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ABSTRACT 

 

The electrical current density generated by the propagation of a seismic wave at the 

interface characterized by a drop in the electrical conductivity and/or the permeability produces 

an electrical field of electrokinetic nature that can be measured remotely with a signal-to-noise 

ratio depending on the background noise and signal attenuation. The seismoelectric beamforming 

approach is a new imaging technique based on scanning porous media using appropriately 

delayed in time seismic sources to focus the hydromechanical energy on a regular grid and 

measure the associated electric field remotely. This method can be used to image heterogeneities 

in high definition and provide additional information to classical geophysical methods such as 

structural data to electric resistivity tomography. In this thesis, I present the seismoelectric 

constitutive equations / theory and I numerically simulate, using the poroacoustic approximation, 

a laboratory tank experiment to investigate the resolution of the seismoelectric beamforming 

approach. The two-dimensional model consists of a water-filled bucket in which a cylindrical 

sandstone core sample is set up vertically crossing the water column. The hydrophones/seismic 

sources are located on a 50 cm diameter circle in the bucket and the seismic energy is focused on 

the grid in order to scan the medium and determine the geometry of the porous plug using the 

output electric potential image. Next, I conduct a series of numerical tests to explore the 

sensitivity of the seismoelectric beamforming approach to the wavelength (frequency) of the 

seismic wave and to see the impact of a wrong velocity model. Finally, I summarize my 

laboratory experiments and techniques applied and I provide recommendations for future 

seismoelectric experiments. 
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CHAPTER 1  
INTRODUCTION 

  

Electrokinetic phenomena are related to pore fluid motion relative to the skeleton of a 

porous material due to either electromagnetic or mechanical (seismic) disturbances (Hunter, 

1981; Pengra et al., 1999). In a water-saturated porous material, the seismoelectric (seismic-to-

electric) coupling is associated with the partial conversion of mechanical energy of seismic 

waves into electromagnetic energy due to the presence of mechanical, hydraulic and/or electric 

discontinuities within the porous material (Pride & Haartsen, 1996). The seismoelectric method 

consists of sending a seismic wave into the subsurface and recording remotely the associated 

electromagnetic signals, including the interface response (also called seismoelectric conversion), 

that bear important information about the physical properties of the media (e.g., Pride & 

Haartsen, 1996). These properties include porosity, permeability, and electrical conductivity. In 

addition, as the seismic wave propagates through the porous material, an electric signal, called 

the coseismic effect, can be recorded by a network of electrodes when the seismic wave passes 

through these electrodes (Frenkel, 1944). This coseismic field is an electric field confined to the 

seismic wave and travels at the same velocity with the seismic field (e.g., Pride & Haartsen, 

1996). Since its first observation by Ivanov (1939), the seismoelectric method has been used to 

explore a growing number of problems in exploration geophysics and near-surface geophysics 

including the exploration of glaciers (Kulessa et al., 2006), the water content in the vadose zone 

(Dupuis et al., 2007), sulfide deposits (Kepic et al., 1995), the monitoring of fracturing (Haas et 

al., 2013) just to cite a few. 

 

 Over the past three decades, the seismoelectric technique has been investigated due to its 

potential to provide additional information to electrical resistivity tomography to image wide 

areas with higher resolution (Sava & Revil, 2012), whereas in the traditional method the 

sensitivity is largely localized in the vicinity of the electrodes (Haines, 2004). In this chapter, I 

present a literature study summarizing the timeline of seismoelectric research starting in the early 

1930s until today followed by my research objectives and outline of this thesis. 
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1.1. History of seismoelectric methods and applications 
During 1930s, Blau & Slathman (1936), Thompson (1936 & 1939) and Ivanov (1939) 

reported multiple observations related to the seismoelectric phenomena. Thompson observed 

changes in electrical conductivity due to seismic wave propagation while Ivanov identified an 

electric field (coseismic) confined within a compressional wave. These observations initiated the 

research to study the relation and interaction between mechanical energy (seismic) and 

electromagnetic fields. Accordingly, Frenkel (1944) was the first to develop a quantitative theory 

for porous materials that explained Ivanov’s observations and predicted a direct proportionality 

between the electric field within a compressional wave and the particle’s acceleration (Pride & 

Garambois, 2005).  

 

Between the mid 1940s until the late 1980s, there were few laboratory experiments and 

field studies that presented some seismoelectric observations but they all lacked the detailed 

understanding of the underlying physics. Martner & Sparks (1959) reported recording a distinct 

electric potential at the ground surface due to the propagation of a seismic wave through a 

weathered layer. This effect is referred to now as the interface response, which will be discussed 

in details in Chapter 2. Broding et al. (1963) reported recording coseismic electric signals at a 

distance from the shot location in field and laboratory experiments. Parkhomenko (1971) and 

Migunov & Kokorev (1977) examined the relationship between material properties and the 

properties of the seismoelectric effect. Murthy (1985) performed field studies to detect ground 

water using the seismoelectric method. 

 

In the 1990s, Pride & Haartsen (Pride, 1994; Pride & Haartsen, 1996; Haartsen & Pride, 

1997) developed a seismoelectric theory for water-saturated material by coupling Biot’s theory 

(Biot, 1956a,b) and Maxwell’s equations (Maxwell, 1865) through a source current density of 

electrokinetic nature. Pride’s theoretical modeling is based on three assumptions, (1) solving 

solid and fluid displacement vectors using Biot’s theory, (2) solving the electromagnetic problem 

in the diffusive limit of Maxwell’s equations, and (3) using an electrokinetic theory based on the 

use of the zeta potential, a local electrostatic potential defined inside the electrical double layer 

coating the surface of the solid phase (e.g., Gouy, 1910; Chapman, 1913; Hunter, 1981; Revil et 
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al., 2013). For a typical 3D model, the number of unknowns for the forward modeling in Pride’s 

theory is six, three solid phase displacement components and three fluid phase components. 

 

The development of a seismoelectric theory allows to numerically model this 

phenomenon using finite-element or finite-difference methods in order to evaluate the 

effectiveness of this technique in the field and compare laboratory data with theory (e.g., Butler 

et al., 1996; Haartsen & Pride, 1997; Garambois & Dietrich, 2002; Dupuis et al., 2007; Haines, 

2004). In addition, improvements in acquiring high quality digital data using advanced 

instruments in the field or laboratory experiment assisted in seismoelectric research. For 

instance, Butler et al. (1996) using a sledgehammer recorded a seismoelectric with a magnitude 

of 0.5 mV – 3 mV interface response generated from the interface of an organic layer and glacial 

till. Zhu and co-workers (Zhu et al., 1999, 2003, 2008; Zhu & Toksӧz, 2012) performed multiple 

laboratory experiments to demonstrate the effect of frequency, salinity, and material properties 

on the interface response. Zhu’s observations were supported by Pride’s theory numerical 

modeling. Similarly, Haines (2004) was able to image shallow targets. Recently, Schakel and co-

workers (Schakel, 2011; Schakel et al., 2011a,b; 2012) demonstrated how the recorded electric 

signal decays with increasing distance between the electrode and interface using a 500 kHz 

directional piezoelectric source and detected the interface between wetting (water) and non-

wetting fluids (oil) (Smeulder et al., 2014). Revil & Jardani (2010) numerically investigated 

resonance effects for heavy oils in porous formation and Jougnot et al. (2013) numerically 

examined seismoelectric effects due to mesoscopic fractures.  

 

Furthermore, several works have focused on producing some full-waveform modelling of 

the seimoelectric signals using Pride theory in layered materials considering fully coupled 

Maxwell’s equations (Grobbe et al., 2012; Grobbe & Slob, 2013; Smeulders et al., 2014; Kröger 

et al., 2014). The code developed by Grobbe et al. (2012) can also be used to generate all 

required fields for the theoretical interferometric seismoelectric Green’s function retrieval. This 

allows for instance to improve the signal-to-noise ratio of the weak seismoelectric conversions 

(or interface response fields). By applying interferometric techniques (e.g., Schoemaker et al., 

2012), stacking inherently takes place with possible signal-to-noise ratio improvements as 

discussed further below.  
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Recently, a new formulation of the seismoelectric theory has been developed by Revil 

and co-workers (e.g., Jardani et al., 2010; Revil & Jardani, 2010; Araji et al.; 2012; Revil & 

Mahardika, 2013; Sava & Revil, 2012; Revil et al., 2013) including a more complete 

understanding of the electrical double layer (including the effect of the Stern layer that was 

ignored by Pride, 1994), complex conductivity and other micro-scale phenomena that will be 

discussed in Chapter 2. The new theory is based on solving for the displacement vector and fluid 

pressure using the Biot theory (Jardani et al., 2010; Kröger et al., 2014), then solve for the 

steaming potential in the quasi-static limit of Maxwell equations (Revil & Linde, 2006) and 

using the volumetric charge density of the pore space to model the electrokinetic effects rather 

than the zeta potential in Pride’s theory (Revil et al., 2013). In these models, there is also an 

additional relationship between the effective charge density dragged by the flow of the pore 

water and permeability (Jardani et al., 2007). Since Biot theory is not able to capture various 

attenuation mechanisms existing in porous materials (such as squirt-flow mechanisms),, 

simplification of the constitutive theory are possible such as the poracoustic approach discussed 

by Sava & Revil (2012), Revil et al. (2014), and Sava et al. (2014). This approach puts more 

strength on the kinetic of the phenomenon than the magnitude of the converted seismoelectric 

field. The new approaches developed by Revil and c-workers can be applied to partially 

saturated porous media and multi-phase flow while this is not the case of Pride’s theory (Revil et 

al., 2007; Revil & Mahardika, 2013; Revil et al., 2014). 

 

As mentioned briefly above, field and laboratory experiments have shown that the 

interface response generated from one seismic source has much lower amplitude with respect to 

the coseismic signal and can be measured remotely with a signal-to-noise ratio depending on the 

background noise and signal attenuation. In addition, the signal’s amplitude ranges from 

microvolts up to few millivolts (e.g., Butler et al., 1996; Haartsen & Pride, 1997; Garambois & 

Dietrich, 2002; Dupuis et al., 2007; Haines, 2004; Zhu et al., 2008; Schakel, 2011). In order to 

solve this problem, Sava & Revil (2012) proposed to use multiple delayed in time seismic 

sources in order to focus the seismic wavefields at a given location, which will generate a higher 

pressure at the focus point due to the constructive interference of the wavefields compared to a 

single seismic source. If the focus point coincides with a mechanical, electrical and/or hydraulic 

discontinuity, a strong interface response (electric field) is generated and recorded remotely. 
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However, if the focus point belongs to a homogeneous medium, no strong electric response is 

expected at focus time. In addition, using multiple seismic sources, seismoelectric conversions 

will occur everywhere in the media where there is a discontinuity, but the highest intensity will 

be related to locations characterized by the largest gradient of material properties (Sava & Revil, 

2012). Using delayed in time seismic sources to focus the seismic energy at a set of specific 

locations, for instance on a regular grid, an electric potential map can be generated and used as 

an input for image guided inversion in resistivity tomography (Sava et al., 2014). 

 

In this thesis, I use the acoustic approximation and focusing approach developed by Sava, 

Revil and co-workers and apply it to fully water-saturated porous media to solve for the 

streaming potential using finite difference method in the time domain in order to image a 2D 

medium. 

1.2. Research objectives 
My research main objective is to investigate and analyze the seismoelectric beamforming 

imaging technique. I start by constructing a two-dimensional (2D) model to simulate a typical 

seismoelectric laboratory experiment that consists of a water layer with a heterogeneous porous 

object (cylindrical core) placed randomly in the medium. Then, I generate seismoelectric 

synthetic data using forward modeling and a poroacoustic approximation along with focusing 

techniques to create normalized electric potential maps of the medium. Next, I evaluate the 

electric potential maps to determine the shape, size and position of the object and assess the 

efficiency of the seismoelectric theory. Afterwards, I examine the sensitivity of the 

seismoelectric focusing method with incorrect velocity models and inspect the effect of 

wavelength on the resolution of the output image. Finally, I attempt to proof the concept by 

executing laboratory experiments. 

