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ABSTRACT

Knowledge of hydraulic and poroelastic properties is essential for simulating �uid �ow in porous media.

Accurate constraints on these properties have impacts on production forecasts and economics. Traditionally,

transport and poroelastic properties are measured separately using, for example, the pulse-decay method

to measure hydraulic transport properties, static strain measurements for elastic properties, and pore volu-

mometry for storage capacity. In addition to time, the separate set of measurements require either multiple

samples or subjecting the same sample to multiple tests. I modi�ed the oscillating pore pressure method

to allow for an experiment that is capable of measuring permeability, storage capacity and pseudo-bulk

modulus of rocks simultaneously. I present the method, calibration measurements (capillary tube) and sam-

ple measurements (sandstone) of permeability and storage capacity at reservoir conditions. A concurrent

measurement of elastic properties during the hydraulic experiment provides an independent constraint on

speci�c storage.

In this dissertation I document the utility of the modi�ed oscillating pore pressure experiment for simul-

taneously determining hydraulic and poroelastic properties of reservoir rocks. Measurements were carried

out on four conventional reservoir rock quality samples at oscillation frequencies of 0.025 � 1 Hz and e�ective

pressures of 3.5 � 62 MPa. Estimated permeability values decreased with increasing e�ective pressure and

increased sharply after at frequencies higher than about 0.3 Hz. I establish that hydraulically measured

storage capacities are overestimated by almost an order of magnitude when compared to elastically derived

ones. The Biot coe�cient was estimated from hydraulic and strain measurements and comparison of the

two datasets reveals high uncertainty of the hydraulic speci�c storage. I interpret grain crushing and pore

collapse in a dolostone sample, observed as a permanent and drastic decrease of permeability and bulk mod-

ulus. I prove the validity of the method by detecting irreversible microstructural changes independently by

hydraulic, elastic, � CT and NMR measurements. This approach can be used to constrain and to improve

the estimation of storage capacity, and thus leads to better �uid �ow model inputs and forecasts.

Additionally, I present a novel data processing approach that utilizes a broad multifrequency range of

data and inverts it for permeability. I re-process published data and demonstrate that our methodology

outperforms the traditional data reduction techniques, as our inversion results show a better �t to the

pressure data. I numerically simulate oscillating pore pressure experiments for four rock samples. I document

a strong deviation of experimentally-obtained phase data, starting at 0.3 Hz oscillation frequency. A possible

explanation for this deviation is an inertial �uid-solid coupling during the pressure di�usion. My method can

be used for robust determination of permeability, rapid prediction of experimental results using numerical
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simulation and ultimately improving experimental permeability measurements.

Throughout this dissertation I demonstrate the usefulness and applicability of pressure oscillations in

experimental rock physics. Yet another application of pressure oscillations are valuable laboratory mea-

surements of bulk modulus dispersion and attenuation. A common method to measure attenuation and

dispersion of seismic waves in the laboratory is the stress-strain method. I present bulk modulus attenua-

tion and dispersion data collected on two heavy oil-saturated rock samples using the oscillating con�ning

pressure method. Data were acquired at 0.001-1 Hz frequencies and compared to existing quasi-static axial

stress-strain measurements. I show that bulk viscosity can be a dominant factor in acoustic dispersion and

attenuation of rocks containing a highly viscous �uid. I demonstrate that bulk losses are signi�cant even at

ultra-low frequencies.
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CHAPTER 1

INTRODUCTION

1.1 Introduction and Objectives

The knowledge of hydraulic and poroelastic properties of rocks is crucial for successful management of

groundwater and petroleum resources. These properties in�uence �ow and storage of �uids, as well as defor-

mation of porous media. The primary properties to constrain are permeability and speci�c storage as they

are fundamental inputs to �uid �ow simulations. An accurate �ow simulation is essential for production

forecasts and economic analysis, hence the transport properties directly control the assessment and prof-

itability of aquifers and petroleum reservoirs. Therefore, rigorous estimation and measurement of these rock

properties is of paramount importance.

Laboratory measurements of permeability can be performed to characterize subsurface formations and

to constrain inputs for �ow simulations. Many permeability measurement methods have been developed,

but none is omnipotent. Some measurement protocols are better for high porosity and high permeability

rocks, while other are designed speci�cally for low permeability rocks. The most common way to measure

permeability of rocks is to apply constant �ow rates and measure the pore pressure di�erence between

upstream and downstream reservoirs using Darcy's law. Braceet al. (1968) introduced the pressure pulse-

decay, or transient method to measure permeability of "tight" rocks. In a typical experiment, a sample

is placed between upstream and downstream reservoirs, and subjected to a time-dependent increase in

upstream pressure. Depending on the permeability and storage capacity of the sample, the propagating

pressure front achieves steady-state condition after a transient period. Although very popular, the pulse-

decay method has several drawbacks. Firstly, the method requires long periods of pressure re-equilibration

between measurements. Secondly, interpretation of results can be easily distorted by noisy readings (Fischer,

1992), especially in low-permeability samples. Possible sources of noise include temperature variations (these

experiments should be performed at isothermal conditions) or leaks in the apparatus.

One permeability and speci�c storage measurement method that has been steadily gaining popularity

over the past two decades is the oscillating pore pressure method (Fischer, 1992; Kranzet al., 1990). Similar

to the pulse decay, the oscillating pore pressure experiment employs a time-harmonic pressure variation

as the boundary condition. A rock sample is sealed with an impermeable jacket to prevent any leakage

and placed inside a pressure vessel. A sinusoidal pore pressure is then imposed on a background pore

pressure at the upstream face of the sample and the downstream pressure response in measured. Depending

on sample geometry, as well as rock and �uid properties, the downstream pressure response is attenuated
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in amplitude and phase-lagged. Using existing analytical solutions of the pressure di�usivity equation, the

amplitude attenuation and phase lag of two pressure signals can be used to calculate permeability and speci�c

storage. Relatively simple data reduction and the continuous nature of the measurement are amongst the

main advantages of this method. However, a major drawback of this method is the uncertainty, sometimes

exceeding an order in magnitude, in storage capacity estimation particularly when using a large downstream

reservoir (Bernabéet al., 2006).

I built an experimental setup to measure permeability and speci�c storage of rock samples at reservoir

conditions using the oscillating pore pressure method. Additionally, I improved the traditional oscillating

pore pressure method by simultaneously measuring volumetric deformation. The complete description of the

apparatus together with detailed uncertainty analysis and a proof-of-concept dataset can be found in Chapter

2 (Hasanov et al., 2017). Independent and simultaneous estimation of poroelastic properties allows for a

more accurate estimation of speci�c storage, when compared to the oscillating pore pressure method alone.

I measured hydraulic and poroelastic rock properties of four rock samples using the enhanced oscillating

pore pressure method. The measurements were performed at a range of pore pressure oscillations (0.025

� 1 Hz) and e�ective pressures (3.5 � 62 MPa). An improved estimation of storage capacity validated my

methodology through a much better constrained values and observed microstructural damage in a dolostone

sample. These results are documented in Chapter 3 (Hasanovet al., 2019).

I then present an alternative approach to processing and interpreting oscillating pore pressure data.

Instead of computing permeability from a single frequency experiment, I utilized amplitude ratio and phase

data collected at multiple oscillation frequencies. I estimated permeability using �tting a non-linear regression

model to these data. My analysis further unravels that phase data, measured at higher oscillation frequencies

do not follow any known analytical model. To explore this divergence of data and analytical models, I

numerically simulated oscillating pore pressure experiments. The complete description of the inversion and

numerical simulation results is presented in Chapter 4.

Another application of oscillating pressure is rock physics investigations of moduli dispersion and atten-

uation. The bulk modulus of any pore �uid must be used to interpret the seismic response and perform

�uid substitution for Direct Hydrocarbon Indicator analysis. However, �uids will have losses and show dis-

persion as a result of the viscoelastic behavior of the bulk modulus. Attenuation and dispersion in the �uid

will then be observed in any rock containing any highly viscous �uid, particularly heavy oils. Therefore, I

adopted my experimental apparatus for con�ning pressure oscillations to measure frequency-dependent bulk

modulus and bulk attenuation of lossy geomaterials. I successfully measured bulk modulus and attenuation

as a function of oscillation frequency of two heavy oil-saturated samples. I report the results of con�ning

pressure oscillation measurements in Chapter 5 (Hasanovet al., 2016).
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In this dissertation I demonstrate applications of pressure oscillations in experimental rock physics. I

studied the feasibility of simultaneously measuring hydraulic and poroelastic properties by the pore pressure

oscillation method. I describe the apparatus and experimental procedure, perform a consistency check

between hydraulically and elastically measured values of speci�c storativities and provide proof of concept,

test reliability and quantify uncertainties of oscillating pore pressure experiments. I further report a sample

dataset for three sandstone and a dolostone sample as a function of oscillation frequency and e�ective

stress. I continue to re-process oscillating pore pressure dataset using newly developed non-linear regression

algorithm. To validate experimental data, analytical solutions and the regression method by I performed

numerical simulation of oscillating pore pressure experiment. Lastly, I studied frequency-dependent bulk

modulus and attenuation using oscillating con�ning pressure method.

1.2 Thesis Organization

This dissertation includes four technical articles, either published, pending revision or submitted to

various peer-reviewed journals. These papers are presented throughout Chapters 2 to 5 and constitute the

main results, discussions and conclusions of my doctoral research. Chapter 1 provides a brief introduction

into the dissertation; Chapter 6 summarizes my conclusions and recommendations for future work as a

consequence of my research. A description of each chapter is presented here:

ˆ Chapter 1 brie�y states the problems addressed by this research and summarizes the main accom-

plishments.

ˆ Chapter 2 describes the experimental apparatus I built, as well as the enhanced oscillating pore

pressure method for laboratory measurements of hydraulic and poroelastic properties of rocks. Here

I also present a detailed uncertainty analysis of the method together with a sample dataset that was

acquired to prove the measurement concept and apparatus' reliability. This work is published inReview

of Scienti�c Instruments in 2017, together with my co-authors Dr. Mike Batzle and and Dr. Manika

Prasad.

ˆ Chapter 3 expands uponChapter 2 . I report the experimental dataset measured on four rock samples

at reservoir conditions and a range of oscillation frequencies. In this chapter I discuss the frequency

and pressure dependence of measured rock properties, as well as the di�erence between hydraulically

and elastically obtained speci�c storage values. I conclude that the elastically estimated storativies

are more reliable compared to the hydraulically measured values alone. An independently observed

inelastic deformation and irreversible microstructural damage, measured in a dolostone sample con�rms
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my conclusions. This chapter is published inJournal of Geophysical Research: Solid Earth. The paper

was written with my co-authors Dr. Brandon Dugan, Dr. Mike Batzle and Dr. Manika Prasad.

ˆ Chapter 4 discusses a new method I developed to utilize frequency-dependent amplitude ratio and

phase data and to invert for robust estimates of permeabilities. I revisit the dataset fromChapter

3 in light of the new inversion methodology and conclude that the inverted values are more accurate

and reproducible. I further report the results of numerical simulations of oscillating pore pressure

experiments that verify the experimental results and the analytical solution. This chapter will be

submitted to Water Resources Research. The paper was written with my co-authors Dr. Brandon

Dugan and Dr. Mike Batzle.

ˆ In Chapter 5 I adopt the experimental apparatus from Chapter 2 to perform con�ning pressure

oscillations and measure frequency-dependent bulk modulus dispersion and attenuation of two heavy

oil-saturated rock samples. I measure signi�cant dispersion and attenuation even in the very low

frequency band of 0.001 � 1 Hz. I conclude that bulk viscosity might contribute signi�cantly to

measured bulk losses. This paper is published inThe Leading Edgetogether with my co-authors Dr.

Manika Prasad and Dr. Mike Batzle.

ˆ Chapter 6 summarizes the conclusions of my research and provides recommendations for a logical

progression of my work, based on unanswered question from my research.

ˆ Appendix A is supporting information for Chapter 3 .

ˆ Appendix B is supporting information for Chapter 4 .

1.3 List of Publications

Here I introduce a list of publications and conference abstracts written during the course of my doctoral

research.

1.3.1 Peer-Reviewed Publications

ˆ Hasanov, A., Dugan B. and Batzle M. (2019), Numerical simulation of oscillating pore pressure exper-

iments and inversion for permeability, to be submitted to Water Resources Research.

ˆ Hasanov, A., Dugan B., Batzle M. and Prasad M. (2018), Hydraulic and poroelastic rock proper-

ties from oscillating pore pressure experiments,Journal of Geophysical Research: Solid Earth, DOI:

10.1029/2018jb017276.

4



ˆ Hasanov, A., Prasad M. and Batzle M. (2017), Simultaneous measurements of transport and poroelastic

properties of rocks,Review of Scienti�c Instruments, 88(12), 124503.

ˆ Hasanov, A., Batzle, M. and Prasad M. (2016), Fluid and rock bulk viscosity and modulus,The Leading

Edge, 35(6), 502-505.

1.3.2 Peer-Reviewed Conference Abstracts

ˆ Hasanov, A. and Prasad M. (2018), E�ective stress law for permeability of a mudstone sample, inSEG

Annual Meeting Expanded Abstracts.

ˆ Hasanov, A. and Prasad, M. (2017), Fluid �ow and coupled poroelastic response in tight rocks, in4th

International Workshop on Rock Physics Abstracts.

ˆ Prasad M., Mapeli C., Livo K., Hasanov, A., Schindler M. and Ou L. (2017), A multi-physics approach

to understanding low porosity soils and reservoir rocks, inAGU Fall Meeting Abstracts.

ˆ Hasanov, A., Batzle, M. and Prasad M. (2016), Fluid and rock bulk viscosity and modulus, in SEG

Annual Meeting Expanded Abstracts.
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CHAPTER 2

SIMULTANEOUS MEASUREMENTS OF TRANSPORT AND POROELASTIC PROPERTIES OF

ROCKS

Published in Review of Scienti�c Instruments 1

Azar K. Hasanov2* , Manika Prasad3 and Michael L. Batzle2„

2.1 Abstract

A novel laboratory apparatus has been developed for simultaneous measurements of transport and poroe-

lastic rock properties. These transport and poroelastic properties at reservoir pressure and temperature

conditions are required inputs for various geoscience applications, such as reservoir simulation, basin mod-

eling, or modeling of pore pressure generation. Traditionally, the transport and poroelastic properties are

measured separately using, for example, the oscillating pore pressure method to measure hydraulic transport

properties, static strain measurements for elastic properties, and pore volumometry for storage capacity. In

addition to time, the separate set of measurements require either aliquot cores or subjecting the same core

to multiple pressure tests. We modi�ed the oscillating pore pressure method to built an experimental setup,

capable of measuring permeability, storage capacity and pseudo-bulk modulus of rocks simultaneously. We

present here the test method, calibration measurements (capillary tube) and sample measurements (sand-

stone) of permeability and storage capacity at reservoir conditions. We establish that hydraulically-measured

storage capacities were overestimated by an order of magnitude when compared to elastically-derived ones.

Our concurrent measurement of elastic properties during the hydraulic experiment provides an independent

constraint on storage capacity.

2.2 Introduction

Hydraulic transport properties, permeability and storage capacity, control the passage and the storage

of �uids in porous rocks. The evaluation of these primary properties is critical for reservoir characterization

and simulation. An accurate reservoir simulation is essential for production forecast and economic analysis.

Since permeability and storage capacity are main inputs into any reservoir simulations, they directly control

the pro�tability of the petroleum reservoir and their rigorous estimation is vital.

12017. American Institute of Physics. All Rights Reserved. For citation, see Hasanov et al. [2017]
2Department of Geophysics, Colorado School of Mines, Golden, Colorado, USA.
* Corresponding author.
3Department of Petroleum Engineering, Colorado School of Mines, Golden, Colorado, USA.
„ Deceased on 9 January 2015.
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Elastic response of porous solids depends on a combination of con�ning and pore pressures, the so-called

e�ective pressure. Since pore pressure is not negligible in porous media, poroelastic properties depend also

on the drainage condition. In this paper, we mostly deal with the drained poroelastic regime where the �uid

is allowed to �ow freely within and out of the pores. The drained bulk modulus, often considered equivalent

to bulk modulus of the room-dry porous rock frame is an important input in many rock physics work�ows,

including Gassmann �uid substitution. Drained poroelastic moduli also control phenomena, such as reservoir

compaction and land subsidence, which can occur during hydrocarbon or water production (Geertsma, 1973).

The storage capacity of reservoir rocks, de�ned as an undrained poroelastic modulus by some researchers

(Green & Wang, 1990), also depends on e�ective pressure. Neglecting the pressure dependence of storage

capacity during reservoir simulations may introduce errors in pore pressure and saturation predictions.

The oscillating pore pressure method has frequently been used to simultaneously measure permeability

and storage capacity of rocks (Bernabéet al., 2006; Fischer, 1992; Kranzet al., 1990; Song & Renner, 2007).

Relatively simple data reduction and continuous nature of the measurement are amongst the main advantages

of this method. The method is based on measuring the amplitude ratio and the phase between the upstream

and downstream pore pressure oscillations. Once these two parameters are obtained it is possible to infer

permeability and storage capacity from an analytical solution of the di�usivity equation with oscillatory

boundary conditions (Bennion & Goss, 1971; Bernabéet al., 2004; Faulkner & Rutter, 2000; Fischer, 1992;

Kranz et al., 1990). A major drawback of this method is the uncertainty, sometimes exceeding an order in

magnitude, in storage capacity estimation particularly when using a large downstream reservoir (Bernabé

et al., 2006).

The main objectives of this work are:

� Study the feasibility of simultaneously measuring hydraulic and poroelastic properties by the pore

pressure oscillation method.

� Describe the apparatus and experimental procedure.

� Perform a consistency check between hydraulically and elastically measured values of storage capacities.

� Provide proof of concept, test reliability and errors, and benchmark our experiment using a capillary

tube measurement.

� Report a sample dataset for a sandstone as a function of oscillation frequency and e�ective stress to

support our capillary tube observations.
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2.3 Theoretical background

2.3.1 Hydraulic transport properties

Darcy's law in its general form is the most commonly used relation to determine the steady-state �ow

permeability (Guéguen & Palciauskas, 1994):

~q= �
k
�

(r Pp + � f ~g) ; (2.1)

where ~q is the Darcy velocity across the sample's cross-sectional areaA, k is the permeability tensor of the

porous medium, � is the dynamic viscosity of the pore �uid, r Pp is the pore pressure gradient across the

sample, � f is the density of the �uid and ~g is the acceleration due to the gravity. It follows from Equation

3.1 that permeability de�nes the ability of porous media to transmit �uids when a pore pressure gradient

is applied. By neglecting gravity e�ects and by assuming isotropic conditions, we evaluate the permeability

tensor as a scalar property in this paper.

Part of the �owing �uid does not participate in the �ow, and is stored due to the contributions from �uid

and pore space compressibilities. This phenomenon is described by the storage capacity coe�cient. The

storage capacity� st is de�ned as the amount of �uid a porous medium stores or discharges due to a change

in pore pressure under constant con�ning pressure (Kümpel, 1991; Wang, 2000):

� st = �
1
Vb

�
@Vf l
@Pp

�

�P c =0

: (2.2)

Here Vb is the volume of the rock,Vf l is the volume of �uid and �P c = 0 denotes constant con�ning pressure.

