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ABSTRACT

Hydraulic fracturing has proven to be an essential technique to promote heat recovery in enhanced geothermal systems (EGS). A good
understanding of fracture characteristics including its extents and aperture distribution plays an important role in the design and
management of EGS. In the present study, we develop a new approach to use electrical resistivity tomography (ERT) to image the extents
and aperture of a stimulated hydraulic fracture. This new method, named “templated fracture inversion”, takes advantage of a priori
known information about the host rock and the fracture to constrain the variable space for inversion. A series of inversions are performed
on synthetic data based on designed sensor and fracture configuration in EGS Collab experiment 1. The results indicate that the algorithm
is effective in inverting the fracture extents and aperture, both for conductive and (nearly) nonconductive fracture fluid as long as sufficient
contrast in electric resistivity between the host rock and the fracture fluid is present. The templated inversion is more accurate and robust
in imaging hydraulic fractures than the traditional smoothness constrained inversion method.

1. INTRODUCTION

Hydraulic fracturing create fracture network to improve the permeability of host rocks and has been used for recovering petroleum, natural
gas and geothermal energy from subsurface reservoirs. Determining the extents and aperture distribution of the stimulated fracture is
particularly important for the efficient exploitation and management of reservoir. The correct evaluation of the effect of hydraulic
fracturing on surrounding formations and regional groundwater quality also largely depends on the accurate prediction of fracture extents,
especially in the vertical direction (Davies et al. 2012; Fisher and Warpinski 2012; Vidic et al. 2013). Many methods have been developed
to delineate the location and geometry of hydraulic fracture, including microseismic monitoring and tiltmeter arrays (Niitsuma and Saito
1991; Vinegar et al. 1992; Wills et al. 1992; Wright et al. 1995; Castillo et al. 1997; Maxwell et al. 2002; He et al. 2014; Maxwell 2014;
Trowbridge et al. 2017). These methods can provide useful knowledge about the spatial extent of hydraulically induced fracture. However,
there still remain some uncertainties in the interpretation of measurements from these methods (McClure and Horne 2014; Weiss et al.
2016). The occurrence of microseismic events is neither a necessary nor a sufficient condition of the presence of hydraulic fracture at that
location. Tiltmeters usually cannot determine the full extents of a hydraulic fracture.

Electrical resistivity tomography (ERT) is a popular geophysical imaging technique which takes advantage of the spatial and temporal
evolution of electrical resistivity distribution to image subsurface structure and process. Up to now, this technique has found its application
in many subsurface engineering, such as water and salt infiltration, mineral exploration, thermal remediation, steam injection, geologic
carbon sequestration, air sparging, aquifer characterization, and landfill leachate leakage (Daily et al. 1992; Ramirez et al. 1993; Lesur et
al. 1999; Slater and Sandberg 2000; LaBrecque and Yang 2001; Doetsch et al. 2010; Coscia et al. 2011; Yang et al. 2014; Bouchedda et
al. 2017). ERT has also been used for the detection of fractures in rock since the presence of fracture with electrically conductive or
nonconductive fluids will change the distribution of electrical resistivity in the concerned rock mass (Slater et al. 1997; Nimmer et al.
2007; Magnusdottir and Horne 2011; Ramachandran et al. 2012; Robinson et al. 2013; Robinson et al. 2015; Robinson et al. 2016; Weiss
et al. 2016). The imaging of fracture requires a significant electric conductivity contrast between the fracture and the surrounding matrix,
especially for hydraulic fracture whose aperture might be too small to generate effective ERT measurements. However, previous ERT
methodologies developed based on the Occam’s inversion method always seek the solution with the least heterogeneities in electric
conductivity distribution from the many solutions that fit the ERT measurements equally well. Therefore, the sharp electric conductivity
contrast from either conductive or nonconductive fracture fluid is difficult to be correctly imaged with this kind of smoothness constrained
inversion methods. In order to improve the cross-borehole ERT imaging of the sharp electric conductivity induced by subsurface structures
such as fracture and clay layer, a method named “regularization disconnect” is proposed to remove the smoothness constraint along the
structure boundaries by taking advantage of a priori known information about the structure location defined from borehole logging data
(Slater and Binley 2006; Coscia et al. 2011; Johnson et al. 2012; Robert et al. 2012; Bazin and Pfaffthuber 2013; Robinson et al. 2013;
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Robinson et al. 2015; Robinson et al. 2016). Results from this method indicated that utilizing a priori known information was important
for reducing inversion artifacts and improve the imaging of sharp electric conductivity contrast presented by fractures.