  

In Chapter 2, I will describe the seismoelectric theory related to the coupling between 

mechanical equations and Maxwell’s equations. The wave propagation in porous media can be 

solved for using either the poroelastic theory (Biot’s theory) or utilizing the acoustic 

approximation to solve for the confining pressure at any given time. Next, I introduce the 

electrical double layer to provide a physical understanding of the seismoelectric phenomena and 
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two types of signals associated with this conversion (coseismic and interface response). Finally, I 

discuss the seismoelectric focusing technique to image a heterogeneous medium. 

 

In Chapter 3, I present the 2D numerical analysis for the seismoelectric theory developed 

in Chapter 2, selection of parameters for material’s properties and simulation, step-by-step 

numerical computation procedure using the finite different in the time domain and, finally, I 

show and discuss the electric potential maps obtained to image the heterogeneous material. 

 

In Chapter 4, I investigate the sensitivity of the seismoelectric beamforming imaging 

technique with respect to incorrect velocity models during the re-injection of the P-waves and 

explore the effects of increasing the wavelength of the seismic waves on the resolution of the 

electric potential map. 

 

In Chapter 5, I summarize my laboratory experiments, equipment utilized and techniques 

applied in order to assist other scientists in their seismoelectric experiments to detect a useful 

signal and learn from my experience. 
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CHAPTER 2 
SEISMOELECTRIC AND SEISMIC BEAMFORMING THEORY 

  

In this chapter, I present the constitutive equations to solve for the electric field 

associated with the seismoelectric method at any given location and time. First, I solve the wave 

equation in a fully saturated medium using poroelasticity model (Biot’s theory) and poroacoustic 

model to determine displacement and/or confining pressure. Then, I define the electrical double 

layer at the pore scale followed by solving Maxwell’s equation to obtain the electric potential 

and a discussion on the different seismoelectric responses (coseismic and interphase response) in 

order to explain the underlying physics of the derived relations. Finally, I discuss the seismic 

beamforming (focusing) technique to obtain a relatively higher amplitude signal in field and 

image the subsurface.  

2.1. Wave equations for fully saturated medium 
 In this section, I first discuss the poroelasticity theory (Biot’s theory) of wave 

propagation in a fully water saturated porous elastic media which considers all the effects related 

to compressional and shears waves. Then, I illustrate the poroacoustic approximation that utilizes 

compressional waves only. 

2.1.1. Poroelasticity wave model 

 Biot’s theory (1956a,b) provides a model for propagation of seismic waves in a 

poroelastic medium. The 2D equations of motion assumes a fully water saturated, statistically 

isotropic, connected porous media filled with a viscous Newtonian fluid. In addition, the electro-

osmotic contribution in the Darcy equation is neglected. The four constitutive equations, in the 

time domain, are: 

 𝜌𝒖+ 𝜌!𝒘 = 𝛻 ∙ 𝑻+ 𝑭!                 (2.1) 
 

 𝑻 = 𝜆!𝛻 ∙ 𝒖+ 𝐶𝛻 ∙𝒘 𝐼 + 𝐺[𝛻𝒖+ 𝛻𝒖!]                 (2.2) 
 

 𝒘 = −
𝑘!
𝜂!

𝛻𝑝 + 𝜌!𝒖+
𝜌!
𝐹 𝒘                  (2.3) 

 
 −𝑝 = 𝐶𝛻 ∙ 𝒖+𝑀𝛻 ∙𝒘+ 𝑆                 (2.4) 
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where, equation 2.1 resembles Newton’s law, u corresponds to the average solid phase 

displacement vector (m), w is the filtration displacement vector (m), that is the relative fluid 

displacement with respect to the solid, T is the stress tensor (Pa), Ff is the body force vector 

acting on the solid phase (N m-3) and ρ is mass density of the saturated porous media (kg m-3). 

Equation 2.2 represents Hooke’s law constitutive equation for an effective stress tensor where 

the subscript “u” denotes an undrained regime and superscript “T” indicates a transpose. λu 

denotes the undrained Lamé modulus defined by 𝜆! = 𝐾! − (2 3)𝐺, Ku is the undrained bulk 

modulus (Pa), G is the shear modulus (Pa) and C is an elastic modulus (Pa). Equation 2.3 denotes 

Darcy’s equation where the body force acting on the fluid has been neglected. ko is permeability 

(m2), 𝜂! is the dynamic water viscosity (Pa s), 𝜂! 𝑘! is the mobility of the fluid, ρf is the fluid 

mass density (kg m-3) and F is the formation factor (unitless). Finally, equation 2.4 denotes 

Biot’s poroelasticity equation where M is a Biot coefficient (Pa) and S is the pressure source 

acting on the pore fluid.  

  

The material properties in the constitutive equations 2.1 to 2.4 are defined as follows 

(Pride, 1994): 

 𝐹 =
𝑎
𝜙                 (2.5) 

 

 𝐾! =
𝐾! 𝐾! − 𝐾!" + 𝜙𝐾!"(𝐾! − 𝐾!)
𝐾!(1− 𝜙 − 𝐾!" 𝐾!)+ 𝜙𝐾!

                 (2.6) 

 
 𝛼 = 1− 𝐾!" 𝐾!                 (2.7) 

 
 𝜌 = 1− 𝜙 𝜌! + 𝜙𝜌!                 (2.8) 

 

 𝐶 =
𝐾! 𝐾! − 𝐾!"

𝐾!(1− 𝜙 − 𝐾!" 𝐾!)+ 𝜙𝐾!
                 (2.9) 

 

 𝑀 =
𝐶
𝛼 =

𝐾!𝐾!
𝐾!(1− 𝜙 − 𝐾!" 𝐾!)+ 𝜙𝐾!

               (2.10) 

where a is tortuosity (unitless),  ϕ is porosity (unitless) and F is the electric formation factor. F is 

also defined by Archie’s law as 𝐹 = 𝜙!! where m is the cementation exponent (Archie, 1942). 

In equation 2.6, the undrained bulk modulus is defined with respect to skeleton bulk modulus Kfr 
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(dry porous frame), solid phase bulk modulus Ks, and the fluid phase bulk modulus Kr based on 

Gassmann’s relation (Gassmann, 1951). All bulk modulus have the units of Pascal (Pa). Finally, 

α is the Biot-Willis coefficient (unitless).  

 

 Equations 2.1 through 2.4 can be solved through partial differential equations to 

determine solid displacement (u) and filtration displacement (w) and in a typical 2D analysis; 

there will be four degrees of freedom. Jardani et al., (2010) presented an alternative formulation 

and decreased the number of unknowns for a 2D case to three (u1, u2, 𝑝). The harmonic time 

dependence convention is exp(-jωt), where j2 = -1, ω is the angular frequency and t is time. 

Hence, the time derivative of function h, !!
!"

, is equivalent to – 𝑗𝜔ℎ  when applying the Fourier 

transform to change from time domain to frequency domain. Consequently, the three equation of 

motion in the frequency domain are: 

 −𝜔!𝜌!! 𝒖+ 𝜃!∇𝑝 = 𝛻 ∙ 𝐓+ 𝐅!               (2.11) 
 

 𝐓 = 𝜆 ∇ ∙ 𝐮 𝐈+ G[∇𝐮+ ∇𝐮!]               (2.12) 
 

 1
𝑀 (𝑃 + 𝑆)+ ∇ ∙ k! ∇p−ω!ρ!𝐮 = α∇.𝐮               (2.13) 

Equation 2.11 corresponds to a macroscopic momentum conversation equation applied to 

the solid skeleton of the porous media, equation 2.12 is the effective stress tensor relation and 

equation 2.13 is the momentum equation of the pore fluid (Jardani et al., 2010). The material 

parameters and their frequency dependence for equations 2.11, 2.12 and 2.13 are the following: 

 𝑘! =
1

𝜔! 𝜌!
𝐹 + 𝑗𝜔𝑏

               (2.14) 

 

 𝜆 = 𝐾!" −
2
3𝐺               (2.15) 

 

 𝜌!! = 𝜌 − 𝜔!𝜌!!𝑘!               (2.16) 
 

 𝜃! = 𝛼 − 𝜔!𝜌!!𝑘!               (2.17) 
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where 𝜌!!  is the apparent mass density of solid phase at an applied frequency. For detailed 

derivation of the above relations refer to Jardani et al., (2010). 

2.1.2. Poroacoustic wave model 

For simplicity and reduction of computational time, the seismoelectric problem is adapted 

and defined within the acoustic approximation where the seismic wave is described in terms of 

either pressure perturbations or fluid displacement (Sava & Revil, 2012; Revil et al., 2013). The 

confining pressure, P, (considered positive in compression) corresponds to the trace, sum of the 

main diagonal elements, of the macroscopic stress tensor, 𝑻, using the following relationship:  

 
𝑃 = −

1
3 𝑡𝑟𝑎𝑐𝑒 𝑻 = −

1
3 𝑻!!

!

!!!

  ,  (2.18)  

where “trace” defines the trace operator of the matrix representation of the tensor. Moreover, the 

pressure P can be determined at any given time and location using the acoustic wave equation 

defined as: 

 !!!
!"!

−   𝐾𝑢𝛻 ∙
1
𝜌 𝛻𝑃 = 𝑆(𝒙, 𝑡),  (2.19)  

where Ku denotes the undrained bulk modulus of the porous material (Pa), 𝜌 is the mass density 

(kg m-3), x denotes the source position in space (m), t represents time (s) and S(x,t) is the 

acoustic source (Pa s-2) that can be represented as a seismic point source using the following  

relation 

 𝑆 𝒙, 𝑡 =   𝛿   𝒙− 𝒙! 𝛽(𝑡), (2.20) 

where 𝛿   𝒙− 𝒙!  is a delta function, 𝒙! = (𝑥!,𝑦!) the point source location and 𝛽(𝑡) is the 

source signal (Pa m2 s-2).  

2.2. Electrical double layer 
 When a porous material is saturated with a fluid electrolyte such as brine water, 

electrochemical reactions takes place at the minerals surface. Through these reactions, the 

surface of the grains acquires a surface charge that attracts counterions (ions with opposite sign 

with respect to the mineral surface) present in the pore fluids. These electrochemical effects are 

responsible for the formation of two distinct layers that forms the electrical double layer (Figure 

2.1). The first layer, called the Stern layer (SL, Stern, 1924), is characterized by sorption and 

immobility of the counter ions onto the grain’s surface. In general depending on the 
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electrochemical reactions, grain composition and fluid chemistry, the Stern layer coating the 

grains typically counter balances approximately 90% of the surface ions in shaly sands (Revil & 

Mahardika, 2013), as shown in Figure 2.2. However, in order to ensure global electroneutrality 

of the representative element volume (REV), the diffuse layer is formed adjacent to the Stern 

layer to counter balance the excess charges of the grains (Gouy, 1910; Chapman, 1913). The 

diffuse layer (DL) is characterized by mobile counter ions in the pores and decreasing 

conductivity with increasing distance from grain’s surface. The diffuse layer is separated from 

the Stern layer by a shear plane and both layers (Stern layer and diffuse layer) form the electrical 

double layer (EDL). 

2.2. Electrokinetic theory  
 In the electrokinetic theory, coupling terms between mechanical equations and Maxwell’s 

equations relate the electric fields to the seismic perturbations. These coupling coefficients are 

related either to seismoelectric where the seismic wave propagation generates electromagnetic 

disturbance or electroseismic where an oscillatory electric field applied to a porous medium 

creates fluid flow (mechanical disturbance). In this section, I discuss how to couple the output 

pressure field from the wave equation with Darcy’s law and Ohm’s law to obtain the electric 

field in time and space. 

2.2.1. Generalized Darcy’s law  

 The pressure fluctuation caused by the propagation of compressional seismic waves 

causes pore fluid pressure in the porous material to change which in turn leads to pore fluid flow. 

