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SUMMARY: 

Understanding the interplay between pore-scale fluid distribution and bulk electrical properties is critical to 

improving petrophysical models of partially saturated porous media. This study introduces and evaluates a novel 

experimental setup that enables synchronized spectral induced polarization (SIP) and X-ray micro-computed 

tomography (µCT) measurements under dynamic saturation conditions. A custom-designed flow cell was 

developed to accommodate both high-resolution µCT imaging and accurate SIP acquisition at the same time. It 

includes retracted, non-polarizable potential electrodes placed in agar-filled channels, which minimize electrode 

polarization and preserve signal integrity during measurement. Using this setup, we conducted a drainage–

imbibition experiment on an unconsolidated sand sample. High-resolution µCT images captured the evolving 

spatial distribution of the water phase, while simultaneous SIP data provided complementary information on bulk 

resistivity and phase connectivity. We extracted the fluid distribution in the pore network from segmented images 

and computed both geometric and electrical tortuosity to investigate how pore-scale and transport parameters are 

related. A pore network model (PNM), extracted from the dry µCT scan, was used to simulate resistivity index 

(RI) trends, allowing for direct comparison between experimental and modelled values. Results show that 

saturation history significantly impacts both resistivity and tortuosity, with notable differences between drainage 

and imbibition. The µCT data confirm that trapped gas phases and connectivity losses are key drivers of marked 

resistivity increases. While the tested sample exhibited limited polarization, the experimental platform proved 

effective in linking microstructure to geoelectrical response. The combined SIP–µCT method offers a promising 

route for refining petrophysical models and holds potential for future studies involving more complex, 

polarization-prone materials and biogeochemical processes. 
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1. INTRODUCTION 

Geophysical methods have become indispensable tools for characterizing and monitoring 

subsurface processes across a wide range of applications, including hydrogeology, 

environmental remediation, and reservoir engineering. (e.g., Berkowitz & Scher 1998; Allen 

& Allen 2013; Revil & Florsch 2010; Wildenschild & Sheppard 2013). In particular, electrical 

and electromagnetic methods enable time-lapse monitoring of fluid movement, contaminant 

transport, and reactive processes, offering non-invasive access to dynamic subsurface changes 

(Hermans et al. 2023; Singha et al. 2015). Electrical conductivity and spectral induced 

polarization (SIP) are increasingly used for high-resolution spatial and temporal monitoring of 

hydrological processes both at the field and laboratory scale (Hermans et al. 2023; Dimech et 

al. 2022; Slater & Binley 2021). SIP is a geophysical technique that measures the frequency-

dependent complex electrical conductivity of geomaterials, which is sensitive to ionic mobility, 

fluid content, and surface conductivity (Revil & Florsch 2010; Schmutz et al. 2010). Pore-scale 

dynamics affect bulk electrical conductivity as well as interfacial polarization mechanisms at 

various frequencies, which can both be measured using SIP method (Wildenschild & Sheppard 

2013; Jougnot et al. 2010). 

Despite its growing application, quantitative interpretation of geoelectrical data remains a 

major challenge. This limitation stems largely from the complexity of subsurface environments 

and a limited understanding of the petrophysical relationships that link the geophysical 

response to hydrological and geochemical properties. Indeed, while pore-scale processes such 

as drainage, imbibition, mineral dissolution, and biofilm growth shape electrical signals by 

modifying the structure and connectivity of the fluid pathways, the electrical response due to 

different processes and heterogeneity is non-trivially coupled in practice. As a result, electrical 

imaging remains often interpreted qualitatively due to uncertainties on how the spatial 
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distribution of fluid saturation, pore connectivity, and surface chemistry influence electrical 

properties such as resistivity and induced polarization (Revil & Florsch 2010; Binley & Kemna 

2005). Despite significant research efforts, it has proven challenging to disentangle 

geoelectrical responses, partly because traditional experimental approaches (such as column 

flow tests and saturated/unsaturated core-scale measurements) provide bulk responses that 

average over multiple coupled processes, making it difficult to resolve distinct contributions 

from phenomena like mineral precipitation, wettability changes, or biofilm growth (Binley & 

Kemna 2005; Revil & Florsch 2010). 

A potential solution to approach this issue is to combine pore-scale imaging with 

geoelectrical measurements. Simultaneous measurements combining SIP and imaging 

techniques have been explored in recent studies but have so far been limited to 2D microscopy 

approaches. For example, Rembert et al. (2023a) successfully coupled real-time SIP 

measurement with high-resolution optical microscopy to monitor the dynamics of calcite 

dissolution in a microfluidic chip, enabling direct correlation between interfacial geochemical 

reactions and electrical signatures. Nonetheless, such 2D systems are inherently limited in 

capturing the full three-dimensional pore geometry and fluid distribution, which are critical for 

interpreting subsurface processes. X-ray micro-computed tomography (µCT), on the other 

hand, provides micrometer-scale visualization of pore network in 3D, enabling quantitative 

analysis of geometry, connectivity, and tortuosity (Bultreys, 2016; Wildenschild and Sheppard 

2013). While sequential use of SIP and µCT has advanced our understanding of how pore-scale 

features influence geophysical responses (Adebayo et al. 2017; Atekwana and Slater 2009; 

Bauer et al. 2011; Cimpoiaşu et al. 2021; Hao et al. 2021; Johansson et al. 2019; Ma et al. 2025; 

Rembert, et al. 2023; Revil, et al. 2014; Yan et al. 2018; Zhang et al. 2018; Izumoto et al. 2022), 

simultaneous measurements that ensure both modalities capture the same sample state remain 

rare, particularly under controlled multi-phase conditions. One notable exception is the work 
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by Zhao et al. (2022), who developed an experimental setup that enables simultaneous µCT 

imaging and resistivity measurements. Their setup, however, recorded only the real (resistive) 

component of electrical conductivity, without capturing the imaginary (capacitive) component 

that is essential for comprehensive characterization of pore-scale electrochemical and 

interfacial processes.  

