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Abstract

Determining effective elastic properties of rocks from their pore-scale digital images is a key goal of digital rock
physics (DRP). Direct numerical simulation (DNS) of elastic behavior, however, incurs high computational cost;
and surrogate machine learning (ML) model, particularly convolutional neural network (CNN), show promises to
accelerate homogenization process. 3D CNN models, however, are unable to handle large images due to memory
issues. To address this challenge, we propose a novel method that combines 3D CNN with hierarchical homogenization
method (HHM). The surrogate 3D CNN model homogenizes only small subimages, and a DNS is used to homogenize
the intermediate image obtained by assembling small subimages. The 3D CNN model is designed to output the
homogenized elastic constants within the Hashin-Shtrikman (HS) bounds of the input images. The 3D CNN model
is first trained on data comprising equal proportions of five sandstone (quartz mineralogy) images, and, subsequently,
fine-tuned for specific rocks using transfer learning. The proposed method is applied to homogenize the rock images of
size 300300300 and 600 x 600 x 600 voxels, and the predicted homogenized elastic moduli are shown to agree with
that obtained from the brute-force DNS. The transferability of the trained 3D CNN model (using transfer learning) is
further demonstrated by predicting the homogenized elastic moduli of a limestone rock with calcite mineralogy. The
surrogate 3D CNN model in combination with the HHM is thus shown to be a promising tool for the homogenization
of large 3D digital rock images and other random media.

Keywords: Digital rock physics, Deep learning, Elastic properties, Hierarchical homogenization method, 3D
Convolutional neural networks

1. Introduction

Digital Rock Physics (DRP) aims to complement/replace the expensive laboratory experiments to characterize the
relevant properties of reservoirs directly from the pore-scale digital images of the constituent rocks [1, 2, 3, 4, 5, 6].
The DRP workflow starts from the acquisition of the three-dimensional digital images of rocks using modern imaging
techniques such as micro computed-tomography (micro-CT). The digital image is then segmented into its different
constituents and pores using an image processing tool. A physical simulation is then performed numerically on the
segmented digital images to obtain the desired effective properties of the rock. The effective elastic properties, e.g.
bulk and shear moduli, are important properties of rocks to fully characterize the reservoirs and is the focus of the
present work.

Rocks are quintessential examples of random media in which microstructures (distribution of constituents materials
and pores) span multiple length scale. Resolution of the finer length-scale features of the microstructure is necessary
to obtain accurate results from the numerical simulations. On the other hand, a large field-of-view (FOV) is needed
to sample statistically representative volume to obtain well-converged results. Satisfying both conditions is becoming
increasingly possibly with the advancement in imaging technology. Furthermore, machine learning-based fusion of
high resolution and small FOV scanning electron microscopy (SEM) images with low resolution and large FOV micro-
CT images yields huge images (with multibillion voxels) with high resolution and large FOV [7]. However, performing
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brute-force numerical simulations on such huge images to determine effective properties remains out of reach due to
requirement of prohibitively expensive requirement of computational resources — in terms of both computation time
and memory to store images and intermediate computation steps.

Domain decomposition-based methods are commonly utilized to efficiently carry out the numerical simulations on
huge computational domains (digital images in the present context). The basic idea of domain decomposition methods
is to first divide the huge image under investigation into multiple small computationally tractable subimages. The
numerical simulations are performed on individual subimages to obtain their effective properties. The final step is to
integrate the homogenized properties of the individual subimages to determine the effective property of the original
huge image. One way to realize this last integration is by simply computing the simple arithmetic/geometric/harmonic
mean of the properties of the individual subimages. Hierarchical homogenization method (HHM) is another princi-
pled renormalization method-inspired procedure to perform the last step of the integration to find accurate effective
properties of the huge domain. In HHM, the last integration step is carried out by assembling the subimages with
corresponding effective properties and performing the numerical simulation on much smaller partially homogenized
domain. Recently, Ahmad et al. [8] systematically analyzed the errors incurred by the HHM, and provide a procedure
to obtain accurate and unbiased effective elastic moduli of digital rocks.

In domain decomposition methods such as HHM, the computational cost associated with the last integration step
is negligible. The majority of the computational cost in HHM is incurred during the homogenization of the subimages
by performing relatively expensive numerical simulations. Thus, replacing the expensive numerical simulations with
cheaper deep learning-based surrogate models to predict the effective elastic moduli of subimages would significantly
increase the overall computational efficiency of the HHM, and is the main focus of the present work.

