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Summary 

The large underground power chambers of Ertan Hydropower Station will be 
built near the abutment on the left bank in a region with high initial stresses. In 
this paper, a statistical analysis is presented for the phenomenon of core disking in 
the dam site. On the basis of a number of stress measurements, the region of the 
river valley could be divided into three different geostress zones. It is shown that 
there exists a rather high horizontal stress of up to 30 MPa, and even over 60 MPa 
at the bottom of the river bed. A least square method has been introduced to get 
a continuous field of stress, which approximates the variable measured stress data. 

She ghai 

Fig. 1. The location of Ertan dam site 

1. Introduction 

The  Ertan H y d r o p o w e r  Station will be located in the remote mountain 
and gorge region of the Yalong River in southwest  China (Fig. 1). The  strata 
at dam region are Permian basalt (fl) and deuterogenously intrusive syenite (~). 
The  syenite mass with a length of about  six km and a width of one km 
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extends northeastwards, and the dam site is located at the southwest end of 
the mass. The left bank is mainly composed of syenite while the right 
one is mainly composed of basalt. Both masses are rather intact and hard, 
the number and the dimensions of the faults in the masses are small. In 
syenite, there exist three main joint sets with strikes of NE 30--500, 
NW 40--500 and NW 60~ 60 ~ the former two are more frequent. 
Along the bank of the dam site high mountains (about 400--500 m) with 
an average slope of 30--40 degrees are situated. The height of the dam 

Fig. 2. Layout of underground power chambers at dam site 

and the storage capacity of the reservoir are 245 m and 5.8 x 109 m a respec- 
tively. The installed capacity of the station is 3--3.5 GW. The underground 
power house with a length of 240 m, a width of 27.5 m and a height of 
65 m will probably be built near the abutment on the left bank (Fig. 2). 
The feasibility of building this project is under consideration. 

2. Rock Fracture Phenomena and Statistical Analysis 

During the exploration stage of the project, nearly 200 prospecting 
bore-holes with a total length of over 20,000 m were drilled in order to 
make engineering geology conditions clear. In 84 bore-holes, phenomena of 
disking fracture of cores occurred, 45 holes of them are situated in the 
lower parts of the river bed and the valley slope. 

The fracture surfaces are generally perpendicular to the axes of the 
bore-holes. Rupture phenomena took place locally at various depths in every 
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bore-hole. The average length of these stretches was about 0.2--0.5 m, but 
the longest stretch (in which 500 disks formed in succession) had a total 
length of up to 13.50 m (Fig. 3). Fracture surfaces are often fresh and rough. 

Fig. 3 
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Fig. 4. Probability distribution of disk thickness for bits of ;~ 56 mm 

The top surfaces of the disks are concave and the bottom ones are convex, 
their thicknesses h are generally proportional to their diameters d (h/d= 
1/3--1/4). 

Figs. 4 and 5 show the distribution of disk thicknesses for two different 
bore-hole diameters. The average thickness h is proportional to the core 
diameter d, in fact, the average thicknesses for the ~ 56 mm and ~ 108 mm 
bore-holes are 10.7 mm (h/d=0.27) and 20.9 mm (h/d=0.25) respectively. 
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The  statistical distribution of 332 fracture bands of 54 bore-holes at the 
bot tom of the valley is shown in Fig. 6. Higher fracture probabil i ty occurs 
at the altitudes between 930--975 m making up 74.7% of the total  number.  
This band is 20--40 m just underneath the surface of the rock base. Ac- 

10 

9 

8 

7 

frequency 

108mm 

7E 5 , /  
3 2/ 
1 

16 17 18 

"x 
~ core diameter d-- 8Z 8ram 

19 20 21 22 23 2,~ 25 25 27 28 

tlvckness (mm) 
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cording to the restllts of a series of experiments and analyses, it may be said 
that the main contributing factors to disking phenomena are the stress con- 
centration at the bottoms of the cores and partial unloading during drill 
process in a highly stressed region rather than other factors such as tectonic 
(joints), primary (stratifications, cleavages etc.) or the mechanical disturbance 
of the coring bits. 

Statistical analysis has also shown that disking mainly occurred in syenite 
(amounting to 80% of the number of the whole bands). Therefore, a series 
of laboratory tests for syenite samples has been performed on a servo- 
controlled rigid machine; almost all syenite samples produced intensive burst 
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Fig. 7. Count rate of AE for dry samples under loading 

sounds with flying out broken pieces when failure occurred. These tests 
were monitored by acoustic emission techniques, the AE frequency curve is 
shown in Fig. 7. The sudden character of AE occurring during loading is a 
good evidence of the outstanding brittleness of the rock. 