To date, no study has implemented a fully synchronized SIP and 3D imaging framework, 

such as µCT, leaving a gap in our ability to directly observe and quantify the dynamic interplay 

between pore structure and electrical properties in three dimensions. In many systems, dynamic 

processes cannot be paused or interrupted without altering them, which makes stop-and-go or 

sequential measurements impractical. Moreover, in cases where such interruptions are possible, 

the timescales of structural changes, such as those driven by mineral precipitation, dissolution, 

microbial activity, or redox cycling, are often too short relative to the interval between imaging 

and SIP acquisition. These processes can modify pore morphology, block or open flow paths, 

and change interfacial areas, all of which directly influence SIP signals (Tokunaga, 2009; 

Weller et al. 2015; Leroy et al. 2008; Slater et al. 2006; Zhang et al., 2021). Without 

synchronized imaging, these effects may be misinterpreted or entirely overlooked. For 

instance, SIP phase shifts observed during acid-induced carbonate dissolution might be 

attributed solely to increased porosity, while simultaneous imaging would reveal that changes 

in surface roughness or bubble formation also contribute significantly to the signal (Schwartz 

et al. 2014). 

To address these limitations, we introduce a novel experimental setup that enables 

simultaneous SIP and µCT acquisition, capturing the co-evolution of geoelectrical signals and 

3D pore-scale structure and fluid distribution during multiphase flow experiments. Our setup 

includes a custom-built flow cell that allows direct monitoring of air-water displacement in a 

sand pack under drainage and imbibition cycles. This approach provides several advantages:  
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(1) Time-resolved dynamic monitoring: it captures transient processes, such as fluid 

redistribution, with direct spatial and electrical correspondence.  

(2) Enhanced interpretability: it enables direct correlation of SIP signatures with visual 

evidence of pore-scale mechanisms such as capillary trapping or phase invasion.  

(3) Improved model validation: it supports quantitative comparison between observed SIP 

responses and image-based pore network simulations, helping to bridge the gap between 

experimental data and digital rock physics. 

In this study, we present a novel experimental setup that enables simultaneous SIP and 3D 

X-ray µCT imaging. We apply this setup to a controlled drainage–imbibition experiment in a 

saturated sand pack to investigate the co-evolution of fluid distribution and electrical response. 

To validate the approach, we calculated the resistivity index (RI) and tortuosity from both SIP 

data and µCT-derived pore network models. We compared the results to assess where the 

methods agree or diverge, and how µCT data help explain variations in electrical behaviour. 

This methodology aims to contribute to the development of more accurate petrophysical 

models based on pore-scale processes and observations, with implications for subsurface 

resource management, contaminant transport, and carbon storage. 

2. MATERIALS AND METHODS  

2.1. Experimental Setup and Sample Holder Description 

This study presents a novel set-up that allows to combine simultaneous SIP and 3D µCT 

monitoring, compared to past sequential measurement protocols (Johansson et al. 2019). The 

system includes a Hassler-type core holder, designed for flow experiments under well 

controlled pressure and temperature (Fig. 1, see supplementary information for further details). 

The core holder is composed of a high-grade aluminium flow-cell, which contains the sample 

holder in a confining liquid (Fig. 1a). The aluminum tube, with a wall thickness of 3 mm, 
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balances mechanical strength with sufficient X-ray transparency to allow µCT scanning. An 

isostatic confining pressure is applied using non-conductive oil, which uniformly compresses 

a cylindrical rubber sleeve containing the sand sample. A four-electrode system is coupled to 

the core holder to allow SIP measurements, considering several design factors to collect 

accurate signals (e.g., Zimmermann et al. 2008). First, to maintain electric field homogeneity 

across the electrodes for electric current injection, the sample width-to-length ratio should not 

exceed 1:2. The sample holder comprises a 12 cm cylindrical rubber sleeve with an inner 

diameter (ID) of 15.2 mm and an outer diameter (OD) of 17.2 mm, thus, not exceeding a 1:6 

width-to-length ratio. Second, it is recommended to maintain a potential-current electrode 

separation of at least twice the sample width. A four-electrode array in the Wenner-α 

configuration (e.g., Binley and Kemna, 2005) with 30 mm spacing between the electrodes is 

used. This configuration minimizes polarization effects and enables impedance measurements 

across a broad frequency spectrum. The current injection electrodes are in titanium, a non-

polarizable material that minimizes interfacial polarization effects when in contact with the 

geomaterial. These electrodes feature dual-channel functionality, serving both as electrical 

current injectors and as fluid/gas injection ports. Each current electrode has a cylindrical shape 

with a diameter of 15.2 mm and a height of 25 mm, out of which 15 mm are inserted inside the 

rubber sleeve (Table 1). The electrodes are inserted from both ends of the sample holder (Fig. 

S1 in supporting information), ensuring homogeneous contact with the sample and enabling 

uniform current injection across the entire sample volume.  

A key feature of the experimental setup was to design retracted non-polarizable electrodes 

for accurate electrical potential measurement. Potential electrodes made of metallic materials 

are prone to polarization effects. When these electrodes are positioned directly within the 

sample, they can become polarized due to the injected current, even when the voltage difference 

across them is minimal (e.g., Zimmermann et al. 2008). To minimize this unwanted 
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polarization, it is recommended to retract the potential electrodes outside the sample whenever 

feasible (e.g., Zimmermann and Huisman, 2024). Our configuration builds on this concept with 

a practical, integrated design: each potential electrode consists of a hollow PEEK (polyether 

ether ketone) screw (outer diameter 4 mm, inner diameter 2 mm) filled with KCl-agar gel, 

which maintains ionic contact with the sample (Fig. S1). This screw is inserted through the 

rubber sleeve wall and tightly sealed using a brass nut that also acts as the conductive contact. 

