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Introduction
Seismic and electromagnetic methods are among the most important geophysical survey applications. Understanding the cross-property relation (e.g., Du et al. 2017) between elastic velocity and electrical conductivity (i.e., the joint elastic-electrical properties) plays an important role in the joint interpretation and inversion of seismic and marine controlled source electromagnetic (CSEM) survey data. Previous studies (e.g., Han et al., 2010a, b) have investigated the joint elastic-electrical properties is homogeneous reservoir sandstones, however, the joint elastic-electrical properties of anisotropic rocks remain poorly understood even though such conditions are frequently encountered in the subsurface Earth.
In this work, based on dedicated laboratory experiments and subsequent theoretical modelling, we report the cross-property relations between elastic velocity and electrical conductivity in artificial porous sandstone with aligned penny-shaped fractures. The results not only illustrate the natural link between the elastic and electrical properties in fractured medium but also have important practical applications when the seismic and electromagnetic exploration data are jointly interpreted to gain better knowledge about the Earth underneath.

Methodology
Two synthetic sandstone samples – one with fractures and the other blank (without fractures) were cut into octagonal cylinders with side length of 2.5 cm and height of 3.06 cm. The samples were first oven dry and then fully saturated with 35 g/l brine. The P- and S-wave velocity was measured on both dry and saturated samples at the frequency of 0.5 MHz and 0.25 MHz, respectively and electrical conductivity was determined on the saturated samples only at the frequency of 1 kHz. The elastic and electrical properties were measured at bench-top conditions on each of the four sets of opposing sides of the octagonal samples, thus allowing measurement of the properties at incidence angles of 0°, 45°, 90°, 135° and 180° relative to the fracture normal. The measurement error is estimated to be about 0.8% and 1.2% for P- and S-wave velocity, respectively, and approximately 0.2% for electrical conductivity.
The measured anisotropic elastic and electrical data are compared with various theoretical models and are linked through the incidence angle relative to the fracture normal using the method similar to that employed by Carcione et al. (2007).

Results 
The measured P-wave velocity and electrical conductivity at incidence angles of 0°, 45° and 90° (the data are only show to incidence angle of 90° due to the symmetry) are approximately following a linear trend (Figure 1a), which however is not convincing due to the sparse data points. Continuous modelling results detail the joint Vp-conductivity correlation, which confirms the linear relationship at high incidence angles but also indicates that the slope of the linear trend decreases slightly when the incidence direction is approaching to being parallel to the fractures. A similar but better positive linear correlation is found between the SH-wave velocity and electrical conductivity (Figure 1b), both from laboratory data and modelling results. Unlike the above linear relations, the SV-wave velocity increases with initial increase in electrical conductivity as a result of the enlarging incidence angle, and then decreases gently with further increase in the electrical conductivity (Figure 1b).
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Figure 1: Measured and theoretically modelled relationship between the elastic velocity and electrical conductivity of the fractured sample for the angles of 0°, 45° and 90° degrees to the fracture normal, respectively. The theoretical curves are based on the velocity and conductivity obtained from Chapman (Chapman 2003) and Asami (2002) models, respectively. 

Conclusions
We show that the P- and SH-wave velocity are approximately linearly correlated with electrical conductivity when measured in varying directions, and the linear trends are determined by the geometry and amount of the fractures in the rocks. Our results reveal the natural link between the elastic and electrical anisotropy that provides insights into the elastic and electromagnetic wave propagation phenomena in fractured porous rocks.
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