3. Initial Stress in Rock Mass 

The project is located in Gonghe Fault Block situated on the  west side of 
the middle segment of Sichuan Yunan Tectonic Zone with a S-N strike and 
is surrounded by the deep and large-scale fracture zones of Xifantian and 
Jingqinghe, by the Yalon River and by the blind tectonic zone of Huaping 
Dukou with a strike of W-E. These fault zones had long activity in geo- 
logical history, differential tectonic movements and strong seismic centres 
occurred along them. Around this region, there are some active fracture 
zones of Anning River (formed about 1600--1300 years from now), Jingqing 
(where an earthquake measured M=6 .7  took place in 1467), Xigeda (1000 
years ago). Weak earthquakes frequently occurred in recent time in this 
geologically active region. The Gonghe Fault Zone, where no intense earth- 
quakes were recorded in history, is rather intact itself, and can be considered 
a relatively stable island in recent geological activity. 

The dam site is located in the deeply cut valley of the Yalong River, 
which is oriented N 60 ~ W. The valley is V shaped and asymmetrical: the 
left bank is higher and has an inclination of 2 5 - - 4 0  ~ whereas the right one 
has an inclination of 30--450 . 
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T h e  l and fo rm and the geological  s t ructure  suggest tha t  the d a m  site is 
located  in a high stress region.  H i g h  stress condi t ions  can be predic ted  by 
bo th  the p h e n o m e n o n  of  core disking, wh ich  of ten occur red  in p rospec t ion  
bore-holes  (especially in those  located  in the river bed), and  the p h e n o m e n o n  
of  rock  burst ,  wh ich  t o o k  place somet imes  in the exp lora t ion  adits wi th  
direct ion parallel  to  the or ien ta t ion  of  the river. 

In order  to  determine the initial stress in the  rock  mass,  a great  n u m -  
ber of  in-situ tests were  pe r fo rmed  using overcor ing  techniques.  A b o u t  700 
original  da ta  have been ob ta ined  f r o m  45 bore-holes  w i th  a to ta l  length of  
460 m. T h r e e  different  p robes  and  ins t ruments  were  used for  the  tests as 
indicated in the  fo l lowing :  

1) Bore-hole  Defo rme te r  

It  consists of fou r  steel r ing t ransducers  by which  the radial  de fo rma-  
t ions a long fou r  direct ions at 45 degrees f r o m  each o ther  can be measured  

1 2 3 4 
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Fig. 8. Longitudinal section of the borehole deformeter 
1 - -  Steel; 2 - -  Frame; 3 - -  Shell; 4 - -  Conical stopper; 5 - -  Cable 

s imul taneous ly  (Fig. 8). W h e n  the de formete r  is equipped  wi th  strain gauges  
of  1 #e sensitivity, its range  of  measu remen t  and  sensitivity are 0.8 m m  and  
0.0001 m m  respectively. T h e  ca l ibra t ion accuracy  is 0 .5%.  Because the accu- 

Table 1. Comparison Between Preloading Stress and Measured Stress 

Type of Dimension State of Preloading stress Measured stress 
rock of specimen loading (MPa) (MPa) 

(cm) ~1 ~. q~ ~sz ~2 ~o 

Granite 50 x 50 x 80 uniaxial - 5.2 0 0 - 5.5 0.7 - 70 
50 x 50 x 80 uniaxial 0 0 0 0.3 0.9 / 
50 x 50 x 80 uniaxial 0 0 0 - 0.2 0.4 / 

Dolomitic 35 x 35 x 60 biaxial -9 .6  -4 .6  0 -9.1 -4.8 -40 
Limestone 35 x 35 x 60 biaxial - 9.4 - 4.9 0 - 10.0 - 4.1 - 12 o 

cp is the angle between crz and horizontal axis. Clockwise positive. 
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racy of stress measurement depends mainly upon the deformability of the 
rock, overcoring tests were performed on large size rock samples preloaded 
with uniaxial or biaxial stresses in order to determine the overall accuracy 
of the system (Table 1). Because the syenite and the basalt are less fractured 
and more deformable than the granite and limestone in which the tests of 
Table 1 were carried out, a better accuracy can be expected in the in-situ 
measurements. 

