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A brief introduction to «Reservoir Induced
Earthquake Risk in the Yangtze Gorges Dam Area
In Situ Tests in Borehole at Maoping and Analysis))

This volume represents an assessment of reservoir induced earthquake risk in the
Yangtze Gorges dam area on the bases of in—situ stress measurements, pore—fluid pressure
and rock permeability tests, as well as experiment of rock mechanics. All the site testing and
experiment data have been collected in this book. The work was supported by the National
Committee of Science and Technology as one of the important research projects of the Na-
tional Seventh 5—Year Rescarch Plan (No.16—-2-3-13).

The physical mechanism of reservoir scismic inducement, so far, is still a problem wait-
ing to be further explored. Onc emphasizes the role of reservoir water loading that might
change the pre—existing stress statc underneath so that give rise to carthquakes. While the
other suggests scismicity might be induced by reduction of the effective normal stress acting
on some pre—existing weak planes, caused by the pore—fluid pressure increase duc to reser-
voir impoundment. Numerical modelling of the stress field due to reservoir loading has
decmonstrated that the stress changed only at very shallow part underneath the reservoir.
Many evidence show that pore—water pressurc increase due to reservoir impoundment
should be the main cause of seismic inducement. On this consideration, in the first part of
the book the authors described the method and techniques used for cngineering site testing
at a 800m depth drillhole near Maoping and their results. The second part discusses a study
on Lthe fault slip criteria,as it is necessary for assessing fault stability when the stress state on
the fault plane is known. The third part of this book describes the numerical modciling of
the regional stress ficld, with a brief introduction to the regional geological structure. The
finite element and boundary element methods used here are also discussed. Finally, the au-
thors came to a discussion on risk of reservoir induced earthquake in the Yangtze Gorges
dam area.

Rock Friction Behavior and Fault Slip Criteria

According to the Coulomb criteria, the shear strength of a planc of weakness (or, of a
fault) with zero cohesion is given by

T= ,uS_ (n

where 7 is the shear strength of the plane, u is the cocfTicient of sliding friction, and S, is

the normal stress acting on the plane, It can be expressed in terms of effective principal
stresses. In this case, the ratio of effective principal stresses (8,—P,)/ (§y—P,) is given by

_._3__
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(S, ~P)/(S,—P)= (@ +1D" "+, ° (¢)]
where S, and S, arc respectively the maximum and minimum principal stresses, and
P, stands for pore fluid pressure. The intermediate principal stress, §, , here is assumed to
be acting parallel to the fault plane and at right angle to the direction of shear. The normal
line of the weak plane favourably oriented makes an angle, ¥, with the axis of S, , and the

value of ¥ is determined by
¢=%(n/2+lan_lp) 3)

Based on various rock experimental data, J.Byerlee suggested that t=0.85 S, for
rocks under moderate stress (S, less than 200 MPa). For fault planes with little gouge, this
value may be appropriate to valuating their strength; however, for those with thick gouge,
their strength should be lower than the high values of experimental results. For instance, a
double—shear friction experiment with the Laxiwa granile showed that the friction strength
was given by £=0.66 S, when the sliding surface possessed clay gouge or rock powder; or,
1=0.66(5,~P,) if the effective stress was taken into consideration (B.Zhang et al., 1988).

200 [~ '

®  granite
A limestone
o sandstone

ISl.')L

Shear stress 1,(MPa)
2
T

50

1 | L 1
0 50 100 150 200 250

Effective normal stress  §,—P (MPa)

Fig.1 Data of triaxial friction experiment with three type of rock samples taken from the
Yangtze Gorges engineering arca. The friction coefficients are also given.
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Three types of rock sampies taken from the Yangtze Gorges area have been studiced by
triaxial friction expcriment and the results are given in Fig.1. The maximum [riction
cocfTicient varies from 0.65 to 1.10, and the average taken to be 0.85. From the above, the
authors suggest that the fault slip criteria of this area can be given as

‘r=,u(S-—.P‘) . 4)

and 0.65< u<C0.85 .
i.e. taking the friction coefTicient u = 0.65 as the lower limit, and x= 0.85 as the upper limit.

In—Situ Stress State and Fault Stability Assessment

In—situ stresses have been measured in a 800m drillhole at Maoping in the engineering
arca, by using hydro—fracturing technique. The results are summarized in Fig.2. As shown,
the maximum and minimum horizontal principa! stresses S, and S, have been determined
at different depths by using hydrofrac technique. The linear relation of the stresses increase
with depth has been regressed using the least square method with the meceasuring data. The
vertical principal stress §, was calculated as the geostatic (overburden) pressure.

