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Summary  

Hydraulic fracturing of low-permeability hydrocarbon reservoirs triggers microseismic events which are often 
used to estimate the fracture dimensions. The microseismic event clouds have also been used to estimate 
the permeability of fractured rocks by attributing the triggering front of microseismicity observed in the 
distance versus time plots to the pore pressure diffusion process. Assuming a penny-shaped hydraulic 
fracture and using a material balance equation with a propagation criterion, we show that the rate of fracture 
growth can be much faster than that of the pore pressure diffusion in low-permeability hydrocarbon reservoirs 
like shales and tight sands. Therefore, the observed triggering front may be explained by the crack tip 
propagation. Thus, the diffusivity estimates obtained by fitting a pore pressure diffusion front to the triggering 
front can lead to overestimation by many orders of magnitude.  

 

Introduction 

Hydraulic fracturing is often performed to enhance the permeability of hydrocarbon bearing tight sands and 
shales. This process is accompanied by microseismic events which are triggered by creation/reactivation of 
a fracture network. Monitoring of these microseismic events is used to map fracture orientation and 
dimensions (Maxwell et al., 2002; Rutledge and Phillips, 2003; Cipolla et al., 2011). Shapiro et al., 2006 and 
Shapiro and Dinske, 2009 suggest estimating the formation permeability using the microseismic data. Their 
permeability estimates depend upon an apparent diffusivity parameter which is obtained from the triggering 
front of microseismicity observed in the distance versus time plots. Grechka et al., 2010 use the method of 
Shapiro et al., 2006 to compute the permeability of hydraulically fractured tight sands. This method assumes 
that fluid loss into the formation is the dominant phenomenon triggering microseismicity. However, it neglects 
the role of fracture propagation in shaping the microseismic cloud.  

Barthwal and Van der Baan (2017) model the elastic stress changes and the pore pressure diffusion profiles 
due to a stationary hydraulic fracture cavity. They conclude that the elastic stress changes near the tip of the 
fracture cavity facilitate shear slip failure thereby triggering microseismic events. In this study, we show that 
during the injection period in low-permeability hydrocarbon bearing formations, the observed triggering front 
may be attributed to fracture propagation rather than pore pressure diffusion. Moreover, neglecting the 
fracture growth leads to overestimation of hydraulic diffusivity.  

 

Method 

We assume a vertical penny-shaped hydraulic fracture cavity with equal height and length and an aperture 
which is much smaller than the other two major axes. The same model was used by Barthwal and Van der 
Baan, 2017. In order to compute fracture length growth over time, we apply a material balance equation 
together with a fracture propagation criterion. According to the material balance equation, we get (Harrington 
and Hannah, 1975; Economides and Nolte, 2003) 

                                                               Qit =
4

3
𝜋abc + 𝜋bhfCl√2t ,                                                              (1) 
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where Qi is the average injection rate of treatment fluid, hf is the fracture height, a, b, and c are the semi-
axes of our penny-shaped model, t is the injection time, and Cl is the fluid leak-off coefficient. For the penny-

shaped model, b = c = L where L is the half-length of the hydraulic fracture. Therefore, the fracture height is 
hf = 2L. The maximum fracture aperture is 2a.   

Assuming that the fracture propagates under constant stress intensity factor, the maximum aperture is given 
as (Olson, 2003) 

                                                                       2a = Kic
(1−𝜈2)

E√𝜋/8
√2L ,                                                                 (2) 

where Kic is the fracture toughness, E is the Young’s modulus, and 𝜈 is the Poisson’s ratio. Substituting 
aperture a from equation 2 in equation 1, and using b = c = L and hf = 2L we get 

                                        [
8√𝜋Kic

3E′
]

2

L5 − [2𝜋Cl√2t ]
2

L4 + [4√2𝜋ClQi𝑡
3/2 ]L2 − [Qit]2 = 0 ,                             (3) 

where  

                                                                                   E′ =
E

1−ν2 .                                                                     (4) 

 

The smallest positive real root of equation 3 gives the half-length of the fracture as a function of time.  

The distance L of the pore pressure diffusion front from a point injector is computed as (Shapiro et al., 
2002; Rothert and Shapiro, 2003) 

                                                                                   L = √4πct ,                                                                   (5) 

where c is the hydraulic diffusivity given as (Rice and Cleary, 1976; Segall, 1985) 

 

                                                                                   c =
k

ηΦβ
  ,                                                                      (6) 

where k is the permeability, Φ is the porosity and β is the fluid compressibility.   