The most common way to measure the permeability of rocks is to apply constant �ow rates and measure

the pore pressure di�erence between upstream and downstream reservoirs (Kranzet al., 1990). Permeability

is then computed using Darcy's law. This method, however may not be suitable for tight rocks, since a long

period of time is needed to achieve steady state �ow regime. To overcome this obstacle, Braceet al. (1968)

introduced the pressure pulse-decay, or transient step method. In a typical experiment, a sample is placed

between upstream and downstream reservoirs, and subjected to a time-dependent increase in upstream

pressure. Depending on the permeability and storage capacity of the sample, the propagating pressure

front achieves steady-state condition after a transient period. Solution of the transient part of the di�usion

equation yields simultaneous estimation of both permeability and storage capacity (Hsiehet al., 1981).

The pulse-decay method has several drawbacks. Firstly, the method requires long periods of pressure

re-equilibration between measurements. Secondly, interpretation of results can be easily distorted by noisy

readings (Fischer, 1992), especially in low-permeability samples. Possible sources of noise include tempera-

ture variations (these experiments should be performed at isothermal conditions) or leaks in the apparatus.

Since the upstream and the downstream pressure are essentially either a step function or a linear increase,
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the Fourier-transformed frequency spectrum of these signals contains all frequencies. Thus, the pulse-decay

method is insensitive to any speci�c frequency, and noise �ltering for signal enhancement in the frequency

domain is not possible. Replacing the step function with a time-harmonic upstream pressure at a speci�c

frequencies can eliminate many noise issues.

The main di�erence between the pore pressure oscillation method and the pulse-decay method lies in

the boundary conditions to solve the di�usion equation. In the experimental procedure, a jacketed sample

is placed in a pressure vessel and connected to the upstream and downstream reservoirs. It is saturated

at elevated pore pressure to ensure full saturation. Finally, time-harmonic pressure excitation is applied to

the sample. The time-harmonic excitation allows digital signal enhancement through frequency �ltering.

The excitation is achieved by inducing an upstream pressure oscillation upon the background pore pressure

by servo-controlled intensi�ers (Song & Renner, 2007), or in our case, directly by a frequency modulated

on a pore pressure pump. During propagation through the porous medium, the pore pressure oscillation

undergoes attenuation. Consequently, the pressure disturbance detected at the downstream face exhibits a

phase shift and a reduced amplitude. The phase shift� and downstream-to-upstream pressure amplitude

ratio R, obtained via Fourier analysis, are needed to solve for the permeability and storage capacity of the

sample.

Kranz et al. (1990) and Fischer (1992) have derived an analytical solution for the di�usion equation

with oscillatory boundary conditions. Here, we follow their analytical solution with the amplitude ratio and

phase expressed in terms of dimensionless permeability� and dimensionless storage capacity� (Bernabé

et al., 2006):

� =
2A

!L�� d
k � =

AL
� d

� st ; (2.3)

whereA is sample cross-sectional area,L is the length, ! is angular frequency of oscillation,� is the dynamic

viscosity of the pore �uid and � d is the storage capacity of the downstream reservoir. The solution for the

amplitude ratio and phase is (Bernabéet al., 2006):

R =

�
�
�
�
�
�

 

cosh

" s
�
�

(1 + i )

#

+
(1 + i )
p

��
sinh

" s
�
�

(1 + i )

#! � 1
�
�
�
�
�
�
; (2.4)

� = arg

2

4

 

cosh

" s
�
�

(1 + i )

#

+
(1 + i )
p

��
sinh

" s
�
�

(1 + i )

#! � 13

5 :

The amplitude ratio and phase are measured experimentally,� and � are derived by the solving the system

of Equations 4.2 numerically using an iterative error-minimizing approach, and permeability and storage

capacity are calculated using Equations 3.5.
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Figure 2.1: The plot of iso-� (dashed red) and iso-� (solid blue) lines as functions of amplitude ratio and
phase shift represents the possible solutions of Equations 4.2 (reproduced after Bernabéet al. (2006)).

The (�; � ) solution space in the(R; � ) domain (3.1) reveals the advantage of using these dimensionless

parameters. Given the relationships in Equations 3.5, the iso-� and iso-� lines can be taken to also represent

storage capacity and permeability isolines. The solution space is bounded by� = 0 and � = + 1 lines.

The size of the downstream reservoir plays a vital role in detecting pressure amplitudes and phases. A

large downstream reservoir storage shifts the possible solution towards� = 0 isoline, thus rendering the

experiment much less sensitive to sample's storage capacity. Since, high permeability rock samples require a

large downstream reservoir in order to record su�cient amplitude ratio and phase (ideally we want to avoid

the narrow solution "tail"), the resolution in their storage capacity measurement is sacri�ced. On the other

hand, successful measurement of low-permeability tight rocks necessitates small downstream reservoir. In

any case, determination of permeability does not su�er from the downstream reservoir size, since iso-� lines

run almost perpendicular to the � = 0 isoline.
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2.3.2 Poroelastic properties

Permeability measurements can be benchmarked against values derived from the constant �ow method.

However, benchmarking the storage capacity measurements can be challenging given the paucity of compa-

rable data. We used poroelastic theory to derive comparable data. The upstream pore pressure oscillation

applied in our work also causes bulk deformation of the sample. The poroelastic modulusK bp (also called

Biot poroelastic expansion coe�cient H (Kümpel, 1991)), characterizes the bulk volumetric deformation

caused by an increase in pore pressure at constant con�ning pressure and has been de�ned by Zimmerman

et al. (1986):

� bp =
1

K bp
=

1
Vb

�
@Vb
@Pp

�

�P c =0

: (2.5)

Once K bp, sometimes called pseudo-bulk modulus (Zimmermanet al., 1986), is known, then all the drained

and undrained poroelastic moduli, including the storage capacity can be calculated, with prior information

about porosity � , unjacketed K s and �uid K f l bulk moduli. The relations for the poroelastic moduli; drained

frame bulk modulus K bc, Biot's coe�cient � , Skempton's coe�cient B and storage capacity � st (Kümpel,

1991; Zimmermanet al., 1986) are:

� bc =
1

K bc
=

1
K bp

+
1

K s
; (2.6)

� =
K min

K bp + K s
; (2.7)

B =
1

1 + �
�

K bp

K f l
� K bp

K s

� ; (2.8)

� st =
1

K bp
+ �

�
1

K f l
�

1
K s

�
; (2.9)

where the �uid compressibility (inverse of �uid bulk modulus) is de�ned as 1=K f l = � 1=Vf l (@Vf l =@P)

and solid compliance (inverse of unjacketed bulk modulus) is1=Ks = 1=Vb (@Vb=@Pp) �P c � �P p =0 . Although

poroelastic moduli are commonly de�ned in terms of unjacketed bulk modulus, this rock property is poorly

understood and rarely measured (Mavkoet al., 2009; Wang, 2000). Instead, we assume for simplicity that

the unjacketed bulk modulus equals to mineral bulk modulus, de�ned as1=Kmin = � 1=Vmin (@Vmin =@P)

and computed from the using Voigt-Reuss-Hill averaging scheme using measured mineralogy. Theoretically,

the assumptionK s � K min should be valid for monomineralic rocks. However, experiments have shown that

the presence of clays may cause the measured unjacketed bulk modulus to di�er signi�cantly from Voigt-

Reuss-Hill computed values (Hofmann & Batzle, 2005; Makhnenko & Labuz, 2013). Even nanocrystalline

intergranular material of the same mineral composition may exhibit di�erent elastic behavior (Wagner et al.,

2011). In this paper we present an example dataset for a clean sandstone sample to minimize the uncertainty
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in mineral bulk modulus.

Measurements of the poroelastic deformation in response to the pore pressure oscillation provides an inde-

pendent consistency check of hydraulically-measured storage capacity values. Biot and Skempton coe�cients

can be expressed in terms of storage capacity, providing an indirect benchmarking of storage capacities:

� = 1 �
1

K min

0

@ 1

� st + (1+ � )
K min

� �
K f l

1

A ; (2.10)

B = 1 �
�

� st

�
1

K f l
�

1
K min

�
: (2.11)

Biot and Skempton coe�cients are always constrained between 0 and 1; high values of both parameters

intuitively indicate a soft, unconsolidated rock, whilst sti� low-porosity rocks usually yield low � and B

values.

We record the pore pressure oscillation - induced volumetric deformation with axial and radial strain

gages (see 2.2). We compute volumetric strains" v using the following relationship:

" v = "a + 2" r ; (2.12)

where"a is the axial strain and " r is the radial strain. The poroelastic modulus measured directly in such an

experiment is Zimmerman's pseudo-bulk modulusK bp. Note that K bp is complex necessitated by causality

with the time-harmonic pore pressure:

K �
bp(! ) =

P0
p (! )

"0
v (! )

ei ( !t + � ) ; (2.13)

where "0
v (! ) is the frequency-dependent volumetric strain response to oscillatory pore pressure.

2.4 Experimental Approach

2.4.1 Sample Preparation

The samples were cut into cylinders of approximately 25 mm diameter and 100-140 mm length. Since

their high gas permeability, we increased sample lengths to maximize amplitude ratios and phase lags.

Every sample was instrumented with strain gauges (bi-axial OMEGA foil strain gauges) for simultaneous

measurements of poroelastic moduli. To attach strain gauges, the surface of the sample (except the upstream

and the downstream sides) was coated with K-20 epoxy and a Kapton polyimide �lm. This precaution

prevented out�ow of pore �uid and subsequent damage to the strain gauges. The bi-axial foil strain gauges

consist of two orthogonal resistor networks and hence such gauges allow us to measure longitudinal and

transverse deformations simultaneously. Three pairs of strain gauges were glued onto the Kapton-covered

surface of the sample: one each closest to the upstream and the downstream sides, and the third strain gauge

12



Figure 2.2: An illustration of the strain response, recorded by the upstream and downstream pairs of strain
gauges and generated by the propagating through the sample pore pressure oscillation.

in the middle of the sample (see Figure 2.2). The samples were also instrumented with thermocouples for

real-time temperature monitoring of the experiment (not shown in the sample schematics).

After strain gauges were attached, the sample was clamped between two aluminum endcaps with groves on

the faces adjacent to the sample for even �uid distribution and di�usion into the sample. The entire sample-

aluminum assembly was then cast with �exible epoxy resin to form an impermeable jacket. This impermeable

epoxy jacket prevented the con�ning pressure �uids entering and the pore pressure �uid escaping the the

sample.

2.4.2 Experimental Setup

The experimental apparatus, depicted in Figure 5.3(a), consists of a pressure vessel (rated to working

pressure up to 69 MPa), two pressure pumps, a function generator, three pressure transducers, strain gage

preconditioning modules, di�erential ampli�ers, digitizing unit and a personal computer. In a typical exper-

iment, a jacketed sample is mounted to the pressure vessel head and placed inside the pressure vessel �lled

with hydraulic oil. The sample is then vacuumed for at least two hours. Once the sample is evacuated, we

increase the con�ning pressure to 5 MPa at a rate of 0.3 MPa/min and saturate it with deionized water at

elevated pore pressure (3.45 MPa). The elevated pore pressure and a soak time of an hour ensures saturation
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Figure 2.3: Experimental setup used for measurements at reservoir conditions.

and dissolution of any air bubbles. After saturating the sample, we modulate an oscillation on the constant

pore pressure of 3.45 MPa. The amplitude of the pore pressure oscillation is maintained below ten percent of

the background pore pressure (0.35 MPa in our case) to avoid irreversible inelastic changes in a rock (Kranz

et al., 1990).

We �rst benchmarked the setup with a capillary tube experiment at "benchtop" conditions, that is at

ambient temperature and atmospheric pressure conditions. The capillary tube was encased in a �exible

epoxy mold to prevent �uid pressure leaks and connected to pore pressure �uid lines on the table top. Fluid

pressure oscillations were excited at 0.2 MPa; oscillation amplitudes did not exceed 0.1 MPa.

Two OMEGA PX612 pressure transducers, recording upstream and downstream pore pressures, are con-

nected to the pressure vessel head through pore pressure plumbing. A third pressure transducer is placed at

the bottom of the pressure vessel and records the con�ning pressure. After preconditioning and ampli�cation

by OMEGA DB25 strain meter units, the electrical output signals from upstream and downstream pressure

transducers are recorded and digitized by a MC USB-1608G data acquisition card. The upstream pore pres-

sure plumbing is connected to a Teledyne ISCO 100DX syringe hydraulic pressure pump, the downstream

side is connected to the downstream reservoir. An Agilent 33250A function generator is used to modulate an

analog voltage on the pump to generate pore pressure oscillations. The amplitude, frequency and DC o�set

of the oscillations are controlled with the function generator. Electrical voltage signals, generated by strain

gauges when the sample deforms, are �ltered, ampli�ed by Validyne SG297A strain gauge preconditioning
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module and digitized by the data acquisition card. The size of the downstream reservoir can be adjusted

using the three 250 cm3 aluminum reservoirs installed in series. The downstream reservoir with an adjustable

volume increases the permeability range measurable by our apparatus.

The experiment should ideally be conducted under isothermal conditions since temperature �uctuations

can cause a signi�cant change in pore pressure and lead to inaccurate measurements. Temperature control

is particularly important for low-permeability rocks that require longer experiment times. To avoid tem-

perature �uctuations, the pressure vessel, the downstream reservoirs and the pore pressure plumbing lines

were thermally insulated with �berglass pipe insulation material. Figure 3.5 presents sample records of

oscillating pore pressure and temperature. During the experiments, temperature variations remained below

0.5 � C. The pressure perturbations, caused by these temperature variations are negligible and �ltered out

by frequency-domain �ltering.

2.4.3 Data Processing

Our experimental setup measures pore pressures, volumetric strains and temperatures simultaneously.

Since we record pressures and strains as time series of voltage (e.g. generated by deforming strain gages), the

data processing procedure described below was common to all the measurements, except for the temperature

data. Instead, the standard moving-average smoothing has been applied to the acquired temperature data

(see Figure 3.5).

The data processing work�ow starts with noise removal by �ltering the recorded voltage signals. The

apparatus is driven by pore pressures sinusoids and has a roughly linear response below the critical Biot

frequency. Although, the pore pressures and strains responses should also be sinusoidal, noise-contamination

makes the recorded time-series quasi-sinusoidal. Tardifet al. (2011) mention that small de�ections from the

purely sinusoidal signal may be produced by either piston friction, or non-linear e�ects of the apparatus.

The non-linear e�ects become increasingly pronounced at higher frequencies (higher than 300 mHz in our

setup), resulting in greater departure from sinusoidal behavior of the recorded data.

The data acquisition is usually run for 30-35 cycles in order to reach the steady-state regime of �uid

�ow through the sample (Bernabé et al., 2006). Transient part of the data is generally excluded from the

analysis of permeability and storage capacity. Amplitude ratios and phases calculated at each sampling time

by moving-window FFT analysis and plotted as functions of time (see Figure 2.5(b)) reveal the steady-state

nature of the late-time pressure response and verify that the early-time transient signal has been eliminated.

We use a band-pass frequency �lter in the Fourier domain to eliminate noise. We �rst convert the

recorded data from time domain into frequency domain using Fast Fourier Transform (FFT), and then

apply a digital band-pass Butterworth �lter to the late-time pressures. Due to time-harmonic nature of pore
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Figure 2.4: A chart of raw upstream and downstream pore pressures, overlaid with temperature record. The
temperature data has been smoothed over 20 seconds time-interval and indicates temperature variation of
less than 0.2 � C during the course of the experiment. The data is shown for Navajo 7 sample at 62 MPa
di�erential pressure and 50 mHz oscillation frequency.

pressure oscillations, the frequency domain �lter eliminates most of the noise in the data. The �ltered signal

is converted back into time series by Inverse Fast Fourier Transform (IFFT) and used to calculate hydraulic

and poroelastic properties.

We determine the amplitude ratio (R) by dividing the downstream pore pressure amplitude by the

upstream pressure amplitude at the dominant oscillating frequency; phase shift between downstream and

upstream signals (� ) is determined by cross-power spectral density method. Once we obtain the values of

the amplitude ratio and phase shift we solve Equations 4.2 for dimensionless parameters, and subsequently

calculate permeability and storage capacity of the sample using Equations 3.5.

The strain data are processed similar to the pore pressure data, namely, band-pass �ltering to eliminate

noise. They are converted into strain values using the following formulas:

" cal =
�

1
GF

� �
Rg

Rcal + Rg

�
; (2.14)

" rock =
�

" cal

� Vcal

�
� V; (2.15)

where" cal is calibrated microstrain, GF is gauge factor,Rcal is shunt resistance,Rg is strain gauge resistance,

" rock is the actual rock strain, � Vcal is voltage change measured during calibration with shunt resistor (4.3

V), � V is voltage change generated during the experiment. The poroelastic expansion coe�cientK bp is

then computed using Equation 3.11, i.e. dividing the amplitude of pore pressure by the amplitude of strain

(either upstream or downstream) at the dominant frequency.

2.4.4 Uncertainty Quanti�cation

We estimated absolute errors in hydraulic transport and poroelastic properties by calculating the standard

deviation in the acquired data consisting of pressure and strain time-series. We also estimated uncertainty

by considering oscillation frequencies. We calculated frequency-dependent errors by analyzing data gathered
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at various frequencies. The procedure involves calculating amplitude ratios (R), phases (� ) and poroelastic

expansion coe�cients (H ) at every time step of the recorded waveforms by moving-window FFT analysis.

The �ve to ten cycles-long time-window is centered around a certain time step. A step-by-step procedure to

calculate absolute errors in poroelastic expansion coe�cient is as follows:

1. Window the recorded strain and pore pressure time series.

2. Filter out the noise with a band-pass �lter.

3. Perform Fourier transformation of time-window.

4. Evaluate Equation 3.11: in this case divide the pressure amplitude at the corresponding peak frequency

by the volumetric strain.

5. Obtain the poroelastic expansion coe�cient K bp as a function of time.

6. Calculate the mean and the standard deviation of the steady-state part. The ratio of the standard

deviation to the mean is the absolute error of the measurement.

7. Perform time-windowed cross-power spectral density analysis (cross-FFT) if the parameter of interest

is a phase angle (e.g. phase lag between upstream and downstream pressures, upstream strain and

upstream pressure). The size of the moving-window and example results are demonstrated in Figure

2.5. The moving-window FFT analysis has been performed for every recorded frequency to obtain

frequency-dependent errors and possibly a regression equation between the oscillation frequency and

the absolute error.

Figure 2.6 summarizes the calculated frequency-dependent errors in the pore pressure amplitude ratio and

in magnitudes and phase angles of the poroelastic expansion coe�cient. The analysis has been performed on

Fox Hills 7 data at three di�erential stresses (3.5, 34.5 and 62 MPa). The errors for all samples were identical,

hence we present only the results for the Fox Hills 7 sample. The uncertainty in both amplitude ratios and

phase lags for pore pressures increases with oscillation frequencies and follows a cubic law. The errors in

phase measurement are much larger than in amplitude ratio, reaching almost 25% at highest frequencies.

