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RESERVOIR INDUCED SEISMICITY-A NEW MODEL 

S .  K. SAXENA,' A. METIN GER' AND A. SENGUPTA' 

Department of Civil Engineering, Illinois Institute of Technology, Chicago, IL 60616, U.S.A. 

SUMMARY 

Deficiencies of different existing models on 'Reservoir Induced Seismicity' have been discussed and a new 
mathematical model, which enhances a better understanding of triggering mechanism in terms of changes in 
effective stresses, in situ stresses and water level variations, has been discussed in this paper. In the model 
fractured rock is simulated by a fluid-filled elastic material subject to Mohr-Coulomb failure criterion. The 
model has been found to be capable of responding effectively to site specific attributes. It can recognize and 
explain the phenomenon of time lag observed in several actual cases. It is also capable of simulating 
stabilization of rock-reservoir system after a period of activities that follow the initial stage of filling. One 
dimensional and two dimensional, isotropic and anisotropic cases have been analysed and the model 
predictions have been found to agree qualitatively with the field observations. 

INTRODUCTION 

The seismicity induced by the filling of and/or variations in the level of water impounded by large 
reservoirs (herein after called RIS) is considered as an increasingly recognized threat. There are 
quite a number of cases of RIS reported worldwide (a partial list of such occurrences is given in 
Reference 1). Comprehensive examination of these cases revealed that RIS often is associated in 
space and in time with water level fluctuations, the filling history (FH) of the reservoir. A 
statistical model, based on the reported correlations between FH and RIS only, is far from 
producing explanatory and predictive representation of triggering mechanisms of RIS activities. 
This is mostly due to the dependence of such occurrences on site-specific discriminating 
attributes. In addition to statistical there are a number of theoretical attempts made to 
explain the triggering mechanism of RIS. Models of elastic half-space7- l o  and models of elastic 
fluid-filled materials' ' - ' have been applied to RIS cases. 

Models of elastic half-space proved that the magnitude of shear stress created even by the 
deepest reservoirs is of an order of magnitude too small to initiate a movement. Furthermore, 
these models failed to explain why a delay occurs between water level fluctuations and the 
detected seismicity and why the seismicity does not always occur immediately after initial filling. 
The deficiency of the elastic half-space models led to the development of the models of elastic 
fluid-filled materials. In these models, effective stress was considered as the triggering mechanism 
of RIS activities. This approach allowed much larger stresses to be generated at depth, but failed 
to explain why the changes in water level in the reservoir triggers RIS in a few but not all cases. 

A comparative evaluation of reported induced seismicity and reassessment of the available 
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mathematical models suggests that the triggering mechanism of RIS activities may be explained 
more thoroughly knowing both the in situ state of stress and the changes in the effective stresses 
induced by water level variations in the r e ~ e r v o i r . ' ~ , ' ~  In this paper, an assessment of a 
mathematical model which enhances a better understanding of the triggering mechanism in terms 
of changes in effective stress, in situ stress, and the water level variations, is presented. 

/RESERVOIR 

OVERBUREN 

THE MATHEMATICAL MODEL 

In the model, fractured rock is simulated by a fluid-filled elastic material subject to the 
Mohr-Coulomb failure criterion. According to this criterion, materials fail when shear stress on 
the failure plane, at failure, reaches some unique function of the normal stress on that plane. The 
unique function is known as the failure envelope. 

The sign convention adopted in this study is such that the compressive stress and the extensive 
strain are positive. 

For an idealized rock-reservoir system of Figure 1, the major principal stress (oZ; vertical 
stress) is equal to the overburden pressure. It is further assumed that the coefficient of earth 
pressure at  rest, K O ,  varies in a statistically homogeneous random fashion in order to provide a 
better simulation of the in situ state of stress. Considering the fact that reservoirs are rather 
extensive in area, the fractured rock can be assumed not to deform latsrally. Combining this 
observation with the experimental evidence that fractures deform linearly with increasing 
effective stress, as reported by the change in effective principal stresses, AgX, AO, and 
ACZ, may be shown to be a function of loading pattern and corresponding change, u, of the pore 
pressure: 

A 
E 

ACX = "[vAo, -( 1 - V ) U ]  

Figure 1 .  Idealized rock-reservoir system 
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where 

and v is the Poisson’s ratio, E is the modulus of elasticity, Gx and G, are the stiffnesses of rock 
inclusive of fractures, and d, and d, are the average representative distances between fractures, in 
x and y directions, respectively. 