Darcy’s law governs this relation by the following expression (neglecting the high-frequency 

inertial effects): 

 𝒘 = − 𝑘0
𝜂𝑤
∇𝑝, (2.21) 

where 𝒘  denotes Darcy’s velocity (m s-1), k0 is the (low-frequency) permeability (m2) of the 

porous medium to water, 𝜂! is the dynamic water viscosity (Pa s) and 𝑝 is the pore fluid pressure 

(Pa). The pore fluid pressure is related to confining pressure in the undrained regime of 

poroelasticity by: 

 𝑝 = 𝐵𝑃, (2.22) 

where B is the Skempton coefficient (unitless, 0 ≤ B ≤ 1) given by:  
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Figure 2.1: Sketch of the electrical double layer. The negative mineral surface charges are 
counter balanced by sorbed (immobile) positive ions (fraction f) in the Stern layer and mobile 
counterions (1-f) in the diffuse layer. The shear plane (d-plane) identifies the surface where the 
relative velocity of the solid phase with respect to the fluid phase is null. The local electrical 
conductivity with respect to position (x) is the sum of the pore fluid conductivity (σf) with the 
excess surface conductivity ΣS in the Stern layer and excess counterions conductivity in diffuse 
layer, respectively. The local conductivity is equivalent to the pore fluid conductivity in the 
neutral solution beyond the diffuse layer. Adapted from Revil et al. (2012) and Revil & 
Mahardika (2013).  
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Figure 2.2: The fraction of counter ions (1-f) in the diffuse layer is determined from high-
frequency volumetric charge density and total charge density relation. Depending on grain 
composition (e.g., kaolinite or illite clay) and pore fluid properties (e.g., salinity) the fraction of 
counter ions (f) in the Stern layer can range between 85% and 99%. From Revil & Mahardika 
(2013). 
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 𝐵 = 1−𝐾 𝐾𝑢
1−𝐾 𝐾𝑠

  , (2.23) 

where K is the bulk modulus (Pa), Ku undrained bulk modulus (Pa), Ks is the bulk modulus of the 

solid material (Pa). Hence, equation 2.21 can be express as follows: 

 𝒘 = − 𝑘0
𝜂𝑤
∇(𝐵𝑃). (2.24) 

2.2.1. Generalized Ohm’s law  

 The total electric current density (Jtotal) is the sum of the conduction current density (Jc) 

and source current density (Js) (Pride, 1994; Jardani et al., 2007; Revil & Mahardika, 2013) and 

each current density vector has the unit of A m-2. 

 𝑱!"!#$ = 𝑱! + 𝑱!. (2.25) 

 Based on Ohm’s law, the conduction current density is determined by:  

 𝑱! = 𝜎𝑬, (2.26) 

where 𝜎 is the DC electrical conductivity (S m), 𝑬 = −∇𝜓 (V m-1) is the quasi-static electrical 

field (induction’s law is neglected) and 𝜓 is the electric potential (V). The pressure-induced pore 

fluid flow drags the excess counterions in the diffuse layer (refer to section 2.3) and generates an 

electrical source current density due to the charge imbalance between the pore fluid counterions 

and grain surface ions according to Jardani et al. (2010).  

 𝑱! = 𝑄!𝒘, (2.27) 

where 𝑄!  represents the volumetric charge density (C m-3) dragged by the pore fluid flow 

relative to the grains. Using the expression of the Darcy’s velocity 𝒘, see equation 2.24, into 

equation 2.26, I obtain:  

 𝑱! = −𝑄!
𝑘0
𝜂𝑤
∇𝑝. (2.28) 

In addition, knowing the permeability of the medium, the volumetric charge density parameter is 

obtained from the following empirical relationship (see discussions in Jardani et al., 2010; Revil 

& Jardani, 2010; Revil & Mahardika, 2013). 

 𝑄! = −9.23− 0.82log!"  (𝑘!). (2.29) 

Therefore, substituting equations 2.26 and 2.28 into 2.25, I obtain the general relation for the 

total current density  

 𝑱!"!#$ = 𝑱! + 𝑱! = 𝜎𝑬− 𝑄!
!!
𝜂𝑤
∇𝑝. (2.30) 
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However, under the quasi-static limit of the Maxwell equations all the time-derivate terms goes 

to zero. The charge conservation equation becomes: 

 ∇ ∙ 𝑱!"!#$ = 0. (2.31) 

Therefore, combining equation 2.30 and 2.31, the electrical potential is obtained by solving a 
Poisson equation: 
   
 ∇ ∙ (𝜎𝛻𝜓) = ∇ ∙ 𝑱!, (2.32) 

 ∇ ∙ 𝑱! = ∇ ∙ −𝑄!
!!
!!
𝛻(𝐵𝑃) . (2.33) 

The electric potential 𝜓 is determined by solving equation 2.32, a simple Poisson equation, with 

a source term given by equation 2.33, which connects the electrical problem to the seismic 

problem. Furthermore, equation 2.33 shows how the heterogeneities in permeability and 

Skempton coefficient generate radiative electrical fields that can be instantaneously measured by 

electrodes in the medium (Sava & Revil, 2012).  

 

In conclusion, to calculate the electric potential caused by seismic wave propagation, one 

must solve first the wave equation (elastic model equations 2.1-2.4 or acoustic model equation 

2.19) in order to find pressure P at any given time and location. The source term for the electro-

static problem is determined using equation 2.33. Finally, the electric potential is solved for 

using equation 2.32 and electric field can be determined by 𝑬 = −∇𝜓.  

2.4. Seismoelectric Reponses 
 Coseismic and interface responses are two seismoelectric signals recorded by electrodes. 

The aim of section is to identify and differentiate between these effects since the former bears 

limited geophysical information and cannot be measured remotely while the latter is recorded 

remotely and carries valuable information about the medium.  

2.4.1. Coseismic 

 When a seismic wave (P or S wave) propagates through a porous saturated medium, it 

creates a net flow of charges between the pore fluid counterions in the diffuse layer relative to 

the grain surface charges and sorbed ions in the Stern layer to generate a streaming current 

density (Js). Pride (1994) demonstrated that in a homogeneous medium, the streaming current 

density is counterbalanced by the conduction current (Jtotal=0) and showed that this electrical 

field (referred to as coseismic field) is localized and confined to the seismic wave and travels at 
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the same velocity with it (Pride & Haartsen, 1996). Accordingly, the coseismic electric field can 

only be measured locally when the seismic wave transverse an electrode and provide limited 

information on the hydraulic and electrical properties of the area in the vicinity of electrode. In 

general, coseismic signal are several orders of magnitude stronger than other recorded converted 

seismoelectric signals that might create a challenging task during the analysis and interpretation 

phase. 

 

 To illustrate the coseismic field, Barnier (2013) modeled a 500 m width x 500 m depth 

synthetic homogeneous sandstone layer with a seismic source located 50 m below top layer with 

a hydrophone and electrode located at the base of the layer, as shown in Figure 2.3. A 50 Hz 

dominant frequency Ricker wavelet was propagated using the poroelastic model (section 2.1.1) 

while recording the displacement and electric potential at the receivers. As shown in Figure 2.4 

snapshots, there are no displacement and electric signals recorded by the receivers until the 

seismic wave reaches the base of the layer where an electric signal corresponding to the 

coseismal field is recorded at t = 268 ms instantaneously while recording the displacement field. 

 

 
Figure 2.3: Schematic representation of a 500m x 500m homogeneous sandstone layer with a 
seismic source placed on the top layer, an electrode and hydrophone placed near the bottom 
(referred to as receivers). From Barnier (2014). 
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2.4.2. Interface response 

 Interface response is an electric field predicted by the seismoelectric theory that occurs 

when the coseismic field is interrupted by a sharp discontinuity in mechanical, hydraulic and/or 

electrical properties as the seismic wave propagates in the medium which creates an asymmetric 

charge build-up centered at the first Fresnel zone (Haines, 2004); hence, an oscillating electric 

dipole is created that diffuses away from the heterogeneity whose moment is perpendicular to the 

interface and the electric potential can be measured remotely by a set of electrodes (Araji et al., 

2012).  

 

 To demonstrate the interface response phenomenon, the previous homogeneous sand 

model is modified to be composed of a 250 m thick shale layer on top of a 250 m thick sand 

layer as shown in Figure 2.5. The vertical displacement time series is extracted at the shale/sand 

interface and at the base of the sand while the electric potential is recorded at the bottom of the 

sand layer.  

 

As the 50 Hz dominant frequency Ricker wavelet propagates through the shale/sand 

interface an electric response is recorded remotely by the electrode at t = 133 ms due to the 

disruption of the confined coseismic field within seismic wave by the sudden change of the 

media’s properties to generate an interface response with an oscillating electric dipole (Figure 

2.6 a & c). Furthermore, as the seismic wave passes through the receivers, a vertical 

displacement and an electric response associated with coseismic field are recorded (Figure 2.6 b 

&c) similar to the previous model.  

2.5. Seismic beamforming method 
 Experiments have shown that the interface response generated from one seismic source 

has much lower amplitude with respect to the coseismic signal and can be measured remotely 

with a signal-to-noise ratio depending on the background noise and signal attenuation. In 

addition, the signal’s amplitude ranges from microvolts (e.g., Schakel et al., 2011) up to few 

millivolts (Haines, 2004). In order to solve this problem, Sava & Revil (2012) proposed using 

multiple delayed in time seismic sources in order to focus the seismic wavefields at a given 

location which will generate a higher pressure at the focus point due to the constructive  
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Figure 2.4: Snapshot at time 219 ms and 268 ms with (a) vertical displacement over the entire 
layer (b) electric potential over the entire field (c) recorded vertical displacement at the geophone 
and (d) recorded potential at electrode. A coseismic signal is recorded only when the seismic 
wave transverses the electrode at t = 269 ms. Adapted from Barnier (2013). 
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interference of the wavefields compared to a single seismic source. If the focus point coincides 

with a mechanical, electrical and/or hydraulic discontinuity a strong interface response (electric 

field) is generated and recorded remotely; however, if the focus point belongs to a continuous 

homogeneous medium; no electric response is recorded at focus time. In addition, using multiple 

seismic sources, seismoelectric conversions will occur everywhere in the media where there is a 

discontinuity, but the highest intensity will be linked to locations characterized by the largest 

gradient of material properties (Sava & Revil, 2012). 

 

In a field experiment, the focusing technique can be applied in two ways. The first is by 

using a single omnidirectional seismic source at different locations and recording the associated 

electric response after which the signals are appropriately delayed and summed in order to focus 

the energy at a desired location and determine the corresponding electric potential. The 

advantages of this method are that it is relatively cheap and no velocity model is required at the 

acquisition time.  

 

Alternatively, the second method is by using multiple seismic sources that are delayed in 

time depending on the velocity model to focus at a desired location; consequently, this implies  

 

 
Figure 2.5: Schematic representation of a 250 m thick shale layer on top of a 250 m sandstone 
layer with a seismic source placed 50 m below surface with an electrode and hydrophone placed 
near the bottom (referred to as receivers). From Barnier (2014). 
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Figure 2.6: (a) Time series of the vertical displacement recorded at the hydrophone located at the 
shale/sand interface (b) time series of the vertical displaced recorded at the hydrophone at the 
base of the sand layer and (c) time series of the electrical potential recorded by the electrode at 
the base of the sand layer. The first recorded signal (peak) is an interface response while the 
second signal (trough – peak) is a coseismic signal. From Barnier (2013).  
  

that the resolution of the output electric potential map will be directly dependent on the number 

of measurements and focus point spacing. The advantage of this method is that the user can 

obtain a higher amplitude electric signal compared to the prior case; nevertheless, this method is 

more expensive and requires a good velocity model at the acquisition time to be able to focus at 

desired location and determine the precise timing between the sources to execute the desired 

delays. 