The error in the magnitude of the poroelastic expansion coe�cient increases, phase angle decreases with

increasing oscillation frequency (see Figures 2.6(c) and 2.6(d)).

We further propagate the errors in poroelastic expansion coe�cient to calculation of other poroelastic

properties, assuming a conservative absolute error of 5% in mineral frame and �uid bulk moduli and 10% in
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Figure 2.5: Moving-window FFT analysis of a sample strain data, 100 mHz oscillations frequency at 62
MPa di�erential stress. a) Filtered upstream pressure and upstream strain time-series. The FFT analysis
is performed by ten cycles-long moving window. b) The magnitude and phase of the poroelastic expansion
coe�cient H as functions of time, calculated by the moving-window FFT analysis. The mean and standard
deviations are calculated from the late-time, steady-state response.

porosity. These uncertainties are calculated as standard deviation (� x ) using the standard error propagation

equation (Philip & Robinson, 2003):

� x =

s

� 2
u

�
@x
@u

� 2

+ � 2
v

�
@x
@v

� 2

+ ::: ; (2.16)

where x is the function of variables u and v, � u and � v are the standard deviations associated withu and v,

respectively.

Permeability and storage capacity calculations involve solving highly non-linear set of Equations 4.2.

Thus, the uncertainty estimation of these parameters becomes non-trivial and can not be performed using

Equation 2.16. We assess uncertainties in permeability and speci�c storage using the method described in

Bernabé et al. (2006). Here we brie�y outline the main steps of this approach:

1. Based on the standard deviation estimations for pressure amplitude ratio (�R ) and for phase angles (�� ),

we create Gaussian data realizationsf Ri + G( �R
2 )g for amplitude ratios and f � i + G( ��

2 )g for phase lags.

HereRi and � i are the values from the experiment,G(� ) is a zero-mean Gaussian noise with a standard

deviation � . We perform this step for each oscillation frequency step, since as mentioned before,

the relative errors in amplitude ratio and phase increase non-linearly with frequency. We use cubic-

�t equations from Figure 2.6 to approximate frequency-dependent relative errors in amplitude ratio

and phase lag. Figure 2.7(a) demonstrates this frequency-dependence: the distribution of normalized

18



10
-1

10
0

0.5

1

1.5

2

2.5

3

3.5

4

E
rr

or
 in

 a
m

pl
itu

de
 r

at
io

 [%
]

Frequency [Hz]
 

 

3.45 MPa
34.47 MPa
62.05 MPa
cubic fit

y = 2 :26 x3 ! 0:9 x2 + 0 :911 x + 0 :585

(a)

10
-1

10
0

0

5

10

15

20

25

30

E
rr

or
 in

 p
ha

se
 [%

]

Frequency [Hz]
 

 

3.45 MPa
34.47 MPa
62.05 MPa
cubic fit

y = 22:7 x3 ! 17:6 x2 + 13:8 x + 4 :39

(b)

10
-1

10
0

3

4

5

6

7

8

9

10

11

E
rr

or
 in

 H
 m

ag
ni

tu
de

 [%
]

Frequency [Hz]
 

 

3.45 MPa
34.47 MPa
62.05 MPa
cubic fit

y = 17:8 x3 ! 19:8 x2 + 7 :13 x + 2 :99

(c)

10
-1

10
0

0

1

2

3

4

5

6

7

8

9

10

E
rr

or
 in

 H
 p

ha
se

 [%
]

Frequency [Hz]
 

 

Upstream 3.45 MPa
Upstream 34.47 MPa
Upstream 62.05 MPa
Downstream 3.45 MPa
Downstream 34.47 MPa
Downstream 62.05 MPa

(d)

Figure 2.6: Frequency-dependent relative errors in amplitude ratio and phase lag of pore pressure data, as
well as in magnitude and phase of the poroelastic expansion coe�cient using data for the Fox Hills 7 sample
at various di�erential pressure steps as functions of oscillation frequencies. a) Error in amplitude ratios of
measured pore pressures. b) Error in phase shifts of measured pore pressures. c) Error in the magnitude
of measured poroelastic expansion coe�cient. d) Error in the phase of measured poroelastic expansion
coe�cient.
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Figure 2.7: Simulated errors in hydraulic properties using Gaussian distribution of errors in amplitude ratio
and phase. a) Gaussian data realizations of amplitude ratios and phase angles at 100 and 800 mHz oscillation
frequencies. Note much broader distribution of data at 800 mHz frequency. The realizations are shown for
Fox Hills 7 sample at 3.45 MPa di�erential stress. b) Statistical distribution of the relative error in �
and � ; comparison between literature data (Tennessee sandstone from Kranzet al. (1990)) and Fox Hills 7
sandstone, 100 mHz oscillation frequency at 3.45 MPa di�erential pressure.
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amplitude ratio and phase shift is much broader at higher oscillation frequency.

2. We solve the system of Equations 4.2 for every (R; � ) realization pair and recover Gaussian distribution

of dimensionless permeability� and dimensionless storage capacity� . The standard deviation of a

normal distribution curve, �tted to the ( � � � true
� true

; � � � true
� true

) Gaussians gives us the relative error of each

dimensionless number.

3. Once the relative errors in � and � are known, we propagate the uncertainties into permeability and

storage capacity (Equation 2.16). Note that since the relative errors in all other parameters (length and

cross-sectional area of samples, �uid viscosity, oscillation frequency and downstream reservoir storage

capacity) are negligible, we can assume the errors in permeability and speci�c storage to be equal to

the errors in � and � .

Following this methodology, we estimate the relative errors in� and � for all samples measured in this

research. The uncertainties were calculated for the whole frequency sweep at three di�erential stress steps

(3.45, 34.47 and 62.05 MPa). For comparatison, we also calculated uncertainties in� and � for Tennessee

sandstone data (Kranz et al., 1990). We used the errors in amplitude ratio�R = 2 � 10� 3 and phase shift

�� = 10:8� ; measured values ofRi = 0 :07 and � i = 135� , as mentioned in the paper. Figure 2.7(b) compares

the errors in the Tennessee and Fox Hills 7 data sets at 100 mHz. While the errors in� are similar, the errors

in � for Fox Hills 7 is almost four times greater than those for Tennessee sandstone. This discrepancy might

be a consequence of large downstream storage capacity of our apparatus. In Section 2.3.1, we demonstrate

how a large downstream reservoir shifts the possible solution for� towards the � = 0 bound of the solution

space (see Figure 3.1), reduces the resolution of storage capacity estimation, and increases uncertainty while

� estimates are relatively insensitive. Hence, the large uncertainty in� and small error (� 5%) in � for Fox

Hills 7. This analysis proves the accuracy of permeability measurements with the pore pressure oscillations.

Further, it shows that the errors in � are generally much greater than in� (see Figure 2.8).

The estimated uncertainties in storage capacity are high, reaching almost 100% at the lowest oscillation

frequency and often exceeding 50%. Thus, storage capacity estimates derived using the hydraulic pore pres-

sure oscillation experiment are not trustworthy be themselves, particularly when compared to the relative

errors of oscillating strain-derived storage capacity with errors below 7%. In contrast, accuracy of permeabil-

ity measurements is con�rmed by the low relative errors, reaching maximum of 12% at the lowest oscillation

frequency. The errors in the frequency range of interest (100 - 300 mHz) are consistently less than 10%.
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Figure 2.8: Frequency-dependent relative errors in dimensionless permeability and storage capacity. a)
Relative errors in dimensionless permeability, derived for three samples at three di�erential stress steps as a
function of the oscillation frequencies. b) Relative errors in dimensionless storage capacity, derived for three
samples at three di�erential stress steps as a function of the oscillation frequencies.

2.5 Results

2.5.1 Capillary tube experiment

As a proof of concept of the experimental setup and to test the reliability of our measurements, we

conducted a benchtop oscillating pore pressure experiment on a single capillary of known dimensions. Both

static and dynamic permeabilities of a capillary tube can be analytically calculated. Johnsonet al. (1987)

provide the formula of frequency-dependent permeability for a single capillary tube of radiusr :

~k(! ) = k0

�
8

(Kr )2

�
2

Kr
J1(Kr )
J0(Kr )

� 1
��

(2.17)

where k0 = �r 2=8 is the DC permeability; K 2 = i!� f =� ; r - radius of the capillary, J0 and J1 are Bessel

functions of the order zero and one, respectively.

The storage capacity of a single capillary tube is given by (for derivation see Appendix):

� st =
2

3K min

�
1 + � min

1 � 2 � min

�
+

1
K f l

(2.18)

here K min is the bulk modulus and � min the Poisson's ratio of glass;K f l is the bulk modulus of �uid.

Assuming that K f l = 2 :38 GPa and properties of glass areK min = 36 GPa and � min = 0 :16, we calculated

the storage capacity of the capillary tube to be equal to� st = 4 :596� 10� 10 Pa� 1. The length of the capillary

was 103.5 mm; diameter was 210� m, as revealed by� -XCT scan. The experiment has been conducted at

nine oscillation frequencies: 0.05, 0.1, 0.15, 0.25, 0.3, 0.4, 0.5, 0.6 and 0.7 mHz.
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Figure 2.9: a) Permeability and b) storage capacity of a single capillary with 210� m diameter, measured
at various oscillation frequencies. The oscillation frequencies are normalized by the critical Biot frequency
! c of 117 Hz. The dynamic permeability curve is calculated from JDK model (Johnsonet al., 1987).
Obtained values of storage capacities are highly overestimated, since the storage capacity for this capillary
is � st = 4 :6 � 10� 10 Pa� 1 (See Appendix).

2.9(a) shows the results of the permeability measurements. Equation 2.17 predicts a DC permeability of

the capillary to be 1:37� 10� 9 m2 which starts to decline at the critical Biot frequency of 117 Hz (the critical

Biot frequency is ! c = 8 �=� f r 2, where r is the tube radius (Hugheset al., 2003)). The permeability values

at the �rst three oscillation frequencies closely follow the predicted dynamic permeability curve, however a

strong increase of measured permeabilities is observed starting from 0.25 mHz frequency.

2.9(b) demonstrates that the measured storage capacity values are overestimated, diverging from the

calculated storage capacity of the capillary tube (see Equation 2.18) by almost �ve orders of magnitude.

Again, the strong discrepancy in measured storage capacity is due to the large downstream reservoir. Using a

high storage capacity downstream reservoir signi�cantly increased the error in the measured storage capacity.

Storage capacity data based only on the oscillating pore pressure experiment are unreliable. Independent

measurements are required to constrain the hydraulically-measured storage capacities.

2.5.2 Frequency dependence

Johnson et al. (1987); Sheng & Zhou (1988); Zhou & Sheng (1989) have shown that the dynamic per-

meability of porous media approaches the DC limit at oscillation frequencies below Biot's critical frequency.

Our apparatus operates in the frequency range of 0.001 - 1 Hz, well below Biot's critical frequencies for

typical sedimentary rocks (kiloHertz range as per Pride (2005)). The storage capacity derived from the

hydraulic aspect of the oscillatory pore pressure experiment should not be frequency-dependent. According

to Equation 3.5, the dimensionless storage capacity number� calculation does not involve the frequency of
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the oscillation. Thus, amplitude ratios and phases of the upstream and downstream pore pressure sinusoids

at di�erent frequencies should theoretically lie on a single iso-� line (see 3.1).

Despite the theoretical independence of permeability and storage capacity on the oscillation frequency in

the range of our experiments, we observe a distinct relation of the measured parameters to the oscillation

period. Permeabilities tend to �uctuate around a certain value at lower frequencies, and steadily increase

beyond oscillation frequencies of 0.3 Hz. The measured storage capacities seem to decrease with increasing

frequencies, attain a local minimum and then increase again. Although Subsection 2.4.4 presents large

relative errors in storage capacities and low overall reliability of the hydraulically-derived storage capacity

data, we do not attribute the apparent frequency-dependence of the measured hydraulic properties to the

measurement uncertainty - the values of permeabilities do not fall within the error limits. 2.10(a) and 2.10(b)

summarize the measured data as a function of oscillation frequency at 3.45 MPa di�erential pressure step

for the sandstone sample Fox Hills 7.

There appears to be a physical reason for the observed frequency dependence. Prior studies by Bernabé

et al. (2004) and Song & Renner (2007) also show a dependence of measured permeabilities and storativities

on the period of the input pore pressure oscillations. The reported frequency-dependence of the data (Bernabé

et al., 2004) resembles our �ndings (see Figure 3 in Bernabéet al. (2004). The few papers on experimental

observations of frequency-dependent permeability and storage capacity under oscillating pore pressures (e.g.

Rigord & Caristan (1993) and Song & Renner (2006) suggest that the apparent frequency-dependence is

caused by heterogeneities. Our results on capillary tube experiment dispel this argument; we postulate

observed e�ect to be either caused by partial saturation of the capillary (an air bubble), or an internal

resonance of the pressure pump. Note that since the rock measurements are made at high pore pressures,

partial saturation might not play a role. Kurzeja et al. (2016) suggested that tube deformation might

explain the deviation of capillary tube permeability from the steady-state value at frequencies above the

critical frequency. In future work, we will repeat the capillary measurements at high pore pressures; perhaps

followed by a �nite-element �uid �ow simulation in a heterogeneous permeability �eld.

2.5.3 Pressure dependence

Microcracks in�uence transport and elastic properties of rocks signi�cantly (Batzle et al., 1980; Guéguen

et al., 2011; Walsh, 1965). In typical sedimentary reservoir rocks, such as sandstones, porosity is conceptu-

alized as a combination of equant (spherical) pores and elliptical cracks with various aspect ratios. These

microcracks also cause permeability, storage capacity and poroelastic moduli to be dependent on e�ective

stress. The commonly observed sharp change in transport and elastic properties of sedimentary rocks at

early stages of loading is attributed to the closure of microcracks (Batzleet al., 1980).
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Figure 2.10: Data, measured on Fox Hills 7 sample. a) and b) - measured permeabilities and storage capacities
as a function of oscillation frequency. 1 milliDarcy approximately equals to9:86� 10� 16 m2. Note large error
bars of the storage capacity values. c) Measured values of permeability as a function of di�erential pressure
at 0.1 Hz oscillation frequency, both loading and unloading pressure paths. d) Values of storage capacity,
measured hydraulically as a function of di�erential pressure at 0.1 Hz oscillation frequency, both loading and
unloading pressure paths. e) The drained bulk modulusK dr as a function of loading and unloading pressure
paths. f) Comparison between hydraulically and elastically derived storage capacities� st , measured at 0.1
Hz oscillation frequency as a function of increasing di�erential pressure. Note the di�erence in y-axes scales.
g) Biot coe�cient � as a function of loading and unloading di�erential pressure. Hydraulically-derived Biot
coe�cients are marked by triangles and are highly-overestimated. h) Skempton's coe�cient B as a function
of loading and unloading di�erential pressure. Hydraulically-derived Skempton's coe�cients are marked by
triangles and are highly-overestimated.
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Permeability: Permeability decreases with increasing di�erential pressure during hydrostatic loading

due to the closure of microcracks, and thus creating more tortuous �owpath and increasing the resistance to

�ow. 2.10(c) summarizes our permeability results for Fox Hills 7 sample measured at 0.1 Hz pore pressure

oscillation frequency as a function of loading and unloading di�erential hydrostatic pressures.

Hydraulically-derived storage capacity: These results are ambiguous and inconclusive due to the

high experimental error when using a large downstream reservoir. Microcrack closure is also responsible for

decreasing the storage capacity with increasing e�ective stress - the rock is basically able to store less �uids,

and this e�ect can be observed on 2.10(d), although this decrease is not very clear.

Sti�ness: Sti�ness increases signi�cantly with e�ective stress due to the closure of compliant pores and

cracks. This increase is more pronounced at lower pressures and manifests itself as a sharp increase in elastic

moduli. Once the compliant microcracks are closed, the pressure-dependence becomes more gradual and

asymptotically reaches a background value that is dependent on sti� equant pores (Walsh, 1965). The "sti�-

ening" of the rock with e�ective stress should lead to pressure-dependent Biot's and Skempton's coe�cients,

which gradually approach properties of a pure solid, i.e. the rock becomes insensitive to pore pressure. Here

we present the results of measurements of poroelastic properties as a function of applied e�ective hydrostatic

stress. The drained bulk modulusK dr , derived from direct K bp measurements for Fox Hills 7 sample at 0.1

Hz oscillation frequency, is plotted for both loading and unloading stresses in 2.10(e).

In this paper, we have demonstrated signi�cant uncertainties in estimations of storage capacity from

hydraulic pore pressure oscillation method. However, since the storage capacity is an undrained poroelastic

rock property, it can be inferred from the volumetric strain response to pore pressure oscillations. The main

inputs for such calculations of storage capacity areK bp, initial porosity � , �uid K f l and mineral rock frame

K min bulk moduli (Equation 3.9). Here, we assume that water compressibility as well as porosity do not

change signi�cantly with applied e�ective stress. A comparison of the elastically and hydraulically-derived

storage capacities are shown in 2.10(f). Note that the storage capacity is overestimated when derived only

from the oscillating pore pressure method without independent strain measurements.

Furthermore, storage capacity estimates can be veri�ed with Biot's and Skempton's coe�cients. Accord-

ing to Equations 3.8 � 2.11, both � and B can be calculated from the storage capacity (� st ) and Biot's

poroelastic expansion coe�cient (K bp). The two independent measurements of storage capacity yield inde-

pendent estimates of Biot's and Skempton's coe�cients (2.10g and 2.10h). Biot's and Skempton's coe�cients

derived from hydraulically-measured storage capacity are close to 1; such high values are more indicative of

unconsolidated sediments or soils. In contrast,� and B derived from elastic strain measurements present a

more realistic picture with pressure dependent Biot's and Skempton's coe�cients.
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2.6 Conclusions

Our oscillating pore pressure apparatus is capable of simultaneously measuring permeability, storage

capacity and drained poroelastic properties as functions of oscillation frequency and e�ective stress. The

lower frequency limit presented here is 0.01 Hz although the apparatus can oscillate at much lower frequencies.

The upper frequency limit (� 1 Hz) is limited due to equipment constraints.

We performed a detailed sensitivity analysis according to the reported procedures (Bernabéet al., 2006).

The average error in storage capacities was established to be approximately 50%, peaking at 120% at lower

oscillation frequencies. Despite the fact of ambiguous storage capacity measurements, the estimation of

permeability was still quite precise with average errors not exceeding 10%.

We show that selection of the downstream reservoir requires judicious balance between signal quality and

errors minimization. Thus, the high porosity and permeability of the rock sample necessitated using a large

downstream reservoir for measurable amplitude ratios and phases. The large downstream reservoir, however,

shifted the possible(R; � ) solutions towards the solution boundary and lead to large errors in storage capacity

estimates.

We present two sample data sets of transport and poroelastic properties measured at functions of oscilla-

tion frequency and e�ective stresses with our apparatus. The data sets are: a benchmark test with a capillary

tube and rock sample test with Fox Hills sandstone. Although dynamic permeability should be independent

of frequency, we do measure a sharp increase in permeability starting at 0.3 Hz. The measured transport

and poroelastic properties follow known pressure trends: permeability decreases and moduli increase with

hydrostatic load, initially due to closure of microcracks and compliant pores.

