |EE |EE |G
exp. (GPa) | (GPa)
20 10.641 | 11.554 | 0.258 | 0.453 | 092 |1.09 |6.153

Five constant elasticity effect anisotropic material of anisotropic
rock mass from Sap Viet and China are compared by ratio E/E’ or
E’JE, where E,.. Eunstep by step as modulus maximum and
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minimum of specimens anisotropic rock in experiments uniaxial
compression test showns in Table3-3.

Table3-3: Deformabillity parameters and LMG ratio of
anisotropic rock type from Sap Viet and China

Type E E G’ E’/E Emax Emim Emax/Emin Ugmx LMG
rock | (GPa) | (GPa) | (GPa) (GPa) | (GPa) gmin | (%)
Sap | 10.641 | 11.540 | 6.154 | 1.08 | 9.74 | 5.9 1.75 2.12 | 37.16
Viet

China | 76.805 | 97.493 | 180.245 | 1.28 | 34.18 | 27.23 1.26 1.18 | 48.43

Results shown in Table3-3
by flowchart inFigure 3-1.

Figure 3-1: Anisotropic ratio
for deformability and strength
parameters for anisotropic

ﬂ=«sm rock from Sap Viet and China

W where:  AF:  anisotropic
factor; tlEkd is ratio E’/E of
rockmass; tIEmd is ratio of
Enax/Eminof specimens; tIUCS is

max
C

ratio “is UCS with value

SapViet @ c

factor(ype) i i i
actor(typel anisotropic angle have maximum

and minimum value.
3.2. Conclusions in chapter 3

Using multiple variable method, multiple linear regession, with
least squares method, methods LMG, with language R, chapter 3
have shown value of five constants of deformation elasticity for
anisotropic rock mass of Sap Viet and China. All results have
verified with condition of anisotropic rock mass as body
transversality isotropic. All conditions are statisfied. With all verified
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statistic have value equal p < 0.05, thus we can said all result
estimated have statistical significance.

Chapter 4 ANALYSIS STABILITY OF TUNELLING AND
UNDERGROUND IN ANISOTROPIC ROCK
MASSES HAVE BEEN MODELLING BY
TRANSVERSELY ISOTROPIC MATERIAL

4.1. Methodology

Anisotropic of rock is featured in schistosity and layer. In the
calculation of stability of hydropower tunnel with Failure Approach
for Anisotropic Index (FAAI) coefficient.Each element will be
considered and consolidated to give a comprehensive picture of the
stress changes after the construction is done. FAAI coefficient is the
actual stress ratio at that point divided by the allowable stress in
anisotropic conditions applicable to each phase of an angle in
different directions. The calculation is as follows:

FAAI =6gn/01 (4-1)

where:

o;- stress of intact rock around tunnel (calculation by FEM,
BEM, ...);

agn- strength of intact rock shown in chapter 2.

The picture of analysis of strength intact rock around tunnel is
designed by contour curve FAAI around tunnel. When FAAI contour
line with value FAAI <= 1, we have zone instability in intact rock
around tunnel. When zone have value FAAI curve >1, we have zone
stability in anisotropic rock around tunnel.

4.2. Results analysis for headrace tunnel of Sap Viet
hydropower plan

The combined with result estimated strength in chapter 2, we are
estimated FAAI for anisotropic rock mass around headrace tunnel
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SapViet hydropower plan with distance 0.15m from boundary tunnel.
Resulst estimated FAAI are shown in Figure 4-2, Figure 4-3, Figure
4-4step by step with case anisotropic angle equal 60°% 30°and 75°. In
results FAAI, we can see variability of FAAI bigger than value
strength factor of RS”. Value maximum and minimum of FAAI in
case 1, case 3 the same strength factor value. In case 2, value
minimum of FAAI and strength factor have distance too long., but
maximum value of FAAI and strength factor is the same.

Figured4-1: Numercal Model for headrace tunnel of Sap Viet
hydropower plan with case anisotrpic angle @ = 60°

@ o= o
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Factor

= = b3 o s own
L1 e

Distance [m]

———=Strength Factor 600eg  —=—FAAIGRODeg

Figure 4-2: Results estimated value strength factor and FAAI for
case 1 with anisotropic angle equal 60°
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Figure 4-3: Results estimated value strength factor and FAAI for
case 1 with anisotropic angle equal 30°
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Figure 4-4: Results estimated value strength factor and FAAI for
case 1 with anisotropic angle equal 75°
4.3. Conclusions chapter 4
In this chapter, the thesis makes proposal new index for analysis
stability anisotropic rock mass around tunnel call is FAAL
Application FAAI for analysis stability anisotropic rock mass
around headrace tunnel of Sap Viet hydropower plan.
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CONCLUSIONS AND RECOMENDATIONS
1. Conclusions

Author give proposal methods for prediction parameter shear
strength weakness system of anisotropic rock mass by result from
results of laboratory test (such as: triaxial compression test, uniaxial
compression strength test), with case of specimens including
anisotropic angle, minimum principal stress.