Compared to other natural structures and fractures in the rock formation, the creating of hydraulic fracture is an artificially controlled
process and useful a priori known information enables accurate ERT imaging of the fracture. The a priori known information includes:
1) electric conductivity distribution in matrix om, which can be obtained by performing smoothness constrained inversion prior to
hydraulic fracturing; 2) electric conductivity of fluid used in the stimulation or; 3) likely location of the plane that hydraulic fractures will
be stimulated, which can be estimated according to the local stress orientation and the position of well casing perforations; 4) likely
fracture shape and its continuity. With such a priori known information, we only need to invert for the fracture boundary that interrupt
the smoothness distribution of electric conductivity in matrix, rather than invert for the electric conductivity distribution in the whole
matrix. Therefore, we develop a novel cross-borehole ERT method, named templated fracture inversion, to image both the extents and
aperture distribution of hydraulic fracture. Instead of inverting for the distribution of electric conductivity, the variables describing the
position, shape, size and aperture distribution of the fracture are inverted. In the following sections, we first describe the basic
considerations and strategy for the templated fracture inversion method, including the inversion formulation. Based on a three-dimensional
(3D) model simplified from the EGS Collab project design (Kneafsey et al., 2018; Morris et al., 2018), a series of inversions are then
performed on synthetic data with different fracture configurations and aperture distributions to validate the capability of the method.

2. TEMPLATED FRACTURE INVERSION METHOD

The templated fracture inversion module is implemented in GEOS, a fully coupled hydraulic fracture simulation code developed at the
Lawrence Livermore National Laboratory (Settgast et al. 2016). Similar to previous ERT inversion modules, the templated fracture
inversion module includes both a forward model and an inversion model. The forward model is used to calculate electric potential
distribution for a given electric conductivity (or resistivity) field and electrical boundary conditions. Fractures with different shape, size
and aperture distribution can be considered in the forward model thanks to GEOS’s fracture handling capability (Fu et al. 2013; Settgast
et al. 2016). The finite volume method is used as the numerical framework in the forward model. The inversion model includes both the
smoothness constrained inversion method and the templated fracture inversion method.

According to previous studies, the smoothness constrained inversion method attempts to determine the “best” distribution of the electric
conductivity that presents the best fitness between the results calculated from the forward module and the measurements (Dey and
Morrison 1979; Spitzer 1995; LaBrecque et al. 1999; LaBrecque and Yang 2001; Daily et al. 2005). To find the optimal distribution of
the electric conductivity P, the algorithm seeks to minimize the objective function consists of the L-2 norm of the data misfit and the
stabilizing term that constrain the search of P. The objective function can be expresses as,

H(P*) = y2(P) + aP*TRP* = [D — F(P*)]"W[D — F(P*)] + «P*"RP* = 0 1)

where y2(P) denotes the Chi-squared statistics, D is the vector of electric potential measurements, P* is the logarithm of P, F(P*) is the
forward solution, W is the data-weight matrix, R is the roughness matrix, « is the weight factor of the roughness matrix. The non-diagonal
elements of W are 0 and the diagonal elements are the reciprocals of the measurement variances. The roughness matrix R is expressed as
xTx + yTy + zTz, where x, y, and z are matrices first-order difference operators in the x, y and z directions. The weight factor « is
estimated and updated according to the method used by LaBrecque et al. (1999).