 

Sava et al. (2014) numerically investigated the efficiency of the seismoelectric 

beamforming imaging technique to provide additional structural information for the classical 

electric resistivity tomography (ERT) method. The 2D model is 400 m wide and 1100 m deep 

with two vertical wells located at x = 50 m and 350 m, respectively. The seismic receivers and 

electrodes are placed in the boreholes and 40,960 points of virtual seismic sources compose the 

scanning region, refer to Figure 2.7a. The simulation output result is a high definition 

seismoelectric voltage image that highlights the subsurface structure of the porous medium, as 

shown in Figure 2.7b. 
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The classical cross-well electric resistivity tomography is incapable to image with details 

the formation between two wells due to low sensitivity far from the electrodes. 19,292 

measurements were obtained using the bipole-bipole array (one injection source and one 

measurement electrode in each borehole) for this 2D model (Sava et al., 2014). Figure 2.8 shows 

a smooth resistivity image with no structure details of the subsurface based on the least-squares 

method and isotropic smoothing covariance matrix (Sava et al., 2014). However, the 

seismoelectric voltage image was used to constrain the resistivity tomography by applying the 

image-guided inversion technique that imposed structural constrains in the model’s covariance 

matrix defined by the regularization parameter, see Figure 2.9.  

2.6. Summary 
 The poroelastic model based on Biot’s theory is the general case to solve for the wave 

propagation in porous materials; however, it is relatively complex and requires extensive 

computational time. Alternatively, the acoustic approximation is relatively simpler and sufficient 

to analyze and test the seismoelectric beamforming theory by coupling the mechanical equations 

with Maxwell’s relations. Furthermore, the drag of the charges present in the diffuse layer 

relative to the grain’s matrix and stern layer charges creates an electric field confined to the 

seismic wave and propagates with the same velocity as the P or S waves called the coseismic 

field. Moreover, as the seismic wave propagates through a sharp discontinuity in the medium’s 

hydraulic, electric or mechanical properties, the coseismic field is disrupted and generates an 

instantaneous diffusive electric signal called the interface response that can be recorded remotely 

and bears valuable information of the subsurface. Finally, in field/laboratory experiments the 

amplitude of the interface response is relatively low and is highly affected by background noise 

and signal attenuation that might be challenging to record a visible signal. Alternatively, using 

the seismic focusing method developed by Sava & Revil (2012), a higher amplitude signal 

associated with interface can be recorded to image the subsurface and impose structural 

constraints in the model’s covariance matrix to produce high definition resistivity images. 

 



 22 

 
Figure 2.7: (a) Synthetic porous model used for seismoelectric beamforming simulation to image 
the subsurface using 2 vertical wells positioned at x = 50 m and x = 350 m, respectively. The 
seismic receivers and electrodes are located in the two wells. The brown square indicates the 
scanning area while the green dots are a portion of the virtual seismic point sources. (b) High 
definition seismoelectric voltage image that displays detailed information of the subsurface 
structure. From Sava et al. (2014). 
 

 
Figure 2.8: Results of a traditional cross-well resistivity tomography using a bipole-bipole array 
and the least-squares method with no structural information applied to constrain the model 
covariance matrix (isotropic smoothing). From Sava et al., (2014). 
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Figure 2.9: High definition electrical resistivity tomography with structural constraints. The 
regularization parameters is (a) 0.1 [light], (b) 1 [medium], (c) 10 [hard] and (d) 100 [extreme].  
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CHAPTER 3 
NUMERICAL MODELING 

 

The aim of this chapter is to numerically generate an electric potential map using the 

seismoelectric beamforming imaging theory and finite element analysis to simulate a typical 

laboratory experiment setup in order to predict the effectiveness of this technique. First, I present 

the model’s geometry and parameters followed by the finite element numerical procedure. Then, 

I provide my results and interpretations. Finally, I state my conclusions on the validity of this 

imaging process; hence, the significance of this numerical analysis helps in evaluating the 

effectiveness of this method prior to investing in laboratory equipment and experiments.  

3.1. Model geometry  
The 2D model for the numerical analysis consists of 80 cm x 80 cm solid square tank 

with 70 cm diameter circular opening at the center of it. The tank is assumed to be made of 

plastic and a 7.5 cm diameter sandstone core randomly centered on (xc, yc) = (47.5 cm, 47.5 cm). 

Electrode E1 is located at (x1, y1) = (35 cm, 45 cm) while the reference electrode (E2) is located 

at infinity. In addition, there are 150 source/receiver hydrophones located on a 50 cm diameter 

circle centered on (xh, yh) = (40 cm, 40 cm). In the computational procedure, presented in section 

3.3, during the forward propagation of the compressional waves from a virtual source point 

located at (xi, yi), the aforementioned hydrophones act as receivers to record the signal after 

which during time reversal reinjection of the signal these hydrophones propagates the reversed 

recorded signal in order to focus the P-wave energy on the point (xi, yi). The schematic diagram 

of the model geometry is shown in Figure 3.1. 

3.2. Model parameters 
The objective of this section is to provide a detailed summary of how the modeling was 

performed and the selection of parameters and variables. All numerical modeling was simulated 

and can be reproduced using the Madagascar open-source software package (Fomel et al., 2013).  
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Figure 3.1: Schematic 2D model representing an 80 cm x 80 cm tank with 7.5 cm core 
submerged in a water medium surrounded by a plastic boundary. The triangle represents the 
location of electrode E1 while the reference electrode E2 is placed at infinity and the dark blue 
dots correspond to source/receiver hydrophones location. Refer to Table 3.1 for the 
corresponding material’s properties. 
 

 

Table 3.1: Mechanical, electrical and hydraulic properties of the sandstone core, surrounding 
water and the tank’s plastic boundary. 

Property  Symbol (Unit) Core Water  Plastic Boundary 

Bulk modulus Kb (Pa) 2.2x1010 2.2x109 5.0x109 

Density ρ (Kg m-3) 2300 1000 910 

Conductivity σ (S m-1) 0.2 0.03 0.001 

Log permeability  ko (log[m2]) -12 0 0 

Compression wave velocity  Vp (m s-1) 3100 1480 2300 
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3.2.1. Selection of mesh 

The numerical modeling is simulated with a constant mesh element-size of  

Δx = 10-3 m, Δy = 10-3 m and Δt = 10-7 sec. The selection of these parameters was to avoid the 

finite difference simulation to reach unstable conditions and to return results in a timely optimal 

manner (approximately 25 minutes per 1 focus point using 1 node with 8 cores). Consequently, a 

larger element mesh size was coarse and unstable while a finer selection produced stable results 

but required much longer computational time. The axes grid size, units, and number of cells are 

presented in Table 3.2. 

  

Table 3.2: Mesh grid size for x-axis, y-axis and time. 
 Unit Origin Increment Number of Cells 

x-axis meters (m) 0 1x10-3 801 

y-axis meters (m) 0 1x10-3 801 

Time seconds (sec) 0 1x10-7 4001 

 

3.2.2. Selection of the seismic source  

 The seismic source is selected to be a virtual point source located at (xi, yi) as defined in 

equation 3.1, where S(x,t) represents an acoustic source function, x and t denote space and time, 

respectively, while β(t) is a Ricker wavelet function in the time domain: 

 𝑆 𝒙, 𝑡 =   𝛿   𝒙− 𝒙! 𝛽(𝑡),                   (3.1) 

The Ricker wavelet function is defined as the second derivative of a Gaussian wavelet as shown 

in equation 3.2 (Schneider, 2010) where ζ is the standard deviation. Throughout the numerical 

modeling, I selected the dominant frequency in the Ricker wavelet to be 75 kHz with a time 

delay of 0.08 ms as shown in Figure 3.2. Using a seismic wave velocity in water Vp≈1500	  m	  s-‐1,	  

I	  determined	  a	  dominant	  wavelength	  (λdom)	  equals	  to	  2	  cm	  that	  has	  an	  important	  role	  in	  the	  

parameterization	  of	  the	  energy	  focus	  grid	  for	  the	  virtual	  source	  points.	   

 
𝛽(𝑡) = !

!!!
!
!
1− !!

!!
𝑒
!!!

!!! . 
                  (3.2) 
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Figure 3.2: Ricker wavelet with 75 kHz frequency and time shift of 0.08 ms. 
 

3.2.3. Selection for finite element solver 

 The constitutive equations that govern the theory of seismoelectric beamforming 

presented in Chapter 2 are solved in the numerical simulation using the finite element difference 

approach in the time domain (FDTD). At any selected point (xi, yi), the seismoelectric virtual 

electrode can be constructed by solving, (1) the acoustic wave equation (equation 2.19), (2) 

electric source created due to the current density induced by seismic wave (equation 2.33), and 

finally, (3) solving for the quasi-static electric potential (equation 2.32).  

3.2.3.1. Acoustic wave field simulation  

 The forward wave field propagation is solved for by using the built-in finite difference 

acoustic modeling module (awefd) from the finite difference library (fdmod) with a Ricker 

wavelet, velocity model, density model, point source and receivers’ locations as input 

parameters. For quality control, the waves can be plotted over the model using the wavefield-

over-model (wom) module in order to monitor and better visualize the reflections and wave 

propagation. The backward wave propagation is achieved by reinjection of the reversed recorded 

signal in time at the receivers’ location using the finite difference acoustic modeling module 

(awefd).  

3.2.3.2. Electric source  

 As illustrated in Chapter 2, the pressure fluctuation due to the acoustic wave propagation 

induces a source current density in light of which the electric source (Js) can be solved for using 
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the partial differential equation 2.33. The input parameters are dynamic charge density(𝑄!), 

Skempton coefficient (B), permeability (ko), pore water viscosity (ηw) and the pressure field (P). 

All input parameters are constant at each (xi, yi) and time independent except the pressure field 

due to wave propagation that is variant in space and time. Hence, for simplicity of the 

mathematical expressions, I can define the following constants in space as shown in equations 

3.3 and 3.4 and replace in equation 2.33 to obtain equation 3.5: 

 
𝑞𝑘𝑛 = −𝑄!

𝑘!
𝜂!

 
                  (3.3) 

 𝑃𝐵[𝑥! ,𝑦!] = 𝐵 𝑥! ,𝑦! ×𝑃[𝑥! ,𝑦!]                   (3.4) 

 ∇ ∙ 𝐉𝐬 = ∇ ∙ 𝑞𝑘𝑛  𝛻(𝑃𝐵)                    (3.5) 

 

Consequently, using the 2D finite difference at any specified indexed location (xi, yi) and 

time (t) that belongs to the ranges defined in Table 3.1, the electric source Js(xi, yi) can be 

calculated using equation       (3.6). 

 𝑱𝒔 𝑥! , 𝑦! =
1

2𝑑𝑥 ! 𝑞𝑘𝑛 𝑥! + 1, 𝑦! − 𝑞𝑘𝑛 𝑥! − 1, 𝑦! × 𝑃𝐵 𝑥! + 1, 𝑦! − 𝑃𝐵 𝑥! − 1, 𝑦!  

+   
1

2𝑑𝑦 ! 𝑞𝑘𝑛 𝑥! , 𝑦! + 1 − 𝑞𝑘𝑛 𝑥! , 𝑦! − 1 × 𝑃𝐵 𝑥! , 𝑦! + 1 − 𝑃𝐵 𝑥! , 𝑦! − 1  

+   
𝑞𝑘𝑛 𝑥! , 𝑦!
2𝑑𝑥 ! 𝑃𝐵 𝑥! − 1, 𝑦! − 2×𝑃𝐵 𝑥! , 𝑦! + 𝑃𝐵 𝑥! + 1, 𝑦!  

+   
𝑞𝑘𝑛 𝑥! , 𝑦!
2𝑑𝑧 ! 𝑃𝐵 𝑥! , 𝑦! − 1 − 2×𝑃𝐵 𝑥! , 𝑦! + 𝑃𝐵 𝑥! , 𝑦! + 1  

      (3.6) 
 

 The output of the electric source map is normalized due to the interest in the relative 

change between two incidents rather than the true amplitude, which is highly dependent on the 

source intensity that is variable. 