The ratio of principal effective stress increments can then be evaluated to assess the likelihood 
of failure, i.e. triggering. However, this evaluation cannot be implemented unless u, the change in 
pore pressure, is known. 

To evaluate pore pressures, the seepage into rock must be determined. For an element shown in 
Figure 2 within the soil, the water mass balance can be expressed as 

where V,, V, and V,  are the components of seepage velocity, in x, y and z directions, respectively, 
and A ns the volume of the element, AV, is the volume of the water within the element (since fully 
saturated, it is the volume of voids), and p is the mass density of water. The right-hand side of 
equation (2) can be expanded: 

with 

a(AVW) = a(n,Ax)AyAz + d(n,Ay)AzAx + a(n,Az)AxAy 

where, n,, n, and n, are the linear porosities that define the ratio of average fracture aperture to 
the average distance between the fractures in x, y and z directions, respectively. Using the 
compatibility conditions that the net lateral strain should vanish, the change in volume of water 
can be shown to be 

- J 
AX 

Figure 2. Rock element 
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Furthermore, 
ap = ppaP 

where b = compressibility of water. Hence, combining equations (2) ,  (4) and (5),  the mass balance 
can be represented by the following equation: 

where q = velocity vector and nT =the total porosity = V W / A  V.  

Reference 18), to: 
The left-hand side of equation (6) can be transformed by using Darcy’s law (as shown in 

where k,, k ,  and k ,  are the average permeabilities in x, y and z dirsctions, respectively, and y is the 
unit weight of water. Incorporating equations (l), (7) and the following relationship between the 
porepressure u and total pressure P 

P=yz+u (8) 

into equation (6) and then rearranging, one obtains 

A,( 1 - V )  A,( 1 - V )  n,p--- 
EG,d, EG,d, 

VA, 

vAy 
-Y -__-____ [ EG,d, EG,d, G,d,  at (9) 

The terms in the second bracket on the right-hand side of equation (9) represents the change in 
volume of fluid within the soil element under a unit change in pressure and will be called S*, a 
storativity coefficient for fractured rock. The terms in the third bracket on the right-hand side of 
the same equation, on the other hand, represents the change of volume under unit load; it is a 
representative global compressibility of the fractured rock and will be called a. Hence, the mass 
balance equation becomes 

where the change in the major principal stress, A*=, can be related to the load H(t) ,  the water level 
in the reservoir FH, as 

ACZ = l y H ( t )  (1 1)  

where I is the influence factor.” 
A numerical integration approach is attempted to solve equation (10). In case of an infinitely 

large reservoir area and a homogeneous-isotropic rock, the flow equation reduces into an 
integrable form: 
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subject to 
P=yz  t I O  

P = y ( z + H )  z = o  

As shown in Reference 20, a solution of the following form exists: 

where 
A = 2/3y 
B = yS*/k, 

= ( z  - ~ t / ~ ) / 2 ( t / ~ ) 0 . 5  

For a two-dimensional problem, equation (10) reduces to 

Integration of equation (10) will give the variation in u, the change in the pore pressure, within the 
rock mass subject to a specified FH. 

Assuming a linear failure envelope for the state of stress to be in a failure-free zone, the ratio, R, 
of the effective principal stresses 6, and 0, should satisfy the following condition 

0, 1 -sin4 R = - > -  
0, l+sinQ, 

where, Q, is the slope of the envelope. However, if R fails to satisfy this condition, then failure is not 
warranted. Therefore, to determine the likelihood of localized failure, it is imperative to know 
both an estimate of R and the in situ state of stress. 

Once u is known, the ratio R can be evaluated to assess the likelihood of the triggering of RIS. 
However, the initial state of stress must be known to be able to assure activation of triggering via 
stress path analysis. It must be clarified here that numbers of RIS activity are simply numbers of 
likelihood of failure at some point in the rock mass under consideration, determined by the 
Mohr-Coulomb criteria. 