 

Table 1: Parameters used for modeling rate of fracture length growth, and the triggering front due to fluid 
diffusion from a point injector  

Parameter Value and unit 

Fracture toughness, Kic 10 MPa√m 

Young’s modulus, E 40 GPa 

Poisson ratio, ν 0.23 

Leak-off coefficient, Cl 0.00003 m/s1/2 

Volume injection rate, Qi 0.15 m3/s 

Porosity, Φ 0.1 

Permeability, k 100 nanodarcy or 9.9*10-20 m2 

Compressibility gas, βg 10-5 Pa-1 

Compressibility water, βw 3*10-10 Pa-1 

Viscosity gas, ηg 2*10-5 Pas 

Viscosity water, ηw 10-3 Pas 

Diffusivity gas, Cg 5*10-9 m2/s 

Diffusivity water, Cw 3.3*10-6 m2/s 
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Results 

We compare the rate of fracture length growth and the pore pressure diffusion fronts to understand their role 
in shaping the triggering front observed in the distance versus time plots of microseismic events. The fracture 
length is computed using equation 3 whereas the distance of the pore pressure diffusion front from a point 

injector is computed using equation 5 where c is the hydraulic diffusivity. We list the typical values of 
compressibility and viscosity for water and gas, porosity and the permeability for shale samples (Vermylen, 
2011), and the corresponding diffusivity computed using equation 6 in Table 1. Since diffusivity depends upon 
the permeability and porosity of the rock as well as the viscosity and compressibility of the formation fluid, 
the diffusivity of water is three orders of magnitude higher than that of gas. Figure 1 shows the pore pressure 
diffusion fronts and the crack tip length as a function of time. The pore pressure diffusion fronts in the case 
of water and gas for typical values of lab-measured diffusivity (dashed red and solid green lines) lag the crack 
tip propagation (solid blue line). Even when the lab-measured diffusivity values are increased by 104 times 
for water (3.3*10-2 m2/s) and 106 times for gas  (5*10-3 m2/s), the crack tip propagation (blue curve) is much 
faster than the pore pressure diffusion fronts (dashed magenta and solid black lines). 

 

 

Figure 1: Distance of hydraulic fracture tip and pore pressure diffusion front from a point injector as a function 
of time. Solid blue line shows fracture half-length. Dashed red and magenta lines show distance of diffusion 
front in case of water for in-situ (cw in Table 1) and scaled up (104

 times cw) diffusivity respectively. Solid 
green and black lines show distance of diffusion front in case of gas for in-situ (cg in Table 1) and scaled 

up (106
 times cg) diffusivity respectively. 

 

Discussions  

The evolution of the fracture tip over time as given by equation 3 depends upon the average injection rate of 
treatment fluid (Qi), the fluid leak-off coefficient (Cl), the fracture toughness (Kic), and the elastic constants of 

the medium (plane strain modulus, E′ given in equation 4). We test the sensitivity of the fracture length growth 
over time with respect to each of these four parameters by varying them individually while keeping all others 
constant. We find that the rate of fracture length growth is much faster than that of the pore pressure diffusion 
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front for typical values of these parameters in the case of hydraulic fracturing of low-permeability hydrocarbon 
reservoirs. Thus, at any time during fracture growth, the microseismic events near the crack tip triggered by 
elastic stress changes would be farthest from the injection point. In other words, the crack tip propagation 
can be used as a proxy for the triggering front of microseismicity observed in the distance versus time plots. 

Shapiro et al. (1997), Shapiro et al. (2002), and Rothert and Shapiro (2003) argue that the triggering front of 
microseismicity can be used to estimate the hydraulic diffusivity of rocks leading to the seismicity based 
reservoir characterization (SBRC) approach. The main assumption of SBRC is that the fluid induced 
microseismicity is triggered in critically stressed rocks solely due to pore pressure diffusion (Shapiro et al., 
2002, 2005). Such an interpretation is more apt to highly permeable rocks or rocks with open fractures where 
pore pressure diffusion is the dominant mechanism inducing seismicity, e.g., saltwater injection into highly 
permeable aquifers (Hornbach et al., 2015; Keranen et al., 2014) since injection occurs below the fracture 
gradient of the rock. In this case, the fracture volume, as described by the first term on the right-hand side of 
material balance equation (equation 1), will be negligibly small compared to the contribution of the fluid leak-
off terms, resulting in most injected fluids flowing into the surrounding rocks. 

In the case of hydraulic fracturing of low-permeability rocks, the growth rate of fracture length is much faster 
than that of the pore pressure diffusion front. As shown in Figure 1, we need to scale up the hydraulic 
diffusivity by multiple orders of magnitude to match the fracture length growth over time. Therefore, the 
diffusivity estimated by fitting the triggering front by pore pressure diffusion fronts will lead to overestimation.   

 

Conclusions  

The spatiotemporal distribution of microseismicity observed during hydraulic fracturing is shaped not only by 
pore pressure diffusion but also by the opening of the fracture cavities which can trigger events due to elastic 
stress perturbations. In this study, we show that in low-permeability hydrocarbon reservoirs like shales and 
tight sands, crack tip propagates much faster than the pore pressure diffusion fronts and can be used as a 
proxy for the triggering front of microseismicity. Consequently, the apparent diffusivity computed by fitting a 
pore pressure diffusion front to the observed triggering front is overestimated by several orders of magnitude. 
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