3.2.3.2. Electric potential  

 Finally, after obtaining the electric source map (∇ ∙ 𝑱!) at every given location (xi, yi) at 

any given time (t) in addition to the conductivity matrix of the 2D model, equation 2.32 can be 

solved to obtain the electrical potential (ψ). The conductivity and electric potential are two 

independent variables and with some mathematical manipulation equation 2.32 can be expressed 

as shown in equation 3.7 

 ∇𝜎 ∙ ∇𝜓 + 𝜎∇!𝜓 = ∇ ∙ 𝑱!                   (3.7) 
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 The conductivity gradient (∇𝜎) is constructed by computing a five point centered finite 

difference stencil model using the selected point itself along with the adjacent 4 neighboring grid 

cells in the x and y direction. Accordingly, the electric potential can be solved using direct 

solution of the finite difference equation but since the mesh grid is relatively large, the storage 

and computation cost of such a solution is too expensive. However, iterative numerical solution 

such as Jacobi Method, Gauss-Seidel and Red-Black are alternative approaches that are 

relatively simple and cheap.  For this application, the Jacobi method was utilized to solve for the 

electric potential map.  

3.2.4. Mechanical, hydraulic and electrical model parameters  

 The 2D model is composed of a fully water saturated sandstone core, a plastic circular 

boundary filled with water. The model properties of the core are based on Sava & Revil (2012) 

synthetic sandstone reservoir while the parameters of the water and plastic material were 

extracted from material properties in literature. The P-wave velocity can be approximated using 

equation 3.8 by neglecting the viscous effects between the pore fluid and solid phase, as shown 

by Revil et al., (2013).  

  
V! =

𝐾!
𝜌 . 

                  (3.8) 

Finally, the dynamic water viscosity is typically equivalent to 10-3 Pa s at 25 oC (Araji el al., 

2012). The mechanical, electrical and hydraulic properties of the model’s material are 

summarized in Table 3.1. 

3.3. Beamforming methodology and results  
 The seismoelectric beamforming numerical modeling approach is summarized by the 

flow chart shown in Figure 3.3. First, I will start with a detailed methodology explanation for a 

single shot, followed by the choice for energy grid focus points density and finally, the 

seismoelectric beamforming imaging results and interpretation. 

3.3.1. Single shot 

 The methodology presented in this part will illustrate the five steps to obtain the electric 

potential at the focus point. I have selected the virtual source point located at (47.5 cm, 44 cm) to 
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extract all the figures for section 3.3.1; however, the same process can be applied to any point of 

the domain.   

 

(1) Generate Model. The initial step is to construct the mechanical, hydraulic and 

electrical maps for all parameters defined in Table 3.2 associated with the sandstone 

core, water and plastic boundary. Figure 3.4 shows the distribution of the density, bulk 

modulus, electric conductivity and velocity in the medium. The output distributions 

are used as inputs for the subsequent steps. 

 

(2) P-wave forward propagation. Then, the selected seismic source is injected at the 

scanning point source with a Ricker wavelet (e.g. 75 kHz dominant frequency) pulse 

over 0.4 ms duration (see Figure 3.2). Then we solve the wave equation to compute 

the seismic wavefield through the material. The simulated seismic signals are recorded 

by the circular receiver hydrophones set. Refer to Figure 3.5 for six time snapshots 

displaying the wave propagation from virtual point source to receivers starting at 0.02 

ms until 0.32 ms with 0.06 ms time increments between any two consecutive 

snapshots. Moreover, extracting the recorded wavefield at hydrophone (15 cm, 40 cm) 

shows that the first arrival to this location was at 0.22 ms with multiple lower 

amplitude reflections until 0.4 ms as shown in Figure 3.6. 

 

(3) P-wave re-injection (time reversal). The recorded seismograms at every receiver is 

reversed in time and re-injected in order to focus all the seismic energy at the original 

source scanning point. The re-injected signal is not a clear signal similar to the input 

pulse due to the model’s heterogeneities that generate reflections and refractions that 

are observed at every receiver, as shown in Figure 3.7. Hence, at the focus time the 

highest seismic wave intensity will be located at the scanning point with some 

scattered reflected seismic waves at various locations in the medium. Figure 3.8 shows 

six time snapshots for seismic wavefields of the time reversed re-injected seismic 

signal starting at time 0.08 ms until 0.38 ms with 0.06 ms time increments between 

any two consecutive snapshots. Moreover, if a hydrophone is placed at virtual point 
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Figure 3.3: Flow chart summarizing the numerical procedure for the seismoelectric beamforming 
imaging technique. 
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source (47.5 cm, 44.5 cm) the recorded seismogram shows a Ricker wavelet at focus t 

= 0.38 ms similar to input waveform as shown in Figure 3.9. Similarly, Figure 3.10 

shows the focused wavefield at t = 0.38 ms around the source point without the model 

in the background. An alternative method for focusing at a certain point can be 

obtained by considering liner superposition of appropriately time delayed seismic 

sources; however, this approach requires additional calculations in order to determine 

the exact time-delays for every single source at every scanning point. 

 

(4) Electrical current source. As mentioned previously, during back propagation of the 

recorded seismograms, the seismic wavefield propagates across the whole medium. 

During this propagation, seismoelectric conversion occurs at locations of electrical or 

permeability discontinuity such as the interface between the water and porous core 

sample. The generated current source density is calculated at every time increment (t) 

for the whole medium based on the pressure fluctuations resulting from the back-

propagated signal using the finite difference method illustrated in section 3.2.3.2. 

Since the electrical field depends only on the position of the wavefield at a given time; 

it is not history-dependent and so the calculations of the current density can be done at 

any time independently from the prior time. The output current density map is 

normalized at all time increments in order to preserve the relative changes in 

amplitude. 

 

(5) Computation of the electrical potential. The electric potential is then calculated 

using the method illustrated in section 3.2.3.3 in order to determine the recorded 

voltage at any time (t) at the electrode with the reference voltage electrode located at 

infinity. Figure 3.11 shows the corresponding electric potentials for the six wavefield 

snapshots of the previous image (Figure 3.8). As the seismic waves propagate through 

the core, seismoelectric conversion occurs; however, the interface response electric 

potential recorded at the focus point (Figure 3.11f) has the highest amplitude if it 

coincides with heterogeneity. Therefore, extracting the recorded voltage at the 

electrode over the simulated time, refer to Figure 3.12a, shows that the greatest 

amplitude corresponds to the focus time (t = 0.38 ms). Similarity, the electric potential 
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(a) (b) 

  
(c) (d) 

Figure 3.4: Distributions of the (a) density, (b) bulk modulus, (c) electric conductivity, and (d) 
velocity models used during the simulation.   
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.5: Forward propagation of the P-wave from red point source (47.5 cm, 44.5 cm) and 
recorded by the hydrophone receivers (blue dots) starting at 0.02 ms until 0.32 ms with 0.06 ms 
time increments. 
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Figure 3.6: Waveform recorded at hydrophone (15 cm, 40 cm) during P-wave forward 
propagation. 
 

 
Figure 3.7: Reversed in time waveform recorded at hydrophone (15 cm, 40 cm) 

 

as a function of time was recorded for another scanning point (40 cm, 44.5 cm) located 

in water. As expected, the electric potential at this focus point is much smaller as 

shown in Figure 3.12b compared to the previous case (Figure 3.12a). In addition, the 

electrode records a relatively small voltage at various times prior to the focus time. 

These voltages are due to seismoelectric conversions as the seismic waves propagate 

through the medium and reach the porous core. 

 

Finally, in order to generate a seismoelectric image composed of electric potentials over a 

grid of scanning points, user-defined resolution, should be simulated by repeating steps 2 

through 5 for each virtual source location and the electric potential at the focus time should be 

extracted, as indicated in the next section. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.8: Re-injection of time reversed seismic signal at the hydrophones (blue dots) starting at 
time 0.08 ms until 0.38 ms with 0.06 ms time increments between snapshots where (f) 
corresponds to seismic wavefields focusing at source point (red dot) at t = 0.38 ms. 
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Figure 3.9: Wavefield recorded at point source (47.5 cm, 44.5 cm) with highest normalized 
amplitude at focus t = 0.38 ms.   
 

 

 
Figure 3.10: Seismic wavefields focus at source point (red) corresponding to t = 0.38 ms as 
illustrated in Figure 3.9 graph. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.11: Electric potential map corresponding to the six snapshot of Figure 3.8 where the red 
dot is source point (47.5 cm, 44.5 cm) and black triangle is electrode E1  
(35 cm, 45 cm). 
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(a) 

 
(b) 

Figure 3.12: Electric potential graph with respect to time at (a) point (47.5 cm, 44.5 cm) located 
at the core-water interface that generates a high electric potential at focus time (t = 0.38 ms) due 
to seismoelectric conversion, but, (b) point (40 cm, 44.5 cm) located in a pure water medium has 
approximately zero potential at focus time. 
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3.3.2. Energy focus grid 

 The seismoelectric beamforming images’ resolution is dependent on the density of the 

scanning grid points; consequently, I developed an iterative method to determine the optimal 

number of points. I assumed lack of knowledge related to the location and shape of the 

heterogeneous material and selected the virtual source grid based on the dominant wavelength 

(λdom) that is equivalent to 2 cm. 

  

The grid spacing was selected to be a multiple of the dominant wavelength. In the first 

iteration, a coarse grid of 6 cm spacing (3 x λdom) is chosen to scan the entire model (60 cm x 60 

cm) followed by a 4 cm spacing grid (2 x λdom). Based on the normalized electric potential maps 

from the first two iterations, a high anomaly was allocated. Then, a smaller scanning region was 

identified (20 cm x 20 cm) and simulated with 2 cm scanning grid (1 x λdom) and 1 cm grid (λdom / 

2). Similarly, from the outcome of the third and fourth iteration, a smaller scan area (12 cm x 12 

cm) was considered with finer grid spacing simulations. The fifth computation consisted of 0.5 

cm grid spacing (λdom / 4) while the last was 0.25 cm grid spacing (λdom / 8). Summary of the 

energy focus scanning point’s position with respect to the 2D model are presented in Figure 3.13.  

Finally, a reduced scanning area was chosen every other iteration in order to decrease the overall 

simulation time with denser grids relative to the initial large area in order to better image the 

high electric potential anomaly related to the heterogeneous material since the zone of water 

away from the anomalies will produce very low voltage as demonstrated in the subsequent 

section. 

3.3.3. Results and interpretation 

 The seismoelectric beamforming analysis was initially simulated on the 2D model with 

and without the core using the coarsest scanning grid (i.e. 6 cm source spacing). The aim of this 

test is to allocate a possible location of the core. The electric potential recorded on the electrode 

at the focus time was extracted and plotted at the corresponding scanning point location as 

shown in Figure 3.14. Furthermore, comparing the two normalized electric potential maps; a 

high amplitude anomaly is identified at point (46 cm, 46 cm) that most likely, with current 

information, is related to the core. In addition, the low electric potential values scattered in both 

maps is related to possible seismoelectric conversion between the water and solid boundaries 

and/or errors from to the finite element solver. Similarly, the  4 cm  grid  spacing  was computed 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.13: Coarse (3 x λdom) to very fine (λdom / 8) virtual point source grid with (a) 6 cm (b) 4 
cm (c) 2 cm (d) 1 cm (e) 0.5 cm and (f) 0.25 cm spacing. The simulated area for (a,b) is 60 cm x 
60 cm, (c,d) 20 cm x 20 cm and (e,f) 11 cm x 11 cm. 
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(a) (b) 

Figure 3.14: Normalized electric potential with 6 cm virtual source spacing for (a) model without 
core and (b) model with core centered on (47.5 cm, 47.5 cm). The dashed line highlights the true 
object circumference. 
 

and the resulting image revealed a cluster of high amplitude values surrounding the same 

location as in the previous iteration (Figure 3.15b); therefore, a smaller scan area was selected 

for further investigation.   