The brass nut is soldered to a stainless-steel wire, which passes through the confining liquid 

(non-conductive oil) and connects to the SIP measurement system (see supplementary text S1 

for more technical details). This setup ensures stable potential measurements, minimizes 

polarization effect, and preserves a seal against the confining pressure. 

 

Table 1. Characteristics and sizing of the sample holder 

Sample holder components Shape and Material Cylindrical rubber sleeve 

 Height (mm) 120 

 Inside diameter-ID (mm) 15.2 

 Outside diameter-OD (mm) 17.2 

 Thickness (mm) 2 

Injection electrodes Material Titanium 

 Height (mm) 20 

 Diameter (mm) 15.4 

Potential electrodes Material Brass nut 

Extruded PEEK screws filled 

with KCl-agar gel 
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Figure 1. General overview of the laboratory setup developed for this study. (a) Schematic 

diagram of the experimental setup. (b) Photograph of the setup showing the SIP system 

connected to the flow-cell, which is mounted on the rotation stage in front of the X-ray source. 

(c) Close-up view of the flow-cell, within which the sample holder (described in Fig. S1) is 

installed. A manual syringe filled with non-conductive oil is fixed on the rotation stage to 

maintain a constant confining pressure of at least 25 bars throughout the experiments.  
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 2.2. Experimental protocol for combined SIP and µCT analysis 

This study presents the results of the first synchronized SIP and µCT experiment obtained 

with the newly developed setup, designed to evaluate its performance and demonstrate its 

added value. A single drainage–imbibition experiment was carried out on a cylindrical column 

of unconsolidated, fine-grained sand, saturated with a 0.1 S m–1 NaCl solution. The objective 

was to monitor the coupled evolution of fluid distribution and electrical response across a range 

of saturation states. Drainage was induced by stepwise nitrogen gas injection under increasing 

pressures, while imbibition was driven by staged water reinjection at controlled flow rates. 

During the experiment, a total of seven combined SIP and µCT datasets were collected. The 

procedure included the following steps: 

1. Initial dry state (S0): X-ray scan of the dry, unconsolidated fine-grained sand packed in 

the sample holder. 

2. Full saturation (S1): Full saturation of the sample with a 0.1 S m–1 sodium chloride 

(NaCl) solution. 

3. Drainage step 1 (S2): Injection of nitrogen gas at 1 bar pressure for 20 minutes to initiate 

drainage. 

4. Drainage step 2 (S3): Increased gas injection pressure to 5 bar for 20 minutes. 

5. Drainage step 3 (S4): Further increase to 10 bar for 20 minutes. 

6. Imbibition step 1 (S5): Re-injection of 15 ml NaCl solution at 2 ml per minute. 

7. Imbibition step 2 (S6): Additional 15 ml injected at 5 ml per minute. 

8. Full re-saturation (S7): Final injection of 10 ml at 10 ml per minute to reach full water 

saturation again. 

For all experiments, direct SIP measurements and µCT images were acquired in 

synchronized steps. Each SIP spectrum was recorded over approximately 20 minutes, while the 
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X-ray µCT projections began 1–2 minutes after the start of the SIP measurement, with both 

acquisitions running in parallel. The µCT scan lasted about 35 minutes, so that the SIP 

measurement time entirely overlapped with the µCT acquisition. This stepwise protocol 

enabled the monitoring of electrical and water content changes throughout the drainage and 

imbibition cycle under controlled and reproducible conditions. 

2.3. SIP acquisition and sample holder validation 

The complex electrical resistivity of the sample was acquired using the SIP system developed 

by Zimmermann et al. (2008). A sinusoidal current I(ω) with a frequency f ranging from 10 

mHz to 45 kHz was injected between the current electrodes. The resulting electric voltage 

U(ω) was measured between the potential electrodes (P1 and P2 in Fig. S1c). The input 

current follows a sinusoidal waveform expressed as, 

𝐼(𝑡) = |𝐼| 𝑠𝑖𝑛(𝜔𝑡)  (1) 

where ∣I∣ is the current amplitude (A), and ω=2πf (rad/s) is the angular frequency. The 

measured voltage has a similar sinusoidal form but is typically shifted in phase, 

𝑈(𝑡) = |𝑈| 𝑠𝑖𝑛(𝜔𝑡 +𝜑) (2) 

with ∣U∣ being the voltage amplitude (V) and φ is the phase shift between current and voltage. 

For analytical convenience, both current and voltage are represented in complex notation, 

𝐼∗ = |𝐼|ⅇⅈ𝜑,  𝑈∗ = |𝑈|ⅇⅈ𝜑 (3) 

The complex electric impedance Z(ω) which reflects the combined resistive and 

capacitive behaviour of the sample, is derived from the ratio of the injected current and the 

measured voltage, 

𝑍∗ =
𝑈∗

𝐼∗ = |𝑍(𝜔)|ⅇ𝑖𝜑   (4) 

where, |Z(ω)| is the amplitude, and i is the imaginary unit (𝑖 = √−1). The measured 
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electrical impedance is influenced by the sample geometry and electrode configuration 

(Zimmermann et al. 2008). To consider this, a geometrical factor kG (m) is introduced. It 

relates the measured impedance to the bulk electrical conductivity σ (S m–1) of the 

medium, an intrinsic property. The geometrical coefficient kG was determined 

experimentally by measuring the complex impedance of the sample holder filled with 

NaCl solutions between 10 mHz and 45 kHz at five different conductivities σw ranging 

between 4×10-3 and 3×10-2 S m–1 (see the results in Fig. S2). For each conductivity, we 

calculated kG = 1/(|Z(ω)|σw) at the lowest frequency (f = 10 mHz). This is because all 

subsequent resistivity modelling, including Archie's law and its derivatives, is based on 

DC current, which most closely corresponds to the lowest frequency used in this study. 