The minimization of ¥(P*) requires that its derivative equals 0. Further employing the Newton’s method, the following iterative equation
can be obtained,

(ATWA, + aR)TAP; = [ALW(D — F(P})) — aRPj] ¥

where Ay, is the sensitivity matrix at the kth iteration, Py, is the vector of the logarithm of electric conductivity from the previous iteration,
APy is the increment of Py, at the current iteration. The elements of the sensitivity matrix are calculated as a; ; = JF;(Py,)/dp;, where
F;(Py) is the ith element of the forward solution and pj is the jth element of P;. We used y%(P) equals to the number of measurements as
the convergence criteria for the iteration.

For the templated fracture inversion method, the electric conductivity in the surrounding matrix is a priori known information, and the
variable vector V consists of the parameters describing the fracture extents and aperture distribution. In the current study, we use an ellipse
as the template for hydraulic fracture (Fig. 1), and the variables describing the fracture include the position of the fracture center (xo, yo),
semi axis length (a, b), rotation angle (6) and aperture (w). Note the coordinates here are on the 2D coordinate system on the a priori
known fracture plane. The aperture w is described by the superposition of a series of functions wi. For example, if we use the Gaussian
function to describe the aperture distribution, the following expressions can be obtained,

x=xp?
4 -
w o= YLiwi+ wy = Z?=1\/2—nl£ie ) (€)]

where 7 is the number of Gaussian functions for the aperture distribution, wo is the base aperture, 4i and & are parameters for the ith
Gaussian function, x; is the coordinates of the peak of the ith Gaussian function. The total length of the variable vector V for the templated
fracture inversion is therefore 4n+6. If n equals 0, the aperture is uniform in the fracture. Similar to the smoothness constrained inversion
method, the following iteration equation can be obtained,
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(SkWSK)AV, = SuW(D — F (V) @)
where Sy, is the sensitivity matrix at the kth iteration, Vj, is the variable vector from the previous iteration, AV, is the increment of Vj, at

the current iteration. The data-weight matrix W is the same as that in smoothness constrained inversion method. The iteration stops when
the relative Chi-squared statistics (defined as the ratio between y2(V) at the current iteration and the first iteration) is smaller than 107°.

Fracture plane

Figure 1: Elliptical fracture shape used for the templated fracture inversion method. Variables describing the fracture include
the coordinates of the fracture center xo, yo, semi-major axis a, semi-minor axis b, rotation angle 6, and aperture w.

3. RESULTS
3.1 Model description

To verify the capability of the templated fracture inversion method for ERT imaging of hydraulic fracture, we develop a 3D model based
on the Enhanced Geothermal Systems (EGS) Collab project, which is designed to investigate the hydraulic fracturing mechanics at a
intermediate-scale coupled with geophysical monitoring such as optical/acoustic televiewer logging, seismic tomography and ERT (Huang
et al. 2017; Knox et al. 2017). The Collab project’s first experiment will be performed in the West Access Drift of the SURF facility at
4,850 feet below ground. A stimulation as well as a production well will be drilled in the minimum principal stress direction and hydraulic
fractures with expected diameters of 20 to 30 m will be initialed to connect the two wells. Four monitoring boreholes parallel to the
expected fracture planned have been drilled and geophysical monitoring equipment including electrodes used for ERT will be deployed
in these boreholes. Based on the design of the Collab project’s first experiment, a 500 x 500 x 300 m 3D domain is used to perform
templated fracture inversion with electrode deployment consistent with the orientation of the four monitoring boreholes (Fig. 2). The
expected fracture plane has z = 0, where the mesh resolution is 1 m in x and y direction, and 2 m in z direction. Fig. 2 (b) and (c) zoom in
the model center to show a hypothetical fracture and the electrode layout.