  

 The third iteration utilized the 2 cm scanning grid and returned a low resolution fuzzy 

image of the anomaly with respect to the background (Figure 3.15c); however, decreasing the 

distance between 2 consecutive virtual source points to 1 cm resolution produces an image of 

what appears to be a circular object (Figure 3.15d). At this step, a preliminary conclusion on the 

shape of the core is determined, but the exact location and diameter of the object is vague. 

Likewise, a smaller scan area can be safely selected to enclose the anomaly and disregard areas 

of homogeneity (characterized by low electric potentials) to decrease the total computational 

time with finer grids. The 0.5 cm scanning point grid produced a high-resolution image of the 

core (Figure 3.15e). The diameter of the core is approximately calculated to be 7.5 cm with the 

center on point (47.5 cm, 47.5 cm). Similarly, the latter observations are verified from the 

resulting image of the finest scanning grid (i.e. 0.25 cm). Finally, since the core is modeled as a 

homogeneous material, the inside area far from the core sample exhibit vanishingly small electric 

electric potentials (Figure 3.15f).   
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 In conclusion, the seismoelectric beamforming technique can be applied to image 

heterogeneities and produce high-resolution electric potential maps. My experiments suggests 

that at least four to eight scanning points per wavelength is needed in order to achieve a high 

definition seismoelectric image. On the other hand, if the distance between the scanning points is 

greater than the width or length of the object, this may result in skipping the anomaly material by 

having the virtual source locations at homogeneous points that might lead to undetectable 

seismoelectric anomalies.  

3.7. Summary 
 In this chapter, I revealed the fundamental steps and main assumptions to reproduce all 

the numerical modeling steps using the seismoelectric beamforming approach. First, I presented 

the model’s geometry; hydraulic, mechanical and electrical model parameters, choice of a square 

mesh, 75 kHz Ricker wavelet seismic source and finite element solver. Then, I summarized the 

essential numerical computation procedure to obtain the electric potential images. Subsequently, 

I simulated a typical laboratory experiment using the 2D model and was able to determine the 

shape, diameter and location of the core. Finally, the resolution of the seismoelectric 

beamforming images is highly dependent on the spacing of virtual point sources and is 

recommended to have at least 4 scanning points per wavelength to obtain a relatively fine image. 

Hence, this chapter validates the effectiveness of the theory and supports the investment of time 

and money into a real laboratory experiment to proof the concept.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3.15: Normalized electric potential corresponding to the virtual source points in Figure 
3.13 with true object circumference highlighted by the dashed black circle. With increasing space 
sampling the heterogeneous material contour and location is more visible and imaged clearly by 
the seismoelectric beamforming technique. 



 45 

CHAPTER 4 
SENSITIVITY ANALYSIS  

  

The numerical simulation of Chapter 3 assumed full knowledge of material properties in 

the medium. The exact properties were considered during forward propagation and re-injection 

of the recorded seismic wavefields in the numerical computation to obtain high definition 

voltage images, as shown in Figure 3.15. Nonetheless, in a real life situation not all material 

characteristics are known with exact precision prior to testing, especially the velocity model. 

Hence, I numerically investigate in this chapter the sensitivity of the seismoelectric beamforming 

imaging technique with respect to incorrect velocity models and its influence on the output 

voltage image while keeping all other parameters constant. Next, I explore the effect of the 

dominant source wavelength (or frequency) on the output electric potential map quality and the 

information it provides.  

4.1. Velocity analysis 
 The seismoelectric voltage image produced with 4 scanning points per wavelength (0.5 

cm source spacing) provided sufficient information to image the porous core and determine its 

shape, size and location (Figure 3.15). Therefore, for the simulations presented in this section I 

considered the same 2D model (Figure 3.1), material properties (Figure 3.4) and input source 

signal (Figure 3.2) during the forward propagation, but in the re-injection phase a new incorrect 

velocity model was applied. Our goal is to record true signal during forward modeling but 

inaccurately process it, through the velocity models, during the re-injective step similar. This 

process is similar to a typical field experiment in which the velocity model is not known 

precisely.   

 

The scanning area for these simulations is 25 cm x 25 cm with x and y ranging between 

35 cm to 60 cm and 0.5 cm between any two consecutive virtual point sources. In this section, 

the plotted wavefields over the model at focus time were extracted for 2 points located in the 

water layer (38 cm, 47.5 cm) and (55 cm, 55 cm) and 2 points within with the core (45 cm, 49 

cm) and (47.5 cm, 44.5 cm). These points were randomly selected. Finally, the three new 
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incorrect velocity models are (1) constant water velocity, (2) larger core model, and (3) 

additional artificial velocity bodies in the medium (see Figure 4.1).  

4.1.1. Constant velocity model 

 In classic geophysical analysis, such as seismic data processing, when there is any 

missing information, the initial approximation in the first iteration would be an average constant 

value. Accordingly, since the majority of my 2D model is water, I select a constant water 

velocity value of 1480 m s-1 to re-inject the P-wave waveform into the medium (Figure 4.1b). 

 

During the re-injection step, the virtual source points located in pure water zone had the 

seismic wavefields focus at the source location (Figure 4.2 a & b) due to the fact that the true 

model and approximated model for the water layer are equivalent. However, when the source 

point coincided with the core, at the focus time the seismic wavefields concentration was shifted 

by few centimeters due to the velocity difference between core (3100 m s-1) and velocity model 

(1480 m s-1), refer to Figure 4.2 c & d. In addition, there are scattered P-waves over the entire 

medium at the focus time due to the velocity difference of the models.  

 

The recorded electric potential at the focus time was extracted for the 2,704 virtual point 

sources and plotted in Figure 4.3a. Comparing the result with the true exact model (Figure 4.3b), 

the core’s center is at the correct location (47.5 cm, 47.5 cm) with a circular shape and correct 

diameter. However, the electric response within the core is distorted is due to the incorrect 

seismic waves focusing position. Moreover, multiple rings characterized by decreasing 

amplitude with increasing diameter are identified. This phenomenon is related to the presence of 

propagating seismic waves through the core at the focus time (see Figure 4.2 a & b) that 

generated relatively low interface response electric field that is recorded by the electrode. 

 

4.1.2. Incorrect velocity model with a larger core model 

The second velocity model is extracted based on the electric potential map from section 

4.1.1. In this model, the core was centered on (47.5 cm, 47.5 cm) but with a 16 cm diameter that 

coincides with the second ring (Figure 4.3a) as shown in Figure 4.1c. Similar to the previous 

simulation, the seismic waves concentration at the focus time in the water zone overlaps with the 
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(a) (b) 

  
(c) (d) 

Figure 4.1: (a) True velocity model applied during forward P-wave propagation from virtual 
point source to circular hydrophone receiver array while the re-injection velocity models were (b) 
constant water velocity (1480 m s-1) (c) larger core model and (d) 2000 m s-1 artificial velocity 
bodies.   
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(a) (b) 

  
(c) (d) 

 

 

Figure 4.2: Seismic wavefields at focus time during P-wave reinjection with constant velocity 
model. Virtual point sources (red point) located in water zone (a and b) had wavefields focus at 
source location while the sources located inside the core (c and d) had seismic energy center at a 
different position. 
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(a) (b) 

Figure 4.3: Normalized electric potential map from reinjection (a) constant velocity model (1480 
m s-1) and (b) true velocity model. The dashed circle indicates the true core’s circumference.  
 

virtual seismic point with scattered P-waves in the entire medium (Figure 4.4 a & b) while the 

seismic wave constructively superimposed a couple centimeters away from true position, refer to 

Figure 4.4 c & d. Consequently, the generated electric potential map (Figure 4.5a) produced an 

improved image compared to the previous case where the multiple rings present around the core 

in case 1 decreased to only one visible ring with 12 cm diameter. However, the multiple rings 

present around the core in case 1 (Figure 4.3a) decreased to only one visible ring with 12 cm 

diameter. Therefore, additional iterations with smaller core diameter are required to refine the 

output image and generate an electric potential map closer to true model.   

4.1.3. Incorrect velocity model by adding addition heterogeneities in the medium 

 In the final simulation, three bodies (with a P-wave velocity of 2,000 m s-1) were 

added to the true velocity model, see Figure 4.1d. At the focus time, the injected seismic waves 

constructively superimposed at the true virtual source position, refer to Figure 4.5. The bodies 

refracted the seismic waves throughout the whole medium resulting in smaller seismoelectric 

interface response whenever the P-wave passed through the cylindrical core sample at focus 

time. The electric potential map generated for this simulation (see Figure 4.7a) shows a slightly 

skewed 7.5 cm diameter circular object corresponding to the core at the true location. Comparing 

the results with the exact model, the core’s surrounding voltage map is characterized by 

relatively higher noise compared to the original true velocity results (Figure 4.7 b).  
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(a) (b) 

  
(c) (d) 

Figure 4.4: Seismic wavefields at focus time during P-wave reinjection using the big core 
velocity model. Virtual point sources (red point) located in water zone (a and b) had wavefields 
focus at source location while the sources located inside the core (c and d) had seismic energy 
center at a different position. 
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(a) (b) 

Figure 4.5: Normalized electric potential map from reinjection (a) larger diameter core model 
and (b) true velocity model. The dashed circle indicates the true core’s circumference.  
  

4.2. Wavelength analysis 
 The selection of the source’s dominant frequency / wavelength plays a vital role in 

imaging porous material and is directly related to the dimensions of the object. Hence, I analyze 

the effect of source wavelength on the output voltage map. In this section, the 2D model and 

material properties presented in Chapter 3 were simulated with four dominant Ricker wavelet 

frequencies (75 kHz, 37.5 kHz, 18.75 kHz and 9.375 kHz). In addition, the scanning area is 25 

cm × 25 cm with x and y ranging between 35 cm to 60 cm with a spacing of 0.5 cm between two 

consecutive virtual source points.  

 

 As the source’s dominant frequency decreases, the corresponding wavelength increases 

and the extent of the seismic waves at the focus time becomes larger as demonstrated in Figure 

4.8 for point (43 cm, 43 cm) located in the water layer. The associated electric potential maps for 

each simulation are shown in Figure 4.9. For the first case (75 kHz dominant frequency – 2 cm 

wavelength) the core object is imaged with high definition showing the correct location with a 

clear water / solid interface at 7.5 cm diameter. In the second case (37.5 kHz dominant frequency 

– 4 cm wavelength), the seismic waves coverage at focus time is slightly larger than case 1 (see 

Figure 4.8b) that generates additional low amplitude interface response for water located point 

sources which was not present in the first case. 
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(a) (b) 

  
(c) (d) 

 

 

Figure 4.6: Seismic wavefields at focus time during P-wave reinjection using the three artificial 
2,000 m s-1 velocity model. Virtual point sources (red point) located in water zone (a and b) had 
wavefields focus at source location while the sources located inside the core (c and d) had 
seismic energy center at a different position. 
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(a) (b) 

Figure 4.7: Normalized electric potential map based on reinjection (a) artificial velocity model 
and (b) true velocity model. The dashed circle indicates the true core’s circumference.  
 

These caused the thickness of the negative amplitude surrounding the core and positive 

amplitudes within the core to “double” and generate a lower resolution image at the correct 

location but with a smaller diameter (approximately 6.5 cm), refer to Figure 4.9b. In the third 

simulation (18.75 kHz – 8 cm wavelength), the electric potential map predicted correctly the 

core’s location and potential circular shape; however, the positive – negative boundary interface 

is not present any more, see Figure 4.9c.  In the final simulation (9.375 kHz – 16 cm), the electric 

potential provided limited to no information on the shape, size and location of the porous 

material. The resolution is too low as shown in Figure 4.9d.  