The use of several solutions enables establishing a linear relationship between |Z(ω)| and 

σw, where kG is the inverse of the slope of the linear regression (Table S2). This approach 

ensures a geometry-specific calculation of kG, independent of the water conductivity, by 

minimizing systematic errors and validating the linearity of the data. Thus, we 

determined kG = 0.0683 ± 0.0011 m (Fig. S2). 

 The measurements on water samples show that the phase angle shifted systematically 

with increased water conductivity to a maximum of 3.5 mrad in the 10 mHz – 1 Hz 

frequency range. These values, obtained across a wide range of fluid conductivities, 

exceed the ±0.3 mrad reported by Lesmes and Frye (2001) (at 0.0085 S m–1) using a similar 

setup and frequency range. Our uncertainty is also greater than the ±0.1 mrad achieved 

by Zimmermann et al (2008) with a setup optimized for low-phase-angle investigations. 

The consistent phase offset suggests that the effect arises from electrode-fluid interface 

polarization. This is supported by the fact that the reciprocal measurements do not show 

any phase shift, further pointing to electrode asymmetry as a likely source for this shift 

(Fig. S2d). However, considering the minor polarization observed during the sample holder 
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validation (1–3.5 mrad, Fig. S2b), the reproducibility of measurements over time and the 

consistent trends observed across water with different conductivities (Fig. S2b), suggest that 

these effects do not significantly impact the interpretation of saturation-dependent trends in 

our experiment (Zimmermann and Huisman 2024). 

 

2.4. Theoretical background: Archie’s exponents and tortuosity 

2.4.1. Archie’s law 

Rock conductivity is strongly governed by how water and other conductive fluids are 

arranged within the pore network, which is often intricate and heterogeneous (Norbisrath et al. 

2015). To describe this behaviour, empirical frameworks such as Archie's law and its 

generalizations (Glover et al. 2000; Glover 2009; Glover, 2010; Glover 2017) have become 

standard tools in geophysical applications (e.g., Niu & Zhang 2018, Cong-Thi et al. 2024). One 

key parameter derived from these models is the dimensionless resistivity index, which links 

electrical resistivity to fluid saturation through the saturation exponent n. It reflects how the 

connectivity and the spatial distribution of the conductive aqueous phase impact the evolution 

of the electrical resistivity during drainage and imbibition (Archie, 1942; Glover, 2009; Glover, 

2017). Glover (2015) also offers a comprehensive theoretical treatment of n, emphasizing its 

dependence on the spatial arrangement of wetting and non-wetting fluids, a distribution shaped 

by pore geometry, capillarity, connectivity, and wettability. In this study, we derive n from log-

log fitting of the resistivity index (RI) versus water saturationError! Reference source not 

found., based on Archie’s second law (Archie, 1942). Archie’s first law defines the formation 

factor F under saturated conditions as: 

𝐹 =
𝜌0

𝜌𝑓
= 𝜙−𝑚 (5) 
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where ρ0 is the resistivity of the fully saturated porous medium, ρf the resistivity of the 

saturating aqueous solution, φ is the porosity of the rock, and m is the cementation exponent 

(Glover, 2009), and the ratio F called formation resistivity factor (corresponding values of 

Archie’s parameters are provided in Table 2). Given measurements of ρ0, ρf , and φ, the 

exponent m can be calculated by rearranging Eq. (5) as, 

𝑚 = −
𝑙𝑜𝑔 𝐹

𝑙𝑜𝑔 𝜙
  (6) 

This empirical parameter is broadly used because it is found constant for a rock type and it 

typically ranges between 1.5 and 5 (e.g., Glover, 2015). Its value increases as the degree of 

connectivity of the pore network diminishes. In our experiment, we obtained a cementation 

exponent of m = 1.67, which falls closer to the lower end of the expected range for sand (Glover, 

2016). For partially saturated conditions, Archie’s second law introduces the resistivity index, 

𝑅𝐼 =
𝜌𝑏

𝜌0
= 𝑆𝑤

−𝑛  (7) 

where ρb is the bulk resistivity of the rock at saturation Sw, and RI is the ratio of unsaturated to 

saturated resistivity and n is the saturation exponent. The saturation exponent can be 

determined empirically by taking the logarithm of Eq. (7), which gives the linearized form used 

for fitting n, 

𝑙𝑜𝑔(𝑅𝐼) = −𝑛 𝑙𝑜𝑔(𝑆𝑤) (8) 

 The electrical conductivity of a porous rock, particularly when partially saturated with an 

aqueous phase, is highly sensitive to variations of this parameter (Glover, 2017). 

 

2.4.2. Tortuosity 
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Despite its long-standing use in porous media research, the concept of tortuosity remains 

ambiguously defined and inconsistently applied (Fu et al. 2021). While the term intuitively 

refers to the complexity of transport pathways, a wide variety of models and definitions have 

been proposed over the decades, often with limited coherence between them. As noted by 

multiple authors (e.g., Tye, 1983; Epstein, 1989; Sahimi, 1993; Moldrup et al. 2001), the 

literature on tortuosity can be misleading, particularly when different definitions are treated 

interchangeably. No unified framework has yet emerged that reconciles geometric, hydraulic, 

electrical, and diffusive formulations in a consistent way (Fu et al. 2021; Ghanbarian et al. 

2013). Tortuosity may be defined as a purely geometric parameter, such as the ratio of average 

path length to straight-line distance, or as a transport-specific factor related to effective 

hydraulic conductivity, or diffusivity (Scheidegger, 1974; Clennell, 1997; Matyka et al. 2008). 

These process-based definitions inherently embed not only the geometry of the pore space but 

also the physics of the transport mechanism under study. As such, tortuosity is now widely 

acknowledged to be a process-dependent property rather than an intrinsic material constant 

(Ghanbarian et al. 2013; Fu et al. 2021). 