2) Piezo-magnetic Strain Gauge 

This gauge is somewhat similar to the Hast strain gauge of Sweden. The 
disadvantage of the bore-hole deformeter and Piezo-magnetic strain gauge is 
that three bore-holes must be drilled along different directions in order to 
measure the complete stress sensor at one point. 

3) Triaxial Bore-hole Strain Gauge 

Three sets of strain rosette having four strain gauges each are stuck 
on the bore-hole wall by means of a wedge mechanism, after hardening of 
the cement overcoring is effected. An obvious advantage of this probe, 
similar to that described by Leeman ,  is that only one bore-hole is needed 
for determining the complete stress. 

For the three techniques mentioned above, always the same diameters 
for the central bore-hole (36 ram) and for the overcoring one (130 ram) 
were adopted. 

The results of the tests are shown in Tables 2, 3, 4 and Fig. 9. 
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T h e  az imu th  of the  ma jo r  p r inc ipa l  stress of these twelve  po in ts  is 
ma in ly  a b o u t  N E  30 ~ n a m e l y  pe rpend icu la r  to  the d i rec t ion  of the  river. 

In  order  to o b t a i n  i n f o r m a t i o n  a b o u t  the in f luence  of stress relief near  
the valley slopes, ano the r  six bore-holes  were dri l led a long  a d i rec t ion  para l le l  
to the b a n k ' s  d i rec t ion  in order  to  measure  the p l ane  stress state on  a vert ical  
sect ion wi th  a strike of N E  300 at different  dis tances f rom the  slope surface. 

Table 2. Measured Values of Complete Stress Components 

No. of Rock type ~1 ae aa Instru- 
meas. merits 
points* MPa ~ /3 MPa ~ /3 MPa ~ /3 

2.1 Syenite 25.5 340 230 8.8 1400 330 2.4 2770 480 (1) 
2.2 do. 18.4 310 45 o 7.3 141 ~ 190 -1 .9  245 o 340 (1) 
2.3 do. 19.1 200 570 6.6 160 ~ 27 o 5.6 260 o 180 (2) 
2.4 do. 23.0 350 220 15.7 1150 -200 6.2 1690 56 o (3) 
4.1 Altered 29.0 359 o -80 11.5 76 o 570 7.2 275 o 32 o (2) 

syenite 
4.2 Basalt 37.6 220 260 17.0 111 o - 3  o 10.2 195 ~ 63 o (2) 
4.3 Syenite 25.1 39 o - 7  o 23.9 137 o - 47  ~ 10.9 1230 42 o (2) 

24.1 do. 9.4 353 o 31 o 4.4 1630 580 4.2 2610 4 o (2) 
23 .1  Agglomerate 26.1 160 270 16.5 1010 -100 10.6 1720 610 (2) 
11.1 Basalt 29.7 110 -240 21.6 950 120 4.0 3410 630 (1) 
11.2 do. 31.9 480 -80 14.7 1320 260 9.0 3420 630 (3) 
32 .1  Syenite 10.7 280 -240 4,1 1230 -100 1.4 540 640 (2) 

* No. 2.1 means meas. point 1 in prospect adit 2. 
azimuth of stress (plus for clockwise, minus for counter-clockwise from 

fl dip angle of stress (plus for elevation). 
north). 

Table 3. Data of Measurements [or Vertical Section of NE 30 o 

No. o~ meas. Rock type al (MPa) (ra (MPa) 01 Instru- 
points ment 

2. a Syenite 24.0 2.8 31 o (1) 
2. b Syenite 16.6 1.7 46 o (1) 
2. c Syenite 30.8 10.3 29 o (1) 
2. d Syenite 19.3 2.0 26 o (1) 
2. e Syenite 20.6 4.9 46 o (1) 
4. a Syenite 39.6 4.5 43 o (1) 

~1, aa are max. and min. principal stresses for deep boreholes for specific section. 
01 is dip of <rl (plus for clockwise). 