 

 Moreover, in order to examine the frequency effects on the output electric potential, we 

consider a modified 2D model by removing the plastic boundary, placing a 10 cm diameter core 

on (40 cm, 45 cm) and electrode E1 on (40cm, 20cm) while reference electrode (E2) is located at 

infinity. The seismoelectric conversion takes place between the water-solid interface where a 

virtual point source is placed at position  (40 cm, 40 cm) (Figure 4.10a). For all simulations, the 

input signal is a Ricker wavelet with dominant frequency ranging between 35 kHz and 150 kHz, 

a constant time shift of 0.15 ms and 3 ms total simulation time. The electric potential recorded by 

the electrode at the focus time is extracted and plotted with respect to source dominant frequency 

as shown in Figure 4.10b. As the frequency increases, the energy at the focus time is more 
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concentrated around the virtual source point which results in a higher electric potential. This 

effect is apparent in the electric potential maps of Figure 4.9 where the electric potential is 

mainly of negative amplitude for low frequencies (Figure 4.9 c and d) that gradually becomes 

positive as the frequency increase (Figure 4.9 a and b).  

 

 In addition, for high frequencies when the virtual source point is located in the water near 

the solid-water interface the corresponding electric potential had negative amplitude and when 

the source point is located inside the core near the interface the electric potential at focus time is 

positive. However, with decreasing input source frequency there is a change of sign from 

positive to negative for the scanning points located inside the core and the output seismoelectric 

image is predominantly of negative amplitude (Figure 4.9 c and d). In order to investigate the 

cause for the change in polarity, the displacement field (𝑼) and strain (𝜀!!)  at focus time is 

calculated using equations 4.1 and 4.2 at a frequency equal to 75 kHz and 9.375 kHz. The 

displacement of the solid and the bulk deformation of the skeleton can be determined by 

 𝑼 𝒙, 𝑡 = −
1
𝜌𝜔 ∇𝑝  𝑒𝑥𝑝 −𝑖𝜔𝑡 , 

(4.1) 

  𝜀!! = 𝑡𝑟𝑎𝑐𝑒 𝜀 = ∇ ∙ 𝑼, (4.2) 

where 𝜀 denotes the strain tensor (dimensionless components) and ω the pulsation frequency. 

Figures 4.11 and 4.12 display the displacement field and strain real and imaginary components 

for both frequencies, respectively. At high frequency the displacement is concentrated around the 

focus point; however, at low frequency the displacement field magnitude is higher and extended 

more in the water zone. This causes more fluid flow between the core/water interface, generating 

in turn a negative amplitude electric potential similar to the focus points located near the 

boundary in the water zone at high frequency (75 kHz). Similarly, the strain field shows that the 

entire core at low frequency is affected by the acoustic wave while at high frequency only the 

area near the focus point is influenced.   

4.3. Summary 
 In conclusion, the incorrect velocity models used to propagate time-reversed recorded P-

waves into the medium led in some cases to shifting the seismic waves focus location from true 

position and scattered waves around the medium that created an electric field if those waves 

coincided with the porous material. In general, the produced voltage maps identified the correct 
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position of the core and shape; however, the diameter appeared to be smaller in the constant 

velocity model and the water area was highly contaminated with noise due to the scattered P-

wave compared to the original model. Therefore, the velocity model plays an important role in 

determining the output electric potential map and might generate misleading artificial data. 

Moreover, the resolution of the electric potential map is directly related to the input source 

frequency and porous object’s dimension. As the frequency increases, the electric potential map 

resolution increases using at least four to eight source points per wavelength. 

  
(a) (b) 

  
(c) (d) 

Figure 4.8: Seismic waves constructive superposition at the focus time for point (43 cm, 43 cm) 
with (a) 75 kHz (b) 37.5 kHz (c) 18.75 kHz and (d) 9.375 kHz dominant frequency Ricker 
wavelet input signal.   
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(a) (b) 

  
(c) (d) 

Figure 4.9: Normalized electric potential map corresponding to the 4 simulated dominant 
frequency sources presented in Figure 4.8. The source spacing for each case is equivalent to the 
dominant wavelength divided by 8. 
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Figure 4.10: Electric potential versus input source frequency. (a) Schematic 2D model of the 10 
cm core centered on (45 cm, 40 cm) in the water medium with electrode E1 placed on (40 cm, 20 
cm) and virtual source point (yellow point) located on (40 cm, 40 cm). (b) Normalized electric 
potential recorded by electrode at focus time with respect to increasing input source frequency 
ranging between 35 kHz and 150 kHz while keeping all other variables constant.  
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Figure 4.11: Displacement field at focus time for 75kHz and 9.375 kHz. (a) and (b) represent the 
real and imaginary displacement field at 75 kHz, respectively. (c) and (d) represent the real and 
imaginary displacement field at 9.375 kHz, respectively.  
  



 59 

 
 
 
 
 
 
 

 
 
Figure 4.12: Distribution of the strain at focus time for 75kHz and 9.375 kHz. (a) and (b) 
represent the real and imaginary strain at 75 kHz, respectively. (c) and (d) represent the real and 
imaginary strain at 9.375 kHz, respectively. 
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CHAPTER 5 
TANK EXPERIMENT 

  

The objective of this chapter is to provide a detailed summary of my laboratory tank 

experiments in order to assist other scientists with their seismoelectric experiments to detect a 

useful electric potential signal and learn from my experience. First, I present my experimental 

setup and devices used followed by a discussion on important factors and variables to consider 

during testing. Finally, I document 3 experimental results and analyze the failure reasons and 

state my recommendations for future research. 

5.1. Seismoelectric experimental setup 
The laboratory experiment was constructed to reflect the 2D numerical model of chapter 

3 (see Figure 3.1). A 70 cm diameter low-density polyethylene (LDPE) container was filled with 

tap or distilled water and a fully water saturated sandstone core was submerged vertically at 

approximately 45 cm from the P-wave source location and two silver/silver-chloride (Ag/AgCl) 

electrodes were used to record the corresponding electric potential. Electrode (E1) was placed 1 

cm away from the core to record the seismoelectric signal while the reference electrode (E2) was 

placed 2 cm from the plastic tank boundary. The electric potential was obtained by computing 

the difference of E1 signal with respect to E2 signal. The selection of E1 location was based on 

Schakel et al. (2011b) experiment who demonstrated that electric potential amplitude decreases 

with increasing distance between the core-water interface and electrode position (see Figure 5.1) 

and Zhu & Toksӧz (2012) experiments illustrated decreasing seismoelectric voltage coupling 

with increasing frequency and conductivity (see Figure 5.2). The outside tank boundary was 

covered with aluminum foil and grounded to shield and minimize external electromagnetic noise.  

 

During the experiment simulation, the waveform generator sent a single sine or impulse 

to the hydrophone to emit an acoustic signal in the medium and the digital oscilloscope recorded 

the corresponding electric potential. In the first run of each experiment, a piezoelectric receiver 

was placed at E1 location to determine the first P-wave arrival time and then replaced by the 

electrode in order to minimize cross talk between piezoelectric receiver and Ag/AgCl electrode. 

In addition, amplifiers were exploited to amplify the signals when needed. Refer to Figure 5.3 for 
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(a) 

 
(b) 

Figure 5.1: (a) Electric potential and (b) acoustic pressure as a function of distance between 
receiver’s location and porous sample surface. From Schakel et al. (2011b). 
 

 
Figure 5.2: Seismoelectric voltage coupling coefficient as a function of frequency (15-120 kHz) 
and fully saturated Berea sandstone samples with various NaCl solution concentrations. From 
Zhu & Toksӧz (2012). 
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Table 5.1: List of devices and material used in experiments with corresponding 
properties/dimensions. 

Unit Model / Type Properties / Dimensions 

Ag/AgCl electrodes (set 1) Invometric E-204 12 mm diameter x 1 mm disc 

Ag/AgCl electrodes (set 2) A-M Systems 0.381 mm diameter x 101.6 mm length 

Core (1) Sandstone 7.5 cm diameter x 17 cm height 

Core (2) Berea Sandstone 5 cm diameter x 10 cm height 

Digital oscilloscope Agilent DSOX3014A 100 MHz, 4 channels 

Power amplifier Peavey PV-4C 500 Watts 

Preamplifier Olympus 5660C 500 Hz – 2 MHz, 40 - 60 dB 

Pulse generator - 300 V 

Seismic source (1) TC-4033 1Hz - 160 kHz, spherical 

Seismic source (2) - 42 kHz center frequency 

Seismic receiver Piezoelectric 2.6 cm diameter of metal disc 

Waveform generator Agilent 33500 B 20 MHz, 2 channels 

 

a schematic representation of the tank setup and Table 5.1 for the list of the different equipment 

and material used in the experiments listed in section 5.2 and 5.3. 

5.2. Important experiment factors   
 In seismoelectric experiments there are multiple variables, presented in this section, that 

play a vital role to be able to detect a clear electric potential signal due to seismoelectric interface 

response. I present a summary of my experimental findings in this section along with some 

suggestions based on my experience.  

5.2.1. Input signal 

In the initial testing phase, the input signal was 300 volts impulse response from the pulse 

generator to the source, as shown in Figure 5.4a. A wide range of frequency characterizes an 

impulse signal; therefore, the emitted signal is highly affected by the hydrophone’s transmitting 

sensitivity. Consequently, a 90 kHz single sine was fed into the TC-4033 hydrophone to obtain 

the strongest possible acoustic signal as shown in Figure 5.4b and 42 kHz single sine signal for 

the second hydrophone to match its center frequency. The selection of the signal’s input 

frequency was based on the manufacturer transmitting sensitivity chart. 
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Figure 5.3: Schematic cross-section of the final tank experiment setup. The source hydrophone 
TC-4033 is located 45 cm from the fully saturated porous sandstone core with electrode (E1) 1 
cm away from core and reference electrode (E2) located at the far inside edge near the tank 
boundary. A piezoelectric receiver is initially positioned at E1 location to determine the first P-
wave arrival time then removed to avoid cross talk (interference) with E1. The outside plastic 
boundary is covered with aluminum foil and grounded to minimize electromagnetic noise. 
During the experiment, a waveform-generator sends a single sine or impulse to the hydrophone 
and the corresponding electric signal is recorded at digital oscilloscope. Depending on the input 
and output signals amplitudes, a power amplifier was used. 
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5.2.1. Seismic source  

 The seismic P-wave source is one of the important equipment in a seismoelectric 

experiment. It must be powerful in emitting high-pressure acoustic waves.  The Celesco LC-34 

source used in Zhu and co-workers experiments (Zhu et al., 2008) is obsolete since mid 1990s 

with no available data sheets in industry and the P-wave Panametrics source transducer (model 

V3638) used in Schakel and co-workers experiments (Schakel et al. 2011b) can not be used in 

the seismoelectric beamforming experiments since it is a directional source and applying the 

superposition technique will be invalid for this case. For my experiments I used the Teledyne 

Reson TC-4033, see Figure 5.5a, an omnidirectional hydrophone with 1 Hz to 120 kHz usable 

frequencies range and highest transmitting sensitivity at 90 kHz. However, the recorded 

waveform using a piezoelectric receiver and digital oscilloscope show an amplitude of less than 

0.3 mV that might imply a weak transmitting source. In addition, a 42 kHz center frequency 

hydrophone, see Figure 5.5b, was utilized as a source. The drawbacks of these two sources will 

be presented in section 5.3. 

5.2.3. Seismic receiver 

 A 2.6 cm piezoelectric receiver, see Figure 5.6, is used to record the seismic waveforms 

at the electrode (E1) location at the beginning of each experiment to determine the first arrival of 

P-waves and then removed from the setup to minimize cross talk with the Ag/AgCl electrode. 