Deep learning-based surrogate models have found wide-ranging applications in predicting the physical properties
of digital rocks. The strength of deep learning methods originates from their ability to learn important features from
raw data to predict the target properties. Convolutional Neural Networks (CNN) is at the core of most prominent
surrogate deep leaning models for DRP applications which operate directly on the digital images to predict the desired
properties. For instance, CNN-based models have been used for image segmentation [9, 10, 11, 12], predicting the flow
properties and permeability [13, 14, 15, 16, 17, 18, 19], predicting mechanical properties [11, 20, 21, 22, 23, 24, 25],
enhancing the resolution of digital images [7, 26, 27, 28], image reconstruction [29, 30], classification [31].

The application of CNN to large three-dimensional digital images is severely limited by the excessive memory
requirements to fit the images on graphical processing units (GPUs). Large images restrict the batch size and lead
to inefficient training of the model. To mitigate this memory issue, Kashefi and Mukerji [32] use PointNet instead of
CNN to predict the permeability from rock images. PointNet operates on the point cloud representation of the interface
between pore and mineral phases and thus requires much lower memory than the full image. Furthermore, Santos et al.
[17] propose a multiscale CNN to predict permeability of rock images with more than 512° voxels. However, the large
image size results in the smaller number of training data which can lead to overfitting and poor generalizability of the
trained model.

In this work, we propose a novel hybrid approach, CNN-HHM, which combines deep learning model and direct
numerical simulation (DNS) in the framework of HHM to efficiently determine the effective elastic moduli of large
digital rock images. The framework starts with the partitioning of a large rock image of size N X N X N voxels into
(N/n)? disjoint smaller subimages of size nxnxn voxels. A surrogate 3D-CNN model is trained to predict the effective
isotropic elastic moduli (bulk and shear) of subimages which are numerous to train a deep learning model. To build
the training data, the effective elastic moduli of the subimages are determined by solving the elasticity problem using
an efficient FFT-based numerical solver. The main aspect of our 3D-CNN implementation is that it does not directly
predict the bulk and shear moduli from the segmented subimages; instead the 3D-CNN model outputs two scalars fx
and f, having values between 0 and 1. The two numbers fx and f,, specify the effective bulk and shear moduli with
respect to the respective lower and upper Hashin-Strikman bounds. This particular feature of the model results in high
accuracy and excellent generalizability of the trained model. The surrogate CNN model is pretrained on a mixed data
set containing equal proportion of five sandstone rock (quartz mineralogy) images of size 75 X 75 X 75 voxels. We,
subsequently, use transfer learning to fine tune the surrogate CNN model for each rock separately.

The trained 3D-CNN model is then integrated into the HHM scheme to determine the effective elastic moduli
of large rocks. In particular, the effective moduli of the subimages are obtained using the trained 3D-CNN model
instead of DNS. The substitution of computationally costly numerical simulation with the cheaper surrogate 3D-CNN
model leads to significant increase in the computational efficiency of the overall HHM scheme. The second and
the final homogenization of much smaller intermediate assembled image is performed by direct physical simulation
which has negligible computational cost. The proposed framework is shown to predict the effective elastic moduli of



digital rock images of size 300 x 300 x 300 and 600 x 600 x 600 voxels in excellent agreement with DNS values.
The CNN-HHM approach with transfer learning is then shown to predict the elastic moduli of limestone (calcite
mineralogy) with reasonable accuracy. Thus, the proposed CNN-HHM approach is shown to be a promising tool for
the efficient determination of the effective elastic moduli of large digital rock images with varies microstructure and
mineral composition.

The rest of the manuscript is organized as follows. In Section 2, we present the details of the hierarchical homog-
enization method (HHM) and the surrogate 3D-CNN model which forms the component of the CNN-HHM approach.
In Section 3, we present the results of the proposed CNN-HHM approach. Section 4summarizes and discusses the
main findings of the present work.

2. Methods

In this section, we first briefly describe the hierarchical homogenization method (HHM) closely following Ahmad
et al. [8]. We then present the details of the surrogate 3D-CNN model including the architecture, the loss function used
to train the model, and the generation of the training, validation and testing data.

2.1. Hierarchical Homogenization Method (HHM)

Hierarchical homogenization method (HHM) is a renormalization inspired approximate method to determine the
homogenized properties of large computational domains. This method is especially helpful for digital rock physics
application, as requirement of high resolution and large field of view result in large images that cannot be handled
by brute force direct numerical simulations. Instead of solving the elasticity PDEs in the large image, HHM adopts
the renormalization inspired approach where the large computational domain is scaled down by successive coarse-
graining.
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Figure 1: Schematic of the HHM scheme. The large image is partitioned into smaller red subimages. The red subimages are homogenized separately
by direct numerical simulation (DNS) or a surrogate convolutional network (CNN). The homogenized subimages are assembled to obtain a partially
homogenized image. The assembled partially homogenized image is again homogenized by directly solving the elasticity PDEs to find the final
homogenized elastic constants.