Comparisons of storage capacities from hydraulic measurements and from strain measurements, as well as

poroelastic coe�cients (Biot and Skempton's coe�cients) showed signi�cant di�erences. An overestimation of

storage capacity can be related to the large absolute errors in the hydraulically-derived values. Furthermore,

the measured rock sample appears to behave similarly to soils, as deduced from the hydraulic measurements.

Strain measurements yield more realistic values.
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2.8 Appendix: An exact expression for storage capacity of a capillary tube

We begin with the equation of pore compressibility (K pc in Zimmerman et al. (1986) for a single needle-

like prolate cylindrical pore, as given by Mavko et al. (2009):

1
K pc

= �
1
Vp

�
@Vp
@Pc

�

�P p =0
=

5 � 4� s

3K s(1 � 2� s)
(2.19)

where Vp is pore volume, Pc is con�ning pressure, Pp is pore pressure,K s and � s are respectively bulk

modulus and Poisson's ratio of material, hosting the cylindrical pore. We can relate pore compressibility

K pc to pseudo-bulk modulusK bp by the following equation (e.g. Kümpel (1991); Wang (2000):

1
K bp

=
�

K pc
(2.20)

Equation 3.9 in terms of K pc becomes:

� st = �
�

1
K pc

�
1

K min
+

1
K f l

�
(2.21)

For the case of a �uid-�lled capillary � = 1 and K min = K s; we arrive at the �nal equation of storage

capacity of a single needle-shaped pore by substituting Equation 2.19 into Equation 2.21:

� st =
2

3K min

�
1 + �
1 � 2�

�
+

1
K f l

(2.22)
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CHAPTER 3

HYDRAULIC AND POROELASTIC ROCK PROPERTIES FROM OSCILLATING PORE PRESSURE

EXPERIMENTS

Published in Journal of Geophysical Research: Solid Earth

Azar K. Hasanov1* , Brandon Dugan1, Michael L. Batzle1„ and Manika Prasad2

3.1 Abstract

Knowledge of hydraulic and poroelastic properties is essential for simulating �uid �ow in porous media.

Accurate constraints on these properties have impacts on production forecasts and economics. In this paper

we document an improvement of the oscillating pore pressure experiment by simultaneously measuring

hydraulic and poroelastic properties of reservoir rocks. Measurements were carried out for four conventional

reservoir rock quality samples at oscillation frequencies of 0.025 � 1 Hz and e�ective pressures of 3.5 �

62 MPa. Estimated permeability values decreased with increasing e�ective pressure and increased sharply

above a frequency range of 0.3 � 0.4 Hz. We established that hydraulically measured storage capacities are

overestimated by almost an order of magnitude when compared to elastically derived ones. Biot coe�cient

was estimated both from hydraulic and strain measurements, and comparison of two datasets reveals high

uncertainty of the hydraulic speci�c storage measurements. We documented grain crushing and pore collapse

event in a dolostone sample, observed as a permanent and drastic decrease of permeability and bulk modulus.

We validated our method by detecting irreversible microstructural changes independently by hydraulic,

elastic, X-ray microtomography (� CT) and nuclear magnetic resonance (NMR) measurements. Our approach

can be used to constrain and to improve the estimation of speci�c storage, and thus leads to better model

inputs and forecasts.

3.2 Introduction

Hydraulic and poroelastic properties are traditionally de�ned as rock properties responsible for the stor-

age and �ow of �uids, as well as the deformation of porous media. Primary properties to constrain are

permeability and speci�c storage as they are fundamental inputs to �ow simulations. Accurate �ow sim-

ulation is essential for production forecast and economic analysis, hence the transport properties directly

impact the assessment and pro�tability of aquifers and petroleum reservoirs. Therefore, rigorous estimation
1Department of Geophysics, Colorado School of Mines, Golden, Colorado, USA.
* Corresponding author.
„ Deceased on 9 January 2015.
2Department of Petroleum Engineering, Colorado School of Mines, Golden, Colorado, USA.
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and measurement of these rock properties is vital. Analysis of poroelastic behavior of rocks provides a means

to simultaneously investigate these properties.

The elastic response of porous materials is useful to assess �ow properties as it is in�uenced by the

con�ning pressure and the pore pressure. Poroelastic deformations are also in�uenced by �uid �ow, thus

giving rise to an additional complication, two possible poroelastic responses due to restricted and free �uid

�ow across sample boundaries. In this paper we focus on the drained poroelastic regime, where �uid is allowed

to �ow freely within the pores of the rock sample. Drained bulk modulus is an important input parameter for

many rock physics work�ows, including Gassmann's equation (Gassmann, 1951). Dry poroelastic moduli also

control a range of other phenomena, which occur during oil, gas, or water production, such as compaction

and land subsidence (Geertsma, 1973). Additionally, speci�c storage of rocks is de�ned as an undrained

poroelastic modulus by some researchers (e.g. Green & Wang (1990)) and is e�ective pressure-dependent.

Neglecting the pressure-dependence of permeability and speci�c storage can introduce signi�cant errors in

�ow simulations (Eker et al., 2017; Franquetet al., 2004; McKernanet al., 2014).

The oscillating pore pressure method was traditionally utilized to simultaneously measure hydraulic

transport and storage properties (Bernabéet al., 2006; Fischer, 1992; Kranzet al., 1990; Song & Renner,

2007). The method is based on measuring the amplitude ratio and the phase between the upstream and

downstream pore pressure oscillations. Once these two parameters are obtained, it is possible to compute

both permeability and speci�c storage from the analytical solution of the di�usivity equation with oscillatory

boundary conditions (Bennion & Goss, 1971; Bernabéet al., 2004; Faulkner & Rutter, 2000; Fischer, 1992;

Kranz et al., 1990). One drawback of this method is the uncertainty in speci�c storage estimation, sometimes

exceeding an order in magnitude, particularly when a large downstream reservoir is utilized (Bernabéet al.,

2006).

In this work, we have improved the oscillating pore pressure method by simultaneously measuring vol-

umetric deformation of rock samples. We demonstrate our approach on four reservoir-quality rocks at a

range of e�ective pressures and oscillation frequencies. We present results from oscillating pore pressure

experiments during which elastic deformation of samples was quanti�ed in addition to the measurement of

pore pressure. We begin with the development of the theoretical background needed to demonstrate our

approach. We then describe the samples and experimental methodology, and proceed with reporting exper-

imental results. We discuss the observed frequency and pressure dependencies in light of theoretical insights

and use them to conclude about the validity of our approach.
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3.3 Theoretical Background

Darcy's law in its general form relates �uid �ux to permeability, �uid viscosity, and pressure gradient

(Equation 3.1) (Bear, 1972):

~q= �
k
�

(r Pp + � f ~g) ; (3.1)

where k is the permeability tensor of the porous medium,� is the dynamic viscosity of the pore �uid, ~q is

the �ow rate across the sample's unit cross-sectional areaA, r Pp is the pore pressure gradient across the

sample,� f is the density of the �uid, ~g is the acceleration due to the gravity. In systems where the �uid �ux

and pressure gradients are known, Equation 3.1 can be used to solve for permeability. For our analysis we

neglect the gravity e�ects and assume isotropic conditions and one-dimensional �uid �ow.

Rocks are also known to store some part of the �owing �uid, and this phenomenon is described by the

storage capacity. Storage capacity is de�ned as the amount of �uid a porous medium is able to store or

discharge due to a change in pore pressure under constant con�ning pressure (Kümpel, 1991; Wang, 2000):

� st = �
1
V

�
@Vf l
@Pp

�

�P c =0

: (3.2)

Here � st is the storage capacity per unit volume of the rock, also know as the speci�c storage,V is volume of

the rock, Vf l is volume of �uid, Pp is pore pressure andPc is con�ning pressure. Taking into consideration

mass conservation during the �uid �ow experiment and combining it with Equation 3.1 we can derive the

one-dimensional pressure di�usion equation:

r 2Pp �
� st �

k
@Pp
@t

= 0 : (3.3)

A common way to measure permeability in rocks with moderate to high permeability is to apply constant

�ow rates and measure the pore pressure di�erence between upstream and downstream faces of a sample.

For low porosity and low permeability rocks the pressure pulse-decay method (Braceet al., 1968) is more

appropriate for determining permeability and speci�c storage. In the pulse-decay approach, a sudden increase

in upstream pressure is applied and the downstream time-dependent pressure response is measured. The

transient part of the di�usion equation then yields the sample permeability and speci�c storage.

The pore pressure oscillation method di�ers from the pulse-decay experiment primarily by the boundary

conditions applied. In a typical experiment a jacketed sample is placed into the pressure vessel, connected to

the upstream and downstream reservoirs and saturated under a controlled background pore pressure. Instead

of a transient-step, a constant amplitude upstream pressure oscillation is imposed upon the background pore

pressure. While propagating through the porous medium, the pore pressure oscillation undergoes amplitude

attenuation and a phase shift. Phase shift� and downstream-to-upstream pressure amplitude ratioR are
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the only parameters needed to solve for a permeability and speci�c storage, and can be obtained from the

Fourier analysis of the pressure waveforms (Fischer, 1992) or �tting a Lissajous curve to the pressure data

(Song & Renner, 2007).

The complete derivation of analytical solution of di�usivity equation with oscillatory boundary conditions

is presented by Kranzet al. (1990) and Fischer (1992). In this paper we follow the analytical solution for

the amplitude ratio and phase given by Bernabéet al. (2006):

R =

�
�
�
�
�
�

 

cosh

" s
�
�

(1 + i )

#

+
(1 + i )
p

��
sinh

" s
�
�

(1 + i )

#! � 1
�
�
�
�
�
�
; (3.4)

� = \

 

cosh

" s
�
�

(1 + i )

#

+
(1 + i )
p

��
sinh

" s
�
�

(1 + i )

#! � 1

:

Dimensionless numbers� and � contain permeability and speci�c storage (Bernabéet al., 2006):

� st =
� d

AL
�; k =

!L�� d

2A
�; (3.5)

where A is cross-sectional area, L is the length,! is angular frequency of the oscillation and� d is the compres-

sive storage of the downstream reservoir. Once the amplitude ratio and phase are measured experimentally,

the system of Equations 4.2 can be solved numerically for� and � using an iterative error-minimizing ap-

proach. Permeability and speci�c storage are then calculated using Equations 3.5.

Figure 3.1 displays the (�; � ) solution space in the (R; � ) domain, which reveals the advantage of us-

ing these dimensionless parameters. Since� and � are directly proportional to their respective hydraulic

properties, the iso-� and iso-� lines can be thought of as speci�c storage and permeability isolines. The

physically meaningful solution space is bounded by� = 0 and � = + 1 lines. Large downstream reservoir

storage shifts the possible solution towards� = 0 isoline, thus rendering the experiment much less sensitive

to sample's speci�c storage. However, the size of the downstream reservoir also plays a vital role in detecting

pressure amplitudes and phases. For example, high permeability rock samples require a large downstream

reservoir in order to record su�cient amplitude ratio and phase, although the resolution in speci�c storage

measurement is sacri�ced. On the other hand, successful measurement of low-permeability rocks necessitates

a small downstream reservoir. Determination of permeability in any case is precise and does not su�er from

the large downstream reservoir, since iso-� lines run almost perpendicular to � = 0 isoline (Bernabéet al.,

2006).

An upstream pore pressure oscillation also causes bulk deformation of the sample. A poroelastic modulus

K bp, characterizing the bulk volumetric deformation of the rock caused by the pore pressure increase at
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Figure 3.1: The plot of iso-dimensionless speci�c storage (dashed red) and iso-dimensionless permeability
(solid blue) lines as functions of amplitude ratio and phase lag represents the solutions of Equations 4.2 (re-
produced after Bernabéet al. (2006)). Representative data for each sample are plotted for 0.1 Hz oscillation
frequency and e�ective pressures of 3.5 � 62 MPa.

constant con�ning pressure has been de�ned by Zimmermanet al. (1986):

� bp =
1

K bp
= �

1
Vb

�
�Vb

�P p

�

�P c =0

; (3.6)

where Vb is sample's bulk volume. If K bp, sometimes called pseudo-bulk modulus, is known, then drained

bulk modulus K bc, Biot coe�cient � and speci�c storage can be calculated (Kümpel, 1991; Zimmerman

et al., 1986):

� bc =
1

K bc
=

1
K bp

+
1

K min
; (3.7)

� =
K min

K bp + K min
; (3.8)

� st =
1

K bp
+ �

�
1

K f l
�

1
K min

�
; (3.9)
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where the �uid bulk modulus is de�ned as 1=K f l = � 1=Vf l (@Vf l =@P) and mineral bulk modulus is1=Kmin =

1=Vb (@Vb=@Pp) �P c � �P p =0 . For simplicity, we assume that the mineral bulk modulus equals to the unjacketed

bulk modulus. This assumption holds true for monomineralic rocks (Mavkoet al., 2009) and rocks with low

clay content (Hofmann & Batzle, 2005). We computeK min from the X-ray di�raction (XRD) mineralogy

data (Table 3.1) using Voigt-Reuss-Hill averaging scheme. Porosity� is interconnected e�ective porosity.

Measurement of poroelastic deformation of the rock sample, induced by the propagating pore pressure

oscillation provides an independent check of hydraulically measured speci�c storage values. The Biot coef-

�cient can also be expressed in terms of speci�c storage, thus providing an additional, although indirect,

check of speci�c storage:

� = 1 �

�
� st + (1+ � )

K min
� �

K f l

� � 1

K min
: (3.10)

The Biot coe�cient is constrained to be between 0 and 1; high values of� indicate a soft, unconsolidated

rock, while sti�, low porosity rocks usually yield low values of � .

The poroelastic modulus directly measured during our experiments is Zimmerman's pseudo-bulk modulus

K bp. It is manifested as a complex quantity in our experiments since the causal pore pressure input is time-

harmonic:

K bp(! ) =
P0

p (! )

"0
v (! )

ei ( !t + � ) ; (3.11)

where "0
v (! ) is the frequency-dependent volumetric strain response to oscillatory pore pressureP0

p (! ). Fre-

quency dependence ofK bp is caused by anelastic energy losses in rock samples, analogous to other elastic

properties (Batzle et al., 2006; Behuraet al., 2007; Hagin & Zoback, 2004). The knowledge ofK bp is impor-

tant in modeling and interpretation of surface deformation as the manifestation of �uid �ow and compaction

in aquifers, petroleum reservoirs and geothermal systems (Feigl & Team, 2017; Maharramov & Zoback, 2018).

3.4 Samples

We determined hydraulic and poroelastic properties of four di�erent rock samples. These samples are

Navajo sandstone, Fox Hills sandstone, Berea sandstone and San-Andres dolostone. Samples were cut into

cylinders (25.5 mm in diameter and lengths of 100 to 140 mm). Samples did not exhibit any visible anisotropy

(e.g., layering, bedding) which was consistent with benchtop ultrasonic measurements. Grain density and

connected porosity were measured by the Archimedes method. Gas permeabilities were measured by an air

permeameter and were corrected for Klinkenberg's gas slippage e�ect. Sample dimensions, petrophysical

properties and XRD mineralogy data are summarized in Table 3.1.� CT scans were obtained for all of the

samples at 4X magni�cation (Figure 3.2). CT images are displayed in red-white-blue color scale, where blue
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color indicates the lowest density (pore space) and red color shows highest densities (grains).

Table 3.1: Dimensions, petrophysical properties and XRD mineralogy of the studied samples. Relative errors
are reported for dimensions and petrophysical properties.

Relative error (%)
Samples

Navajo 7 Fox Hills 7 Berea 2 San-Andres 1
Length (mm) < 1 110 120.7 103.7 134.8
Porosity (%) < 5 19.94 27.12 15.65 17.29
Gas permeability (10� 15 m2) < 5 74 62 110 165
Grain density (g/cm 3) < 10 2.55 2.58 2.61 2.83
Mineral bulk modulusa (GPa) 12 34 26.7 35.9 86
Quartz (%) - 78.2 73.5 57.1 -
Dolomite (%) - - - 13.2 88.7
K-feldspar (%) - 17.8 9.4 6 -
Plagioclase (%) - - - 3.4 -
Siderite (%) - - - 5.8 8.8
Total Clay (%) - 3.6 17 14.4 2.1
aThe mineral frame bulk modulus has been calculated using Voigt-Reuss-Hill averaging of
the mineralogical composition.

Navajo sandstone is a Late Triassic aeolian deposit and is almost completely composed of uniform well-

rounded and well-sorted quartz grains, with sparse dolomite inclusions. Sample Navajo 7 is almost devoid of

clay minerals. � CT images of the sample reveal uniform grain and pore size; the pore space is well connected

(Figure 3.2(a)).

Fox Hills sandstone is a weakly cemented sandstone, and has relatively high clay content (about 17% by

volume content for sample Fox Hills 7). The Fox Hills formation was deposited in deltaic conditions during

the Cretaceous period. Angular to subangular grains are poorly sorted and include quartz with some rare

garnet inclusions. � CT image of the sample reveals pore-�lling clay minerals (mixture of kaolinite, chlorite

and smectite), indicated by white color in Figure 3.2(b)). Although the measured porosity of the sample is

high (around 27%), pore-�lling clays may greatly reduce permeability.

Berea sandstone is a Mississippian formation, commonly believed to be deposited in deltaic conditions.

� CT image of the sample Berea 2 (Figure 3.2(c)) exhibits a well-sorted homogeneous quartz framework,

heterogeneously cemented by quartz and siderite, with minor clay content. Pores are evenly sized and well

connected.

San-Andres dolostone is from a Permian dolomitic carbonate formation. The San-Andres 1 sample is

comprised of mainly dolomite grains, with some siderite cement.� CT scan of the sample (Figure 3.2(d))

shows heterogeneous grain and pore size distributions. Pore space is generally well connected, both through

primary and fracture porosity.
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(a) Navajo 7 (b) Fox Hills 7

(c) Berea 2 (d) San Andres 1

Figure 3.2: (a) � CT scan of the Navajo 7 sample. Pore space is colored in blue, quartz grains are light-red,
dolomite inclusions are dark red. (b) � CT scan of the Fox Hills 7 sample. Pore space is colored in blue-dark
blue, quartz grains are light-red, garnet inclusions are dark red, clay �llings are white. (c) � CT scan of the
Berea 2 sample. Pore space is colored in blue, quartz grains are white, siderite cement is dark red. (d)� CT
scan of the San-Andres 1 sample. Pore space is colored in blue, dolomite grains are red.

3.5 Experimental Approach

The successful measurement of permeability and speci�c storage by the oscillating pore pressure technique

requires optimizing the downstream storage capacity and the choice of pore �uid and sample dimensions.
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An a-priori knowledge of sample's porosity and magnitude of permeability is useful, although not required.

The samples used in this study had conventional reservoir-quality porosities (15 � 28%) and permeabilities

(5� 10� 14 to 2� 10� 13 m2). We shaped the samples into cylinders of approximately 25 mm in diameter and

lengths of 100 � 140 mm to achieve su�cient phase lags and amplitude ratios of oscillating pore pressures.