No attempt has been made in this presentation to calculate any energy transmitted during a 
failure and hence it is currently not possible to tell whether any failure or which failure will lead to 
an earthquake. It is hoped that such extension will be incorporated in future. The RIS activity as 
presented in the examples to follow is indeed the number of failures which may or may not lead to 
earthquakes. Hence in the figures presented in the following section they are termed as relative 
RIS activity. Furthermore, it is known that each RIS activity, which may be considered as a local 
failure within the rock mass, is followed by re-establishment of a stable configuration. The model 
simulates this effect, whenever it recognizes a triggering, by assigning in a random fashion a new 
value to K O ,  at the position of recognized failure, keeping the horizontal effective stress 
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unchanged. In other words, it is implicit in this implementation that the amount of energy 
released during the period between the triggering and re-establishment is assumed to be a random 
entity. The new state of stress thus acquired is, of course, within the failure-free zone. 

RESULTS AND DISCUSSION 

To demonstrate the compliance of the model predictions with the reported RIS histories, three 
series of numerical experiments were attempted. 

In the first series, a hypothetical site with infinite areal extent is considered. This site with shear 
modulus, G = lo9 N/m3 and depth, d = 6 m, has a coefficient of lateral pressure at failure, K ,  of 
0.1 7, and is essentially homogeneous and isotropic. K O  is assumed to be statistically homogen- 
eous to have a more realistic representation of the initial state of stress. The reservoir which is also 
infinitely large in areal extent is represented by three hypothetical FHs as shown in Figure 3. The 
cases investigated in this series are described in Table I. In Figure 4, predictions of the model in 

250- 4 

I' \ \  - 
___ FH-I 

FH-2 
FH-3 - _ _ _  

(0 20 io 4b Q 2 
Time ( Months 1 

Figure 3. Filling histories used in the first series 

I 

Figure 4. Comparison of realtive RIS distribution for different FHS 
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terms of distribution of the number of relative RIS activities triggered per month in the entire 
rock mass analysed, under three FHs considered, are shown (cases 1-1, 1-2, 1-3). The examin- 
ation of this figure reveals that the majority of relative RIS activities occur during the rising phase 
of a FH. However, as also demonstrated in Figure 4, a significant number of triggerings take place 
long after variations in reservoir level ceased and/or during a recession phase (the local peaks at 
or about the 43rd month correspond to failure at the fault). The delay in some of the triggerings, 
as predicted, is due to the dependence of triggering on both FH and the initial state of stress. In 
Figure 5, the dependence on the initial state of stress is illustrated. In this figure, five stress paths 
under FH-3 at 250 m below the ground level corresponding to five different K O  values are shown. 
During the first year of FH, the rock mass demonstrates a tendency to fail irrespective of the 
initial state of stress. However, activation of triggering, i.e. failure, will take place only for two 

Table I. Characteristics of the runs in the first series of numerical experiments 

Permeability 
Case no. FH m/s) Porosity Poisson’s ratio 

1-1 1 0.167 0.1 0.3 
1-2 2 0.167 0.1 0 3  
1-3 3 0.167 0.1 0 3  
1-4 1 0.7 0.3 0.3 
1-5 1 1.67 1 .o 0 3  

KO 
.2 
.3 
.4 
.S 
.6 

5001 I I 
2000 3Ooo 4000 

P (  kN/m2) 

Figure 5. Dependence of triggering on initial state of stress (Arabic numerals in parentheses denote months) 
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cases with K O  of 0.2 and 0 3  during the first year. For K O  of 0.4, triggering will be activated within 
the 13th month during which water level is decreasing. For K O  of 0-5, activation of triggering is 
further delayed to take place during the 31st month, the second recession phase. For KO of 0.6, 
triggering will not be activated at all. In other words, depending upon the initial state of stress, 
relative RIS activity may be activated with no delay or with some delay or not activated at all; the 
model is capable of assessing the tendency for triggering as well as capable of recognizing a 
failure. 