HHM starts with the partitioning of a 3D large image of size (number of voxels) N X N X N into (N/n)* smaller
subimages of size n X n X n as schematically depicted in red in the first panel of Figure 1. Each voxel of the image
represents one of the two phases (pore and mineral in our case). The two phases are considered to be homogeneous
isotropic elastic materials with their own elastic constants. We then homogenize the red subimages and replace them
with one voxel of corresponding homogenized elastic constants. The subimages are homogenized by solving the
elasticity PDEs using periodic boundary conditions. In the next step, we assemble the homogenized subimges to
obtain a partially homogenized version of the original large image, as shown in the third panel of Figure 1. The partially
homogenized image is much smaller ((N/n)? voxels) in size compared to original large image, and is amenable to brute
direct numerical simulations. Furthermore, the partially homogenized image contains the low-frequency information
of the original image and the high-frequency local information are summarized into the homogenized properties of
subimages. The assembled image is again homogenized by solving the elasticity PDEs using periodic boundary
conditions to find the final homogenized isotropic elastic constants.

In the original HHM scheme, the individual subimages are extracted from the large image and homogenized by
direct numerical simulation (DNS) as depicted in Figure 2. The subimages are subjected to a periodic boundary



condition and the equilibrium stress and strain field is determined by solving the elasticity PDEs using FFT-based
elasticity solver. The effective elastic stiffness matrix is then determined by relating the average stress and strain in
the subimages. To find all the components of the effective stiffness matrix, the elasticity PDEs are solved for six
independent boundary conditions. For more details, reader are directed to Ahmad et al. [8].
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Figure 2: Schematic of the homogenization of a single subimage. The subimage is composed of two phases (pore and mineral). The segmented
subimage is homogenized either by solving the elasticity PDEs (DNS) under periodic boundary conditions or using a surrogate CNN model.

Thus, HHM enables the homogenization of a large image without solving the elasticity equations in the large
image itself. Since most of the time of the HHM is spent to homogenize (N/n)? subimages, a fast surrogate CNN
model to obtain the homogenized elastic constant of smaller subimages will significantly accelerate the whole HHM
scheme.

2.2. Details of the surrogate three-dimensional CNN model

As depicted in Figure 2, the smaller red subimages are extracted from the large image and processed by a surrogate
3D CNN model. In this work, our 3D CNN model is designed to take images of size 75 X 75 X 75 as input and output
the effective bulk and shear moduli of the subimage. The input images are already segmented into two phases of pore
and mineral.

The architecture of the surrogate CNN model is depicted schematically in Figure 3; and the details of the various
layers involved in the model are presented in Table 1. The input image is first passed through a series of 3D convolution
layers with batch normalization, average pooling and PRelu non-linear activation layers. The output of the last 3D
convolution layer is then flattened and passed through a series of fully connected linear layers with batch normalization
and PRelu non-linear activation layers. The output of the final linear layer is passed through 0.5(tanh(-) + 1) function
to constrain the values between 0 and 1. Thus, the final output of the surrogate CNN model is an array of two numbers
fx € (0,1) and f, € (0,1) which indicate the effective moduli location between their respective Hashin-Shtrikman
bounds. Specifically, the effective bulk and shear moduli are obtained by using the following equations

Ket = ficKigwer + (1 = fi)Kippers 0
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where K™ and K3 are the lower and upper Hashin-Shtikman bounds of the bulk modulus, and x5 and pfs

lower upper upper
are the lower and upper Hashin-Shtikman bounds of the shear modulus. The use of the Hashin-Shtrikman bounds to

inform the surrogate CNN model improves the accuracy of the prediction of the effective elastic moduli, and enables
the transferability of the model to different rock types as will be demonstrated later in Section []. Furthermore, the
Hashin-Shtrikman bounds are cheap themselves to compute from the information of the volume fraction of the two



phases (porosity in the case of rock) in the subimages and their respective bulk and shear moduli [33], as
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where ¢ is the porosity, Kyore and pipore are the bulk and shear moduli of the pore phase, and Kiyineral and pmineral are the
bulk and shear moduli of the mineral phase.
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Figure 3: Schematic of the 3D CNN model. The input to the model is a segmented (pore and mineral) 3D image of size 75 X 75 X 75). The model
is composed mainly of 3D convolution and fully connected linear layers with additional batchnorm, average pooling, non-linear activation layers.
The output of the model is an array of two numbers fx and f, which lie between 0 and 1. The details of the CNN and fully connected layers are
presented in Table 1
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2.3. Details of the training of the surrogate CNN model

