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Abstract. Many hydropower stations in southwest China are located in regions of brittle rock mass with
high geo-stresses. Under these conditions deep fractured zones often occur in the sidewalls of the
underground caverns of a power station. The theory and methods of fracture and damage mechanics are
therefore adopted to study the phenomena. First a flexibility matrix is developed to describe initial geometric
imperfections of a jointed rock mass. This model takes into account the area and orientation of the fractured
surfaces of multiple joint sets, as well as spacing and density of joints. Using the assumption of the
equivalent strain principle, a damage constitutive model is established based on the brittle fracture criterion.
In addition the theory of fracture mechanics is applied to analyze the occurrence of secondary cracks during
a cavern excavation. The failure criterion, for rock bridge coalescence and the damage evolution equation,
has been derived and a new sub-program integrated into the FLAC-3D software. The model has then been
applied to the stability analysis of an underground cavern group of a hydropower station in Sichuan
province, China. The results of this method are compared with those obtained by using a conventional
elasto-plastic model and splitting depth calculated by the splitting failure criterion proposed in a previous
study. The results are also compared with the depth of the relaxation and fracture zone in the surrounding
rock measured by field monitoring. The distribution of the splitting zone obtained both by the proposed
model and by the field monitoring measurements are consistent to the validity of the theory developed
herein.

Keywords: underground cavern group; splitting failure; damage evolution equation; numerical analysis;
field monitoring

1. Introduction

In the area of southwest China there are a number of hydropower stations with underground
caverns being in designing or construction stage. The structural stability of these underground
openings under different site conditions is a vital issue in their engineering, excavation and
operation. The rock masses in the vicinity of these power stations have often a complex geologic
body with variable initial stress field, and deferent rock mass properties.
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The rock mass will exhibit various macro geological structure surfaces such as joints, faults,
and cracks. Because of these features the deformation and strength characteristics of the rock
mass, are to a large extent, controlled by the discontinuous nature of the rock. The research on
modeling of crack initiation and propagation of primary joints is important in the understanding of
the fracture mechanisms of the rock mass so as to be able to judge the stability of the cavities
group. Therefore the numerical simulation of the fracture process of a rock mass has become a
considered approach to analyze rock mass behavior and its engineering stability. Yoshida and
Horii (2004) and other authors (2005) conducted stability analyses on specific projects using the
finite element methods, DDA and the 2D or 3D discrete element methods. Hibino (2003)
investigated 16 large-scale underground power stations in Japan and found that for caverns
excavated in typical igneous rock, approximately 2/3 of the sidewall deformation could be
attributed to cavity displacement of open cracks. Yoshida (2003) presented a continuum model
based on micro mechanics. Maghousa (2008) derived an elasto-plastic constitutive model for
jointed rock using the homogenization method for randomly heterogeneous medium. Jiang (2009)
simulated a crack initiation and the evolution process by applying the EDEM method. Zhu et al.
(2008) conducted studies on the displacement prediction in high sidewalls for typical opening
complexes under different conditions and with various factors which influence the displacements
around the caverns. These studies demonstrated the significance of properties such as the rock
density and dip angles and positions of discontinuities on the mechanical behavior of the cavity
structures and proved the effectiveness of DEM to study these cavity problems in a discontinuous
rock mass.

Although there have been many investigations into cavern stability by numerical or in situ
monitoring, comprehensive, systematic studies on stability of large multiple openings under
different conditions have rarely been reported. In this paper, a damage evolution constitutive
model for a rock mass is presented by integrated macroscopic damage mechanics and microscopic
fracture mechanics. The mechanism of secondary cracks and rock bridge coalescence are studied
and from this a damage evolution equation and constitutive model for a rock mass is obtained. The
subroutine with this model is then interfaced with the commercial FLAD-3D software. The
method is then applied to stability analysis of an underground cavern group. And the results are
compared with the field monitoring data for comparison and calibration.

2. Algorithm for subroutine to include rock fracture used with FLAC-3D

2.1 Modified constitutive equation for jointed rock mass

The constitutive equation for general rock masses without joints or cracks can be expressed as
following

[e]=[¢" ][] @
Where the [C"] is flexibility matrix for rock, it can be written
C, Cp O
[C°]=|Cy Cz O )

0 0 C
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Fig. 1 Equivalence of fractured rock mass

However the constitutive equation for the jointed rock mass differs from the above when joints
and cracks are present. The stress status for jointed rock is assumed equivalent to that in the intact
rock, as shown in Fig. 1.