fracture plane: z=0

fracture:z=0

Hydraulic fracture

500 m

(b)

Electrodes:
z=-45

° e

©
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Electrodes:

z=45

Figure 2: A 3D model for templated fracture inversion. (a) The 3D computational domain. A vertical hydraulic fracture is assumed
to be stimulated in the fracture plane (z = 0). (b) A hypothetical elliptical hydraulic fracture near the center of the fracture
plane. (c) The electrode deployment pattern. Totally four electrode arrays are deployed corresponding to the four
monitoring boreholes drilled in the EGS Collab project. Two electrode arrays located in front of the fracture (z = 4.5 m),
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and the other two electrode arrays are symmetrically on the back of the fracture (z = -4.5 m). Each array contains 10
electrodes with a 4.1 m spacing.

A series of templated fracture inversions are performed to verify its capability of imaging hydraulic fracture under different conditions,
including more conductive and more nonconductive fracture fluid compared with that of the surrounding rock formation, as well as
uniform and non-uniform aperture distributions. The effects of fracture mismatch (either in fracture extents or aperture distribution) is
also analyzed. For each templated fracture inversion, a series of forward calculations are first performed to generate synthetic ERT
measurements using dipole-dipole method. The model boundaries are assumed to be mixed boundaries for electrical current, which is
appropriate to describe a far field boundary in ERT forward model (Dey and Morrison, 1979).

3.2 Imaging of fracture extents and aperture distribution

The first example uses an assumed elliptical fracture with a uniform aperture distribution (1 mm) to generate the synthetic data. The
electric conductivity of surrounding rock formation om in the model is uniform with a value of 0.001 S/m. Totally 1,140 ERT
measurements are used for the templated fracture inversion process. The column in Fig. 3 shows the fractures as well as the aperture
distribution in forward models. The other three columns show the fractures from inversion at different iterations, and the fracture extents
in forward model is also plotted for comparison (illustrated as the black grid). Within 40 iterations, the fracture extents as well as aperture
in the fracture can be determined with high accuracy, both for nonconductive and conductive fracture fluid scenarios.
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Fracturein Fracture from inversion Fracture from inversion Fracture from inversion
Fracture in forward model: w =1 mm forward model w=0.01 mm w=0.42 mm w=0.99 mm

(a) Assuming fracture fluid is significantly less conductive than the host rock

Aperture (mm)
lteration: 0 lteration: 20 lteration: 30

Fracturein Fracture from inversion Fracture from inversion Fracture from inversion
Fracturein forward model: w =1 mm forward model w=0.01 mm w=0.26 mm w=1.00 mm

(b) Assuming fracture fluid is significantly more conductive than the host rock

Figure 3: Imaging of hydraulic fracture with uniform aperture distribution. (a) The parameters describing the elliptical fracture
in forward model are xo=0m, yo=0m, a =21.2 m, b =12.7 m, #=45.0°, w=1 mm, ot = 1 x 10”7 S/m. The starting fracture
in the inversion model is denoted by the blue square at 0 iteration, with an initial aperture of 0.01 mm; (b) The parameters
describing the elliptical fracture in forward model are xo =0 m, yo =0 m, a =13.4 m, b = 8.9 m, 8= 26.6°, w =1 mm, or =
10 S/m. The starting fracture in the inversion model is denoted by the blue square at 0 iteration, with an initial aperture of
0.01 mm.