In this study, we focus on two specific measures of tortuosity: geometric tortuosity, derived 

from segmented µCT images, and electrical tortuosity, calculated from SIP-derived 

conductivity data as a function of water content. We aim to explore the correspondence (and 

divergence) between structure-based and transport-based tortuosity measures, by evaluating 

these two metrics across a series of controlled saturation steps. This comparison illustrates the 

added value of combining SIP with µCT imaging for pore-scale characterization. In particular, 

it allows to assess the sensitivity of electrical and geometric tortuosity to changes in phase 

connectivity, and to evaluate the extent to which image-derived metrics capture the dynamic 

nature of geoelectrical properties under partial saturation. 
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Geometrical tortuosity is recognized as a fundamental microstructural attribute, entirely 

dictated by the spatial arrangement and morphology of the pore network within a porous 

medium (Clennell, 1997). It is generally defined as the following ratio, 

𝜏𝑔 =
⟨𝐿𝑔⟩

𝐿𝑠
  (9) 

where <Lg> is the average length of the geometric flow paths through the medium and Ls is the 

straight-line length, Ls, across the medium (Ghanbarian et al. 2013). Geometric tortuosity was 

estimated from segmented μCT images using the open-source software TauFactor 2 (Kench et 

al. 2023). This is a GPU-accelerated Python tool that computes, in complex 3D geometries, the 

tortuosity factor based on effective transport simulations through voxelized microstructures. 

The output tortuosity factor reflects the relative lengthening of transport paths induced by pore 

morphology, and is used here as a proxy for geometric tortuosity in both fully and partially 

saturated media. 

To complement the structure-based analysis, electrical tortuosity was calculated based on 

the expression (Wyllie, 1957; Schopper, 1966; Dullien, 1979; Clenell, 1997; Coleman & 

Vassilicos 2008; Glover, 2015), 

𝜏𝑒 = 𝐹𝜙  (10) 

where F is the formation factor and ϕ is the porosity. In saturated conditions, Archie's law 

relates the formation factor to porosity through the cementation exponent m (Eq. 5), while in 

partially saturated porous media eq. (5) becomes, 

 𝐹 =  𝜙−𝑚 𝑆𝑤
−𝑛 (11) 

Furthermore, in partially saturated conditions, porosity must be adjusted to account for the 

actual volume of conductive fluid present. This is done by replacing total porosity ϕ with water 

content θ: 
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𝜃 = 𝑆𝑤 𝜙  (12) 

This adjustment reflects the fact that non-conductive phases such as air behave similarly to 

solid grains in terms of electrical conduction, effectively reducing the conductive pore volume. 

As a result, the expression for effective electric tortuosity becomes dependent on both porosity 

and saturation, and is given by: 

𝜏𝑒,𝑒𝑓𝑓 = 𝜙1−𝑚  𝑆𝑤
1−𝑛  (13) 

where ϕ is porosity (0.32), and Sw is the water saturation. 

 

2.5. X-ray µCT imaging and image analysis 

X-ray imaging was conducted using the ‘High Energy micro-CT Optimized for Research’ 

(HECTOR) scanner at the Ghent University Center for X-ray Tomography (UGCT). The scans 

were performed at an X-ray energy of 150 kV and a power of 15 W. A total of 2001 projections 

were acquired, each with an exposure time of 1000 ms. The region of interest (ROI) was 

scanned at each saturation step, with a field of view (FOV) of 2400 × 2400 × 1400 voxels and 

a voxel size of 17.24 μm. The 3D reconstruction of the acquired projections was carried out 

using Octopus software (Tescan-XRE, Belgium). Post-processing of the reconstructed images 

was performed using Avizo (ThermoFisher Scientific) software, where all partially saturated 

and re-saturated sample scans were registered to the dry scan using normalized mutual 

information. Noise reduction was applied using a non-local mean filter with a similarity value 

of 0.4. The pores and grains in the dry scan were segmented through global thresholding and 

subsequently used as a mask to segment air and water in the scans with different saturation 

conditions. Basic image analysis allows for the extraction of key physical characteristics of the 

sample: the total porosity was estimated from the segmented dry scan, while fluid saturations 
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were determined based on volume fractions of the segmented phases. In this case, the computed 

3D porosity falls within the 32–33% range, values that are typical for materials composed of 

loosely arranged, unconsolidated grains (Aggelopoulos et al. 2005; Garba et al. 2019). 

The dry scan provides a high-resolution representation of the pore structure, which serves 

as the geometric basis for further analysis. Although this scan does not capture the evolving 

fluid distribution during the drainage–imbibition cycle, it allows construction of a static pore 

network that can be used to simulate multiphase behaviour. One of the goals of this study is to 

show that the proposed method enables a meaningful comparison between simulated and 

observed RI trends. This comparison aims to evaluate pore network-based simulations (RI in 

this case) to bridge the gap between empirical geoelectrical laws and physically-based pore 

structure characteristics. We extracted the pore network from the segmented µCT image of the 

dry sample using the PNExtract pore network extraction code (Raeini et al. (2018). The method 

provides a simplified but topologically representative structure of the pore space which can be 

used for two-phase flow simulations. Next, we employed PNFlow, an open-source pore-

network simulation tool developed by Raeini et al. (2018), to model the evolution of the RI 

from dry-scan-derived pore network. PNFlow computes two-phase fluid distributions through 

a quasi-static invasion-percolation algorithm, which assumes fully capillary-dominated flow. 

This approach determines the spatial distribution of wetting and non-wetting phases for a given 

saturation level. We first simulated a drainage process starting from full saturation down to a 

minimum water saturation of Sw = 0.1, followed by an imbibition sequence to re-establish 

higher saturations. Once the fluid configuration is defined, PNFlow applies conservation of 

charge to solve for electrical transport through the network. Electrical conductance values are 

assigned to each pore and throat based on simplified geometries and local fluid occupancy, 

assuming electrolytic conduction as the sole transport mechanism and neglecting surface 

conductivity. The model simulates resistivity at different saturation states, up to a maximum Sw 
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of 0.84. The resulting RI values were compared with those derived from experimental SIP 

measurements during the drainage and imbibition cyclesError! Reference source not found.. 