In Fig. 1, a, b and c are defined, a is the half of length of a crack, 2b and 2d are the equivalent
breadth length and thickness respectively of rock element containing the crack. The presence of
cracks results in a reduction in stiffness of the altered rock from that of the intact rock. The
flexibility matrix has the following form

C11 ClZ 0
[C] = C21 sz 0 ©)
0 0 C,

It is assumed that a joint or crack has no affected on Poisson’s ratio of rock mass, so that:
C,=E 4)
Cp,=Cy=-V/E (5)

Eo and v, are the Young’s modulus and Poisson’s ratio for the rock element, and assuming that
joints or cracks have no effect on Poisson’s ratio. Based on the energy reciprocity principle, the
following equations can be obtained

aC
C, =CO +——=n (6)
272K, -2bd

aC
C.=C%+_°=s (7)
33 33 KSZbd

Let normal compressive transferable coefficient of cracks be C,, Cs for shear transformed
coefficient, K, for normal stiffness, and Ks for shear stiffness in Kawamoto’s model (1988). C, and
Cs in the above Eqgs. (6) and (7) can be determined according to Kunin (1983)
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When n groups of arbitrarily oriented cracks are distributed in the rock mass, it is assumed that

the flexibility matrix can be obtained by superposition of the separate values

[c)=[c"J+ 2 [A"] [ac][A]"

For two-dimensional case, the Eq. (10) can be also written as
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Where: [A]] coordinate transformation matrix
cos’e;  sin‘a;,  —sin2g,
[A]=| sine;  cos’e;  sin2g
1sin 2, —lsin 2a, COS2¢x,
L2 2 i
a; is the angle between global and local coordinate system, [AC;] ith flexibility increment
matrix
0 0 0
[ac]=|0 —n?
K;2b.d.
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Fig. 2 Original and secondary cracks in rock mass

2.2 Formation of secondary wing cracks

It is assumed that a sample with an initial crack inside is loaded by the stresses o; and o, in
vertical and horizontal directions respectively and the secondary cracks develop along the
direction of the major principal stress. These cracks are controlled mainly by the crack surface
force F,; and tension force T which is perpendicular to the secondary crack surface. The secondary
cracks can be equivalent to two cracks parallel to the major principal stress, as shown in Fig. 2,
The Fy1and T can be calculated

F.=|(c,—0,)-sina-cosal-f;-H(o,)-0,—C, (14)
T =2aF, cosa (15)
Where
o, =0,-C0s’ a+o,-sin’ « (16)
H(o) :{1 o,>0 a7
0 o0,<0

f; and c;are friction coefficient and cohesion of the initial crack surface, respectively. a is the
angle between crack and major principal stress.

If the shear stress on the crack surface is greater than the shear strength, then secondary cracks
occur at the tip of the original crack. From Fig. 3, the stress intensity factor at crack tip can be
written as

K, =289 1121476, .y (18)

JaL
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Fig. 3 Sketch of stress field for secondary crack
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Fig. 4 General failure mode of rock mass with multiple parallel cracks

In case of tension crack model
KI = ch

The secondary crack length is

1] {K%c +11614To, —K
Y 2.2430,

L

For multiple cracks coupling case, the crack interaction factor F, is introduced as
Kl =F -K,

Substituting into Eqg. (20), it follows that

L1 JKZc +11.614To, —K
C-FP 2.2430,

(19)

(20)

(21)

(22)
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Fig. 5 Shear failure of rock bridge in rock mass with multiple cracks (dashed line indicates rock bridge)

2.3 Rock bridge coalescence in rock mass with multiple cracks

In rock mass with multiple parallel cracks, the rock bridge will be formed under two or

three-dimensional compression. The failure model with two parallel cracks is shown in Fig. 4.

