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Introduction
Quantifying accurate relationships that relate seismic velocity or elastic moduli to the properties of various phases of pore filling materials is a long standing problem in geophysics. Different from fluid, the finite rigidity of high viscoelastic or solid pore infill will prevent the pressure communication within the pore space, which makes the Gassmann’s equation (1951) and its extension Ciz and Shapiro (2007) model not applicable in this case. Glubokovskikh et al. (2016) had a comprehensive review of the theories based on the concept of a binary pore structure: relatively stiff pores and relatively soft pores and proposed an improved model that is consistent with the Gassmann’s equation at low frequency. 
[bookmark: _GoBack][bookmark: OLE_LINK2][bookmark: OLE_LINK3]However, Sun et al. (2018) found that this model significantly underestimates the effects on the overall elastic properties of a porous and cracked Bentheim sandstone resulted from the filling of solid octodecane. Predictions are made close to those given by the lower embedded bound theory (LEB) (Saxena and Mavko, 2014), which characterize the weakest stiffening effects. They suggested to generalize the model to case of triple pore structure that introduces the concept of intermediate porosity. The new model gives the predictions best fit to ultrasonic measurements with the aspect ratio for stiff pores set to 0.22 within the estimates using three different aspect ratios. In this paper, we briefly describe the application of numerical simulation of rock properties based on the finite element method (FEM) (Arns et al., 2002) directly from the digitized microtomographic images. This will significantly reduce the uncertainty related to the geometrics of stiff pores and make the theoretical model more applicable. 
Numerical simulation
[bookmark: OLE_LINK4]Previous studies (Arns et al., 2002; Madonna et al., 2012) reveal that digitized images can be used to resolve large-scale pores sufficiently but the small-scale pores and crack networks are hard to resolve due to the finite resolution of images. Here we assume that the estimates of linear elastic properties of the dry Bentheim sandstone represent the hypothetical rock containing only stiff pores. We employ a FEM method to compute the elastic moduli of the dry Bentheim sandstone. 
We assign to the rock skeleton values of the elastic properties of quartz: bulk modulus =37GPa and shear modulus =40GPa. The implementation of numerical simulation is conducted on two sizes of cubic subset 1283 and 510×550×895, which are extracted from the original cylindrical plug. Then, we compare the computed porosity and elastic moduli to those given by the Coherent Potential Approximation (CPA) method at the same porosity. We found that they coincide well when the aspect ratio used in the CPA method equals 0.23. Hence, the CPA method can be used to correct the elastic moduli due to the discrepancy between the estimated and measured porosity. After the porosity correction, we put the estimated elastic moduli and other related parameters obtained into the same model. Figure 1(a) and 1(b) provide the predictions of different solid substitution schemes against ultrasonic measurements. We note that the triple porosity model gives the estimates (red solid squares) best fit to ultrasonic measurements of both bulk and shear moduli (blue solid squares) of the Bentheim sandstone saturated with solid octodecane. Employing the elastic moduli derived directly from the microtomographic images significantly reduces the uncertainty related to the microstructural information of stiff pores and makes the triple porosity model more practical and reliable.   
[image: ]Figure 1: Octodecane-saturated moduli of a Bentheim sandstone predicted by different methods versus confining pressure. (a) Bulk and (b) shear moduli. Using the elastic moduli estimated from the numerical simulation with porosity correction, we found that the triple porosity model) (red solid circles) gives the best fit to ultrasonic measurements of both bulk and shear moduli (blue solid squares). 
Conclusions
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK5][bookmark: OLE_LINK6]We have shown that the elastic properties of rocks containing large-scale pores can be directly derived from microtomographic images. This will significantly reduce the uncertainty related to the geometric information of stiff pores in the application of the triple porosity model for solid substitution. Comparison between the predictions of elastic properties of a Bentheim sandstone saturated with solid octodecane using the values computed from the numerical simulation and the ultrasonic measurements reveal the excellent coincidence. 
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