The water phase filling the pores acts as the principal conductive medium in the analysed 

sample, and its distribution plays a central role in determining the relationship between 

resistivity and pore water saturation. To quantify water occupancy in the pore space, we 

compared the segmented water-phase µCT images (S1 – S6) against the single dry-state µCT 

image of the sand sample. The segmented dry image was processed using PNExtract, which 

assigns a unique pore label to each voxel within the pore space according to its association with 

a pore in the extracted pore network model. Each labelled pore was then cross-referenced 

voxel-wise with the corresponding water-phase image, where voxels representing water were 

assigned a value of 1 and 0 for anything else. A pore was classified as “water-filled” if more 

than 50% of its voxels were identified as water in the segmented image. This comparison was 

repeated for each saturation step, resulting in a list of water-filled pores per image. Using these, 

we extracted and compared the distributions of network properties (pore size, volume, throat 

size, connectivity) between the dry pore space and the water-occupied pore space at each 

stepError! Reference source not found.. 

 

3. RESULTS AND DISCUSSION 

3.1. Analysis of resistivity and saturation-dependent changes 

Error! Reference source not found.Figs. 2 and 3 present the evolution of SIP responses 

across different saturation states, showing clear saturation-dependent trends in impedance 

behaviour during both drainage (S1–S3) and imbibition (S4–S6)Error! Reference source not 

found.. The magnitude of resistivity |𝜌| increases as the sample transitions from full to partial 

saturation (Fig. 2d), due to the replacement of conductive water by non-conductive gas phase, 



20 
 

which reduces the electrical connectivity through the sample (Revil & Florsch 2010; Weller et 

al. 2015). During re-saturation, the resistivity decreases, yet a persistent offset suggests the 

presence of residual gas trapping and incomplete water reconnection in the pores, consistent 

with previous observations of hysteresis effects in geoelectric properties (Binley et al. 2002). 

The resistivity spectra are flat (Fig. 2a), showing no frequency dependence, as expected for a 

clean sand sample.  

The phase 𝜑 reaches low values close to zero due to the clean sand sample investigated. 

Nevertheless, 𝜑 exhibits slight decrease (more negative values) and increase (negative values 

closer to zero) during drainage (Fig. 2d) that could indicating enhanced interfacial polarization 

effects at gas–brine interface (Leroy et al. 2008; Schmutz et al. 2010; Zhang et al. 2021). Some 

electromagnetic noise is affecting the phase spectra for frequencies above 500 Hz. The real 

component of the complex resistivity 𝜌′ follows a similar trend than the magnitude of the 

complex resistivity (Fig. 2c). It increases during drainage and remaining elevated post re-

saturation due to disconnected conductive pathways caused by trapped gas (Slater & Binley 

2021; Weller et al. 2011). The imaginary component (𝜌′′) shows broad peaks at lower 

frequencies (typically below 10 Hz) under partially saturated conditions (Figure 2d), especially 

during late drainage (S2 – S3), with signal intensity diminishing in more saturated conditions 

(S4 – S6). These peaks become less pronounced during imbibition which could be attributed 

to electrode and membrane polarization effects. These observations confirm that SIP responses 

are highly sensitive to saturation history, with clear hysteresis effects between drainage and re-

saturation, aligning with findings from experimental and modelling studies on dynamic fluid 

distribution and resistivity (Doussan & Ruy 2009; Rembert et al. 2023b). 

The µCT images provide a detailed visualization of fluid redistribution across the different 

saturation states (Error! Reference source not found.a and b), to investigate the complex 

interactions between pore network and fluid connectivity. During drainage (S1–S3), the 
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injection of nitrogen gas progressively displaces the conductive water, leading to the formation 

of (seemingly) disconnected water ganglia within pore throats and larger gas-filled voids in the 

centre of large pores (Error! Reference source not found.a). While the images suggest localized 

water entrapment, these features likely correspond to water films or corner layers that remain 

connected but fall below the µCT resolution. Such sub-resolution pathways maintain hydraulic 

continuity, although with significantly reduced conductivity compared to fully saturated pores. 

This saturation pattern is consistent with previous findings that gas preferentially invades 

larger, well-connected pores, while finer pores retain water due to capillary trapping 

(Armstrong et al. 2012; Tokunaga 2009; Wildenschild & Sheppard 2013). The observed gas 

percolation pathway confirms that drainage is strongly controlled by pore throat size and 

connectivity, in agreement with previous studies on multiphase flow in porous media (e.g., 

Berg et al. 2013). Upon re-saturation (S4 – S6), fluid reinjection gradually restores water 

connectivity, but complete reconnection is hindered by residual trapped gas (Pentland et al. 

2011). These gas pockets reduce effective water saturation and bulk conductivity, while the 

constrained geometry of water films enhances interfacial polarization. These effects are 

reflected in the SIP measurements (Figs 2Figure 2 and 3Figure 3), which show decreased 

conductivity and moderate increases in phase shift under partial saturation (Revil et al. 2011). 
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Figure 2. Electrical and saturation properties of the sample at varying water saturation states. (a) 

Resistivity (ρ) as a function of frequency. (b) Phase of complex impedance versus frequency. (c) 

Evolution of water saturation (Sw) during drainage and imbibition steps. Sample labels (S1–S6) 

correspond to specific saturation states, including fully saturated, partially saturated, and partially re-

saturated conditions. (d) Resistivity versus water saturation (at 10 mHz frequency). 
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Figure 3. SIP results across different saturation states during (a) the drainage- (b) imbibition cycle. (c) 

The saturation profiles of each step of the experiment are shown in shading blue and red. 
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3.2. Effect of water saturation on the saturation exponent 

The saturation exponent n in Archie’s law reflects how electrical resistivity responds to 

changes in pore water saturation. Its value depends on fluid connectivity, pore structure, and 

saturation history, rather than being a fixed property of the material (Glover, 2017). Here, we 

analyse the variation of n during drainage and imbibition to evaluate how changes in fluid 

distribution affect the electrical response of the sample. Comparisons with µCT imaging and 

previous studies provide insight into the pore-scale mechanisms controlling resistivity in 

partially saturated porous media. 

