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Abstract The paper discusses the strong asymmetric

deformation and failure of the rock surfaces which have

taken place in the 40–75 MPa marble during the excava-

tion for the underground powerhouse and transformer

chamber of the Jinping I Hydropower Station, southwest

China. The deformation and damage of the rock mass

closely relate to the magnitude of the geo-stresses,

boundary conditions of the underground caverns, rock

properties and the method and sequence of excavation.

Ground stress test results show that the maximum principal

stress reaches 35.7 MPa in the slope, and the average r1

intersects with the axis of underground powerhouse at an

angle of 28�. Strong displacements had taken place at the

sidewalls of the caverns and significant instantaneous uplift

deformation of the floor occurred, particularly when the

first layer was excavated.

Keywords Jinping I Hydropower Station � High ground

stress � Layer excavation � Asymmetric unloading

deformation

Résumé L’article discute de la forte dissymétrie de

déformation et de rupture des surfaces rocheuses qui ont eu

lieu dans le massif de marbre, présentant une résistance de

40 à 75 MPa, pendant l’excavation réalisée pour l’usine

souterraine et la salle des transformateurs de la station

hydroélectrique de Jinping I, dans le sud-ouest de la Chine.

Les déformations et dommages qui ont affecté la masse

rocheuse sont étroitement en rapport avec l’intensité des

contraintes in situ, les conditions aux limites relatives aux

excavations souterraines, les propriétés des roches, la

méthode et la séquence d’excavation. Des mesures de

contraintes in situ montrent que la contrainte principale

maximale atteint 35,7 MPa dans la pente, sa direction re-

coupant l’axe de l’usine souterraine suivant un angle de

28�. Des déplacements importants des parements de

l’excavation souterraine ont eu lieu ainsi que des défor-

mations instantanées de soulèvement du radier, particu-

lièrement lorsque le premier niveau a été excavé.

Mots clés Station hydroélectrique de Jinping I �
Etat élevé de contraintes in situ � Excavation par niveau �
Déformation de déchargement asymétrique

Introduction

Jinping I Hydropower Station forms part of the Hydro-

power Gemini currently being constructed on the Great

Jinping River Bend of the Yalong River in Sichuan Prov-

ince, southwest China. The station will generate electricity

from a catchment area of 102,560 km2, which will be

stored behind a 305 m high concrete arch dam. The res-

ervoir capacity will be 7.76 billion m3 and will have a

mean annual discharge of 1,200 m3/s. The installed

capacity of the station will be 3,600 MW and the mean

annual power generation 16.62 billion kW h (Wu and Qi

2001; Qi et al. 2004; Wu and Wang 2001; Zhong et al.

2006).

The water diversion and power generation system are

located in the right bank of the Yalong River (Fig. 1). The
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main constructions include an underground powerhouse,

a transformer chamber and a tailrace surge chamber. These

key constructions required large underground caverns, the

powerhouse being some 204.52 9 25.90 9 68.83 m and

the main transformer chamber 201.60 m 9 19.30 m 9

32.54 m. Both the powerhouse and main transformer

chambers have been designed to have arched roofs and

straight walls. The distance between the centers of the two

caverns is 67.35 m.

Regional geological features and ground stress

at the dam site

The Jinping I Hydropower Station is located at the eastern

fringe of the tectonic zone known as the Qinghai-Tibet

Plateau, where the Indian and Eurasian Plates collide,

resulting in high mountains and steep gorges with a topo-

graphic height difference of 2,000–3,000 m. In addition to

this geological/topographic setting, the presence of the

Sichuan Basin to the east means that there are exception-

ally high geo-stresses in the area in which the station is

being built. The direction of the maximal principal com-

pressive stress changes from SE to SSE in the region of

Jinping I Hydropower Station.

The ground stress at the dam site was tested using the

aperture and hydraulic fracturing methods (HydroChina

Chengdu Engineering Corporation 2007; Seto et al. 1997).

Figure 2 shows the distribution of measured ground

stresses around the underground powerhouse. It will be

noted that r1 varies significantly with depth and distance

from the slope surface, r2 between 10 and 20 MPa and r3

between 3 and 12 MPa. As seen in Fig. 1, the main part of

the powerhouse is 150 m beneath the slope surface. The

measured maximum ground stresses reach r1 = 35.7 MPa,

r2 = 20 MPa and r3 = 12 MPa. Figure 3 shows the geo-

metrical relationship between the measured ground stresses

and the underground spaces. It is noted that the mean

direction of r1 has a intersection angle of around 28� with

the axis of the underground powerhouse and a dip angle of

around 34.5� in the cross section of the powerhouse, such

that the maximum stress at the powerhouse is asymmetric.

The rocks in which the powerhouse is constructed are

mainly thickly bedded marble with uniaxial compressive

strengths of around 40–75 MPa. This means that the ratio

between the rock strength and maximal ground stress

ranges from 1.12 to 2.1.