Figure 6 demonstrates the dependence of number of relative RIS activities on the FH. In this 
figure, the cumulative number of relative RIS activities under three FHs are shown. The model 
predicts a larger number of activities during the first year of filling for FH-1 and FH-3, for which 
the rate of rise of reservoir level is 200m/yr, than for FH-2 for which the water level rises at 
100m/yr rate. Furthermore, at the end of a 60 months observation period, the greatest total 
number of activities belongs to FH-3 which contains the deepest reservoir level of 250 m. These 
predictions of the model are in agreement with reported field histories of RIS act ivi t ies . '~~,~ 
Figure 6 further demonstrates that the reservoir-rock system is stabilized after a period of 
activities that follow initial filling stage. This agrees with the reported  observation^.'^^^ After an 
active period of 10-12 years following the stabilization of water level, a reservoir starts to behave 
like a natural lake, i.e. no relative RIS can be observed after 10-12 years. 

The effect of permeability/porosity on the relative RIS activities is demonstrated in Figure 7. In 
this figure, cumulative number of relative RIS activities for cases 1-1, 1 - 4  and 1-5 are plotted. 
With decreasing permeability, time of stabilization for the same FH becomes longer. This time- 
delay effect of permeability exhibited by the model is in agreement with the observation made on 
the influence of permeability by Packer et al.' 

In the second series, a two-dimensional rectangular reservoir of width 40 m is considered. It is 
assumed that the reservoir site is symmetric about the reservoir centreline. The fully saturated 
rock mass is fractured in both horizontal and vertical directions. The centre-to-centre distance 
between the horizontal fractures is 50 m. For the vertical fractures, the centre-to-centre distance is 
40m, except in the zone between 880m and 1320m from the centreline of the reservoir where it is 
20 m. The lower boundary of the rock at 250 m below the bottom of the reservoir is assumed to be 
impervious. The lateral extent of the rock mass is limited to 1600m from the centreline of the 
reservoir. At 1600m, the side boundary is assumed to be sufficiently away from the reservoir so 
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Figure 6. Cumulative distribution of relative RIS activities 
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Figure 6. Cumulative distribution of relative RIS activities 
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Figure 7. Time delay effect of permeability 

REYRVOIR ( WDTH 40 m ) 

RESERVMR- ROCK SYSTEM 
(NOT m SCALE) 

LMFERVICUS ROCK @=o) 

Figure 8. The finite element mesh 

that reservoir effect on the prevailing hydrostatic pressure distribution cannot be felt. Similar to 
the first series, the rock mass is assumed to be isotropic and homogeneous, except for K O  which is 
assumed to be statistically homogeneous. There is also an overburden of uniform thickness of 
150m over the rock mass. The schematic of the rock-reservoir system and the boundary 
conditions are shown in Figure 8. 

Figure 8 also illustrates the nodes and the finite element mesh used in this study. The total 
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integration span was 5 years. The time increment, based on convergence and accuracy consider- 
ations, was selected to be 1 month. The total stress increments (equation ll), at the nodes 
resulting from water level changes within the reservoir were determined using the Boussinesq 
so l~ t ion . '~ .  In other words, the reservoir load was treated as a single point load acting through its 
centre of gravity. This assumption will remain valid as long as the width of the reservoir is much 
smaller than the vertical and lateral extent of the integration domain, except at the node just 
beneath the reservoir. 

In this series, the effects of permeability or hydraulic conductivity, k,  and several mechanical 
properties such as the intercept of the failure envelope, T,, slope of the failure envelope, 4, and the 
stiffness of rock inclusive of fractures, G, were examined. The hypothetical FH used in this series 
of runs is shown in Figure 9. The cases studied in this series are described in Table 11. 