We fitted the saturation exponent n separately for each process, yielding n = 2.77 for 

drainage and n = 1.12 for imbibition, with a general global fit resulting in n = 2.71 (Figure 4a). 

These contrasted values fall within or close to the range of saturation exponents (from 1.3 to 

2.5 in Glover, 2017) reported in the literature for sandstones and unconsolidated sands. The 

variation in n between drainage and imbibition supports that, contrary to cementation exponent 

m, the saturation exponent n is not a fixed value for a specific material, but is rather a dynamic 

parameter responding to changes in the pore-scale fluid distribution, connectivity, and 

wettability. Glover (2017) emphasized that lower n values (1.3–2.5) are characteristic of 

imbibition, where water preferentially fills smaller, well-connected pores and re-establishes 

conductive pathways. In contrast, during drainage, water is displaced from larger pores (Fig. 

6a and b), increasing tortuosity (Figure 5) and decreasing connectivity (Error! Reference 

source not found.e), which results in higher n values (2.5 – 3), consistent with the µCT images. 

These observations, supported by theoretical and empirical studies (e.g., Ghanbarian et al. 

2013; Berg, 2013; Purcell, 1949), confirm that the saturation exponent is fundamentally 

influenced by saturation history and the connectivity of the wetting phase. Mustofa et al. (2022) 
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further demonstrated that even the water injection method can influence n in unconsolidated 

sands. Injection from the middle produced n = 1.252, attributed to uniform water film 

distribution, while bottom injection gave a lower n = 1.217 due to more heterogeneous 

saturation. In our case, bottom injection also yielded n = 2.77 during drainage and n = 1.12 

during imbibition, confirming that saturation history, injection strategy, and fluid configuration 

all affect n.  

We extended the analysis beyond n-value fitting by simulating the resistivity index with 

PNFlow, using the static pore network derived from the dry µCT scan. The simulation 

reproduced general trends in agreement with the measured RI, particularly the increase in RI 

during gas invasion (S1–S3) and its decrease upon imbibition (S4–S6), which validate the 

dominant role of pore connectivity and fluid redistribution in governing bulk resistivity (Blunt 

et al. 2001). However, systematic deviations at intermediate saturations were observed, with 

experimental RI values exceeding model predictions during drainage and falling below them 

during imbibition (Fig 4b). These observations are consistent with earlier findings on resistivity 

hysteresis and capillary trapping in porous media (Knight, 1991; Taylor & Barker 2002; 

Mustofa et al. 2022). Knight (1991) demonstrated that, at equal saturation levels, resistivity 

during drainage consistently exceeds that observed during imbibition due to differences in fluid 

redistribution, highlighting hysteresis. Our results echoed this behaviour, with a sharp increase 

in RI at 54% saturation (S3) during drainage, similar to the “resistivity jump” observed by 

Knight during imbibition.  

To further explore this pattern, we evaluated both geometric tortuosity (τg) and electrical 

tortuosity (τe) over the same saturation steps. Comparison between τe and τg revealed good 

agreement under saturated conditions, but a pronounced divergence at lower saturations (Fig. 

5). In general, SIP-based estimates of tortuosity (based on Archie’s law, eq. 13) are influenced 

by interfacial polarization, water films, and partial pore occupancy, effects not captured in 
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geometry-based models (Maineult et al. 2018; Mustofa et al. 2022). The simultaneous µCT–

SIP method improves accuracy by directly resolving phase distributions and linking them in  

real time to electrical responses, making these effects measurable and relevant for petrophysical 

models.  

 

Table 2. Archie's parameters of the sand sample determined and used in this study 

Archie’s parameter Corresponding value Determination method 

ρ0 10.365 (Ω.m)  Lab conductivimeter 

ρf 62.44 (Ω.m) SIP 

φ 0.32 µCT 

F 6.024 Eq. 5 

m 1.67  Eq. 6 

n (general fitting) 3.02 Eq. 8 (log-log fitting of Sw vs RI) 
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Figure 4. (a) Resistivity Index (RI) versus Water Saturation (Sw) for the studied sample, plotted on a 

log-log scale. The data are separated into drainage (decreasing Sw) and imbibition (increasing Sw) 

processes, with fitted Archie saturation exponents (n). Reference lines for n = 1.0, 2.0, 3.0, and 4.0 (grey 

dashed lines) are provided for comparison. The global fitted n (2.71) reflects the overall trend, while 

process-specific exponents indicate hysteresis: drainage n = 2.77 (discontinuous water phase at low Sw) 

and imbibition n = 1.12 (reconnected water films at high Sw). Axes range from 0.4 to 1 for Sw and from 

1 to 20 for the RI. (b) Resistivity index (RI) calculated from SIP data and µCT images for the drainage-

imbibition cycle described in the method section. 
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Figure 5. Geometric and electric tortuosity against water saturation (Sw). Both methods shows good 

agreement at higher saturations while τe is obviously higher at lower saturations. 

 

3.3. Linking pore-scale fluid distribution to resistivity: the effect of gas injection on the 

spatial distribution of the water-phase 

A key objective of this study was to explore potential capability of how µCT imaging can 

inform and refine the interpretation of the joint SIP measurements by linking pore-scale fluid 

redistribution during drainage and imbibition to macroscopic electrical behaviour. We analysed 

pore network statistics of water-filled pores and throats across the seven saturation states (Fig. 