The surrogate CNN model is trained on a mixed dataset comprising equal proportion of five sandstone rock images
of size 75 X 75 x 75 voxels. The five sandstone used in this work are the same as those used in Saxena et al. [6]
and Ahmad et al. [8]: two (Bl and B2) are from the Berea Formation, subangular to subrounded Mississippian-age
sandstone; two (FB1 and FB2) from the Fontainebleau Formation, subrounded to rounded Oligocene age sandstone;
and one (CG) from the Castlegate Formation, subangular to subrounded Mesozoic sandstone. All the rocks were
imaged with a micro-CT scanner at the image resolution of approximately 2 um (the physical size of each voxel).
The X-ray diffraction (XRD) analysis demonstrates that all samples mainly consist of quartz mineral along with trace
amounts of feldspar, calcite and clay. For simplicity, we assume single mineralogy where all minerals were treated as
quartz. The rock images are segmented into two phases (pore and mineral) using the Otsu thresholding method [34].
Quartz phase is assigned bulk modulus of 36 GPa and shear modulus of 45 GPa; and pore phase’s bulk and shear
moduli are assumed to be 0 GPa [35] (for numerical stability, pore’s bulk and shear moduli are taken to be 1075 GPa).
Figure 4 shows the segmented image of rock sample B1 and the two-point correlation function along the x—direction.
The porosity and correlation function of all five sandstone rocks are presented in Table 2. The rock porosity ranges
from 3.45% to 22.20% and all five rocks have similar correlation length in all three direction indicating their isotropic
structures.

The training data for the surrogate CNN model is generated by homogenizing the subimages by directly solving
the elasticity PDEs using an FFT-based elasticity solver as implemented in GeoDict [36, 37, 38, 39]. The size of the



Table 1: The architecture of the surrogate CNN model. The model comprises two parts: the convolution part and the fully connected part as shown

in Figure 3

The convolution part

Layer Input size Kernel size  Number of filters Output size
Image 1 xX75x75x%x75 - - -
Batchnorm3D 1 x75%x75%x75 - - 1X75%x75%75
Conv3D + PRelu I xXT75%xT5%75 3 64 64 x 73 x73x73
Dropout3D(prob = 0.5) 64 x 73 x 73 x73 - - 64 x73x73x73
Batchnorm3D 64 x73x73%x73 - - 64 x73x73x73
Conv3D + PRelu 64 x73x73%x73 6 64 64 X 68 X 68 X 68
AvgPool3D 64 X 68 X 68 X 68 2 - 64 x 34 x 34 x 34
Batchnorm3D 64 x 34 x 34 x 34 - - 64 x 34 x 34 x 34
Conv3D + PRelu 64 x 34 x 34 x 34 3 32 32x32x%x32x%x32
AvgPool3D 32x32x32x32 2 - 32x16x16x 16
Batchnorm3D 32x16x16x%x 16 - - 32x16x16x%x 16
Conv3D + PRelu 32x16%x16x 16 3 32 32x14x14x%x 14
Dropout3D(prob = 0.5) 32x 14 x 14 x 14 - - 32x14x14%x 14
Batchnorm3D 16 x 14 x 14 x 14 - - 32x14x14x 14
Conv3D + PRelu 16 x14x 14 x 14 3 16 16 x12x12x 12
AvgPool3D 16 x12%x12x%x12 2 - 16 X6XxX6x%x6
Batchnorm3D 16 X6X6X%X6 - - 16 X6X6X%X6
Conv3D + PRelu 16 X6X6x6 3 8 x4 x4x4
Dropout3D(prob = 0.5) 8§x4x4x4 - - 8x4x4x4
The fully connected part
Layer Input size  Output size
Batchnorm1D 1x512 1x512
Fully connected + PRelu 1 x512 1 x 64
Dropout1D(prob = 0.5) 1 x 64 1 x 64
Batchnorm1D 1 x 64 1 x 64
Fully connected + PRelu 1 x 64 1x32
Batchnorm1D 1x32 1x32
Fully connected 1x32 1x2
0.5(Tanh + 1) 1x2 1x2

Table 2: Statistical properties of the rock samples, including porosity and correlation lengths £ in x, y, and z directions.
porosity & & &
12.8

Rock sample

Bl 16.51% 13.1 13.4
B2 19.63% 142 153 145
CG 22.20% 107 85 11.8
FB1 9.25% 144 16.1 15.6
FB2 345% 159 151 15.1

training data is 2800 which contains all five sandstone samples in equal proportion. Moreover, we use 1000 random
rock images from mixed dataset for the validation of the surrogate model. The surrogate CNN model is trained in
supervise manner using the following mean squared loss function
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Figure 4: (a) Segmented image of rock sample B1 of size 900 x 900 x 900 voxels. Red color represents quartz mineral and white color denotes pore.
(b) Two point correlation function of the segmented image of rock sample B1 along the x—direction. Blue dots are computed using the segmented
image and the orange curve is the best fit to exponential function exp (—//£), with & being the correlation length. & is expressed in the units of
numbers of voxel which is approximately 2 um in length.