Fig. 4 displays the inversion results for an elliptical fracture with non-uniform aperture distribution, which is described by a Gaussian
function as mentioned before. The distribution of om is the same as that in Fig. 3, and also 1140 ERT measurements are used for the
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inversion. According to the inversion results, the templated fracture inversion method first matches the fracture extents and then gradually
matches the aperture distribution.
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Wmax = 8.40 mm forward model  Wmay = 1.65 mm Winax = 4.43 mm Winax = 8.25 mm

(a) Assuming fracture fluid is significantly less conductive than the host rock
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Iteration: 0 Iteration: 10 Iteration: 30
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Wiax = 11.60 mm forward model ~ Wpay = 1.17 mm Winax = 3.77 mm Wy = 11.70 mm

(b) Assuming fracture fluid is significantly more conductive than the host rock

Figure 4: Imaging of hydraulic fracture with non-uniform aperture distribution. (a) The parameters describing the elliptical
fracture in forward model are xo=0m, yo =0 m, a =21.2 m, b = 12.7 m, = 45.0°, ot = 1 x 10”7 S/m. The parameters for
the Gaussian function describing the aperture distribution are n = 1, x1 = (-5, -5, 0), 41 = 0.1, & = 5.0, wo = 0.5 mm. The
initial aperture distribution for the inversion process is also described by a Gaussian function with parameters n =1, x1 =
(0, 0, 0), A1 = 0.005, & = 1.0, wo = 0.1 mm; (b) The parameters describing the elliptical fracture in forward model are the
same as that for the nonconductive fracture fluid scenario, and or = 10 S/m. The parameters for the Gaussian function
describing the aperture distribution are n =1, x1 = (6, 3, 0), 41 =0.1, & = 3.5, wo = 0.5 mm. The initial aperture distribution
for the inversion process is also described by a Gaussian function with parameters » =1, x1 = (1.5, 0, 0), A1 = 0.005, & =
1.0, wo = 0.1 mm.

3.3 Comparison of templated fracture inversion and smoothness constrained inversion

In this section, both the traditional voxel-based, smoothness constrained inversion and templated inversion are performed on the same
synthetic ERT measurements to compare their abilities for the imaging of hydraulic fracture. A circular hydraulic fracture with a uniform
aperture distribution is assumed in the forward model and two different fracture locations are considered as shown in Fig. 5. Since the
location of the plane that hydraulic fracture is stimulated is used as a priori known information, we only inverse the electric conductivity
distribution on this fracture plane during smoothness constrained inversion, and the electric conductivity of the other elements in the
model is fixed to the background value (the same as that used in the forward model). Totally 1140 ERT measurements are used for both
the two inversion methods.

Fig. 5(a) shows the inversion results from smoothness constrained inversion method. The area with relative low electric conductivity
(nonconductive fracture fluid condition) or high electric conductivity (conductive fracture fluid condition) can provide an estimate of the
likely fracture area, however, part of the fracture area cannot be imaged especially when the fracture crosses the electrode arrays. In
addition, the aperture distribution cannot be imaged using the smoothness constrained inversion method, and the artifacts near electrodes
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may also cause some misinterpretation of the fracture extents. Fig. 5(b) displays the corresponding inversion results from the templated
fracture inversion method. Both the fracture extents and aperture are correctly imaged.

Electric conductivity
(mS/m) Iteration: 15 Iteration: 15 Iteration: 10 Iteration: 10

Nonconductive fracture fluid Nonconductive fracture fluid Conductive fracture fluid Conductive fracture fluid

(a) Smoothness constrained inversion results

Aperture (mm)
iy

Iteration: 30 Iteration: 30 Iteration: 30 lteration: 30

w=1.00 mm w=0.97 mm w=1.00 mm

Nonconductive fracture fluid Nonconductive fracture fluid Conductive fracture fluid Conductive fracture fluid

(b) Templated fracture inversion results

Figure 5: Comparison of smoothness constrained inversion and templated fracture inversion. (a): Parameters used in the forward
model: fracture radius is 15 m, om = 0.001 S/m, ot = 1 x 10”7 S/m (nonconductive fracture fluid condition) or 10 S/m
(conductive fracture fluid condition), w =1 mm. Parameters used for the starting model in the inversion process: fracture
radius is 1 m, and om = 0.001 S/m; (b) The forward model is the same as that used for the smoothness constrained inversion.
Parameters used for the starting model in the inversion process: fracture radius is 1 m, om = 0.001 S/m, gt=1 x 107 S/m
(nonconductive fracture fluid condition) or 10 S/m (conductive fracture fluid condition), initial aperture is 0.01 mm.