The effect of permeability or hydraulic conductivity on the temporal distribution of relative 
RIS as predicted by the model is shown in Figure 10. It has been found that for a lower value of 
permeability the maximum number of relative RIS per month remains low at the initial stage, but 
it continues long after the stabilization of the water level of the reservoir. For higher values of 
permeabilities, the model predicts a higher number of relative RIS activities during the period of 
initial rise of the water level in the reservoir; but it ceases shortly after the stabilization of the 

Time ( Months ) 

Figure 9. Filling history used in the second series 

CASE 

- 2-1 ( K -  . 1 6 7 ~ 6 ~ 1 n / s )  

_&___  2-2 l K = . 1 6 7 x # r n h l  

--2-3 ( K. ,167~ I6'mh) 

2-4 (K=,16TX169mh~ 

_ _ _ _  2-5 ( K x . 1 6 7 ~  Id'm/r) 

Time (Months) 

Figure 10. Effect of permeability on the temporal distribution of RIS 
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Table 11. Characteristics of the runs in the second series of numerical experiments (T,=intercept of the 
failure envelope; 4 =slope of the failure envelope) 

Case no. G,(106 Pajm) G,(106 Pa/m) k(10-8 m/s) T, ( M Pa) $(degrees) 

2-1 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
2-9 
2-10 
2-1 1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
0.8 
1.1 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0 1  
0.1 
0.08 
0.1 1 

0.167 
0.00 167 

0.01 67 
1.67 
0.167 
0.167 
0.167 
0.167 
0.167 
0.167 

16.7 

0.5 
0 5  
0.5 
0.5 
0.5 
1 .o 
0.1 
0.5 
0.5 
0.5 
0.5 

15 
15 
15 
15 
15 
15 
15 
22.5 
30.0 
15 
15 

water level in the reservoir. So, as permeability gets smaller, a larger delay is predicted for the 
maximum numbers of relative RIS per month, herein called maximum frequency of relative RIS. 
This time lag is due to the dependency of seepage velocity on permeability. 

Howells” has used a one-dimensional diffusion equation assuring uniform rock properties in 
calculating the time required for a substantial rise in pore pressures at different depths. 
Interestingly he arrived at similar conclusion, that the time required for a pore pressure 
development at  any depth to trigger a RIS is a function of the permeability of that region. 

Large seepage velocities corresponding to large permeabilities transmit the pressure changes 
due to water level fluctuations at faster speeds than the small seepage velocities of low 
permeabilities. Furthermore, small permeabilities imply greater resistance to seepage. In other 
words, with decreasing permeability the magnitude of change in pressure should decay more 
rapidly with increasing distance from the reservoir. That is to say, with decreasing permeability 
the total number of occurrences of relative RIS activities should decrease. In the limiting case, 
with an impervious rock, there would be no relative RIS activity triggering, as suggested by elastic 
half-space models.7- l o  The model is also capable of simulating this effect. 

Figure 11 shows the variation of total number of relative RIS with permeability. Figure 12 
shows the variation of cumulative number of RIS with permeability. As has been discussed above 
and can be clearly inferred from Figures 11 and 12, a range of intermediate values of permeabili- 
ties (around m/s) can be defined for which the seepage velocity will not be large enough to 
trigger RIS instantaneously, due to larger time lag, but will cause large pressure build-up-large 
enough to trigger the maximum number of relative RIS. This value appears to be a threshold and 
for any permeability above or below, the cumulative number of relative RIS will be less. If the 
permeability of the rock mass is larger than the threshold, the seepage velocity being relatively 
high will cause less pressure build-up. So, although the time lag between the impoundment of the 
reservoir and the maximum frequency of relative RIS will be smaller, yet the total number of 
relative RIS will not reach the peak value. Conversely, if the permeability of the medium is smaller 
than the threshold, the seepage velocity will be smaller causing longer time lag, and at  the same 
time pressure build-up at  some remote point of the system will cause failure of rock mass even 
after stabilization of the reservoir water. This explains the peak observed in Figure 11 for an 
intermediate or threshold value of the permeability of the medium. 

The adopted failure criterion suggests that with increasing tensile strength, T,, and/or the slope 
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Permeability, k ( m k )  

Figure 1 1 .  Effect of permeability on total number of relative RIS 

I 

Time in Months 

Figure 12. Effect of permeability on the cumulative number of relative RIS occurrences 

of the failure envelope, 4, the fractured rock becomes increasingly less prone to relative RIS 
activities. This is due to the expansion of failure free zone, as shown in Figure 13, with increasing 
T,, and/or 6. The model, as demonstrated in Figures 14 and 15, is perfectly capable of simulating 
this implication of the adopted failure criterion. 