It can be seen from Fig.1 that in the shallowest part above 294m in depth, the three
principal stresses show a relation as

Sp>8>S,

that is a stress state in favour of reverse faulting. But in depths of 294m—708m, the relation
becomes

SH>S\I>S|1

that is favourable for strike—slip. While in the region below 708m in depth, the stress rela-
tion is in favour of normal faulting, i.e.

S,>8;>8,

Based on these measuring results, fault stability has been discussed in this book by de-
lineating approximately the critical area of stress required for initiating different types of
faulting.

1. Reverse faulting _

As mentioned above, in the shallowest part {(above 294m), the minimum principal
stress is S, , which is calculated as the geostatic pressure and the result is coincident with
that obtained by sample test using the Kaiser effect. The initiation of reverse faulting re-
quires Sy to reach a critical value which is determined here by the friction coefficient and
pore fluid pressure. In Fig.2, the critical area of Sy required for reverse faulting before res-
ervoir impounding is delineated as the doted area by taking u=0.65—0.85, and P, equals

—_ 5 —



the hydrostatic pressure. However, the pore [luid pressure will increase during and after
reservoir impoundment. The shaded arca in Fig.2 represents the critical values of Sy re-
quired when the water level of the reservoir reaches 150m and P, increased by 1.5 MPa

correspondingly.
Stress (MP1a)
16 20 24 28
T T =T !
i
The critical arcs of {(5,—P,) rcquircd}

normal faulting when pore for water
pressurc increased by 1.5MPa

E
-
g
]
required for normal reverse:
 faulting when reservoir water i
level reached 150m and P,
increased by 1.5MPa \
)
1000 L 4 A L i

Fig.2 Data of in—situ stress Sy(black circles) and S,(delta) measured at Maoping
800m drillhole. Their linear relation of stress increase with depth are also giv-
en. The critical areas of stress required for normal and reverse faulting are de-

lineated as the doted and shaded zones. See text for the details.

2. Normal faulting

At depths below 708m, S, becomes the maximum principal stress, and the initiation of
normal faulting requires the horizontal minimum principal stress to be less than a critical
—_— 6 _
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value as shown by the doted and shaded areas on the lower left in Fig.2, for the two cases
before and alter reservoir impoundment, respectively.

3. Strike—slip faulting

The stress relation at depths between 294m—708m is in favour of strike—slip. To dis-
cuss the stability of faults or weak planes in this region, the authors use a graphical method
as shown in Fig.3. The maximum and minimum effective stresses, (Sy,—P,) and (§,—PF,),
are used to draw the Mohr's stress circles to represent the stress state of some measuring
points that are considered as the “most dangerous” points that have been found. The criu-
cal area of stress required for fault slip is delineated as the doted zone by using the frictional
sliding criteria given before. Fault slip would occur on favourably oriented weak planes
when the stress circles reached the critical area.

Shear stress 1 (MPa)

15

Effective normal stress S,— P, (MPa)

Fig.3 The critical area of stress required for strike—slip, and the stress state measured
at depths given by H. See text for the details.

From the above, the authors come to a discussion on the fault stability and earthquake
risk that induced. Firstly, after reservoir impoundment, micro—seismicity may be induced in
the shallowest part of the engineering area by small reverse faulting on weak planes with
low dip—angles (less than 28.5 ° ) and NNE trending. Secondly, although the stress state at
depths between 300m—700m is in relation favourable 1o strike=slip, the magnitude of the
cffective stresses would not reach the critical area shown in Fig.3. However, the stress varia-
tion with depth is scattered in the region between 450m—550m due to the existence of frac-
ture zones. In this region, stress state of some individual points may reach the critical area
required for mormal faulting after reservoir impounding, giving rise to small earthquakes.
Below 700m in depth, the tendency of stress increase with depth is in favour of normal

_7_



faulting, but the stress magnitude of most measuring points between 700m=—900m may not
reach the critical values during and after rescrvoir impounding, so that only small events
may be induced occasionally. Finally, if the linear relation of stress increase with depth ob-
tained in Fig.2 can be extrapolated down below 900m, then the general tendency is very
likely to initiate normal faulting on those weak planes trending NWW with high dipangles
greater than 61.5 ° .

An importaht problem is, just as the authors have pointed out, that both the stress
magnitude and the detailed features of geological structure at depths below 1 km need to be
further studied in this area.

Zhao Guoguang

Director,

Institute of Crustal Dynamics,
State Seismological Bureau
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