3.4 Mismatch between fracture characteristics and templates

In the above examples, the assumed fracture characteristics can be fully covered by the adopted template. In theory, the fracture extents
and aperture distribution can be accurately matched in the forward and inversion model if no noise is presented in the ERT measurements
(Figs. 3, 4 and 5(b)). However, the hydraulic fracture shape is generally irregular and the aperture distribution is also highly heterogeneous
due to the complex geologic and operation conditions. As a result, there will always be a mismatch in fracture extents and aperture
distribution between the forward and inversion models. To examine the behavior of the templated fracture inversion method under such
situations, two models are developed for fracture characteristics inconsistent with the template. In the first model (Fig. 6(a)), the fracture
extents and aperture distribution are the same as that in Fig. 4(a), but we use a uniform aperture template to image the non-uniform aperture
distribution. In the second model (Fig. 6(b)), an irregular fracture shape is assumed in the forward model and we still use the elliptical
template to image the fracture extents. The electric conductivity of rock formation om is uniform with a value of 0.001 S/m.

As indicated by the inversion results, the fracture cannot be exactly imaged. However, the inversion results are still in good overall
agreement with the actual fractures. Although there are some mismatches in fracture extents, most of the fracture areas in forward model
are still correctly imaged, especially those with relative large aperture. In Fig. 6(a), the aperture from inversion is 2.22 x 103 m, which is
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approximately equal to the average aperture in forward model (2.07 x 10-* m). In Fig. 6(b), the aperture from inversion is 2.23 x 10~ m,
and the average aperture in forward model is 2.50 x 10-3 m.
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lteration: 0 lteration: 10 lteration: 30
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510 lteration: 0 Iteration: 10 lteration: 24

3,40

Fracture in forward model: Fracturein Fracture from inversion Fracture from inversion Fracture from inversion
Wpax = 6.80 mm forward model  Wpax =0.10 mm Wiax = 0.28 mm Winax = 2.23 mm

(b)

Figure 6: Imaging of hydraulic fracture with mismatch in fracture extents and aperture distribution. (a): The parameters
describing the elliptical fracture in forward model are xo=0 m, yo=0m, a=21.2 m, b =12.7 m, =45.0°, or=1 x 107 S/m.
The parameters for the Gaussian function describing the aperture distribution are n = 1, x1 = (-5, -5, 0), 41 = 0.1, & = 5.0,
wo = 0.5 mm. The aperture distribution in the inversion model is uniform with an initial value of 0.1 mm; (b): The fracture
shape in forward model is irregular and or = 1 x 10”7 S/m. Parameters for the Gaussian function describing the aperture
distribution are n = 1, x1 = (4, 4, 0), A1 = 0.05, &1 = 4.0, wo = 2 mm. The aperture distribution in the inversion model is
uniform with an initial value of 0.1 mm.

4. CONCLUSIONS

Compared with the traditional voxel-based, smoothness constrained inversion method, the templated fracture inversion method uses more
a priori known information to regularize the imaging of hydraulic fracture and improve the inversion accuracy, both for fracture extents
and aperture distribution. Different templates for fracture shape and aperture distribution can be employed to image different hydraulic
fracture patterns. In this study, we use ellipses as the template for fracture extents and Gaussian function as the template to describe
aperture distribution. Therefore, the variable space includes the five parameters describing the fracture extents (position of the fracture
center xo and yo, semi axis length @ and b, rotation angle ) and the 4n+1 parameters describing the aperture distribution (# is the number
of Gaussian functions used in the template for aperture distribution). For templated fracture inversion, the variable space is remarkably
reduced compared to the smoothness constrained inversion, and therefore the method is more effective in imaging of hydraulic fracture.
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