where KPS and uS are the effective bulk and shear moduli obtained from DNS, Kf&ed and ,us;fed are the effective

bulk and shear moduli predicted by the surrogate CNN model, and Ny, iS the batch size. The surrogate CNN model
is trained using the Adam optimizer [40] for 50 epochs where a learning rate of 10~ is used for the first 25 epochs and
10~ for the last 25 epochs. The surrogate CNN is implemented using the PyTorch deep learning framework [41] and
trained on GPU. The variation of the losses during training is shown in Fig. 5(a). The training loss is shown in blue
and the validation loss is shown in orange. Both the training and validation losses decrease during training indicating
that the model is learning to predict effective elastic moduli using images. We choose the surrogate CNN model for
which the validation loss s the minimum.
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Figure 5: Variation of the losses (£) during (a) training on mixed dataset and (b) transfer learning. In (a), both training and validation loss functions
are shown. In (b), only the training loss functions are shown for five different sandstones.

After training the surrogate model on the mixed dataset, we make use of transfer learning to fine tune the model
for each rock separately. During transfer learning, we fine tune only the fully connected part of the surrogate CNN
model using randomly sampled 1000 images of the rock. The fine-tuning is performed for 50 epochs with a learning
rate of 1073 for the first 25 epochs and 10~* for the next 25 epochs. The variation of the training loss functions during
transfer learning are shown in Figure 5(b) for all five rocks. For all five rocks, both the training and validation loss
functions decrease during the transfer learning phase. Thus, after the transfer learning step, we obtain five different
surrogate CNN models, one for each sandstone.

Furthermore, the results obtained from the pretrained CNN model is presented in Appendix A.

3. Results

In this section, we present the results obtained from the application of the CNN-HHM approach(surrogate CNN
model combined with the HHM) to determine effective elastic moduli of sandstone images of size 300 x 300 x 300
and 600 x 600 x 600 voxels. We also apply the developed framework to limestone with carbonate minerals. All the
results obtained from the CNN-HHM approach are compared with the results obtained from the DNS.
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Figure 6: Parity plot of the effective elastic moduli predicted from the fine-tuned surrogate CNN model vs that obtained from DNS for the subimages
of size 75X 7575 voxels. The results are shown for five different sandstones: (a) B1, (b) B2, (c) CG, (d) FB1, and (e) FB2. The blue dots represent
the elastic moduli of the individual rocks; red lines show the HS bounds of the individual rocks; and the black dashed line is 45° line. Each figure,
additionally, contains > value and mean absolute error (MAE) of the prediction.

3.1. Homogenization of subimages of size 15 X 75 X 75 voxels using the surrogate CNN model

We first show the capability of the trained CNN model to predict the homogenized elastic moduli of the small
subimages of size 75 X 75 x 75 voxels on which the model was trained. We use rock-specific CNN models obtained
from transfer learning to predict effective elastic moduli of 4096 images of each sandstone. Figure 6 shows the
comparison of the effective elastic moduli predicted from the surrogate CNN model and that obtained from DNS.
The blue dots denote the effective elastic moduli of the individual rock image and red line depicts the corresponding
Hashin-Shtrikman bounds. The predicted effective elastic moduli from the surrogate CNN model are, thus, well within
the Hashin-Shtrikman bounds.

The Figure 6 clearly shows that the surrogate CNN model predicts the effective bulk and shear moduli of the
subimages in good agreement with the DNS results. This is reflected from the fact that the blue dots are scattered
about 45° line, shown in dashed black line. The r* values and mean absolute error (MAE) of the prediction are also
shown in the figure. Among all cases, the 7 values remain greater than 0.956 and MAE lower than 6.4% for all the
five rocks, further indicating the excellent predictive power of the surrogate CNN model.