As the crack surface when shear stress. Fy;=|(g1—02)-sina-cosal—f;-H(en)-6,—C>0, secondary
cracks occur. When the secondary crack propagates to some extent, rock bridge coalesces due to
shear stress, being greater than shear strength as illustrated in Fig. 8, and leads to the failure of
rock mass. In Fig. 5, it is shown that the shear failure is mainly caused by the shear stress Fp,.

Stress analysis given as following

CD CD CD
F,=7 —fk'H(O'n )-O'n —C,

in which

1 >0

H (JED): Tn

0 o.°<0

and
=~ % §in2g
2
o® =0,-cos* 0 +a,sin’ &

(23)

(24)

(25)

(26)

The terms, f, and ¢, are friction coefficient and cohesion of rock. When F,=0, the rock bridge

fracture will be occur.
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Fig. 6 Rock classification of surrounding rock masses in underground powerhouse zone at elevation 688m

3. Engineering application and failure analysis of rock surrounding

In this section the algorithm for the rock mass damage fracture model and fracture evolution
equation (discussed in the section 2), is written in a subroutine which is then interfaced with the
FLAC-3D analysis program and the model and methods applied to the stability study of an
underground cavity complex of a power station excavated in the rock mass.

3.1 Engineering background and geological conditions

Pubugou hydropower station, located on the upper reaches of the Dadu River is one of the
largest cascade development stations in China. Underground caverns located downstream on the
left bank of dam axis in granite, about 400 m from the shore. The cavern group is composed of
main and auxiliary powerhouse, a transformer house, surge chamber, 2 tail water tunnels and 6
diversion tunnels. The main and auxiliary powerhouses, as well the transformer house and the
surge chamber are arranged in parallel, the longitudinal axis of the main power house is in the
direction N42°E. The main powerhouse and transformer house are 41.95m, apart and the
transformer house and surge chamber 32.70m, apart. The depth of the three larger caverns is more
than 200 m.

Geostresses of the station area are controlled mainly by the tectonic stresses. The maximum
principle stress ¢,=21.1-27.3MPa, three mean stresses deviation are oy: o,: 03=1:0.65:0.27, The
ratio, uniaxial compressive strength o, to maximum principal stress oy is 4.4-5.9, and angle
between the longitudinal axis of powerhouse and the direction of the maximum principal stress
varies 12°~ 42°,
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Table 1 Pysico-mechanical parameters of rock mass

Classof ook classification  Density o Medulus of - Young’s = 55000 Cohesion
surrounding and characteristics (gcm?) deformation modulus atio MPa tan ¢
rock Ey/GPa E/GPa
| Fresh, intact granite 2.66 27-30 35-40 0.18 3.0 1.73
Fresh or light
1 weathering blocky 2.61 15-20 20-26 0.21 2.0 1.42
granite
Fresh or light
1 weathering blocky 3.07 12-18 18-26 0.23 2.6 1.42
basalt
i Weakweathered sub -, o) 8-13 10-17 025 12 110
-blocky granite
i Weak weathered basalt g 6-10 8-15 0.27 15 110
with mosaic structure
v Fresh or light
weathering tuff with 2.71 3-5 8-15 0.27 0.6 0.84
mosaic structure
V' Weskunloaded zone ¢ 13 4-6 03 05 084
of granite or basalt
Fractured tuff, strong
v Weathering_ zZone, i <1 <1 0.35 i i
strong unloading zone,
fault zone

Geological information obtained during the excavation showed no large fault crossing the plant
area, and the fractures consisted mainly of the Ill, IV class structures surfaces such as small faults
and joints. In the main the direction of longitudinal axis of the powerhouse and the main direction
of fracture structure face is greater than 50°.

The rock surrounding of plant caverns is a middle coarse grained granite; uniaxial compressive
strength greater than 100 MPa, the physical mechanical parameters of the rocks are given in Table
1. There are three major areas of rock mass quality (see Fig. 6.): The west area away from f12, f13,
small faults are developed, rock mass integrity is poor, and it belongs to Il class according to the
Chinese national classification for rock. In the south region, away from f7, rock is weakly
weathered, and is of class Ill. The east area away from f12, f13 and the north area away from f7,
rock mass has a simple, integral structure and of I, 1l class.