T w o  vert ical  bore-holes  were  dri l led at  the  sides of the  r iver so tha t  
the stress c o n c e n t r a t i o n  at the  b o t t o m  of the  river cou ld  be de te rmined ,  the 
measu remen t s  were  pe r fo rmed  du r ing  dry season whi le  the  dr i l l ing p l a t fo rm 
was erected above  water .  It is in te res t ing  to m e n t i o n  tha t  at the dep th  of 
37.5 m the rock cores (30 cm long) were f rac tured  du r ing  overcor ing  in to  disks 
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Table 4. Data of Measurements [or Deep Boreholes at River Bed 

Location Depth of meas. or1 (MPa) or8 (MPa) 01 Instru- 
point ment 

Left bank 17.6 m 1.8 0.5 NW 780 (1) 
Left bank 24.5 m 4.9 1.2 NE 870 (1) 
Left bank 30.0 m 17.6 2.9 NW 80 o (1) 
Left bank 37.5 m* 63.7 28.5 NE 34 o (1) 
Left bank 40.5 m 64.6 25.4 NE 50 o (1) 
Left bank 45.0 m 48.4 19.8 NE 28 o (1) 
Left bank 55.3 m 58.8 30.9 (1) 
Left bank 59.4 m 59.8 31.3 NE 50 o (1) 

Right bank 21.9 m 1.5 - 1.0 NE 60 (1) 
Right bank 26.8 m 1.1 -2 .0  NW 32 o (1) 
Right bank 38.0 m 14.2 12.4 (1) 
Right bank 45.0 m 38.6 23.8 NE 120 (1) 
Right bank 53.5 in 39.9 22.2 NE 32 o (1) 

Av. value below 37.5 m of 
left bank . . . . . . . . . . . . . . . . . . . .  58.9 

Av. value below 45.0 m of 
right bank . . . . . . . . . . . . . . . . . . .  39.2 

27.2 NE 400 

23.2 NE 22 o 

w i t h  an  ave rage  th ickness  of 2.5 cm,  s o m e  of  t h e m  still  p a r t l y  s tuck  to-  
ge the r  (Fig. 10). In  sp i te  of this  p h e n o m e n o n ,  f o u r  sets of stress va lues  were  
a c c u r a t e l y  o b t a i n e d  f r o m  f o u r  d e f o r m a t i o n  curves  o w i n g  to the  exce l l en t  

Fig. 10 

p r o p e r t i e s  of  T y p e  36-2 de fo rme te r .  T h e s e  f o u r  sets of  stress va lues  can  be 
c h e c k e d  w i t h  each  o the r ,  the  d e v i a t i o n  is less t h a n  5% (see the  va lues  
m a r k e d  w i t h  "*" in T a b l e  4). 

N o t w i t h s t a n d i n g  the  g r e a t  n u m b e r  of  s tress  m e a s u r e m e n t s ,  the  in -s i tu  
stress d i s t r i b u t i o n  is m a d e  u n c e r t a i n  by  the  va r i a t i ons  in s t ruc tu re  a n d  l i tho l -  
ogy  of  the  r o c k  mass .  T h e r e f o r e ,  b a c k  ana lys i s  has  been  d o n e  us ing  F E M  
to  ge t  the  gene ra l  s t ress  f ie ld at  the  d a m  site ( B a i  a n d  Li ,  1982). 

F r o m  the  m e a s u r e d  d a t a  a n d  the  F E M  ana lys i s  the  f o l l o w i n g  conc lu -  
s ions  w e r e  d r a w n :  

- -  F ie ld  m e a s u r e m e n t s  have  i n d i c a t e d  t ha t  the  d a m  site is l o c a t e d  in a 
h igh  stress  r eg ion ,  fo r  ins tance ,  the  m a x .  s tresses in syeni te  r each  26 M P a  
(up to  40 M P a  fo r  s o m e  specif ic  bore -ho les )  and  those  in basa l t s  a re  even 
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higher (about 30--38 MPa). The highest stresses were measured in the river 
bed (60 MPa for left bank and 40 MPa for right bank). In addition, 
the differences between major and minor principal stresses are quite large. 
They are about 7--14 MPa at the two banks and even up to 20 MPa at the 
river bed. Instability of underground openings may occur during future ex- 
cavation because the max. initial shear stress is close to the cohesion of the 
rock samples, which is about 20--30 MPa. 

- - T h e  regional geological situation indicates a N-S orientation of the 
main tectonic stress and the solutions of earthquake focus mechanism show 
an orientation of actual tectonic major principal stress of about NW 10--20 ~ 
But at the site of the engineering project, the in-situ measurements have 
shown that the max. principal stress has an orientation of NE 30 o (i. e. 
perpendicular to the strike of the river) and that its dip is slightly smaller 
than the slope of the bank. This eloquently points to the governing influence 
of the local morphological conditions in the river valley for the initial stress 
distribution. 

- -  Measurements and calculations have shown that the rock mass may be 
divided into three zones - -  stress released zone, stress concentration zone and 
constant stress zone - -  each characterized by a different configuration of the 
initial stress (Fig. 11). The coefficient of stress concentration is about 1.5. 