Excavation sequence and unloading deformation failure

of the underground powerhouse

In view of the large dimensions of the underground

chambers, a layered excavation method was adopted. The

powerhouse, with a height of 68.83 m, was divided into 11

excavation levels, each layer being between 5 and 10 m

high.
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Figure 4 shows the excavation sequence for the under-

ground chambers: 11 layers for the powerhouse and 6

layers for the main transformer chamber. A drill blast

method was adopted for the excavation, as it was conve-

nient, efficient and economical, as well as allowing access

to deal with geological problems. Although layer excava-

tion using drill and blast ensures that the project proceeds,

it results in a progressive disturbance of the stress field and,

unless carefully undertaken using pre-splitting, can damage

the surrounding rock mass.

Rock stress breakaway is a common phenomenon in

hard rock underground engineering. As shown in Fig. 5,

most of the breakaways appeared at the right foot of the

arch crown when the first layer of the underground pow-

erhouse was excavated. Field records indicate that 15

‘‘flakes’’ were observed, each with a thickness of

50–500 mm and a broken area of 2–25 m2. When the

second layer of the powerhouse was excavated, break-

aways were observed in only three areas. When the third

layer had been completed, they occurred at five positions.

Cracks related to the unloading opened by 10–30 mm such

that the adjacent rock was disturbed to a depth of some

1 m.

As the excavation continued downwards to the fourth

layer, a number of breakaways occurred, notably at the

right foot of the arch where it had already been supported

by bolts and shotcrete. The shotcrete cracked and broke

into slices and the reinforcing bars were bent as shown in

Fig. 6 (taken in June 2008).

Figure 7 shows the increase in opening of the cracks

against time for three of the largest fractures at the right

foot of the arch crown over a 3-month period in 2008. It

can be seen that the cracks opened from 10 to

80–100 mm.

Deformation of surrounding rock during excavation

In addition to the breakaway fractures, lateral deformation

also took place in the rock surrounding the underground

chambers. Lateral displacements at varying distances from

the face were recorded in boreholes drilled into the side

walls and arch of the powerhouse (Fig. 8).

Figure 8 shows monitoring section 2 (0 ? 31.7 m) of

the underground powerhouse in which extensometers were

installed at three positions: MCF1, MCF2, MCF3. Figure 9a–c

show the curves of displacement versus time in relation to

the stages of excavation. It is clear from Fig. 9 that the

displacement of the tunnel wall increases gradually and

that it is related in part to the stage of the excavation. Up to

late July 2008, the displacement at the arch foot had
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reached 19.3 mm (MCF1 and MCF2), while at the arch curve

it was less than 5 mm (MCF3). It is of note that the dis-

placement increased rapidly in a short time when the 8 m

high fourth layer was excavated.

The deformation in the high and steep sidewalls of the

powerhouse along the excavation length was also recorded

using extensometers. For convenience of comparison, the

same monitoring section (2) is discussed in this paper.

The arrangement of the monitoring instruments and

results are shown in Fig. 10. Surprisingly, the data indicate

that the displacement of the powerhouse sidewalls is less

than that of the main transformer chamber, although the

powerhouse is much bigger. The likely explanation is that

the transformer chamber is situated between the power-

house and tailrace surge chamber and hence the deforma-

tion is affected by both these openings.

The data for monitoring section 2 also indicate a distinct

asymmetry in the deformation, i.e., the displacement at the

right arch foot and sidewall is much larger than that on

the left side. This is consistent with the rock breakaways at

the same position.

Another phenomenon of the deformation is a rise in

parts of the cavern floor (Fig. 11).

When the first layer in the powerhouse was excavated, it

released a vertical compressive stress of between 10 and

20 MPa. As a consequence of this stress release, heave

uplift/rise of the floor of the powerhouse was seen and

open, semi-horizontal fractures occurred. Most of the

fractures extended for a distance of 3–10 m and had

apertures of 5–20 mm. Not surprisingly, there were more

open fissures in the central part of the excavation. When

the second layer was excavated, some of the stress had
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Fig. 4 Excavation scheme of the underground powerhouse
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already been released; hence, the effect was less with

subsequent excavation layers (Fig. 11).

Summarizing, from the above analysis it can be seen

that the unloading deformation and failures of the rock at

the excavated perimeter of the powerhouse have the fol-

lowing features:

1. Rock breakaways reflect the strong stress concentra-

tion caused by excavation, hence they are mainly at

one foot of the powerhouse arch and the related

sidewall, indicating the asymmetric nature of the

background geo-stress.

2. Unloading deformation of the surrounding rock mass

tends to increase in a step-like manner as the

individual layers are excavated; the thicker the exca-

vated layer, the larger is the displacement observed.

3. A notable uplift/rise took place when the first layer was

excavated as a consequence of the sudden initial

unloading of the geo-stress. This effect decreased as

the excavation proceeded.

