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MOTIVATION 
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NON-LINEAR PORE-FLUID 
PRESSURE DIFFUSION 

Mathematical background to understand our theoretical approach 
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General equation of diffusion  

 

 

 

 

for a d-dimensional, hydraulically isotropic and homogeneous medium. 

 

Power law dependence of hydraulic diffusivity on pressure 
(Shapiro and Dinske, 2009) 
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Scaling of coinjection-induced triggering front 
Shapiro& Dinske (2009) 
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Q0 : normalization 

parameter, defining 

the fluid injection rate 

Qi(t) 

i: defines the injection 

rate 

  i = -1: delta-like 

 i = 0: constant  

d: dimension of the 

diffusion 

 d = 1, 2, 3 
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Scaling of postinjection-induced fronts 
 

For a δ(t)-like impulse of fluid injection and t >> t0  
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Valid for back front and triggering front 
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NUMERICAL MODELLING 
Validation of the scaling law 
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Numerical results: Pressure relaxation 
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)z,y,x(C)t,z,y,x(p 

Synthetic seismicity 

C(x,y,z): Pressure necessary for activation of critically stressed, favorably oriented 

preexisting fractures 
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Numerical results II : r-t-plots 
 

1) Linear diffusion fronts (- -) 

2) Power law fits ( - ) 

3) Confidence interval, CI ( : )  
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APPLICATION TO REAL DATA 
Benefit from scaling law 
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1D 3D 

Hydraulic fracturing and EGS data 

(a) Data provided by one sponsor of the PHASE 

consortium 

(b) Data are courtesy of H. Kaieda 

(a) (b) 
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Hydraulic fracturing and EGS data 
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CONCLUSIONS 
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Novel scaling relations for postinjection-induced seismicity: 

Spatio-temporal evolution is controlled by dimension of 

growth of seismic cloud d and non-linearity n of pore-fluid 

pressure diffusion 

 If two parameters are known (e.g. Ψ or χ and d), estimates 

of the third (e.g. n) can be obtained 

 

Restrictions 

Assumption of purely non-linear diffusion as the seismicity controlling process, 

which is one end-member case of poroelastic coupling 
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APPENDIX 
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Microseismicity during fluid-injections 

Scaling of postinjection-induced seismicity, Schatzalp Workshop 2017 

Figure by Raleigh 

et al. (1976) 
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(b) (x) Seismicity 

10/1969 -  

11/1970 

 ( - ) bottom-hole 

pressure 

(09/1969) 
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Microseismicity during fluid-injections 
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Figure by Raleigh 

et al. (1976) 

 

(a) Structure 

contour map of 

Rangely, 

Colorado 

  ( - ) depth 

below sealevel  

 (•) wells for fluid 

pressure  

 (Δ) seism. 

Stations 

 

(b) (x) Seismicity 

10/1969 -  

11/1970 

 ( - ) bottom-hole 

pressure 

(09/1969) 

Spatio-temporal analysis of seismic events for 

1) reservoir characterization (Shapiro 1997, 1999, 2002) 

2) general understanding of physical processes linked to 

seismicity 
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pinj = 8.35 MPa 

no flow 

FE Model 
based on Barnett Shale hydraulic fracturing (Hummel and Shapiro, 2013)  

 

Parameter   

D(p) = (n+1)D0 p
n 

n = 1,2,..5 

D0 for n such that p(r,t0) = 0 Pa at r = 250 m 

 

Modeling time  

t = [0, 40000 s], Δt = 60 s  

t0 = 19500 s 

 

Postinjection diffusivity 

Elastic behavior vs. frozen diffusivity 
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Elastic Diffusivity Frozen Diffusivity  
(Hummel and Shapiro, 2016) 
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Quantification of r-t-plots 

Power law fits to the co-injection triggering front 

 

 

 

and to the back front of seismicity 
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For 3D power law diffusion (Hummel & Shapiro, 2012, 2016) 

χ = 0.5: linear diffusion, χ = 0.33: non-linear diffusion 

ψ = 0.33: linear diffusion, ψ < 0.33: non-linear diffusion 
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Shapiro & Dinske (2009) for the coinjection triggering front: 

Diffusion equation for radial symm. hydraulically homogeneous & isotropic 

medium: 

 

 

Fluid injection rate 

 

Mass conservation for Qi(t): 

 

Dimensionless variable Θ from dimensional analysis 

 

 

 S: storage coefficient (1/Pa) 

 

Ad: 4 , 2h, 2Ar for 3D, 2D, 1D 

 

Q0: normalizing coefficient 



30 Scaling of postinjection-induced seismicity, Schatzalp Workshop 2017 

 



31 Scaling of postinjection-induced seismicity, Schatzalp Workshop 2017 

 



32 Scaling of postinjection-induced seismicity, Schatzalp Workshop 2017 

 



33 Scaling of postinjection-induced seismicity, Schatzalp Workshop 2017 

 



34 Scaling of postinjection-induced seismicity, Schatzalp Workshop 2017 

 

From Johann et al. (2016), JGR 
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