I J 
I 

/ Concentrofed. Zone 
Loosened Zone / / 

(b,/ / _ o ~ " " o  / �9 
, , , , _ 

0 20 40 50t4po ~ / "  . / ' "  Oisfance (m) 
Scale of Sfress J'~ I " - - . - -~  . /  

80 ~ -~ - u / . /  Consfan~ Zone 

Fig. 11. a) Principal stresses in syenite in cross section o~ the river, b) Three stress zones 
characterized by measured stresses 

The bottom of the river bed is in the region with most serious stress con- 
centration and all the measurements performed in this part fell within this 
stress concentration zone. Its depth can be evaluated from the positions of 
disking bands appearing in bore-holes and from the FEM analysis; it is 
about 160 m (see Fig. 11). 
- -  The accumulated strain energy is different from place to place owing 

to variable mechanical properties of rock, for instance, a rock mass with a 
high elastic modulus or triaxial strength can lead to a high stress concen- 
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tration. It can be seen from field measurements that the major principal 
stresses are 19--24 MPa for syenite and 29--34 MPa for basalt in con- 
stant stress zone. 

- -  The ratio of the three principal stresses is about 1 : 0.5 : 0.25, their azi- 
muths are NE 30 ~ NW 60 ~ NE 30 ~ and their trends and dips are SW 30 ~ 
horizontal (parallel to the river direction), and NE 600 respectively. In certain 
sites initial stresses deviate from normal values because of the effect of 
local tectonic alteration. 

- -  The phenomena of disking occurring in vertical bore-holes at the river 
bed are clear evidences of the existence of high horizontal initial stress. The 
two principal stresses on the horizontal plane on which measurement was 
performed are 63 and 28 MPa respectively. 

4. The Approximation of the Geostress Field by Least Square Method 

It is quite possible that the underground chambers will be built near 
the abutment of the dam and the FEM should be employed to analyse the 
stability of the chambers. The geostress field in the bank region, as described 
in the previous section, is a variable one owing to the influences of the 
topography and of the different lithotypes characters. On the basis of the 
data obtained from stress measurements as well as the condition that some 
stress components are zero at the ground surface, a least square method was 
used to derive a continuous geostress field. The region where the calculation 
was effected (a huge roughly cubic rock mass of which the top surface is 
the natural ground surface) has the bottom at an elevation of 800 m, and 
its four vertical side walls at a distance of 200 m from the outer side-walls 
of the envisaged chambers. 

4.1 Form of the Stress Functions and Conditions 

The differential equilibrium equations may be written as follows. 

a~ 8 Vzy �9 8"czz 
Ox + ~ - y  ~z = 0  

8 Tyx ~ O'y ~ Tyz 

ax + ~ d  + ~ - z  = ~  (]) 
~ "Czx O Tzy ~ (;Z 
Ox + ~ - y  + T d - z - e g  = 0  

in which 

o - -  density of rock 
g - -  gravitational acceleration. 

Eqs. (1) are linear non-homogeneous of which the solution are superim- 
position of the general solutions of the corresponding homogeneous equations 
and the special solutions of the non-homogeneous equations. The special 
solutions are taken as: 

( T x = ( T y = f f z : T x y ~ T y z : O ,  T z x ~ X .  
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Then the general solutions to the homogeneous equation corresponding to 
the system (1) can be described in terms of stress functions r (x, y, z), 
r (x, y, z), Ca (x, y, z). Granted that the stress functions are in the form of 
the fourth order multinomials of coordinates (x, y, z), the components of 
stress must be the second order function of coordinates; as a result, they 
can be fitted to the variation of the initial stresses measured in situ. The 
general expression of stress function is 

r = a l x  2 + a z y  z + aaz ~ + a4xy  +aayz  + a 6 z x  + a 7 x  3 + asy  a 

+ agz a + aloxyz + al l  x 2 y + alz x 2 z + ala xy  z + a14 y2 z + ata z 2 x 

+ a lvyz  2 + a i s x  4 + als y4 + al9z  4 + azoxy a + azl xz  a + a2zx ay 

+ azayz 3 + aeaxaz + az5yaz + a26xZy 2 + a27x2z 2 + aesy2z 2 

+ a29 x 2 yZ + aao y2 x z  + aal Z 2 xy.  