The effect of stiffness of rock, inclusive of fracture, G ,  on the distribution of RIS activities is 
shown in Figure 16. The model predicts a decrease in both the frequency of occurrences and the 
total number of occurrences of relative RIS activities with increasing stiffness. This predicted 
dependence is in good agreement with the expected response. The larger the stiffness (i.e. smaller 
deformations), the smaller will be the changes in effective stresses. In other words, under the same 
load there is less likelihood of triggering of relative RIS activities to occur for larger stiffness. 

In the third series, sensitivity of the model to several site-specific attributes such as filling 
history, shape of the reservoir, anisotropy and heterogeneity are examined. All of the geometric 
characteristics of the rock mass are the same as that of the second series. However, similar to K O  
values, permeability is assumed to be statistically homogeneous. The characteristics of the runs in 
this series are given in Table 111. The two hypothetical FHs used in this series are shown in 
Figure 17. 

The three different shapes of the reservoir considered are shown in Figure 18 as section-1 
(narrow rectangular channel section), section-2 (wider rectangular channel section) and section-3 
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Figure 13. Failure criterion and its effect on the extent on failure-free zone 

Time (Months) 

Figure 14. Effect of T, on the number of occurrences of relative RIS activities 

(trapezoidal channel section). The reservoir is assumed to be symmetric about its centreline, so 
only one-half of the reservoir cross-section is shown in the figure. The model, which is sensitive to 
FH, fails to demonstrate any discernible dependence on the shape of the reservoir cross-section, 
as illustrated in Figure 18. This may be attributed to the fact that the two-dimensional 
mathematical model lacks the capability of simulating the areal extent and/or volume of the 
reservoir, two significant parameters shown by statistical to be correlated to relative 
RIS activities. 

Anisotropy and heterogeneity are too site-specific to discern any general trends as to how they 
affect relative RIS. In the following, the predictions of the model for some anisotropic or 
heterogeneous cases are presented to demonstrate the sensitivity of the model to such site-specific 
attributes. 
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CASE 

-22-1(@~15*) 

W 2-8 ($ = 22.5') 

+++ 2-9 I @ =30' 1 

Time (Months 1 

Figure 15. Effect of 4 on the number of occurrences of relative RIS activities 

3 

Figure 16. Effect of G on the number of occurrences of relative RIS activities 

Two anisotropic and statistically homogeneous cases, with the ratio of mean permeabilities in 
vertical and horizontal directions of 0.1 and 10, are considered. Compared in Figures 19 and 20 
are the model predictions for these anisotropic cases and the isotropic case. As is illustrated in 
Figure 19, the activities in the case of higher vertical permeability cease as soon as the reservoir 
water level is stabilized, while in the case of higher horizontal permeability they continue to occur 
long after the stabilization. This can be attributed to the small depth-lateral extent ratio of the 
site, which in the case of high vertical permeability enables the pressure field to reach equilibrium 
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Table 111. Characteristics of the runs in the third series of numerical experiments 

kx  x Reservoir 
Case no. (mls) k z l k x  FH section Heterogeneity 

3- 1 
3-2 
3-3 
3 4  
3-5 
3-6 
3-7 
3-8 
3-9 

0525-5.25 1 .o 
0525-5.25 1 .o 
0'525-5.25 1 .o 
0525-5.25 1 .o 

5.25-52'5 0.1 
0525-5'25 10.0 

See Figure 22 N.A. 
0525-5-25 1 .0 
0525-5'25 1 .o 

None 
None 
None 
None 
None 
None 

Permeable zone 
N-fault 
F-fault 

"0 12 24 36 48 60 
Time ( Months 1 

Figure 17. Filling history used in the third series 

-.  _-.--. 
_.- -.-.-.- 

- / . -  _.-- 
/ ---, A/.-' , 

c 
0 

Time (Months) 

Figure 18. Effect of reservoir shape and filling history 
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I 4 , 
OO 12 24 36 