Once cut, the end faces of the samples were ground with the precision of about ten microns in order to ensure

the parallelism of the end faces. Every sample was equipped with six pairs of strain gauges for simultaneous

measurements of poroelastic properties. We used bi-axial strain gauges with 16.3 mm in length and 5.8 mm

in width � large enough to ensure a su�ciently averaged volumetric deformation response. Two samples

(Navajo 7 and Berea 2) were instrumented with thermocouples for real-time temperature monitoring during

the experiments. Samples were placed between two aluminum endcaps with grooved surfaces for even �uid

distribution and jacketed with an impermeable, yet �exible epoxy resin mold. Figure 3.3 illustrates the

basics of oscillating pore pressure experiment and the schematics of a sample.
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Figure 3.3: A generic schematic of the oscillating pore pressure experiment. A controlled upstream pore
pressure sinusoid propagates through a porous sample and is recorded at the downstream face of the sample.
The downstream sinusoid has a diminished amplitude and a phase lag. The same amplitude and phase
behaviors apply to the volumetric strain signals. The pore pressure and the generated volumetric strain are
out-of-phase because the measurements are not co-located.

The experimental apparatus consists of a pressure vessel, two syringe pressure pumps, a downstream

additional volume canister, a function generator, three pressure transducers, strain gauge preconditioning

units, a digitizing unit and a computer. The pressure vessel is rated to hydrostatic pressures up to 70 MPa.
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The pore pressure pump is controlled directly from the function generator, which allows for pore pressure

oscillations with amplitudes up to 5 MPa and frequencies up to 1 Hz. Once we initiated a pore pressure

oscillation at a discrete frequency, the pressure and strain readings from pressure transducers and strain

gauges were displayed in real-time and subsequently digitized and stored in a computer. We measured the

downstream storage of the apparatus to be3:954� 10� 13 m3=Pa.

Once the sample is prepared and loaded into the pressure vessel we apply hydrostatic con�ning pressure

of 5 MPa at a rate of 0.3 MPa/min. The sample is then vacuumed for at least 2 hours and saturated with

deionized water. All measurements were performed at constant ambient pore pressure level of 3.45 MPa.

The e�ective pressure (Terzaghi's e�ective pressurePef f = Pc � Pp, where Pc is con�ning pressure andPp

is pore pressure) was varied by changing con�ning pressure. The pressure protocol is shown in Figure 3.4.

We performed measurements at ten e�ective pressure steps, 3.5 MPa up to 62.5 MPa with a 7 MPa increase

for each testing stage (except sample Navajo 7, which was measured at only �ve e�ective pressure steps).

We increased the con�ning pressure at a rate of 0.1 MPa/min once we completed the measurements at each

pressure stage.
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Figure 3.4: Experimental pressure protocol. Note that the experiment is performed at multiple pore pressure
oscillation frequencies during the loading e�ective pressure path (red curve). The measurements during the
unloading path (blue) are done at a single frequency of 0.1 Hz.

According to Kranz et al. (1990) it is prudent that the amplitude of the pore pressure oscillation should

not exceed ten percent of the background pore pressure (0.35 MPa in our case). This is important in order to

avoid irreversible inelastic changes in a sample. During each loading pressure step we performed oscillating

pore pressure measurements at thirteen discrete oscillation frequencies: 0.025, 0.075, 0.1, 0.2, 0.3, 0.4, 0.5,
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0.6, 0.7, 0.8, 0.9 and 1 Hz. Experiments during the decreasing e�ective pressure path were conducted at

a single frequency of 0.1 Hz. We tried to sustain the amplitude of pore pressure oscillations at 0.4 MPa,

although at the highest frequencies the syringe pump could only output 0.15 MPa of pore pressure amplitude.

Figure 3.5 shows an example of raw pressure and temperature data collected from the experiment on

sample Navajo 7. We consider the conditions of our experiments to be nearly isothermal, since temperature

�uctuations never exceeded 0.5� C. We estimate adiabatic temperature changes and conclude that the

adiabatic �uctuations do not exceed 0.1 � C, even at the highest oscillation frequency. After the data are

collected we remove the noise from raw time-series and extract amplitude ratios and phases in the frequency

domain. Once we know the amplitude ratios and phases we solve for dimensionless numbers� and � using

Equation 4.2 and permeability and speci�c storage using Equation 3.5. Poroelastic pseudo-bulk modulusK bp

is calculated in the frequency domain according to Equation 3.11. Since the pore pressure and volumetric

deformation measurements are not co-located we correct the amplitude of the pore pressure signal in Equation

3.11 and account for the pore pressure di�usion into the sample. We calculate the pore pressure amplitude

according to Equation 4.2, precisely at the location of the strain gage (typically 2-3 mm from the face of

the sample) under the assumptions of one-dimensional �uid �ow and sample homogeneity. We �nd that the

amplitude of the modeled pore pressure sinusoid at the location of a strain gage is within 95% of the pore

pressure amplitudes, measured by pressure transducers at upstream or downstream faces of the sample. A

detailed description of our experimental apparatus, data processing and uncertainty estimation is reported

in Hasanov et al. (2017).
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Figure 3.5: Raw upstream and downstream pore pressures overlain with temperature. The temperature data
have been smoothed over a 20 second time interval and indicate temperature variation less than 0.2� C. The
data is shown for the Navajo 7 sample at 62 MPa e�ective pressure and 0.05 Hz oscillation frequency.

3.6 Laboratory Results

We determined permeability, speci�c storage and poroelastic pseudo-bulk modulus of four reservoir-

quality samples as a function of pore pressure oscillation frequency and e�ective pressure. Here we report
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the results of measurements and basic observations of frequency and pressure trends.

Figure 3.6(a) shows an example of calculated permeability values as a function of oscillation frequency.

The �gure summarizes the measurements for all four samples at an e�ective pressure of 35 MPa. Although

the samples have di�erent permeabilities, spanning from4 � 10� 14 to 1:2 � 10� 13 m2, the observed form of

frequency dependence is ubiquitous. The permeability values are stable until a frequency range of 0.3 � 0.4

Hz, above which permeability increases sharply. We have previously conducted a thorough error analysis

(Hasanov et al., 2017) where we calculated the relative errors in permeability within our frequency range to

be less than 10%. We observe a similar trend in speci�c storage data (Figure 3.6(b)). Although the trends

are similar, note that the error bars in speci�c storage values are high, up to 50% relative error. The fact

that the pore pressure oscillation method tends to have large errors in speci�c storage estimation has been

previously characterized by Bernabéet al. (2006).
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Figure 3.6: (a) Measured permeability and (b)vspeci�c storage as a function of oscillation frequency. The
displayed data were measured at an e�ective pressure of 6.9 MPa. Steady-state gas permeabilities were
measured at 1.5 MPa e�ective pressure. Note large error bars of the speci�c storage values.

The permeability values for f = 0 :1 Hz for all the samples are presented in Figure 3.7 as functions of

e�ective pressure. The data for the Navajo 7 sample is unavailable for the unloading path due to the leak

of con�ning pressure �uid. The permeability values are within the same order of magnitude with initially

(before sample preparation) measured air permeabilities (see Table 3.1 for reported values). The pressure

dependence displays an expected trend of permeability decreasing with increasing e�ective pressure. Samples

Fox Hills 7 and Berea 2 recovered most of the initial permeability at the end of the experiment; San-Andres

40



1 displays a very di�erent behavior. The permeability decreased by almost a factor of two at the last loading

stage, and never recovered that permeability during the unloading part of the experiment. Figure 3.8 shows

the estimated storage capacities of the same samples versus e�ective pressure. Unlike permeability, speci�c

storage values estimated just from oscillating pore pressure method do not display clear pressure trends.

The absence of pressure trends, as well as large absolute errors demonstrate the unreliability of hydraulically

estimated storage capacities.
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Figure 3.7: Measured values of permeability as a function of e�ective pressure at 0.1 Hz oscillation frequency
during loading and unloading stress paths. Note the greatest amount of permeability di�erence in the
San-Andres 1 sample. Steady-state gas permeabilities were measured at 1.5 MPa e�ective pressure.

We report the poroelastic data in terms of the drained bulk modulus K bc. We calculated K bc from

measuredK bp using Equation 3.7. The modulusK bc, calculated at 0.1 Hz oscillation frequency, is plotted for
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Figure 3.8: Values of speci�c storage, measured hydraulically as a function of e�ective pressure at 0.1 Hz
oscillation frequency, both loading and unloading stress paths for samples Navajo 7 (a), Fox Hills 7 (b),
Berea 2 (c), and San-Andres 1 (d).

loading and unloading e�ective pressure paths in Figure 3.9. Berea sandstone data from Hart & Wang (1995)

are plotted on Figure 3.9 and validates our experimental data. The values of bulk modulus generally increase

rapidly with increasing e�ective pressure. Sample Berea 2 was the most pressure-sensitive. We document

a sudden decrease ofK bc during the last loading pressure step and a completely di�erent unloading path,

similar to permeability data observations for the San-Andres 1 sample (Figure 3.9).

42



0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60
0

2

4

6

8

10

12

14

16

18

Figure 3.9: The drained bulk modulusK bc as a function of loading and unloading pressure paths, measured
at 0.1 Hz oscillation frequency.

3.7 Discussion

3.7.1 Frequency dependence

Our experimental system operates in the frequency range of 0.001 � 1 Hz, which is well below the critical

Biot frequencies for a typical sedimentary rock (Pride, 2005). The values of speci�c storage derived from the

hydraulic data of the oscillatory pore pressure experiment should not be frequency-dependent. According to

Equation 3.5, the calculation of the dimensionless speci�c storage number� does not involve the frequency of

the oscillation. Thus, amplitude ratios and phases of the upstream and downstream pore pressure sinusoids

at di�erent frequencies should theoretically lie on a single iso-� line (Figure 3.1).
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Despite the theoretical independence of permeability and speci�c storage for our experiments, we observe

a distinct relation of the measured parameters to the oscillation frequency. Permeability tends to �uctuate

around a constant value at lower frequencies, and then steadily increase after reaching the oscillation fre-

quency of 0.3 Hz. The variation of permeability values do not lie within the measurement uncertainty. The

measured storage capacities decrease with increasing frequency, attain a local minimum and increase again.

It should, however, be noted that previous studies (Bernabéet al., 2006; Hasanovet al., 2017) document very

large relative errors in storage capacities and the overall reliability and reproducibility of the hydraulically

derived speci�c storage data is doubtful. We, however, do not attribute the apparent frequency-dependence

of the measured hydraulic properties to the measurement uncertainty.

We believe that there is a physical cause to the observed frequency relation. In an attempt to derive

the permeability mixing-law for binary mixtures, Bernabé et al. (2004) measured permeabilities and storage

capacities of calcite-quartz aggregates with the oscillatory pore pressure method. The reported frequency

dependence of the data is similar to our �ndings (see Figure 3 in Bernabéet al. (2004)).

Bernabé et al. (2004) and Song & Renner (2007) argue that the observed frequency-dependence might

be caused by the intrinsic heterogeneities of the rock properties, i.e. spatial variability of permeability and

speci�c storage. Transient �uid �ow is a di�usive process, which is controlled by the hydraulic di�usivity.

The hydraulic di�usivity is proportional to the permeability and inversely proportional to the speci�c storage

and �uid viscosity, thus de�nes a balance between rock's ability to transport and store pore �uids. It is the

hydraulic di�usivity that controls the ability of the input upstream pore pressure oscillation to penetrate into

the sample, also known as the penetration depth (sometimes also called the skin depth, the characteristic

length or the di�usion length). The penetration depth is directly proportional to the hydraulic di�usivity

and inversely proportional to the frequency of the pore pressure, thus it is possible to de�ne the penetration

depth in terms of the dimensionless numbers� and � (Müller et al., 2010; Rigord & Caristan, 1993; Song &

Renner, 2007):

� char � r p =

r
2�D

!
= L

r
�

�
�

; (3.12)

whereD is the hydraulic di�usivity, � char and r p are the penetration depth. Song & Renner (2007) de�ne the

penetration depth as the distance from the upstream end of the sample at which the pore pressure decays

below 20% of its initial amplitude. Given that the di�usivity is independent from the frequency, we can

de�ne a frequency, beyond which the penetration depth falls below the sample length:

! r p = L =
D
L 2 : (3.13)
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Naturally, the di�usion length scale diminishes as the frequency of the input pore pressure increases. In

order to characterize possible hydraulic heterogeneities, causing the apparent frequency dependence, Rigord

& Caristan (1993) propose the use of hydraulic admittance, which is a complex variable, de�ned as the ratio

between the upstream pore pressure and the upstream �ow rate amplitudes. They demonstrated that the

hydraulic admittance measurements are able to constrain the size of local rock heterogeneities. According

to the same authors, hydraulic transmittance (the downstream-to-upstream pore pressure amplitude ratio,

which we de�ne as R throughout this paper), however, yields much less information on heterogeneities due

to its propensity to average hydraulic properties over the length of the core sample. Rigord & Caristan

(1993) state that the transmittance measurement does not alter its penetration depth with changes in input

wave frequency. Despite this, we observe a distinct permeability-frequency trend in our data. Our samples

also exhibit a degree of heterogeneity based on the visual inspection of� CT images (Figure 3.2). Thus

we believe that the frequency-dependent response of transmittance measurements is sensitive to hydraulic

heterogeneities of the samples, based on the di�usive penetration depth.

Since hydraulic di�usivity is a simple combination of permeability, �uid viscosity and speci�c storage,

we can calculate the penetration depth values from the oscillating pore pressure experiment. Figure 3.10c

depicts the decrease of the normalized di�usion depth with increasing oscillation frequencies. Unfortunately,

the uncertainty of the penetration depth values is high due to the large errors in speci�c storage. Figures

3.10a and 3.10b present the relation between the hydraulic parameters and calculated di�usion scale lengths.

Both permeability and speci�c storage tend to increase with decreasing di�usion scale length. Nevertheless,

as it follows from Figure 3.10c even at the highest oscillation frequency of 1 Hz the di�usion depth is still

greater than the sample's length. This implies that the employed frequency range is incapable of probing

local spatial heterogeneities and the nature of the apparent frequency-dependence of the hydraulic properties

is caused by a di�erent reason. The fundamental assumption of the oscillatory pore pressure method is one-

dimensional, steady-state and laminar Darcy �ow. Hence, it is feasible that the deviation from the theoretical

behavior, observed in all of the rock samples at the higher frequencies (approximately 0.3 Hz and higher) is

induced by the violation of one, or perhaps, even a combination of these assumptions. For example, Geertsma

(1974) stated that if the �uid velocity exceeds a certain limit (or certain Reynolds number) then the �uid

�ow is no longer laminar and does not obey Darcy's law, but rather follows Forchheimer's formulation of

inertial �uid �ow (e.g. high velocity gas �ow in natural gas-producing wellbores).

3.7.2 Pressure dependence

Rock properties are e�ective pressure-dependent. The e�ective pressure dependence of permeability

and speci�c storage is often neglected in �uid �ow simulations, which may introduce signi�cant errors in

45



1 2 3 4 5 6 7
20

40

60

80

100

120

140

160

1 2 3 4 5 6 7
0

1

2

3

4

5

6

7

8

9

10-1 100
100

101

Figure 3.10: Hydraulically measured transport properties as a function of oscillation frequencies and calcu-
lated penetration depths. (a) Permeability as a function of the penetration depth, normalized by the sample's
length; e�ective pressure is 34.45 MPa. (b) speci�c storage as a function of the penetration depth, normalized
by the sample's length; e�ective pressure is 34.45 MPa. (c) Penetration depths of the di�usive pore pressure
oscillations normalized by the individual sample lengths and plotted as a function of frequencies. The data
is presented for 34.45 MPa e�ective pressure step.

simulations. Hence the knowledge of e�ective pressure behavior of these rock properties is critical in reservoir

characterization and simulation (Hasanov & Prasad, 2018; McKernanet al., 2014, 2017).

As it has been suggested by numerous authors (Batzleet al., 1980; Guéguenet al., 2011; Walsh, 1965),

microcracks signi�cantly in�uence transport and elastic properties of rocks. Porosity in a typical sedimentary

rock can be conceptually perceived as a combination of equant (spherical) pores and elliptical microcracks

with various aspect ratios. It is these microcracks that have a major e�ect on permeability, electrical
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resisitivity, poroelastic moduli and acoustic velocities and these microcracks are responsible for e�ective

pressure dependence of rock properties (Brace, 1965; Braceet al., 1965; Todd & Simmons, 1972; Walsh,

1981; Walsh & Brace, 1984). The commonly observed sharp change in transport or elastic properties of

common sedimentary rocks with increasing e�ective stress is attributed to the closure of microcracks at

early stages of loading. Once the majority of microcracks are closed, the slope of the pressure curve becomes

much lower, asymptotically reaching a constant value. Hence, only very narrow and compliant cracks with

low aspect ratios are closing when the con�ning pressure of our working range is applied (Batzleet al., 1980).

Permeability decreases with increasing e�ective pressure during hydrostatic loading due to the closure

of microcracks, which creates a more tortuous �owpath and increases the resistance to �ow. As seen in

Figure 3.7, samples Fox Hills 7, Berea 2 and San-Andres 1 exhibit some degree of permeability reduction,

although the decrease in permeability in the San-Andres 1 sample is signi�cantly greater. An interesting

e�ect took place as we increased the con�ning pressure during the experiment on San-Andres sample from

55 MPa to 62 MPa - permeability suddenly decreased by almost a factor of two, and never recovered

during the stress unloading. This rapid and unrecoverable decrease in permeability points to permanent

microstructural damage, such as pore collapse, which likely occured during the hydrostatic loading, closed

most of the microcracks and �lled up the pore space, thus signi�cantly hindering the �uid �ow.

Micromechanics of inelastic compaction and microstructural damage is di�erent for sandstones and car-

bonates: in sandstones it originates through grain crushing due to stress concentration at grain contacts

(Menéndezet al., 1996), in carbonate rocks the compaction is associated mostly with pore collapse initiating

at the boundary of isometric (equant) pores (Zhuet al., 2010). The study by Zhu et al. (2010) included both

hydrostatic and uniaxial compression of various limestone samples and concluded that depending on rock's

microstructure and strength, the critical e�ective pressure P � at which pore collapse occurs can be as low as

30 MPa (for comparison, the onset of irreversible changes in the San-Andres 1 sample occurred at approxi-

mately P � = 55 MPa). Fortin et al. (2005) simultaneously measured permeability and ultrasonic velocities

during hydrostatic compaction of sandstone samples and discovered the e�ect of two counter-balancing mi-

cromechanical damage mechanisms that in�uence permeability and elastic velocities: pore collapse and grain

crushing. Grain crushing involves the creation of a swarm of new microcracks, which should theoretically

increase permeability. However, Fortin et al. (2005) conclude that the observed porosity and permeability

reduction is mainly controlled by the collapse of equant pores. Mechanical properties behave di�erently -

ultrasonic velocities decrease right after the point of critical pressure, indicating grain crushing and propa-

gation of new microcracks, and then increase, associated with porosity reduction due to pore collapse. Both

permeability and ultrasonic velocities exhibit a signi�cant hysteresis during the unloading stress path (see

Figure 3, Fortin et al. (2005)). These results are very similar to our observations in San-Andres 1 dolostone
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measurements.