5.2.4. Cores 

 The porous material is the fundamental element in any seismoelectric experiment. In the 

absence of it, there will be no seismoelectric conversion in a pure water medium. I initially 

started with an 7.5 cm diameter by 15 cm height unknown origin sandstone core then tested on a 

5 cm diameter by 10 cm Berea sandstone that is characterized with high porosity and 

permeability that should help in obtaining good seismoelectric signal as in Zhu et al. (2008) 

experiments. The core samples were fully saturated with distilled degased water in a vacuum 

chamber due to the attenuation of seismic wave in the presence of air filled pores. Refer to 

Figure 5.8 for the sandstone core image. 
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(a) 

 
(b) 

Figure 5.4: (a) Impulse and (b) 90 kHz single sine input signals fed into the P-wave source 
acquired prior to amplification. 
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5.2.5. Water condition 

 The water condition plays an important factor when recording the electric potential that is 

directly affected by the water’s conductivity. In the initial testing phase, the tank was filled with 

regular tap water (550 µS cm-1); however, using distilled water (1.5 µS cm-1) produces in theory 

a higher signal. In addition, to ensure water properties stability for long periods, the tank was 

sealed from the top to minimize water-air contact and algae growth as well as refreshing the 

water regularly. 

5.2.6. Electrodes   

 The electric potential is recorded using a pair of Ag/AgCl electrodes (Figure 5.9); 

however, these electrodes act like “antennas” to record unwanted electric noises (e.g., 50 - 60 

Hz) in the laboratory and noise due to the interaction between high-voltage electric sources with 

other electronic devices. Consequently, proper shielding of the electrodes and the tank weakens 

the background noises effects. 

5.2.6.1. Shielding effects 

 The electric signal due to seismoelectric conversion is relatively weak (few millivolts) as 

recorded by Butler et al. (1996) field experiment and in order to preserve this signal with respect 

to all laboratory noise a coaxial cable is applied. In the water medium, the electrode wire was 

soldered onto the coaxial core and the metallic shield is cut and isolated using epoxy from water 

zone and electrode. At the oscilloscope end, the coaxial core is connected to the main channel 

through a BNC connector while the metallic shield is linked to the ground.   

5.2.6.2. Grounding effects 

 Using coaxial cable assisted in preserving the recorded electric signal by the electrodes; 

however, all the laboratory background noise and interaction between high voltage source and 

other electronic equipment is dominant on the recorded signal as shown in Figure 5.10a. 

Accordingly, the exterior side of the tank was wrapped with aluminum foil and a common 

ground was applied to all electronic equipment and BNC connectors in order to decrease the 

cross talk to a minimum value as shown in Figure 5.10b. 
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(a) (b) 

Figure 5.5: (a) Teledyne Reson hydrophone TC-4033 and (b) a 42 kHz center frequency 
hydrophone. 
 

 

 
Figure 5.6: Recorded waveform signal by the piezoelectric receiver with the first arrival 
(highlighted in the red dashed line) at 0.305 ms.  
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Figure 5.7: 2.6 cm diameter piezoelectric receiver. 
 

 

 
Figure 5.8: 7.5 cm diameter x 17 cm height sandstone core (left) and 5 cm diameter x 10 cm 
height Berea sandstone with 500 to 1000 mD core (right).  
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5.2.7. Signal amplification 

 Agilent waveform generator produces signal on the order of few millivolts peak-to-peak; 

therefore, a radio-frequency (RF) power amplifier device is connected in order to gain the input 

signal by 50 dB prior to the acoustic source. In addition, the recorded electric signal is relatively 

small and a preamplifier (Olympus 5660C) can be applied to gain the data by 40 or 60 dB; 

however, noise is amplified as shown in Figure 5.11. 

5.3. Experimental results 
 In this section, I show electric potential results from 3 experiments with the conditions 

analyzed in the previous section taken into consideration.  

5.3.1. Experiment 1: disk electrodes localized seismoelectric conversion 

 In the first experiment, the setup consisted of TC-4033 hydrophone, set (1) Invometric 

E204 Ag/AgCl electrodes, no porous material and tank shield was not grounded. The distance 

between source and electrode 1 is 30 cm. The input signal to the hydrophone was an impulse 

(Figure 5.4a) and the oscilloscope recorded the associated electric signal as shown in Figure 

5.12. As expected, the cross talk between the electrode and other electronic devices is high; 

however, the electrode between 0.2 and 0.3 ms exhibits a fluctuation in the signal as the P-wave 

propagates through. Multiple experiments were conducted with various locations of the electrode 

in the absence of the porous material and this “noise” was always present and coincident with the 

P-wave arrival to electrode’s location. Hence, it was assumed that the micro-porous disk 

electrode was exhibiting a localized seismoelectric conversion and the need to different type 

electrode (A-M Systems 0.381 mm diameter x 101.6 mm length Ag/AgCl electrodes) was 

essential.  

5.3.2. Experiment 2: effect of distance    

 In the second experiment, the setup is represented in the schematic diagram of Figure 5.3 

where a 90 kHz single sine signal (Figure 5.4b) fed into the hydrophone and the digital 

oscilloscope recorded the electric potential using A-M systems electrodes and stacked the signal 

65,000 times. The first arrival was approximately at 0.3 ms as shown in Figure 5.13a. Moreover, 

the recorded electric potential signal is quite noisy and there is no clear peak associated with  
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(a) (b) 

Figure 5.9: (a) Set (1): Invometric E-204 12 mm diameter x 1 mm disc and (b) set (2) A-M 
Systems 0.381 mm diameter x 101.6 mm length Ag/AgCl electrodes. 
 

 
(a) 

 
(b) 

Figure 5.10: Electric potential recorded by the oscilloscope (a) without a common ground and (b) 
with a common ground. 
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seismoelectric interface response at the time of the first P-wave arrival. However, at 0.6 ms there 

are small electric variations that coincide with high values of P-wave that might correspond to 

seismoelectric conversions. Accordingly, the seismic source was brought closer 20 cm to the 

porous material and there still was no visible first arrival seismoelectric interface response as 

shown in Figure 5.14. In conclusion, the electric potential is noisy with small signal variations 

associated with high P-wave recorded at the receiver that might be due to seismoelectric 

conversions; however, TC-4033 hydrophone is quite weak in transmitting a strong P-wave signal 

that can cause a high amplitude seismoelectric interface response.  

5.3.3. Experiment 3: effect of frequency 

 In the third experiment, the setup is similar to experiment two but TC-4033 source was 

replaced by a 42 kHz center frequency hydrophone (Figure 5.5b) and the distance between the 

source and receiver was increased to 50 cm. The first arrival of the P-waves was at 0.34 ms as 

shown in Figure 5.15a. Moreover, the electrodes exhibit high cross talk with other devices and 

the first P-wave arrival belongs to this noise region, see Figure 5.15b. Hence, a larger tank is 

required to increase the distance between the source and receivers. 

5.3. Summary 
 A thorough summary of the tank experiments equipment and setup were presented in this 

chapter. In addition, important variables when setting up and designing an experiment were 

discussed such as selection of input signal, seismic source and receivers, water conditions, 

shielding and grounding of electronic devices. Moreover, the reported three experiments 

revealed that the disk electrodes exhibited possible localized seismoelectric response that might 

have masked the true interface response from porous material, the TC-4033 seismic source is 

relatively weak for a seismoelectric application to produce a detectable signal in a noisy 

environment and with decreasing the frequency a larger distance is required to avoid the cross 

talk region.  Finally, although my laboratory tank experiments where not successful in acquiring 

a good electric potential, I recommend repeating the experiments with a more powerful source 

such as Celesco LC-34 hydrophone found at Massachusetts Institute of Technology (MIT) then 

apply the superposition technique to image the core or use multiple seismic sources that are 

delayed in time to focus the energy at the desired location and record the corresponding electric 

potential. 
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(a) 

 
(b) 

Figure 5.11: Electric potential recorded at the oscilloscope (a) without pre-amplification and (b) 
with a 60dB pre-amplification. 
 

Figure 5.12: Electric potential recorded at the electrode E1 in the absence of a porous material. 
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(a) 

 
(b) 

Figure 5.13: (a) Recorded waveform signal by the piezoelectric receiver and corresponding (b) 
electric potential signal with the first arrival (highlighted in the red dashed line) at 0.305 ms. 
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(a) 

 
(b) 

Figure 5.14: (a) Recorded waveform signal by the piezoelectric receiver and corresponding (b) 
electric potential signal with the first arrival (highlighted in the red dashed line) at 0.17 ms. 
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(a) 

 
(b) 

Figure 5.15: (a) Recorded waveform signal by the piezoelectric receiver and corresponding (b) 
electric potential signal with the first arrival (highlighted in the red dashed line) at 0.34 ms using 
a 42 kHz center frequency hydrophone. 
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CHAPTER 6 
CONCLUSION AND RECOMENDATION 

 

 I investigated the resolution of the seismoelectric beamforming imaging technique 

developed by Sava & Revil (2012) within the poroacoustic approximation to model the wave 

propagation and solve for the interface response electric field to image porous materials. This 

acoustic approximation is used to decrease the overall simulation time compared to a poroelastic 

model. However, the seismoelectric beamforming technique can be simulated using P-waves, S-

waves or both in a porous medium and is not limited to only acoustic waves. Using Madagascar 

open-source software, I numerically analyzed the efficiency of this technique to predict the 

shape, size and location of a core replicating a simple laboratory tank experiment. 

 

 The seismoelectric beamforming method consists of focusing multiple delayed in time 

seismic sources at a selected position and recording the corresponding electric potentials. 

Numerically, the first step was to propagate a seismic wave from the virtual source point, record 

the waveform at the hydrophones, then reverse the logged signal in time and re-inject the P-

waves into the medium to determine the corresponding electric potential at focus time by a pair 

of electrodes. Using exact material properties and velocity models during forward propagation of 

a 75 kHz dominant frequency Ricker wavelet and associated re-injection step produced a high 

definition and high resolution voltage map where the user can recognize clearly the exact 

location, size and shape of a cylindrical core sample in a bucket. The resolution of the 

seismoelectric images is highly dependent on the spacing of virtual point sources. Four scanning 

points per wavelength defined the resolution of this method. 

 

 Furthermore, I analyzed the sensitivity of the seismoelectric method with 

incorrect velocity models. Depending on the velocity variations between the true model and 

estimated one, the seismic wave focus center was shifted with scattered P-waves across the entire 

medium. However, all the produced voltage maps predicted shape of the core but the diameter is 

incorrect in two cases. In addition, the electric potentials in the water zone increased (e.g., the 

rings) compared to the exact results due to scattered P-waves at focus time from incorrect 

velocity approximation and reflections in the medium. Therefore, the knowledge of the velocity 
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model is important in defining the quality of the output voltage map. The more complex and 

deviated the velocity model from reality is, the less likely the corresponding voltage map is 

trustworthy. That said, even with a wrong velocity model, the seismoelectric map might produce 

sufficient details to update the initial velocity model and re-iterate the analysis. It is therefore 

expected that the seismoelectric voltage map can be used in image guided inversion to improve 

the velocity model itself, which may open a new way to use the seismoelectric beamforming 

approach. 

 

Moreover, the resolution and quality of the seismoelectric voltage image is directly 

related to the input source frequency with respect to the dimension of the target. As the 

frequency increases, the electric potential map resolution increases using at least four to eight 

source points per wavelength. Accordingly, to image an object, it is better to use a high 

frequency source in order to obtain a detailed seismoelectric voltage map. Of course, we must 

always evaluate the trade-off between the quality of the image with respect to the decreasing of 

the magnitude of the produced voltages at high frequencies and with respect to the background 

noise and the attenuation of the seismic signals since Earth materials are low-pass filters. 

 

 Based on my numerical modeling and laboratory tank experiment, the next step is to 

repeat the same laboratory tank experiment but using a more powerful seismic source similar to 

Celesco LC-34 to record the interface response electric potential at various source locations and 

proof the concept of seismoelectric beamforming technique by applying the superposition 

method and comparing it with the numerical results. Next, I recommend adding sand into the 

tank and image the core using the same technique. Finally, I suggest modifying the previous 

experiment to simulate a pressurized reservoir and repeating the experiments to locate / image 

the heterogeneous material. Numerically, I recommend exploring the seismoelectric method 

using the poroelastic model in complex 3D models such as a fractured reservoir.  
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