The theoretical model presented in Section 2 is used to study the stability of the surrounding
rock of the caverns of Pubugou hydropower station. The main cavern group of the project consists
of the powerhouse, the transformer house and surge chamber, see Fig. 7, whose dimensions (width
and height) being (27x71 m, 26x33) m and (20x56) m, respectively. The three caverns are parallel
in plan. The computation domain covers 540m along the X direction and 740m in the Y direction.
The quasi-three-dimensional model (103222 nodes, 88886 elements) has a dimension of 32m in
the Z direction.

3.2 Excavation scheme
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Fig. 7 Sketch of stepwise excavation of underground powerhouse chambers

The caverns, see Fig. 7, were formed by sublevel excavation, in steps from their tops, power
house 9, main transformer house 3 and surge chamber 7 steps.

Displacement measuring instruments were installed in several profiles of the underground
cavern group. From statistical analysis of the measurement data, the convergence displacements
for cavern walls are characterized:

displacements in the range, 10 mm 46.4% ,

displacements greater than 20 mm 30% ,

displacements greater than 40 mm 9.6%,

displacements greater than 50 mm 6% respectively, of the total.

For the power house the displacements of the upstream side wall and top arch are small, larger
displacements occur in the downstream side wall and two crane beams, have values of over 20
mm. The maximum displacement of surrounding rock is at downstream crane beam of turbine unit
2# section, with the final accumulated displacement being approximately 80mm.

For the transformer house the largest displacements occur in its upstream side wall, the
upstream arch abutment and the downstream side wall locations, with deformations less than 30
mm.

For the surge chamber the maximum deformation of approximately 85 mm occurs in the side
wall at unit 2# turbine location.

The locations maximum displacement values in the surge chamber and the position of
maximum deformation for transformer house correspondence with one another. Since the F19
passes between the transformer house and surge chamber, and it indicates that Fault F19 is the
main geological factor which causes the large deformations of transformer house downstream side
wall and surge chamber upstream side wall for the section of turbine unit 2#.

In general, the positions with large deformation of the caverns and the reasons for the
deformations are caused by the geological environment and the nearby construction conditions.
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Fig. 8 Cross-sectional view of splitting damage zones (A: Z=1 m) and Cross-sectional view of splitting
damage zones (B:Z=15 m)

m @
(@) (b)

Fig. 9 Cross-sectional view of damage zones (A: Z=1 m) and Cross-sectional view of damage zones
(B: Z=15 m)

3.3 Simulation result and analysis

From the computation results, the estimated damage evolution zones in the surrounding rock
mass are in Fig. 8. Fig. 8(a) shows damage zone (red area) in the cross-section position Z=1 m
without connect bridge, and Fig. 8(b) shows damage zone in the cross-section position Z=15 m
with connect bridge. In Fig. 8 the depth of the damage evolution zone is estimated to be 14.7 min
the downstream sidewall of the powerhouse and 7 m in the upstream sidewall of the transformer

chamber.
A splitting failure criterion for the surrounding rock masses also used based on laboratory

model test and energy analysis method by Li (2007). The criterion is expressed by the condition

J 7 +(sin@cos® @+ pcos® O
oz Kedrk vo, 2 akats ) (27)
L(sin@cos® 0 psin® Ocosd)  (sin@cos’ @ - usin’ Ocos )

Where: u is the friction coefficient of crack surface, L is the length of the splitting crack and 6
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is the angle between the original crack and the major principal stress.

It is assumed only the joint with higher dip angle will have a significant effect on producing the
splitting fracture, since the joint is considered only as original crack in Eg. (27) and the major
principal stress in the sidewall will be vertical. Therefore the angle 6 can be obtained as §=45.5°.
According to the field observation the length L is predicted as L=10 m and x=0.5.

The above equation is also used to calculate the depth of the splitting damage zone based on the
elastic-plastic analysis results. The calculation results using sections in Fig. 7 are shown in Fig. 9.