As a rock sample is subjected to higher e�ective stresses, compliant pores and cracks tend to close, which

makes the sample sti�er. The moduli measured during hydrostatic compression tests commonly exhibit

a steady increase during the initial microcrack closure stage and ultimately reach some asymptotic value

at higher pressures (Walsh, 1965). Sti�ening of the rock as a function of e�ective stress also implies that

the Biot coe�cient decreases, gradually approaching the properties of a non-porous solid. The e�ect of

irreversible microstructural damage in sample San-Andres 1, observed before from hydraulic measurements,

is also observed in poroelastic measurements (Figure 3.9). The bulk modulus of San-Andres 1 increases

sharply during the initial hydrostatic loading stage ( P1 � P2) mostly due to microcrack closure. The point

P2 is the onset of modulus decrease, when grain crushing around equant pores happens. The grain crushing

leads to matrix weakening, which in turn manifests as a modulus decrease. As soon as critical e�ective

pressureP � is reached, modulus increases again, since the dominant microstructural damage mechanism

now is pore collapse. Pore collapse results in porosity reduction and subsequent sti�ening of the rock. The

modulus di�erence, measured during unloading stress path (P3 � P4) is the greatest in the San-Andres 1

sample. We attribute the large measured modulus di�erence in San-Andres 1 to the inelastic matrix damage.

Our observations and conclusions are akin to the ones made by Fortinet al. (2005).

We have further investigated the observed irreversible changes in San-Andres 1 rock properties by ob-

taining additional � CT scans and NMR data on the post-experimental San-Andres dolostone sample and

compared these data to the pre-experimental ones. Figure 3.11 shows� CT scans of the San-Andres 1 sample

from similar locations. A quick porosity calculation from the images shows almost no change in porosity

(around 17%). There is, however, a direct evidence of extensive microstructural damage (both pore collapse

and grain crushing), as revealed by the post-experimental imaging (Figure 3.11(b)). NMR T2 relaxation

curves, which are a proxy for pore size distribution, augment our conclusion. Figure 3.12 shows theT2 curves

for the pre- and post-experimental San-Andres 1 samples, plotted together. The pre-experimentalT2 curve

displays three distinct pore modes: compliant micropores (cracks), mesopores and sti� equant macropores.

When compared to the pre-experimental curve, the post-experimentalT2 curve is bimodal. T2 relaxation

data below 1 ms is more error-prone and has higher uncertainty, than the rest of the spectrum (Saidian,

2015). The interpretation of the post-experimental T2 curve con�rms oscillating pore pressure measurements

and � CT scans, i.e. the compliant pores in San-Andres 1 are almost completely closed and the amount of

sti� equant pores is reduced due to pore collapse.

The observed microstructural damage in the San-Andres 1 sample demonstrated the advantage of mea-

suring permeability and deformation simultaneously. The uncertainties in hydraulically measured storage

capacities of our samples were notably large in magnitude due to the large downstream reservoir. However,
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(a) Pre-experimental � CT scan. (b) Post-experimental � CT scan.

Figure 3.11: � CT-scans of the San-Andres 1 sample, before and after the hydrostatic loading. Post-
experiment � CT image reveals signi�cant pore collapse and grain crushing. (a) The San-Andres 1 sample,
before experiment. (b) The San-Andres 1 sample, after experiment.
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Figure 3.12: NMR T2 distribution obtained on the post-experiment San-Andres 1 sample (blue curve) shows
a signi�cant reduction in amplitude as compared to the pre-experimental measurement (red curve). The
NMR data con�rm the observation of pore collapse and grain crushing.
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our approach allowed for the assessment of storage capacities independently from oscillating pore pressure

measurements. speci�c storage is an undrained poroelastic rock property, thus it is possible to estimate it

from the simultaneous volumetric strain measurements. The main inputs into the calculation of speci�c stor-

age areK bp, porosity � , �uid K f l and mineral rock frameK min bulk moduli, according to Equation 3.9. We

assumed in our calculations that the water compressibility and porosity do not change with applied e�ective

stress. The comparison of elastically and hydraulically derived storage capacities as a function of applied

e�ective pressure is shown in Figure 3.13. We estimate the lowest limit of storage capacity from Equation

3.9, assuming that the contribution from mineral and pore compressibilities is negligible, i.e.� st � �=K f l

(Figure 3.13, dashed lines). Figure 3.13 demonstrates that the approximate magnitude of the storage capac-

ity is close to the elastically derived values. However, since our samples are porous and soft, the elastically

derived speci�c storage values are higher, than the estimated lowest limit, because of the signi�cant contri-

bution from mineral and pore compressibilities. Figure 3.13 reveals an indisputable overestimation of the

speci�c storage derived just from the oscillating pore pressure method without an independent volumetric

deformation measurement.

Another way to estimate the reliability of speci�c storage data is to estimate the Biot coe�cient. Accord-

ing to Equation 3.8 and Equation 3.10, � can be calculated from the speci�c storage (� st ) and pseudo-bulk

modulus (K bp). In another words, we have two independent measurements and as a result, two indepen-

dent estimates of the Biot coe�cient. Figure 3.14 summarizes this result. The values of� , derived from

hydraulically measured speci�c storage are very close to 1 for all of the measured samples, essentially being

close to typical values for very unconsolidated sediments or soils. On the contrary, Biot coe�cient values

determined from elastic measurements present a more realistic picture, following an expected pressure trend.

The weakening e�ect due to grain crushing of the San-Andres 1 sample can also be observed in� -pressure

trends.

3.8 Conclusions

Oscillating pore pressure experiments have been successfully performed on three sandstone samples and

one dolostone sample. Transport and poroelastic properties were measured at a range of oscillation frequen-

cies (0.025 � 1 Hz) and e�ective pressures (3.5 � 62 MPa). Since the studied samples were known to be porous

and permeable we were forced to use a large downstream reservoir in order to achieve su�cient amplitude

ratios and phases. A large downstream reservoir, however, shifts the possible(R; � ) solutions towards the

� = 0 solution boundary, preventing acccurate determination of the speci�c storage.

Hydraulic transport and poroelastic properties displayed a frequency dependence. According to the

theory of dynamic permeability the results should not display any frequency-dependence in the frequency
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Figure 3.13: Comparison between hydraulically and elastically derived storage capacities� st , measured at
0.1 Hz oscillation frequency as a function of increasing e�ective pressure. Dashed line represents the lowest
limit of storage capacity, approximated as� st � �

K f l
. Note an order of magnitude di�erence in y-axes scales.

range of our apparatus. However, we measured a sharp increase in permeability, which starts at 0.3 � 0.4

Hz oscillation frequency.

The measured transport and poroelastic properties follow classical pressure trends: permeability decreases

and bulk modulus increases due to initial closure of microcracks and compliant pores as the hydrostatic load

is applied. An irreversible microstructural damage in the dolomitic sample has been observed from all

measured properties. Pore collapse caused a sudden and large decrease in permeability, subsequent grain

crushing and microcrack propagation resulted in signi�cant matrix weakening and moduli decrease. This

observation has been con�rmed by a complimentary pore structure study using� CT imaging and NMR

analyses.
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Figure 3.14: Biot coe�cient � as a function of loading and unloading e�ective pressure. Hydraulically derived
Biot coe�cients are marked by triangles and are highly-overestimated.

Hydraulically measured storage capacities were established to be unreliable and overestimated by at least

an order of magnitude, when compared to the speci�c storativities computed from strain measurements. Biot

coe�cient values, calculated from hydraulic storage capacities were close to the unity and showed that the

samples exhibit a soil-like elastic behavior. The overestimated values of Biot coe�cient also explain why

hydraulically estimated storage capacities are unreliable. An overestimation of the speci�c storage goes in

hand with earlier estimated large absolute errors in the hydraulically derived values.
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CHAPTER 4

NUMERICAL SIMULATION OF OSCILLATING PORE PRESSURE EXPERIMENTS AND

INVERSION FOR PERMEABILITY

Pending submission toWater Resources Research

Azar K. Hasanov1* , Brandon Dugan1, Michael L. Batzle1„ and Manika Prasad2

4.1 Abstract

Accurate knowledge of permeability is crucial for successful management of groundwater and petroleum

resources, as well as subsurface contaminant remediation. The oscillating pore pressure method is a popular

laboratory technique for permeability measurements of porous rock samples. We present a novel data

processing approach that utilizes a broad multifrequency range of data and inverts it for permeability. We

re-process published data and demonstrate that our methodology outperforms the traditional data reduction

techniques, as our inversion results show a better �t to the pressure trends. To better understand the e�ect

of frequency on data and to verify our inversion approach we numerically simulate oscillating pore pressure

experiments for four rock samples. We document a strong deviation of experimentally-obtained phase data,

starting at 0.3 Hz oscillation frequency. A possible explanation for this deviation is an inertial �uid-solid

coupling during the pressure di�usion. Our method can be used for robust determination of permeability,

rapid prediction of experimental results using numerical simulation and ultimately improving experimental

permeability measurements.

4.2 Introduction

Accurate knowledge of hydraulic properties of rocks is crucial for successful management of groundwater

and petroleum resources, as well as contaminant remediation. Laboratory measurements of permeability

are performed in order to characterize subsurface formations and to constrain inputs for �ow simulations.

Many permeability measurement techniques have been developed over the past few decades, but none is

omnipotent. Some measurement protocols are more suited for high porosity and high permeability rocks,

while other are designed speci�cally for low permeability rocks.

One such method is the oscillating pore pressure method (Fischer, 1992; Kranzet al., 1990). Similar to

other techniques, such as the pulse decay or pressure fallo� methods, the oscillating pore pressure experiment
1Department of Geophysics, Colorado School of Mines, Golden, Colorado, USA.
* Corresponding author.
„ Deceased on 9 January 2015.
2Department of Petroleum Engineering, Colorado School of Mines, Golden, Colorado, USA.
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employs a time-harmonic pressure variation as the boundary condition (Figure 4.1). A rock sample is sealed

with an impermeable jacket to prevent any leakage into the sample and placed inside a pressure vessel. A

sinusoidal pore pressure is then imposed on a background pore pressure from the upstream face of the sample

and the downstream pressure response in measured. Depending on sample's geometry, as well as rock and

�uid properties, the downstream response is attenuated in amplitude and phase-lagged. Using the analytical

solution of the pressure di�usivity equation (Kranz et al., 1990), the amplitude attenuation and phase lag of

two pressure signals can be used to calculate sample's permeability and speci�c storage.

Figure 4.1: Schematic diagram of oscillating pore pressure experiments. A user-controlled sinusoidal pore
pressure is induced at the upstream face of a porous and permeable cylindrical rock sample. The downstream
sinusoid has a diminished amplitude and a phase lag, when compared to the upstream signal.

Numerous authors have employed the oscillating pore pressure method for sample characterization (Bern-

abé et al., 2004; Faulkner & Rutter, 2000; Paterson & Cox, 1994; Suriet al., 1997; Wang & Knabe, 2011).

The quasi-continuous nature of the method allows monitoring of the evolution of permeability with time,

e.g. during fault smearing (Takahashi, 2003) or viscous creep (Xiaoet al., 2006). Bernabéet al. (2006)

presented a detailed uncertainty analysis of the oscillating pore pressure method and a simpli�ed solution

for permeability when an in�nitely large downstream reservoir is used in an experiment. Song & Renner

(2007) developed a complimentary approach by simultaneously recording upstream volumetric �ow and de-

ducing permeability from these measurements. Candelaet al. (2015) used oscillating pore pressures to study

permeability enhancement in rock samples under triaxial stress conditions. Hasanovet al. (2017) modi�ed

the traditional oscillating pore pressure method by simultaneously measuring volumetric deformation and
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improved the estimation of the speci�c storage.

Boitnott (1997) introduced a complex transient method as an improvement of the oscillating pore pressure

technique. This method was meant to improve measurement practices of high permeability rocks (milliDar-

cies and higher), however, the complex transient method can also be applied to measure permeabilities and

storage capacities of tight rocks. In essence, it is feasible to induce an upstream pore pressure perturbation

that contains multiple frequency components, generally a principle frequency and harmonics, and thus is

complex in nature. Such signals, as a square or a sawtooth wave, contain a range of frequencies and thus not

only reduce the overall measurement time, but also result in a more robust estimation of permeability and

speci�c storage. Potters et al. (2016) analytically prove that using a square wave source results in shorter

measurement times, yet yields more accurate results.

In this paper we present an alternative approach to processing and interpreting oscillating pore pressure

data. Instead of computing permeability from a single frequency experiment we utilize amplitude ratio

and phase data collected at multiple oscillation frequencies. We infer permeability by �tting a non-linear

regression model to these data. Our analysis further unravels that phase data, measured at higher oscillation

frequencies do not follow any known analytical model. We performed numerical simulation of the oscillating

pore pressure experiments to verify our approach.

We �rst formulate the inverse problem that we solve to obtain the permeability from the experimental

measurements. We then re-evaluate published data with the our methodology, present the inversion results

as a function of the e�ective pressure and compare with the previously deduced values. We then develop

and apply numerical simulations to help explain our approach. We discuss our results and interpret them

using available analytical solutions and summarize our key results.

4.3 Theoretical Background

In its simplest, or uncoupled form, the pressure di�usivity equation describes spatial and temporal evo-

lution of pore pressure during �uid �ow in porous media (Equation 4.1) (Bear, 1972):

r 2Pp �
� st �

k
@Pp
@t

= 0 ; (4.1)

where Pp is the pore pressure,� is the viscosity of the pore �uid, � st is the speci�c storage andk is the

permeability tensor.

Previous studies have developed analytical approaches to solving the pressure di�usivity equation for

oscillatory pore pressure boundary conditions (Bernabéet al., 2006; Fischer, 1992; Kranzet al., 1990). We

expand Bernabéet al. (2006) solution in terms of amplitude ratio R and phase� of pore pressure signals,
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sample geometry, rock and �uid properties:
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(4.2)

where D is sample's diameter,L is the length, f is the frequency of pore pressure oscillations and� d is the

compressive storage of the downstream reservoir.

Adachi & Detournay (1997) re-evaluated the model by Kranz et al. (1990) by developing an analytical

solution of the fully-coupled di�usivity equation:

k
�

r 2Pp � � st
@Pp
@t

= �
@"kk

@t
; (4.3)

where " kk is the volumetric strain and � is the Biot coe�cient. A major assumption of the model developed

by Adachi & Detournay (1997) (A&D from further on) is an in�nite slenderness of a cylindrical rock sample.

The A&D solution requires knowledge of many poroelastic rock properties, such as drainedK bc and undrained

K u bulk moduli, Skempton's coe�cient B and Biot's modulus M (also known as inverse constrained speci�c

storage � " , (Wang, 2000)). Equations S1 of the supplementary information provide the A&D solution in

terms of amplitude ratio R and phase� of pore pressure sinusoids. We refer the reader to the original work

by Adachi & Detournay (1997) for a complete derivation and discussion of the solution.

If the sample dimensions and rock properties (permeability and speci�c storage) are known, then the

amplitude ratios and phases can be computed by solving Equations 4.2 as a function of frequency (the

forward model). Since the forward model for our problem is well-de�ned we can invert the experimental

data for permeability and speci�c storage. We compute permeability and speci�c storage by solving a

non-linear inverse problem through minimization of the error objective function

E =
NX

j =1

�
d(e)

j � d(m )
j

� 2
; (4.4)

where d(e) is the experimental data vector, d(m ) is the vector of forward modeled observations and N is the

total number of measurements. Because Equations 4.2 are highly-nonlinear, the forward model takes form of

d(m ) = eG(m). We de�ne the data vector d(e) , the modeled data vectord(m ) , the vector of model parameters
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m and the forward operator eG(m) as:
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Here n and l is the number of amplitude ratio and phase measurements respectively, superscriptse and m

denote experimental and forward modeled data.

4.4 Inversion for Permeability

We present a method to utilize a full range of frequency-dependent amplitude ratio and phase data,

obtained during an oscillating pore pressure experiment. Equations 4.5 formulate an inverse problem to

compute permeability and speci�c storage from these data. We solve for the model parametersm (Equa-

tions 4.5) using a nonlinear least-squares regression algorithm outlined by Menke (2018). We minimize the

objective function (Equation 4.4) by evaluating the gradient and eventually �nding the global minimum.

The algorithm converges at an error of10� 7 in approximately 12-15 iterations.

The purpose of the inversion procedure is threefold. The �rst is to investigate how well the Kranzet al.

(1990) model descibes the oscillating pore pressure experiment. The second is to take an alternative look at

the frequency-dependent amplitude ratio and phase data and reexamine apparent frequency dependence of

permeabilities, previously reported by Hasanovet al. (2019). Third, if the oscillatory pore pressure di�usion

behaves according to Kranzet al. (1990) model, then the inversion produces a set of best �t permeability

and speci�c storage.

4.4.1 In�uence of Speci�c Storage � st

The speci�c storage is ill-determined in our experiments due to the large downstream reservoir volume.

As pointed out by several studies (Bernabéet al., 2006; Boitnott, 1997; Fischer, 1992; Hasanovet al., 2017),

if the volume of the downstream reservoir is large in comparison to the sample's pore volume, then the

experiment becomes insensetive to the speci�c storage� st . The volume of the downstream reservoir in our

experimental apparatus was approximately 941cm3 (Hasanovet al., 2017). We demonstrate the in�uence of

sample's speci�c storage on amplitude ratio and phase by forward-modeling the frequency response of these

parameters for a �xed value of permeability. The simulation has been performed for Fox Hills 7 sample data
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(Hasanov et al., 2019) at 3.45 MPa e�ective stress and three values of storage capacities:� st = 10 � 9 P a� 1,

� st = 10 � 10 P a� 1 and � st = 10 � 11 P a� 1.
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Figure 4.2: a) Amplitude ratio and b) phase as a function of oscillation frequency for Fox Hills 7 sample
at 3.45 MPa e�ective pressure and plotted together with the experimental data. The curves are simulated
for a range of storage capacities and permeability of5:75 � 10� 14 m2. The dimensions of the sample and
experimental parameters are reported in Table 4.1.

The results of the speci�c storage in�uence are summarized in Figure 4.2 � although the values of storage

capacities are changing over two orders of magnitude the analytically derived curves still �t the experimental

data well (normalized root-mean-square error (NRMSE) not exceeding 0.035). The curves �t the amplitude

ratio data particularly well (NRMSE = 0 :016); the frequency-dependent phase data is more sensitive to

� st values, especially at higher frequencies. The forward modeling exercise proves that our experiments are

insensitive to the speci�c storage due to a large downstream volume. Thus, speci�c storage from oscillating

pore pressure data at our experimental conditions is poorly constrained. We therefore omit� st from the

inversion procedure and Equations 4.5 are signi�cantly simpli�ed. The model parametes vectorm is reduced

to permeability k only.