From result parameters of shear strength of weakness system of
anisotropic rock mass, using methods analysis covariance
(ANCOVA) of statictis, we demonstrate the assumptionsof Nghiem
Huu Hanh (1985) as:

(1)The parameters of the shear strength of anisotropic rock are
equal to the constants with the weakness plane oriented anglea.

(2)The parameters of shear strength of anisotropic are equal
constants with value stressc3, 64 in triaxial test.

The thesis shows equation present relation of parameters shear
strength of weakness system of anisotropic rock mass with value
minimum principal stress and value anisotropic angle for set case of
Sap Viet rock type, China rock type, Japan rock type. All analysis
must verify and have value p <0.05, thus have statistical significance.

All parameters of specimens as diameter, heightsare used for
analysis effect to result of experiments. Anisotropic material of
specimens shows in analysis by new methods of statistic (LMG,
BMA).All analysis must verify and have value p<0.05, thus all
analysis have statistical significance.

The thesis have usedmultiple linear regession to estimate five
constants of deformation eslaticity of anisotropic rock mass, is a
body transversely isotropic. Five constants deformation of SapViet
hydropower plan must verify with three condition of Lekhniskii, and
theystatisfy.
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The thesis used parameters of shear strength and parameter

deformation elasticity of anisotropic rock mass from SapViet
hydropower plan to build numerical model for analysisstability
headrace tunnel of SapViet hydropower plan. The proposed FAAI
factors are estimated for headrace tunnel in SapViet. All value FAAI
are compared with value strength factor in RS® software, shown
similar.

2. Recomendations

Continue experiments insitu at site, and measurement exact
factor FAAI with scale 1:1.

Continue research effect of anisotropic material of anisotropic
rock mass for structure with material high pressure, high
temperature.

Apply new methods of statistic for built parameters of
numerical model in rock mechanics and rock engineering.
Apply theintegrated approach and networking team from
Vietnames researchers with abroad researchers.



25

THE PUBLICATIONS OF THE AUTHOR IN THE TOPIC OF
THE DISSERTATION

. Pham Quoc Tuan, Nghiem Huu Hanh, Xia-Ting Feng, 2015,
Determination of the shear strength parameter of some rock types
modeled by transversal anisotropic body, Proceeding of Vietrock
2015 International Symposium an ISRM specialized conference,
Hanoi, Vietnam.

2. Mori, T., Pham Quoc Tuan,Morikawa, S., Tabei, K., 2015,

Multiple Yield Model in Anisotropic Rock for Underground

Cavern,Proceeding of Vietrock 2015 International Symposium an

ISRM specialized conference, Hanoi, Vietnam.

PhamQuoc Tuan, Nghiem Huu Hanh, Phi Hong Thinh, 2015,

Analysis stability of rock slope at left bank of South portal of

North tunnel — Da Nang — Quang Ngai expressway,Proceeding of

Vietrock 2015 International Symposium an ISRM specialized

conference, Hanoi, Vietnam.

Pham. Q.T, Nghiem H.H., 2014.10, Failure model for rock

anisotropic  formations and application to hydropower

houseDong Nai river of Vietnam,Proc. of the 8th Asian Rock

Mechanics Symposium, Sapporo, Japan.

. PhamQuoc Tuan, Nghiem Huu Hanh,2013, Stability analysis of

right abutment in Ho Ho dam after the incident of overtopping the

dam,Proc. of 13th Japan Symposium on Rock Mechanics,

Okinawa, Japan.

Pham Qudc Tuan, Nghiém Hitu Hanh, 2012, Tiéu chudn bén cho

khoi dd mirt né di hieong va kha nang vmg dung, Tuyén tap cong

trinh khoa hoc Hoi nghi Co hoc toan qudc 1an thit 9, Nha xudt ban

DHBK, Ha Néi.

Pham Quédc Tuén, 2007, Tinh todn ham dan nuée khong cé 16p

do bé tong chiu lyc tai thuy dién Hugi Quang tinh Son La, Tuyén

tap cong trinh khoa hoc Hoi nghi Co hoc toan quéc lan tht 8, Nha
xudt ban DHBK, Ha Ngi.