The damage zones obtained methods are little bit difference between Fig. 8 and Fig. 9. For
some parts of rock surrounding the two research methods are verified both by borehole TV camera
stated in following. From Figs. 8 and 9, the damage areas distributions calculated by the above two
methods are very similar each other. But the damage zone in Figure 8 is a little bit bigger, since the
numerical method based on rock bridge fracture model is used to calculate the crack evolution
process gradually step by step. But the damage zone in Fig. 9 based on the semi theoretical and
semi empirical results from substituting Eq. (27) to the final stress state computed for underground
powerhouse cross-section. Therefore, it can be known the former method may reflect the evolution
of damage area, which is increased gradually, but the latter method can not reflect the evaluation
effect of damage area. Since, the damage area by former method for some parts of rock
surrounding are larger than that by latter method. However, the damage zones based on the two
methods are very closed to the observation by borehole TV at least at the monitoring location (see
the next section).

From the Fig. 8, it can be seen that the depths of splitting damage zone calculated by the
method with rock bridge fracture model in former method is approximately 14 m in the
downstream sidewall of the powerhouse and 7 m in the upstream sidewall of the transformer
chamber. These values show that the depth of the splitting damage zones obtained by the latter
method is very close to those using the monitoring method in field.

3.4 Comparison to the field monitoring

In order to investigate the development and distribution of splitting crack zones in the
powerhouse sidewall, two horizontal observation boreholes (42 m in length)(see Fig. 7) are drilled
in the two side walls of the No. 4 bus bar tunnel through the rock pillar between the powerhouse
and the transformer chamber. Another two horizontal observation boreholes are drilled below the
bus bar tunnel from the powerhouse to the downstream sidewall. Borehole TV and the
strain-electric-receptivity-rate technique are used for the observations. Herein, the method for
monitoring splitting failure zones by borehole TV camera is given and the results discussed.

A KDVJ-400 borehole imager and a digital panoramic borehole camera are used to observe the
change of the crack zones in the powerhouse downstream sidewall and the main transformer
chamber upstream sidewall. When each stage of excavation is completed, the pictures are taken by
borehole TV camera in every 5m distance in the drilling borehole, and the statistics number of
crack with large dip angles are taken mainly in this observation segment. The observation results
are shown in Fig. 10.

Fig. 10 is a plot of the number of cracks with large dip angles counted by the borehole TV. It
shows that during the excavation cracks formed gradually and increased in number in the pillar.
The depth of the splitting damage zone is estimated to be approximately 15 m in the downstream
sidewall of the powerhouse and 7m in the upstream sidewall of the transformer chamber. These
results compare well with the calculation results given by the proposed model. It can be seen from
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the downstream sidewall of the the upstream sidewall of the

powerhouse transformer chamber.
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Distance from the downstream sidewall of the powerhouse to
the upstream sidewall of the transformer chamber (m)

Fig. 10 Relation between the number of cracks and the borehole depth in different monitoring stages

Fig. 10, the area 14-15 m depth from the sidewall surface to the deep part of the pillar in the
downstream sidewall is the cracks concentrated area (5-9 pieces larger cracks in this area in
distance 5-10 m from the wall surface of power house), while the area 6-7 m depth from the
sidewall surface to the deep part of the pillar in the main transformer chamber is also the cracks
concentrated area (4-8 pieces larger cracks in this area for different stages). However, the central
part of the rock pillar in Fig. 10, the zone from the main powerhouse wall (set to 0 in Fig. 10) to
15-30 m there are only 1-3 pieces cracks for every 5 m borehole section. Therefore, it can be
consider there is 14 m splitting zone in the left of pillar center part (counting from the main
transformer chamber wall), but in the right of pillar center there is 7 m vertical splitting zone
(counting from main transformer chamber wall). Therefore, the damage zone depths of the
observations above mentioned are very closed to the calculation results (14.7 m and 7 m) in the
former part of this section. This proves that the rock bridge fracture model provided in this paper is
more effective.

4. Conclusions

1. The damage-fracture model and the geometric damage analysis method are adopted to
investigate the effect of joints and cracks on the strength of a rock mass. A constitutive equation of
the rock is established. The model considers the geometric factors associated with multiple joint
sets of cracks.

2. By analyzing the formation of secondary cracks superposed on the original cracks caused by
new stress condition, a damage evolution equation and failure criterion for rock bridge coalescence
is established.

3. The failure criterion is applied to the numerical simulation on the rock stability of an
underground engineering project, and the damage zones of rock surrounding are estimated by the
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new methods. The calculated damage zones depths based on the mechanical model and splitting
failure criterion are consistent with field monitoring data measured by borehole TV.
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