3.2. Homogenization of image sizes 300 x 300 x 300 and 600 x 600 x 600 voxels using CNN-HHM approach

We now apply the CNN-HHM approach, as illustrated in Figure 1, to the images of size 300 x300x 300 (N = 300)
and 600 x 600 x 600 (N = 600) voxels. The surrogate CNN model is able to predict the effective elastic moduli of the
subimages of fixed size 75X 75x 75 voxels. Therefore, we first divide the images of size N = 300 v into 64 and images
of size N = 600 into 128 subimages of size 75 x 75 X 75 voxels. We then determine the effective elastic moduli of
the subimages using the surrogate CNN model. The subimages are then assembled to obtain a partially homogenized
image of size 4 X 4 X 4 voxel for image size N = 300 and of size 8 x 8 x 8 voxels. We again homogenize the partially
homogenized image of size 4 x 4 x 4 voxel using DNS which is an FFT-based elasticity solver [42, 43]. To obtain
"True’ effective elastic, we replace the surrogate CNN model with DNS to homogenize subimages of size 75 X 75 X 75
voxels.

We apply the CNN-HHM approach to homogenize 64 different images of size N = 300 voxels. Figure 7 shows
parity plots of effective elastic moduli for all five sandstones. The blue dots representing the effective elastic moduli of
the individual rock images are scattered about the 45° line. The 7 values and MAE of the prediction are also shown in
the figure. Among all cases, the r* values remain greater than 0.970 and MAE lower than 1.3% for all the five rocks.
Thus, the results indicate the excellent predictive power and accuracy of the CNN-HHM.

We next apply the CNN-HHM approach to predict effective bulk and shear moduli of 8 different images of size
N = 600 voxels. Figure 8 shows parity plots of effective elastic moduli for all five sandstones. The blue dots
representing the effective elastic moduli of the individual rock images are scattered about the 45° line. The 7> values
and MAE of the prediction are also shown in the figure. Among all cases, the 7> values remain greater than 0.972 and



MAE lower than 0.65% for all the five rocks. We further note that the CNN prediction for rocks of size N = 75 shows
a scatter about the 45° line, whereas the CNN-HHM predictions for rocks of size N = 300 and N = 600 are much
tighter and show relatively small scatter about the 45° line. This is due to the fact that the elastic moduli of larger
rocks of sizes 300 and 600 are computed using multiple subimages of size 75. This averaging (in some sense) process
essentially attenuates the scatter and make results much tighter.

The results presented in this section, thus, demonstrate that CNN model in combination with the HHM can be used
to efficiently predict the effective elastic moduli of the large rock images.
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Figure 7: Parity plot of the effective elastic moduli predicted from the CNN-HHM approach vs that obtained from DNS for the images of size
300 x 300 x 300 voxels. The results are shown for five different sandstones: (a) B1, (b) B2, (c) CG, (d) FB1, and (e) FB2. The blue dots represent
the elastic moduli of the individual rocks and the black dashed line is 45° line. Each figure, additionally, contains 2 value and mean absolute error
(MAE) of the prediction.
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Figure 8: Parity plot of the effective elastic moduli predicted from the CNN-HHM approach vs that obtained from DNS for the images of size
600 x 600 x 600 voxels. The results are shown for five different sandstones: (a) B1, (b) B2, (c) CG, (d) FB1, and (e) FB2. The blue dots represent
the elastic moduli of the individual rocks and the black dashed line is 45° line. Each figure, additionally, contains 2 value and mean absolute error
(MAE) of the prediction.

3.3. Homogenization of limestone rock images of size 300 x 300 x 300 voxels using CNN-HHM approach

This section presents the application of the CNN-HHM approach to homogenize limestone images of size 300 X
300 x 300 (N = 300) voxels. Limestones have calcite based mineralogical compositions (compared to the quartz



mineralogy of the sandstone). The carbonate mineralogy is characterized by a high porosity and low elastic moduli.
Figure 9(a) shows the microstructure of the limestone used in this work. The porosity of this limestone rock is 42.38%,
much higher than the porosity of the sandstones (Table 2). Moreover, as shown in Figure 9(b), the correlation length of
the limestone rock is 23.9 voxels which is almost twice as long as that of sandstone rocks (Table 2). Additionally, the
bulk and shear moduli of the calcite mineral, respectively, are 77 GPa and 32 GPa. Thus, the structural and mechanical
properties of the limestone rock are significantly different from those of the sandstone rocks comprising the training
dataset to pretrain the model.
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Figure 9: (a) Segmented image of limestone rock. Red color represents the calcite phase and white color represents the pores. (b) Two-point
correlation function of the segmented image along the x—direction. Blue dots are the computed values and the orange curve the best fit to the data
of the exponential function exp (—1/£), with & being the correlation length. ¢ is expressed in the units of numbers of voxels which is approximately

2 um in length.