Fig. 6 Failure of the lining

shotcrete at the right foot of the

arch crown
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Fig. 9 Displacement versus

time at the right arch of 2#

monitoring section

1.12mm 

0.94mm 

3.94mm 

11.34mm 

13.34mm 

46.12mm 

3.20mm 

2.13mm

49.98mm 
52.88mm 

55.10mm 59.38mm 

7.23mm 

21.77mm 

18.89mm 

5.79mm 

6.04mm 

7mm 

19.8mm 

1.71mm

1.16mm 
2.99mm

21.65mm 

1.31mm 2.27mm 
0.97mm 

2.65mm 

Axial Line of Powerhouse 

The left 
side wall 

1679m 

1673m 

1668m 

1674m 

1667m 

1660m 

Axial Line of Transform ChamberFig. 10 Monitoring section 2#

for deformation of the

powerhouse sidewalls

(HydroChina Chengdu

Engineering Corporation)

348 F. Wu et al.

123



Numerical analysis of the unloading deformation

To explain the mechanism of the unloading deformation

and failure of the surrounding rock in the underground

chambers, a numerical analysis was carried out with the

software, FLAC3D, developed by Itasca Corporation.

The stress boundary condition of the calculation model

As seen in Fig. 3, a series of data of in situ geo-stress mea-

surements were taken using the aperture and hydraulic

fracturing methods (HydroChina Chengdu Engineering

Corporation 2007; Seto et al. 1997). Six sets of stress data

from the region of the powerhouse were selected for the

numerical calculation; the average values were r1 = 25

MPa with an attitude of SE315�\35�, r2 = 15 MPa and

NE87�\45�, and r3 = 9 MPa and NE205�\25�. Through

stress coordinate conversion, the plane stress system on the

cross profile of the powerhouse (z axis vertical and x axis

horizontal) was calculated as rz = 22.25 MPa, rx =

13.5 MPa, and szx = sxz = 8.6 MPa (Fig. 12).

As seen, the powerhouse is in an asymmetric state of

stress. Qualitative analysis based on the elastic solution of

round holes infers that there should be a compressive

stress-decrease region (labeled 1 in Fig. 13) and two

compressive stress-concentrated regions (2 and 3). This is

the cause of the asymmetric distribution of forces and

deformation and hence the failure phenomena of the rock

surrounding the powerhouse.

Numerical analysis of underground powerhouse

under layering excavation

Numerical simulation of the excavation for the powerhouse

and transformer chamber was carried out in the following

five steps, which are consistent with the six steps of the real

excavation process.

Step 1: first and second layer of the powerhouse and the

first layer of the transformer chamber;

Step 2: third layer of the powerhouse and the second

layer of the transformer chamber;

Step 3: third layer of the powerhouse and the third layer

of the transformer chamber;

Step 4: fourth layer of the powerhouse and the third layer

of the transformer chamber;

Step 5: fifth layer of the powerhouse and the fourth layer

of the transformer chamber;

Step 6: sixth layer of the powerhouse and the fourth

layer of the transformer chamber.
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The calculated results of maximum principal stress dis-

tribution for the five excavation steps are shown in

Fig. 14a–f. From the contoured diagrams it can be seen that:

1. following excavation, the rearranged stress concen-

trates at two locations (the right foot of the arch crown

and the left foot of the sidewall) because of the

asymmetric background stress state;
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Fig. 14 The maximum principal stress distribution after excavation
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2. the magnitude of the rearranged stresses at the right

foot of the arch crown increased to 50–52.7 MPa;

hence, the rock at the corner was more easily damaged.

After the first step of the excavation, the stress at the

corner suddenly increased by 22.7–30 MPa and then

only very little in the following five steps. This is the

reason why the perimeter rocks break at the first step of

the excavation, but this decreases as the excavation

continues;

3. the stress is usually about 20 MPa lower than the

background value at the foot and left curve of the arch

crown. This appears to be the explanation for the

rebound deformation at these positions;

4. similarly, as the height of the sidewall increases with

the excavation, the stress at the sidewalls decreases by

about 22.5 MPa, close to the background value of

25 MPa. This explains the rebound deformation of the

sidewalls;

5. the stress in the region between the two chambers

increases to 30–58 MPa. However, there will be two

layers of tunnels passing through this region, each with

six tunnels of 8–16.5 m diameter, with the axial

spacing between the two layers being only 29 m. This

may bring about serious problems for the construction

of the tunnels because of the high background stress in

this region.

Concluding remarks

The case study discusses a series of engineering geological

and rock mechanics issues when chambers are excavated in

areas of high geo-stress. In summary:

1. The high geo-stresses, hard rock and large scale

underground chambers are the main reasons for the

strong unloading deformation of the rocks surrounding

the powerhouse at Jinping I hydroelectric power

station. The excavation leads to high stress concentra-

tions; the maximum principal stress is higher than

50 MPa such that rock mass breakaways occur.

2. The failure mode of the rock mass is mainly break-

aways: a kind of flaky rock burst. In addition, stress

relief uplift of the excavated floor occurs, being

greatest in the middle of the open space and decreasing

as the excavation progresses.

3. Asymmetric background stress results in the break-

aways being concentrated at the right foot of the arch

crown and the right sidewall of the powerhouse.

4. The first step of the excavation resulted in a notable

rebound, but the effect decreased as the excavation

proceeded.
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