4.4.2 Results of Permeability Inversion

Permeability can be inverted from the amplitude ratio and the phase data, independently or jointly. We

revisit the frequency-dependent amplitude ratio and phase data on samples Fox Hills 7 and San-Andres 1

(Hasanovet al., 2019) and perform nonlinear least-squares inversion for permeability from both datasets and

amplitude ratio only. We compare the values of permeability, calculated from a single frequency of 0.1 Hz

with the permeability values, inverted jointly from both datasets and inverted only from amplitude ratios.
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Figure 4.2 shows that experimentally measured phases signi�cantly de�ect from the theoretical curves

at higher frequencies. The de�ection of phases starts at 0.3 Hz oscillation frequency and this observation

is consistent for all of the rock samples at all e�ective pressure stages. In order to render the inversion

more accurate we discard the phase data acquired at frequencies higher than 0.2 Hz (gray data points in

Figure 4.2b). Because the amplitude ratio dataset is larger than the phase dataset (5 datapoints, excluding

higher-frequency data) and has smaller errorbars, we do not invert for permeabilities from the phases alone.
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Figure 4.3: a) Amplitude ratio and b) phase as a function of oscillation frequency for Fox Hills 7 sample,
calculated at a range of e�ective pressures. Gray datapoints are the phases measured at frequencies higher
than 0.2 Hz cut-o� frequency.
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Figure 4.4: a) Amplitude ratio and b) phase as a function of oscillation frequency for the San-Andres 1
sample, calculated at a range of e�ective pressures. Gray datapoints are the phases measured at frequencies
higher than 0.2 Hz cut-o� frequency.
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Figure 4.5: Comparison of permeabilities estimated from 0.1 Hz data with inverted permeabilities (joint
datasets and amplitude ratio only). 1 milliDarcy equals to 9:86� 10� 16 m2.

Figure 4.3 and Figure 4.4 depict the inversion results for samples Fox Hills 7 and San-Andres 1 at e�ective

pressures of 3.45, 34.5 and 62 MPa. The jointly inverted permeability values are used in Equations 4.2 to

compute best �t lines (dashed lines in Figures 4.3 and 4.4) to the frequency-dependent amplitude ratio and

phase data. The values of inverted permeabilities for each e�ective pressure step are reported in Table S1 of

the supporting information.

The permeabilities determined from 0.1 Hz data are plotted against the full-frequency inverted per-

meabilities (Figure 4.5). Figure 4.5 reveals that the permeability values, derived from a single frequency

are underestimated by 10 to 30 mD. The jointly inverted permeabilities and permeabilities, inverted from

the amplitude ratio data are very similar to each other, except for Fox Hills 7 sample. Figure 4.5b shows
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that for Fox Hills 7 sample the jointly inverted permeabilities are 7-8 mD higher than the amplitude ratio

permeabilities.
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Figure 4.6: Permeabilities calculated from 0.1 Hz data plotted with inverted permeabilities as a function
of e�ective pressure. Circles are the permeabilities, determined from 0.1 Hz data only; squares are the
permeabilities inverted from the amplitude ratio data alone; diamonds are jointly inverted permeabilities
and stars are steady-state gas permeabilities.

Figure 4.6 illustrates pressure-dependence of the inverted permeabilities and previously calculated 0.1

Hz permeabilities. The permeability values follow similar pressure trends, although single-frequency perme-

abilities are consistently lower than the other values. We conclude that the inversion procedure produces

more reliable permeability results, as these values are the closest to the initially measured constant �ow

steady-state gas permeabilities (Figure 4.6).
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To further characterize the observed behavior, we numerically simulate oscillating pore pressure experi-

ments.

4.5 Numerical Simulations

Numerical simulation serves as a validation tool for the analytical models (e.g. Bernabéet al. (2006);

Fischer (1992); Kranz et al. (1990)). Here we present the results of numerical simulations, carried out for

oscillatory �uid �ow in rock samples. We solve numerically the uncoupled pore pressure di�usivity equation

with oscillatory boundary conditions for a given sample geometry to investigate the e�ect of the frequency

of the pore pressure oscillation on amplitude ratio and phase. We also compare the results of numerical

simulations with the analytical solution and representative data sets (Hasanovet al., 2019; Kranz et al.,

1990).

All analyses were carried out using COMSOL, a commercial �nite-element multiphysics simulation soft-

ware (COMSOL, 2019). We perform the simulations using COMSOL's Darcy's Law �uid �ow in porous

media module for a range of oscillation frequencies. We begin with the simulations of experiments by Kranz

et al. (1990), and proceed with simulating pressure di�usion for our samples. We �nally compare the nu-

merical results with the forward model and experimental data. The results of the simulations are in Table

S2 of the supporting information �le. An example of a simulation model geometry and �nite-element mesh

is given in Figure S1 of the supplementary information. For simplicity of the model we do not account for

the e�ects of gravity and capillarity.

4.5.1 Model De�nition

In this work we simulated the �uid �ow in two samples from Kranz et al. (1990) (Berea and Tennessee

sandstones) and two samples reported by Hasanovet al. (2019) (Fox Hills 7 and San-Andres 1). We extend

the oscillation frequencies in our numerical experiments beyond a single frequency point, that Kranzet al.

(1990) used in their experiments. Tabel 4.1 contains the geometry parameters, rock and �uid properties,

used in our simulations.

To solve the pore pressure di�usivity equation, we must implement all the necessary initial and boundary

conditions of a typical oscillating pore pressure experiment. We assume a background pore pressureP0
p of

3.45 MPa and a no-�ow Neumann boundary condition along the sides of the model geometry. We represent

a user-controlled upstream pore pressurePup
p as a sinusoid of amplitudeA and frequencyf :

Pup
p (t) = P0

p + A sin (2�f t ) (4.6)
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The amplitude of the pore pressure oscillations is 0.345 MPa. We typically simulate �uid �ow for 15-25

logarithmically-spaced, discrete frequency values.

We account for the downstream reservoir volumeVd by introducing a second cylinder, adjacent to the

simulated rock sample. In order to avoid solution stability and convergence issues we assign extremely high

values of permeability (k = 10 � 7 m2), porosity ( � = 0 :9) and speci�c storage (� st = 10 � 9 Pa� 1) to the

second cylinder. High values of permeability, porosity and speci�c storage approximate �uid �ow in the

downstream reservoir to a free �uid �ow.

Table 4.1: Sample dimensions and rock properties, used in our simulations. First two samples are from
Kranz et al. (1990). We used the background pore pressure ofP0 = 3 :45 MPa and the oscillation amplitude
of Pu = 0 :345 MPa.

Sample
L D � k � st � V d f R �

(cm) (cm) (%) ( m2) (Pa � 1) (Pa � s) (cm3) (Hz) � (deg)
Tennessee 11.1 5.4 5 5.92E-18 1.39E-10 1.42E-3 177 0.002 0.07 135

Berea 11.1 5.4 23 1.18E-14 2.19E-10 1.42E-3 177 1 0.28 90
Fox Hills 7 12.1 2.54 27 5.7E-14 4.5E-10 1.02E-3 941 multi multi multi

San-Andres 1 13.5 2.54 17 1.7E-13 1.5E-10 1.02E-3 941 multi multi multi

The model mesh consists of roughly 8450 tetrahedral elements. At each oscillation frequency we run the

simulation for 20 oscillation cycles with the sampling frequency off s = 50f to achieve a su�cient sampling

quality of the sinusoids. The full frequency parameter sweep takes approximately 7-10 mins to compute on

a standard desktop PC.

4.5.2 Results of Frequency-Dependent Simulations

We begin with two sandstone samples reported by Kranzet al. (1990). The dimensions and rock properties

of samples are given in Table 4.1. Figure 4.7 displays an example of a simulation result for Berea sandstone.

Once the simulation model is solved, we extract the averaged pore pressures from the upstream side

of the sample and the downstream side of the additional reservoir volume (Figure S1 of the supporting

information). An example of the resulting pore pressure time-series is shown in Figure 4.8. We calculate the

amplitude ratio and phase for each frequency using a Fourier transform (Bernabéet al., 2006; Fischer, 1992;

Hasanovet al., 2017). Results show that the amplitude ratio decreases and phase increases with increasing

oscillation frequency (Figure 4.8).

We have calculated the uncertainties of the simulated pore pressure curves according to the procedure

by Bernabé et al. (2006) and discussed in details by Hasanovet al. (2017). The estimation of uncertainties

in amplitude ratio and phase of pore pressure oscillations is achieved by performing the sliding time-window
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Figure 4.7: An example of a simulation result for Berea sandstone (Kranzet al., 1990) is shown as series of
time-lapse pictures. Pore pressure is plotted with the Darcy velocity �eld (black arrows) for an upstream
pressure oscillation of 1 Hz frequency at a) the beginning of a pressure cycle; b) quarter of the cycle; c) half
of the cycle; d) three-fourth of the cycle; e) the end of the cycle. f) One cycle of the upstream pore pressure
oscillation, illustrating the time of the simulation snapshots (red circles).

FFT (Fast Fourier Transform) analysis. We then plot calculated amplitude ratios and phases as functions

of time and estimate the standard deviation of the the late-time response. Fischer (1992) showed that

the �rst few oscillation cycles are transient and it is necessary to acquire a su�cient number of cycles to

achieve stable oscillating �uid �ow. Thus, we discard the early-time part of the signal and only analyze

the late-time data. The resulting uncertainties of amplitude ratios and phases are frequency-dependent and

increase with increasing oscillation frequencies (Hasanovet al., 2017). We calculate root-mean-square error,

normalized by the forward modeling values (NRMSE), as well as one standard deviation (68%) con�dence

intervals of the forward model in order to characterize the goodness of �t for the simulated and experimental

data. We compute the con�dence intervals of the non-linear regression, described in the previous section

using a bootstrapping algorithm according to Menke (2018) and Behuraet al. (2007). Assuming that the

uncertainties of amplitude ratio and phase measurements are Gaussian in nature, we compute the con�dence

intervals for the permeability �tting curve for the each combination of amplitude ratio and phase Gaussian
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Figure 4.8: Pressure oscillations, extracted at the end of the simulation of Berea sandstone sample from
Kranz et al. (1990). Blue curve is the upstream pressure, red is the downstream pressure. Note early-time
pressure transients, that vanish after 3-5 cycles.

curve realizations. This procedure is very similar to the error propagation work�ow reported by Bernabé

et al. (2006) and Hasanovet al. (2017).

Figures 4.9 and 4.10 show the results of simulation (amplitude ratio and phase) and the theoretical

model �t, plotted together with the datapoints reported by Kranz et al. (1990). The simulation-derived

data appear to be generally within the computed con�dence intervals of the forward model. We observe

an excellent agreement between the reported experimental points, simulation output and forward model,

supported by the NRMSE values consistently lower than 0.04. As it can be seen from Figures 4.9 and 4.10,

for a given sample geometry and experimental setup con�guration the numerical simulation con�rms both

experimental data and the theoretical model. By performing numerical simulations we were able to predict

amplitude ratios and phases for a much broader frequency range. It is worth noting that the forward models

in Figures 4.9 and 4.10 are computed using the values of both permeability and speci�c storage taken from

Kranz et al. (1990) (Table 4.1). The downstream reservoir volume in Kranzet al. (1990) was relatively small
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Figure 4.9: Simulation results for the Tennessee sandstone sample from Kranzet al. (1990) compared with a
forward model and the experimental measurement. a) Amplitude ratio as a function of oscillation frequency.
b) Phase as a function of oscillation frequency. NRMSE stands for normalized root-mean-square error.
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Figure 4.10: Simulation results for the Berea sandstone sample from Kranzet al. (1990) compared with a
forward model and the experimental measurement. a) Amplitude ratio as a function of oscillation frequency.
b) Phase as a function of oscillation frequency.

at 177 cm3, and thus the experiment was sensitive to speci�c storage.

Samples used in Hasanovet al. (2019) were very porous and permeable (connected porosity� c > 0:15,

permeability k > 5 � 10� 14 m2 ), which dictated a slender cylindrical sample shape, large downstream

reservoir volume (941 cm3) and higher oscillation frequencies. Figures 4.11 and 4.12 show the frequency-

dependent amplitude ratios and phases, derived experimentally and from the numerical simulations. Both

datasets are plotted together with the non-linear regression curve, derived from the previously described
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Figure 4.11: Simulation results for the Fox Hills 7 sandstone sample from Hasanovet al. (2019) compared
with a forward model and the experimental measurements. a) Amplitude ratio as a function of oscillation
frequency. b) Phase as a function of oscillation frequency. NRMSEsim stands for NRMSE, calculated for the
forward model and the simulated data. NRMSEdata stands for NRMSE, calculated for the forward model
and the experimental data.
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Figure 4.12: Simulation results for the San-Andres 1 dolostone sample from Hasanovet al. (2019) compared
with a forward model and the experimental measurements. a) Amplitude ratio as a function of oscillation
frequency. b) Phase as a function of oscillation frequency.

inversion procedure. Figures 4.11a and 4.12a con�rm that the amplitude ratio data and theoretical frequency-

dependence can be accurately predicted using our numerical simulation work�ow. However, the plots of

phase as a function of oscillation frequency reveal a disparity between the model of Kranzet al. (1990),

simulation data and experimental data. As we reported in the previous section, experimentally-measured

phases diverge from the model and the numerical simulation at 0.3 Hz. This behaviour is omnipresent in
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all of our measured samples and possibly explains the apparent frequency-dependence of permeabilities,

measured by the oscillating pore pressure method and widely reported in literature (Bernabéet al., 2004;

Hasanov et al., 2019; Song & Renner, 2006). If we exclude the higher frequency phase data (represented

by gray datapoins in Figures 4.11b and 4.12b), then we observe an excellent �t (NRMSE less than 0.08) of

the non-linear regression to both amplitude ratio and phase data. Overall, we conclude that the numerical

simulation agrees very well with the legacy data by Kranzet al. (1990), laboratory data by Hasanovet al.

(2019) and the theoretical model.

4.6 Discussion

Oscillating pore pressure measurements on microDarcy and nanoDarcy rocks require a downstream end-

plug with a built-in zero-volume pressure transducer and a very small downstream volume (see Hart & Wang

(1995) and Boitnott (1997)). Using a small downstream reservoir results in a more rigorous determination of

storage capacities and thus the simultaneous inversion for both parameters from amplitude ratio and phase

datasets is feasible.

We demonstrated that the frequency-dependent phase data deviates from the theoretical model at 0.3 Hz

oscillation frequency. Since the permeability is commonly calculated at a single discrete frequency, several

authors have reported an apparent frequency-dependence of permeabilities, measured by the oscillating pore

pressure method (Bernabéet al., 2004; Hasanovet al., 2019; Song & Renner, 2006, 2007). The frequency-

dependence of permeability, measured in such a low frequency range (generally less than 10 Hz) contradicts

with the theory of dynamic permeability. The theory of dynamic permeability predicts a decrease of perme-

ability with increasing frequency starting at a critical roll-over frequency value (Charlaix et al., 1988; Johnson

et al., 1987; Sheng & Zhou, 1988). The critical frequency value is known to be in a kHz range for a typical

sedimentary rock (Pride, 2005). Bernabéet al. (2004) hypothesize that the observed frequency-dependence

of permeability can be caused by spatial heterogeneities of rock properties in core samples. Changing the

frequency of the input pressure wave alters its di�usion length, and thus the pressure wave probes di�erent

representative volumes of the sample.

We showed a deviation of the phase data from the theoretical behaviour (Figures 4.11b and 4.12b). Since

the discrepancy between the model, simulation and experimental data occurs in relatively higher frequency

range, we hypothesize that a coupling between pore pressure di�usion and elastic deformation becomes

more pronounced and might be causing observed phase data divergence (gray datapoints in Figures 4.11b

and 4.12b). A fundamental assumption of Kranz et al. (1990) and Fischer (1992) is fully-uncoupled pore

pressure di�usion, i.e. the coupled volumetric deformation is assumed to be negligible. In certain cases, such
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a slow laminar �ow of a compressible gas in porous media, this assumption holds. However, the measurements

in Hasanov et al. (2019) were performed with water, and it is possible that at higher frequencies inertial

coupling forces become non-negligible and cause the measured discepancy in phase data.

We attempt to model the observed phase data deviation using the solution by Adachi & Detournay (1997).

In order to simplify the A&D model we express the input poroelastic parameters in terms of fundamental rock

and �uid properties. If the e�ective connected porosity � c, mineral bulk modulus K min , �uid bulk modulus

K f l and drained bulk modulus K bc (expressed in Zimmerman's compressibility terms to distinquish it from

other drained moduli (Zimmerman et al., 1986)) of a rock sample are known, then we can compute the rest of

rock properties using common �uid substitution models, such as Gassmann's equation. Thus, we simpli�ed

A&D model and utilized well-known rock properties as input parameters.
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Figure 4.13: Comparison of solutions by Kranzet al. (1990) and Adachi & Detournay (1997). The curves
are simulated for the Fox Hills 7 sample, measured at 34.47 MPa e�ective pressure by Hasanovet al. (2019).
a) Amplitude ratio as a function of oscillation frequency. b) Phase as a function of frequency.

Figure 4.13 presents modeling results of amplitude ratio and phase as a function of frequency using

both Kranz et al. (1990) and A&D solutions for the Fox Hills 7 sample. We used the values of� c = 0 :27,

K min = 26:7 GPa, K f l = 2 :38 GPa and K bc = 6 GPa in our modeling. Figure 4.13a demonstrates that the

models agree very well with each other and the amplitude ratio data. However, the phase data deviation is

yet unexplained and diverges from the poroelastic A&D solution (Figure 4.13b). Note that the shapes of

We make another attempt and compute the forward A&D model for a range of possible drained bulk

moduli of the Fox Hills 7 sample. Figure 4.14a shows that the variation in bulk modulus has no impact on

amplitude ratio response. We decided to extend the range of input frequencies for the forward modeling of

the phase response, and Figure 4.14b demonstrates that the A&D model behaves similarly to the measured

data, although at two orders of magnitude higher frequencies. Despite the fact that A&D model fails to
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Figure 4.14: Comparison of solutions by Kranzet al. (1990) and Adachi & Detournay (1997). The curves
are simulated for the Fox Hills 7 sample, measured at 34.47 MPa e�ective pressure by Hasanovet al. (2019).
A&D solution is computed for a range ofK dr values. a) Amplitude ratio as a function of oscillation frequency.
b) Phase as a function of frequency.

explain laboratory-measured deviation of phase data from any known theoretical behaviour, we believe that

the assumption of in�nite sample slenderness might not be satis�ed here. Perhaps, a fully-coupled numerical

simulation of pressure di�usion and poroelastic deformation, similar in principle to the one we present in

this paper is more pertinent to explain the phase deviation phenomenon.

4.7 Conclusions

The use of a frequency range in the sinusoidal pore pressure boundary condition provides the experimen-

talist with the additional control over the duration and precision of the experiment. Thus, the duration of

the experiment can be optimized if the frequency of the input sinusoid is properly "tuned". Performing an

oscillating pore pressure experiment at a single frequency may result in the underestimation of permeability.

Instead, we recommend running an experiment and acquiring data at a range of frequencies in order to invert

the data for a more accurate permeability estimation. Numerical simulation of this experiment is a powerful

tool that helps predicting a possible system response and optimizing sample geometry, downstream reservoir

volume and "tuning" oscillation frequency.