Time (Months 1 

Figure 19. ElTect of anisotropy 

(C 1 

Figure 20. Spatial distribution of total number of relative RIS activities during first 60 months period (a) isotropic case, 
and anisotropic cases of(b) k,/k,=0.1 and (c) k,/k,=10.0 (0 0 RIS; UUUUl 1-10 activities; 11-20 

activities; EEEEED 2140  activities; - >40 activities) 

at the same time as the reservoir water level is stabilized. Moreover, as shown in Figure 20, with 
higher permeability in the vertical direction, activities are mostly confined to a region closer to the 
reservoir, whereas with higher permeability in the horizontal direction, they are more dispersed 
and several locations near to the ground level which do not fail under isotropic condition 
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experience the triggering of relative RIS. A plausible explanation for this is the difference in the 
magnitudes of horizontal and vertical components of the seepage velocity due to anisotropy. 

In the first heterogeneous case examined there is a zone of relatively high permeability, as 
shown in the inset of Figure 21. In this figure are also shown the predictions of the model for the 
heterogeneous and homogeneous cases. The presence of the zone of high permeability manifests 
itself by smaller number of triggering of relative RIS as compared to homogeneous case in the 
early stages of the FH and larger number activities than the homogeneous case during later time. 
This can be attributed to the fact that the high permeable zone prevents upstream pressure build- 
ups until the pressure wave reaches to the downstream end of the zone. The inset of Figure 22 
shows the location of the faults considered in the other two cases of heterogeneity. The 
comparison of both temporal distribution (Figure 22) and spatial distribution (Figure 23)  of 
predicted relative RIS activities demonstrates the capability of the model to respond effectively to 
a local zone of weakness. As illustrated, the imprint of the fault closer to the reservoir, N-fault, is 
more pronounced than that of the fault further away, F-fault, on the spatial distribution of 
relative RIS activities. This may be explained by the fact that the magnitude of change in 
pressures decreases with increasing distance from the reservoir. 

CONCLUSIONS 

A new analytical model for reservoir induced seismicity has been presented. The theoretical 
investigation of the behaviour of a geomass, subjected to water level variations in a man-made 
reservoir, based on the predictions of the model explicitly indicated the following: 

1. The water level variations in a reservoir change the existing stress regime in a geomass. 
However, a local instability which thus may be acquired by these changes in both effective 
stresses and total stresses does not necessarily warrant triggering. The preloading state of 
stress determines the activation. 

2. The temporal and spatial distributions of relative RIS activities are closely related to the filling 

CASE 
- 3-1 (mmOtENEurS CAY) 

_ _  - 3-7 (HETEROGENEOUS CASE) 

Time (Months) 

Figure 21. Effect of heterogeneity: permeability 
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Figure 22. Effect of heterogeneity: presence of faults 

Figure 23. Spatial distribution of total number of relative RIS activities during first 60 months period (a) N-fault and 
(b) F-fault (legend same as in Figure 20) 

history. Both the rate of change of water level in the reservoir and the maximum water level 
attained are two major parameters shaping up these distributions. 

3. Seismicity is also dependent on the strength and stiffness of the rock mass. The higher the 
strength and/or stiffness, the less the likelihood of triggering of relative RIS. 

4. With decreasing permeability, the total number of relative RIS activities decreases and the 
time to maximum frequency of occurrence increases. 

The presented model, contrary to Snow’s model, predicts that the RIS may occur even at low 
K O  value, provided that the pore pressure build-up is high. But the model, like Snow’s model, 
predicts that the RIS is most likely to occur outside the periphery of the reservoir in two- 
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dimensional cases. The vertical load due to the water of the reservoir acts as a stabilizing force 
and prevents RIS from occurring. This also agrees with the observations at Koyna, Kremasta and 
other places. In all these cases the epicentres were found to be located at relatively shallow depth 
and initially far away from the reservoir. 

Furthermore, the model is capable of simulating stabilization of the rock-reservoir system after 
a period of activities that follow the initial stage of reservoir water level variations, The model is 
also capable of responding effectively to some site-specific attributes such as local zones of 
weakness and anisotropy. 

The development of the model is not yet complete. Several improvements can and are being 
implemented. A simple laboratory experiment is also being designed to verify the model 
quantitatively. 
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