(2) 

Similarly, we can get the function r and Ca. Considering the following 
relations between stress functions and stress components: 

02 r 02 4~ 02 41 02 r 
(r, = ~ + Oz 2 av = ~ + Ox 2 

02 42 02 r 02 r 
~ z = ~ +  Oy2 "Cxy= 8xOy 

02 41 02 42 
Tyz -- 3y 3z Tzx Oz 3x 

The stress components can be expressed as follows: 

( r x = b 0 + b l x + b a y + b a z + b 4 x  2 + b S y  2+b622 

Where 
+ bl  xy  + b8yz + bgzx.  

b0 = 2 (a2" + aa') 

b2=2 (3 as" + a16') 

b4=2  (a26" + a~7') 

b8 =2  (a28" + 6a19') 

b8 =6  (a2('  +a~a') 

bl =2  (ala" + a15') 

ba = 2 (a14" + 3 ag') 

b5 =2  (6a18" + aza') 

b v =2  (3azo" +aal ')  

b9=2  (aao" + 3 a2,') 

(a' and a"  are coefficients of r and Ca). 

(3) 

(4) 

Similar equations can be written for the other stress components. Substitut- 
ing (3) into compatibility equations expressed in terms of stress components,  
namely, 

0 2 0  
(1 + v) V 2 ~,  + ~ = 0 (5) 

(the equations expressed in terms of ay, az, Txy, Tyz, Tzx are not written 
for simplicity) 
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where 
O =(rz +(Tv +Ciz 

- -  poisson's ratio. 

It is possible to eliminate six of interpolating coefficients of Eq. (4). The 
above stress components will satisfy the equilibrium and compatibility equa- 
tions automatically. 

4.2 The Processes o/ Approximation by Least Square Method 

This process makes use of the boundary conditions at the topographic 
surface and of the stress values determined by means of the in-situ measure- 
ments. At a boundary point on the surface where the direction cosines of the 
outernormal are l, m, n, the normal and tangential tractions are equal to 
zero, namely, 

X~ =~xl + vzvm + rz~n =0 

Y~ =vuzl + aum +rvzn =0 (6) 

Z~ = vz~l + Tzvm + ~zn =0. 

The boundary conditions can be written in terms of interpolating coeffi- 
cients if the stress components defined in terms of these coefficients (Eq. 4) 
are substituted into Eqs. (6). 

In conclusion 6 equations are available for each point where the com- 
plete stress tensor has been determined and 3 equations can be written for 
each point selected on the topographic surface. The general form of these 
equations is 

A1Q1 (xr + A2 Q2 (xd + . . .  + An Qn (x~) = Br (7) 

unknown interpolating coefficients (n=55 are independent ones 
for this case); 

X~ - -  coordinates of point (x, y, z); 

Q;. - -  power functions of coordinates (/= 1, 2 , . . . ,  n); 

Bi - -  measured values (~,  ~ s , . . . ) ,  or zero values of tractions at the 
boundary points i=1 ,  2 , . . . ,  m, m = 6 •  x K, [ -  the num- 
ber of measuring points, K - -  the number of selected boundary 
points. 

A least square method was applied to obtain the best estimates of the 
A~ coefficients. In Fig. 12 the stress values found in six measurement points 
are compared with the estimated given by least square method. A good 
coincidence can be noted except for individual components of certain spe- 
cific points. The relative locations of the measurement points with respect 
to the underground chambers are illustrated in Fig. 2. The continuous stress 

in which, 

An - -  
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field of the chambers area was given with this approximation and the pro- 
jection of the stress field in the middle section of the chambers was shown 
in Fig. 13, which was applied to two and three dimensional FEM analyses 
of the chambers. 
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Fig. 12. Comparison of stress components between measured and calculated ones 
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Fig. 13. Projection of stress field in the middle section of the chambers 

5. Conclusions 

- -  The phenomena of core disking frequently occurring in bore-holes at 
the dam site seem to result mainly from the rather high rock stresses and 
obvious brittleness of syenite in the region. 
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- -  A large number of measurement results indicates that the stress field 
around the project region is strongly affected by topography. The orienta- 
tion of maximal principal stress is perpendicular to the river and its value, 
in general, is about 25--30 MPa, and the highest value at the river bed is 
over 60 MPa. The ratio of three principal stresses is 1 : 1/2 : 1/4. As to the 
distribution pattern of stress field, it can be classified into three zones, i. e., 
stress relaxation zone, stress concentration zone and stress stable zone. 

- -  When the stress values measured in-situ indicate variations of the stress 
field, an approximate distribution of the stress field to be used in FEM 
analyses can be found by least square method. 
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