To apply the CNN-HHM approach framework to the limestone, we first use transfer learning to fine-tune the
surrogate CNN model for limestone rocks that was pretrained to predict effective elastic moduli of sandstone rocks.
During transfer learning, only fully-connected part of the surrogate CNN model (see Figure 3) was optimized for 50
epochs using 1000 images of limestone of size 75X 75X 75 voxels. Subsequently, the surrogate model was incorporated
into CNN-HHM approach framework to homogenize 8 different images of size N = 300 voxels. Figure 10 shows
parity plots of effective elastic moduli for all five sandstones. The blue dots representing the effective elastic moduli of
the individual rock images are scattered about the 45° line. The 7> values and MAE of the prediction are also shown
in the figure. For bulk moduli, the % value is 0.993 and MAE is 7.3%; for shear moduli, the r? value is 0.995 and
MAE is 3.15%. The MAE for the predicted limestone bulk moduli is somewhat larger than that for sandstone moduli.
Overall, the results show that the CNN-HHM approach framework in combination with the transfer learning of the
surrogate CNN model can be used to efficiently estimate the effective elastic moduli of the large rock images across

compositionality.
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Figure 10: Parity plot of the effective bulk and shear moduli predicted from the CNN-HHM approach vs that obtained from DNS for the 8 limestone
rock images of size 300 x 300 x 300 voxels. The blue dots represent the elastic moduli of the individual rocks and the black dashed line is 45° line.
Each figure, additionally, contains > value and mean absolute error (MAE) of the prediction.
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4. Conclusion and discussion

In this work, we propose a hybrid CNN-HHM approach, a combination of 3D CNN and DNS, which enables
and efficient estimation of the effective elastic moduli of large segmented 3D rock images. The proposed approach
leverages the HHM to address the memory issue that renders the training of the 3D CNN for large 3D images infeasible.
The CNN-HHM approach consists of two parts: 1) a large rock image of size N X N X N voxels is divided into
smaller disjoint subimages of size n X n X n; The subimages are then homogenized using a surrogate CNN model.
2) The homogenized subimages are assembled into smaller coarse grained image of size N/n X N/n X N/n voxels,
and subsequently homogenized using DNS to find the final effective elastic moduli of the large rock image. There
are two main advantages of applying the surrogate CNN model to homogenize subimages and using extra DNS to
homogenize the coarse grained image. First, using smaller subimages for the surrogate CNN model overcomes the
GPU memory issue faced during training. Second, a large training dataset can be constructed to train the surrogate
CNN model. However, the size of the subimage should be large enough compared to the correlation length to capture
the microstructure of the rock.

During the HHM, the majority of the computational time is spent during the homogenization of (N/n)* subimages.
Replacing computationally expensive DNS with cheaper surrogate CNN model to homogenize the subimages gains
a significant amount in computational time. For instance, six different simulations need to be carries out using inde-
pendent strain boundary conditions to compute full 6 X 6 effective stiffness matrix of a subimage of size 75 X 75 X 75
voxels which takes about 100 seconds. On the other hand, only one forward pass is necessary to compute effective
elastic moduli using the trained surrogate CNN model, which takes about 0.1 second. Thus, using the CNN model rep-
resents a 1000 times gain in computational efficiency. Furthermore, the surrogate CNN model was trained using 2800
subimages and validated using 1000 images. On the other hand, the trained CNN model is used to homogenize about
20000 different subimages. Thus, the DNS need to be carried out only on one fifth of the total number of subimages
to compose the training and validation datasets.

Another novelty of our proposed approach is that the surrogate CNN model make use of the Hashin-Shtrikman
(HS) bounds to predict the effective bulk and shear moduli of the rock images. The final layer of the surrogate CNN
model predicts two numbers each between 0 and 1 which represent the location of the effective moduli between the
HS bounds. This feature of the CNN model increases the accuracy of the prediction and extends the transferability of
the CNN model to rocks with different microstructure and mineral compositions.

The surrogate CNN model is first pretrained on a mixed dataset comprising images of five different sandstone
rocks with quartz mineralogy. The performance of the surrogate CNN model pretrained on the mixed dataset is shown
in Appendix A. Although the pretrained model predicts the effective elastic moduli of the sandstone rocks in decent
agreement with the DNS for subimages of size 75x75x75 voxels, the prediction of the pretrained CNN model becomes
poor when applied to the images of size N = 300 within CNN-HHM approach. To achieve better performance, we
employ transfer learning to fine-tune the surrogate CNN model for each sandstone. The accuracy of the fine-tuned
CNN model is shown to increase significantly when applied to the images of size N = 300 and N = 600 within
CNN-HHM approach.

We also show that the proposed CNN-HHM approach— with the surrogate CNN model fine-tuned using transfer
learning — can predict the effective elastic moduli of the rocks with different mineralogical compositions. We, specif-
ically, fine-tune the surrogate CNN model for limestone rock which has calcite mineralogy and significantly different
microstructure compared to the sandstone rocks. The fine-tuned model’s prediction of effective elastic moduli of the
limestone rocks is shown to be in good agreement with the DNS.