6). Pore network parameters (including pore radius, throat size, and coordination number) of 

the water-filled pores were extracted and interpreted relative to the dry scan baseline. The pore 

size distribution of the dry sample (Fig. S4 and Table S3) shows a dominant peak between 40 

– 60 µm, with throat radii being predominantly below 30 µm. The coordination number or 

connectivity (which refers to the number of throats linked to each pore body) ranges from 0 to 
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over 30, with a modal value between 7 and 8, indicating a connected pore network (Bakke, 

2002) 

Results from the flow experiment shows that the fluid distribution in the sample varies 

systematically with varying saturation (Fig. 6). During the drainage, water is removed 

preferentially from larger pores (Fig. 6 a and Error! Reference source not found.b). The average 

coordination number of the subnetwork of the water-filled pores declines with decreasing 

saturation (Fig. 6Error! Reference source not found.d), indicating a decrease in water 

connectivity. Closely associated with this, the tortuosity of the water-filled pore space increases 

during drainage (Fig. 5). For similar gas saturations, localized differences in pore water 

distribution can cause noticeable change in resistivity and tortuosity, as reported by Knight 

(1991). Since electrical resistivity is highly sensitive to tortuous current pathways (Fu et al. 

2021; Ghanbarian, 2013), the gas injection (reducing pore water connectivity and forcing 

current through longer, narrower, and more winding channels) leads to a measurable increase 

in the bulk resistivity of the sample (Figs 2a and 4). 

Imbibition followed a different trajectory than drainage. Water initially re-entered the 

sample by preferentially wetting larger pores and throats. Fig. 6 shows that both throat size and 

average pore radius of the water-filled pores increase consistently with rising water saturation. 

Coordination numbers of water-filled pores increased with saturation (Fig. 6e and f), indicating 

the re-establishment of previously disconnected conductive paths. Despite the limited number 

of observational steps, the implications of these phenomena are reflected in the resistivity index 

(Fig. 4b) and tortuosity (Fig. 5) behaviour. The RI pattern curve in Fig. 4(b) flattens during 

imbibition, and the saturation exponent (n = 1.12) reflects a smoother reconnection of the water 

phase. Compared to drainage, where a steep resistivity rise (n = 2.77 in Fig. 4a) marked the 

breakdown of conductive continuity, imbibition exhibits a more gradual recovery. Tortuosity 
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trends in Fig. 5 also support this behaviour, showing decreasing values with increasing 

saturation, as more direct and less convoluted flow paths reform during wetting. 

 

Figure 6. Evolution of pore network statistics of the water-filled pore network for the different 

saturation steps (S1 – S7) during drainage and imbibition. (a) Pore size distribution and (b) 

corresponding average pore radius as a function of water saturation. (c) Throat radius distribution and 

(d) corresponding average throat radius versus saturation. (e) Coordination number (connectivity) 

distribution and (f) corresponding average coordination number as a function of water saturation. 
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4. CONCLUSION 

This study introduced a combined experimental setup for simultaneous SIP and µCT, 

designed to explore how fluid saturation affects petrophysical properties in porous media. The 

aim was not only to measure changes in electrical behaviour but also to visualize changes in 

fluid distribution simultaneously. The setup provided reliable results under partially saturated 

conditions and allowed for synchronized acquisition of electrical and structural data, which is 

an essential step toward interpretations of geophysical signals based on pore-scale observations 

and process-based petrophysical relationships. The simultaneous µCT and SIP measurements 

enable a more direct and time-resolved link between spatial distribution of fluids and electrical 

response, revealing subtle pore-scale effects (such as residual gas disrupting water connectivity 

or fine-scale heterogeneities driving phase trapping) that contribute to the nonlinearity of 

resistivity trends. 

The combined dataset gave a clearer picture of how gas injection reduces water connectivity 

and increases the tortuosity of electrical flow paths. µCT images revealed changes in pore 

occupancy, throat constrictions, and phase trapping, all of which shaped the saturation-

resistivity relationship captured by SIP. Saturation exponents derived from electrical data 

varied significantly between drainage and imbibition, confirming that n is not a fixed property 

but reflects the underlying fluid configuration. Rather than treating deviations in n as model 

uncertainty, we interpret them here as signatures of underlying structural and hydraulic 

complexities, (including, but not limited to, including gas trapping, pore-scale disconnection, 

and variations in fluid occupancy) which our combined method helps to resolve explicitly. 

These observations were in line with previous research, but the added value of the approach 

here lies in its ability to directly visualize what those resistivity trends imply about pore-scale 

structure and phase connectivity. 
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Resistivity index simulations based on pore network modelling captured the broad 

behaviour seen in the data, but fell short in matching experimental results across all saturation 

levels. This difference pointed to the role of subtle pore-scale features that are hard to capture 

using simplified models. The study also compared electrical and geometric tortuosity estimates, 

showing that while both respond to saturation changes, they diverge when the conductive phase 

becomes disconnected. These discrepancies are informative: they suggest where models need 

refinement and where assumptions about phase continuity may break down. 

Looking ahead, the ability to resolve spatial patterns of fluid occupancy in tandem with 

electrical properties paves a path toward refining petrophysical models. Incorporating this level 

of detail can help constrain parameters like the saturation exponent based on physically 

interpretable processes, rather than using them solely as empirical fits. Ultimately, this 

combined method improves model validation, guides the development of more predictive 

formulations, and supports the broader goal of linking geoelectrical measurements to pore-

scale physics in complex geological materials. While this study focused on a relatively simple, 

clean sand that exhibits limited polarization, the experimental setup allows investigating more 

complex samples and processes where polarization plays an important role. Future work could 

explore reactive transport or biogeochemical processes known to generate stronger polarization 

signals, such as clay-rich soils, precipitation of conductive minerals, or microbial activity, 

where the combined SIP–µCT method could help resolve mechanisms that remain poorly 

understood. 
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