In this work, we employ 3D CNN model as a surrogate to predict homogenized elastic moduli of small subimages.
CNN models can process images of fixed size. The variable size images can, however, be processes using graph neural
networks (GNNs) [44, 45] or vision transformer (ViT) [46, 47] based surrogate models.

This work shows that an expensive DNS can be replaced with a cheaper surrogate CNN model within the frame-
work of HHM without introducing any systematic error. The HHM, being an approximate method, itself introduces an
error which, however, can be controlled and eliminated by using different size of subimages to perform the HHM [8].
Thus, multiple CNN models can be trained for multiple subimage sizes and utilize the procedure outlined in Ahmad
et al. [8] to reduce the HHM error.

Although this work focuses solely on predicting effective elastic moduli of large rock images, similar framework
can be applied to homogenize other properties, such as permeability [48], heat conductivity, electrical and magnetic
properties. Thus, the proposed CNN-HHM approach can overcome the memory issues and enable an efficient estima-
tion of effective properties from large rock images.
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Appendix A. Performance of the pretrained surrogate CNN model

In the main text, we show results of applying fine-tunes surrogate CNN model to homogenize elastic moduli of
rock images. In this appendix, we present the results obtained by using surrogate CNN model pretrained on mixed
sandstone dataset without any fine-tuning. Thus, all the results shown in this appendix are obtained from a single
surrogate CNN model.
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Figure A.11: Parity plot of the effective bulk and shear moduli predicted from the pretrained surrogate CNN model vs that obtained from DNS for
4096 subimages of size 75 X 75 x 75 voxels. The results are shown for five sandstone rocks: (a) B1, (b) B2, (c) CG, (d) FB1, and (¢) FB2. The blue
dots represent the elastic moduli of the individual rocks and the black dashed line is 45° line. Each figure, additionally, contains > value and mean
absolute error (MAE) of the prediction.

Figure A.11 compares the effective bulk and shear moduli obtained from the pretrained CNN model with that
obtained from DNS for the five sandstone subimage of size 75 X 75 X 75 voxels. The results show that a single
pretrained CNN model is able to predict the effective elastic moduli of all five rocks in a reasonable agreement with
the DNS. 2 values remain above 0.948, and MAE lower than 6.7 % across all five rocks. A comparison with fine-tuned
CNN model, Figure 6, shows that the fine-tuning using transfer learning does not represent a significant improvement
in the performance of the surrogate CNN model for the subimages of size 75 x 75 X 75 voxels.
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Figure A.12: Parity plot of the effective elastic moduli predicted from the CNN-HHM approach vs that obtained from DNS for the images of size
300 x 300 x 300 voxels. The surrogate CNN model used here is not fine-tuned using transfer learning. The results are shown for five different
sandstones: (a) B1, (b) B2, (c) CG, (d) FB1, and (e) FB2. The blue dots represent the elastic moduli of the individual rocks and the black dashed
line is 45° line. Each figure, additionally, contains > value and mean absolute error (MAE) of the prediction.
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Figure A.12 compares the effective bulk and shear moduli obtained from the pretrained CNN model with that
obtained from DNS for the five sandstone images of size 300 x 300 x 300 voxels. Although the pretrained CNN
model is able to predict the effective elastic moduli of B1, B2, and CG rocks in a good agreement with the DNS, the
pretrained CNN model performs poorly for FB1 and FB2 rocks. The pretrained CNN introduces a systematic error in
the effective moduli of the two rocks.
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Figure A.13: Parity plot of the effective bulk and shear moduli predicted from the CNN-HHM approach vs that obtained from DNS for the 8
limestone rock images of size 300 x 300 x 300 voxels. The surrogate CNN model used here is trained on sandstones, and is not been fine-tuned for
limestone microstructure and mineralogy. The blue dots represent the elastic moduli of the individual rocks and the black dashed line is 45° line.
Each figure, additionally, contains r? value and mean absolute error (MAE) of the prediction.

Finally, Figure A.13 compares the effective bulk and shear moduli obtained from the pretrained CNN model with
that obtained from DNS for the eight limestone rock images of size 300 x 300 x 300 voxels.

Form the above results, it can be inferred that although a single pretrained surrogate CNN model is not able to
predict the effective elastic moduli reasonably well, it seems to learn relevant features and capture a general map-
ping from microstructure to effective moduli. This is reflected from the fact that the pretrained predictions show a
strong correlation with DNS values. Thus, optimizing only the fully connected layer during fine-tuning is sufficient to
improve the performance of the surrogate CNN model for the specific rock type.
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