We introduce a novel method for computing permeability from the laboratory-acquired frequency-dependent

amplitude ratio and phase datasets. The permeabilities for all studied samples were inverted from these

datasets using nonlinear least-squares inversion algorithm and compared to the values calculated from a

single frequency of 0.1 Hz. We �nd that the permeabilities, computed from a single frequency measurement

are underestimated when compared to the jointly inverted values. This method is especially advantageous in
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simultaneous determination of permeability and speci�c storage, when applied to low-permeability sample

measurements, where the in�uence of the speci�c storage to the �uid �ow is signi�cant.

We performed numerical simulations of oscillating pore pressure di�usion in porous rock samples. The

simulated frequency-dependent amplitude ratio and phase data are in excellent agreement with both ana-

lytical solution and experimental data. We show that numerical simulation is a powerful tool for predicting

frequency response of a porous rock sample to the harmonic pore pressure perturbation. Numerical simula-

tion can tremendously improve design of future experiments and facilitate sample preparation process.

We discover a deviation of frequency-dependent phase data from the commonly used theoretical model

at higher oscillation frequencies. It is likely that the phase discrepancy is causing an apparent frequency-

dependence of measured permeabilities, often reported in literature on the oscillating pore pressure measure-

ments. We assume that a possible mechanism that can explain this deviation is a �uid-solid coupling, which

becomes more pronounced at higher frequencies.
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CHAPTER 5

FLUID AND ROCK BULK VISCOSITY AND MODULUS

Published in The Leading Edge1

Azar K. Hasanov2* , Michael L. Batzle2„ and Manika Prasad3

5.1 Abstract

Bulk viscosity is rarely measured in the laboratory and is often poorly de�ned in the literature. We

show that bulk viscosity can be a dominant factor in acoustic dispersion and attenuation of rocks containing

a highly viscous �uid. A common method to measure attenuation and dispersion of seismic waves in the

laboratory is the stress-strain method. We present bulk modulus attenuation and dispersion data collected on

two heavy oil-saturated rock samples by oscillating con�ning pressure method. Data was acquired at 0.001-1

Hz frequencies and compared to previous quasi-static axial stress-strain measurements. We demonstrate

that bulk losses are signi�cant even at these ultra-low frequencies.

5.2 Introduction

The bulk modulus of any pore �uid must be used to interpret the seismic response and perform a �uid

substitution for Direct Hydrocarbon Indicator analysis. However, �uids will have losses and show dispersion

as a result of the viscoelastic behavior of the bulk modulus. This behavior can be described through the

bulk viscosity. Bulk viscosity is distinct from the shear viscosity, but the controlling molecular motions are

probably similar. In contrast to shear viscosity, bulk viscosity is rarely measured, and even poorly de�ned,

yet it may be the dominant factor in acoustic dispersion. Attenuation and dispersion in the �uid will then

be observed in any rock containing any highly viscous �uid, particularly heavy oils.

In greater scope, stress-strain low-frequency rock measurements (Batzleet al., 2006; Spencer, 1981)

can have substantial errors when applied to velocities due to inaccuracies in Poisson's ratio. Direct low

frequency bulk modulus measurements provide an additional measurement to calibrate the derived shear

and bulk moduli from a Young's modulus experiment.

Any material exposed to a change in stress will undergo a strain. If the material is purely elastic, the

strains will be completely linear and in phase with the applied stress. If the material is purely viscous (and
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2Department of Geophysics, Colorado School of Mines, Golden, Colorado, USA.
* Corresponding author.
„ Deceased on 9 January 2015.
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Newtonian), then the strain rate is proportional to the stress, but 90 degrees out of phase. Many of the

�uids and rocks we deal with are a mixture of these two end cases. In another word, they are anelastic

or viscoelastic. To some extent, these materials have a "memory" and deformation will lag stress. This

translates into a frequency dependence.

Figure 5.1: Schematic of the stress-strain relations in bulk deformation. This kind of behavior points to the
concept of bulk viscosity in both �uids and rocks (modi�ed after Strobl (1997)).

Shear viscosity in �uids is very well known and has been studied in large detail. Brie�y, as a shear stress

is applied, the �uid begins to deform or �ow. This deformation will continue as long as the shear stress is

applied. A similar concept could be applied to a bulk deformation resulting from an applied hydrostatic

stress. In the viscoelastic case, there will be a phase lag between the hydrostatic pressure sine wave and

strain sine wave Figure 5.1). This bulk viscous relaxation should be in addition to the more obvious shear

relaxation. In the case of wave velocities, the frequency dispersion of shear wave (Vs) can be modeled by the

viscoelastic e�ects due to shear viscosity. However, both the bulk modulus as well as the shear modulus are

seen to have a frequency dependence (see, for example, Adamet al. (2009); Batzle et al. (2006); Hofmann

(2006). Thus, simply matching the shear behavior will not completely explain the observed changes in

compressional velocity (Vp). In Figure 5.2, we present a generalized model ofVs and Vp. Modi�cation

of the predicted response only with the shear modulus will not fully explain the changes inVp. Hence,

shear viscosity can not be the sole a�ecting parameter. For example, Prasad & Meissner (1992) found that

saturated sediments, consisting of rounded sand grains are characterized by stronger bulk losses as compared

to silt-sized quartz particles.

We conducted experiments to measure bulk modulus and attenuation of two heavy-oil saturated rock

samples by con�ning pressure cycling method under varying oscillation frequencies (within teleseismic fre-

quency band 0.001 - 1 Hz), and compared these measurements to a more conventional axial stress-strain

technique. We plan to extend the frequency range of the pressure cycling apparatus as well as to modify the

setup in order to measure frequency-dependent bulk viscosities of viscoelastic �uids.
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Figure 5.2: Schematic of velocity versus frequency for a heavy oil saturated sand.

5.3 Experimental Approach

We adapted the laboratory setup, developed by Hasanov (2014), for our experiments. The experimental

apparatus, depicted in Figure 5.3(a), consists of a pressure vessel, two pressure pumps, a function generator,

three pressure transducers, strain gage preconditioning modules, di�erential ampli�ers, digitizing unit and

a personal computer. In a typical experiment, a jacketed sample, instrumented with strain gages (Figure

5.3(b)), is mounted to the pressure vessel head and placed inside the pressure vessel, �lled with hydraulic oil.

Our pressure vessel can sustain con�ning pressures up to 69 MPa. A pressure transducer is placed at the

bottom of the pressure vessel and records con�ning pressure. An Agilent 33250A function generator supplies

analog voltage input directly into the syringe pump, which serves as the source of con�ning pressure. This

allows the pump to generate pore pressure oscillations, amplitude, frequency and DC o�set of which can

be controlled with the function generator. Electrical voltage signals, generated by strain gages during a

sample's deformation are �ltered, ampli�ed by Validyne SG297A strain gage preconditioning module, then

digitized by the data acquisition card. The setup's upper oscillation frequency limit is currently 1 Hz due to

mechanical friction within the syringe pump.

Once the samples are subjected to sinusoidally-varying con�ning pressure, we record the resulting volu-

metric strain, which lags behind the pressure signal by a phase angle� , which is representative of material's

intrinsic attenuation. As with the axial stress-strain "low-frequency" setup (Spencer's apparatus, Batzle

et al. (2006); Spencer (1981)), we utilize an aluminum sample as a calibration standard, both for bulk

modulus and phase lag calculations.
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(a) Experimental setup used for pressure cycling mea-
surements (after Hasanov (2014)).

(b) Heavy oil-saturated OB8 rock sample, in-
strumented with a pair of strain gages and
encased into �exible epoxy mold.

Figure 5.3: Pressure cycling apparatus and a sample, used in the study.

5.4 Results and Discussion

In the past, we have concentrated on the in�uence of "viscosity" (� ) on wave velocity (Han et al., 2009).

However, materials have both a shear viscosity (� s) and a bulk viscosity (� b). The Navier-Stokes equation

through a lossy medium includes a viscosity term:

�
�

@u
@t

+ u � r u
�

= �r P + � r 2u (5.1)

where � is density, t is time, and u is displacement. The more general equation incorporates both bulk and

shear viscosities (Dukhin & Goetz, 2009):
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The acoustic relaxation times, � , for these materials is given by:

� =
1

�V 2

�
4
3

� s + � b

�
(5.3)

As an example, if we set� s approximately equal to � b, for water with a viscosity of 0.001 Pa� s (1 cP), the

relaxation time is about 10-13 seconds. Thus,� is directly proportional to the viscosity, which can change

by many orders of magnitude. A very heavy oil at its glass point has a viscosity of 1012 Pa � s. This glassy

oil would have a relaxation time of about 103 seconds; well within the seismic or logging frequency bands.

This results in an attenuation coe�cient for compressional waves, � p, of:

� P =
!

�V 3

�
4
3

� s + � b

�
(5.4)

Here, we assume the material to be thermally non-conductive to avoid the isothermal-adiabatic contri-

butions. Dynamic measurements, including ultrasonic wave propagation, are adiabatic, whereas "static"
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measurements are generally isothermal.

We could attempt to measure� P through acoustic spectroscopy, as suggested by Dukhin & Goetz (2009).

We measured such a spectrum on heavy oil as a function of frequency and temperature shown in Figure 5.4.

The peaks observed represent di�erent vibrational modes. This technique would work well well with simple

solid materials but is much more di�cult with �uids with complex chemistry. A container must be used and

its in�uence would need to be subtracted from a measured spectrum. In addition, the frequency band is

actually fairly narrow (Zadler et al., 2004).

Figure 5.4: Resonance spectroscopy data collected on the Uvalde heavy oil. Both moduli and attenuation
change with temperature. The measurement band is still fairly narrow.

The results, obtained with our setup on two rock samples containing heavy oils at low frequencies is

shown in Figure 5.5. We can compare these results to our previous measurements as shown in Figure 5.6.

The data above 1 Hz (Log Frequency = 0) were collected with the quasi-static low-frequency system (Batzle

et al., 2006; Spencer, 1981). The data below 1 Hz were collected in a separate pressure cycling system. In

magnitude and frequency-dependence trend, the data from the two systems compares well.

Attenuation can also be measured from these data:

1
Q

= tan � (5.5)

Where � is the phase lag between the pressure oscillations and strain oscillations. The measured� are shown

in Figure 5.7 for the Uvalde and OB8 rock samples containing heavy oil.
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Figure 5.5: Measured bulk modulus as a function of oscillation frequency for the heavy oil saturated Uvalde
and OB8 rock samples.

Figure 5.6: Comparison of pressure cycling technique with other measurements of bulk modulus for the
Uvalde heavy oil saturated rock. The magnitude of the cycling technique is correct, but the trend with
frequency disagrees.
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Figure 5.7: Measured phase angle between the driving stress and measured strain for both Uvalde and OB8
heavy oil saturated rocks.

An alternative approach to calculating attenuation is to compare the total energy in the deforming system

(E) to the energy lost in a cycle (� E ) (Saxenaet al., 1988; Scott-Emuakporet al., 2010):

1
Q

=
� E
2�E

(5.6)

Energy is calculated from the areas of a stress-strain plot as shown in Figure 5.8. From this plot for

the OB8 sample at 1 mHz, a value for 1/Q of 0.04 is derived (Q = 25). This value is larger than the value

of 1/Q = 0.021 extracted from the phase lag. The discrepancy is likely due to the variability in individual

hysteresis loop areas and assumption of linearity. In most cases, the "loop" calculated loss (1/Q) is smaller

than the value derived from phase angles. This comparison is shown in Figure 5.9.

O'Connell & Budiansky (1978) point out that the average energy (Eave ) should be used to calculate 1/Q

rather than total energy ( E). Since Eave is roughly half the value of E, this would e�ectively double the

loop phase angles in Figure 5.9. We expect the phase angle derived values to be more accurate due to the

more extensive averaging involved.

5.5 Conclusions

Compressional deformation in �uids and rocks will be in�uenced by similar viscoelastic e�ects as in

the shear case. Although considerable amount of data are available for shear viscosity and the associated

changes in shear modulus, little is understood about either bulk viscosity or its in�uence. Fortunately, the

measurements can be made in the laboratory using a variety of techniques. Dispersion and losses due to

these viscoelastic components of the bulk modulus can be signi�cant. Future work will include optimizing
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Figure 5.8: Example stress-strain loops at 1 mHz for OB8 heavy oil saturated sand.

Figure 5.9: Comparison of phase angles measured directly versus calculated from the hysteresis loop plots.
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the measurements (amplitude, frequency range, error reduction) and testing speci�c cases. We also plan to

expand the frequency range of our system, as well as to develop bulk viscosity measurement protocol by pore

pressure cycling of viscoelastic �uids through a capillary of known permeability.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

During the course of this work I have successfully built and tested an oscillating pressure apparatus for

simultaneous measurements of permeability, speci�c storage, poroelastic and anelastic properties of rocks

at reservoir conditions. I critically evaluated the performance and reliability of the traditional oscillating

pore pressure method to measure hydraulic and storage properties of rocks. Subsequently I improved the

oscillating pore pressure method by including a simultaneous measurement of poroelastic properties. I

performed simultaneous measurements of hydraulic and poroelastic properties on four rock samples at various

reservoir conditions and oscillation frequencies using the modi�ed pore pressure oscillation method. I further

developed a novel data analysis method by inverting the frequency-dependent amplitude ratio and phase data

to obtain reliable permeability values. I developed a numerical model of oscillating pore pressure experiments

and validated the analytical model and experimental data. Finally I adopted the experimental setup for the

measurement of bulk modulus dispersion and attenuation of viscoelastic geomaterials. I measured frequency-

dependent bulk modulus and bulk attenuation of two heavy-oil saturated rock samples at a range of con�ning

pressure oscillations.

I performed a detailed uncertainty analysis of the oscillating pore pressure method. The average error in

speci�c storage was established to be approximately 50%, peaking at 120% at 0.025 Hz oscillation frequency.

Despite the fact of high error on speci�c storage measurements, the estimation of permeability was precise

with average relative errors not exceeding 10%, even at highest amplitude ratios.

I show that selection of the downstream reservoir requires a balance between signal quality and error

minimization. Thus, high porosity and high permeability rock samples require a large downstream reservoir

for measurable amplitude ratios and phases. The large downstream reservoir leads to large errors in speci�c

storage estimations.

I present two sample data sets of transport and poroelastic properties measured as functions of oscillation

frequency and e�ective stresses. The data sets are: a benchmark test with a capillary tube and a rock sample

test from the Fox Hills sandstone. Although dynamic permeability should be independent of frequency, I

measured a sharp increase in permeability starting at 0.3 Hz. The measured transport and poroelastic

properties follow known pressure trends: permeability decreases and moduli increase with hydrostatic load,

initially due to closure of microcracks and compliant pores.
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I successfully performed oscillating pore pressure experiments on three sandstone samples and a dolostone

sample. Transport and poroelastic properties were measured at a range of oscillation frequencies (0.025 �

1 Hz) and e�ective pressures (3.5 � 62 MPa). Since the studied samples were known to be porous and

permeable we were forced to use a large downstream reservoir in order to achieve su�cient amplitude ratios

and phases. A large downstream reservoir, however, shifts the possible(R; � ) solutions towards the solution

boundary, rendering the determination of the storage capacity inaccurate.

Hydraulic transport and poroelastic properties displayed a frequency dependence. According to the

theory of dynamic permeability the results should not display any frequency-dependence in the frequency

range of our apparatus. However, we measured a sharp increase in permeability, which starts at 0.3 � 0.4

Hz oscillation frequency.

The measured transport and poroelastic properties follow classical pressure trends: permeability decreases

and bulk modulus increases due to initial closure of microcracks and compliant pores as the hydrostatic load

is applied. Irreversible microstructural damage in a dolomitic sample has been observed from all measured

properties. Pore collapse caused a very sudden and large decrease in permeability, subsequent grain crushing

and microcrack propagation resulted in signi�cant matrix weakening and moduli decrease. This observation

has been con�rmed by a complimentary pore structure study using� CT imaging and NMR data.

Hydraulically measured speci�c storativities are unreliable and overestimated by at least an order of

magnitude, when compared to the values computed from strain measurements. Biot coe�cient values,

calculated from hydraulic storage capacities were close to unity and showed that the samples exhibit a soil-

like elastic behavior. The overestimated values of Biot coe�cient also explain why hydraulically estimated

storage capacities are unreliable. An overestimation of the storage capacity goes in hand with large relative

errors in the hydraulically derived values.

I developed a novel method for computing permeability from the laboratory-acquired frequency-dependent

amplitude ratio and phase datasets. I inverted these datasets for permeability estimations using a nonlinear

least-squares inversion algorithm and compared to the values calculated from a single frequency of 0.1 Hz.

I found that the permeabilities, computed from a single frequency measurement were underestimated when

compared to the jointly inverted values. This method is especially advantageous in simultaneous determi-

nation of permeability and storage capacity, when applied to low-permeability sample measurements, where

the in�uence of the storage capacity to the �uid �ow is signi�cant.

I also performed numerical simulations of oscillating pore pressure di�usion in porous rock samples. The

simulated frequency-dependent amplitude ratio and phase data were found to be in excellent agreement with

both analytical solutions and experimental data. I demonstrated that numerical simulation is a powerful

tool for predicting the frequency response of a porous rock sample to the harmonic pore pressure boundary
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condition. Numerical simulation can tremendously improve design of future experiments and facilitate sample

preparation.

I discovered a deviation of frequency-dependent phase data from the commonly used theoretical model

at oscillation frequencies higher than 0.3 Hz. It is likely that the phase discrepancy is causing an apparent

frequency-dependence of measured permeabilities, often reported in literature on the oscillating pore pressure

measurements. I concluded that a possible mechanism that can explain this deviation is �uid-solid coupling,

which becomes more pronounced at higher frequencies.

I modi�ed the oscillating pore pressure apparatus for the measurements of bulk modulus dispersion at-

tenuation using con�ning pressure oscillations. I subsequently measured bulk modulus and bulk attenuation

of two heavy oil-saturated rock samples as a function of oscillation frequency. Compressional deformation

in �uids and rocks is in�uenced by similar viscoelastic e�ects as in the shear case. Although considerable

data are available for shear viscosity and the associated changes in shear modulus, little is understood about

either bulk viscosity or its in�uence. I concluded that dispersion and losses due to bulk viscosity contribution

can be signi�cant even at very low frequencies.

6.2 Recommendations and Future Work

This research has generated a few intriguing scienti�c questions that require further investigation. Al-

though these questions are loosely connected, I consider each of them as a separate scienti�c endeavor.

Pursuing these questions will improve existing experimental setup and will expand our understanding of

coupling between di�usive �uid �ow and deformation.

ˆ What physical mechanism controls observed frequency-dependence of permeability? I

consider this to be the most intriguing question resulting from my research. I consistently observe strong

frequency-dependence of measured permeabilities and speci�c storativities. According to the theory of

dynamic permeability, at low oscillation frequencies (less than 1 Hz) there should not be any frequency-

dependence of permeability values. Bernabéet al. (2004) observed a strong frequency-dependence of

measured permeabilities and storage capacities of binary systems. In their paper, Bernabéet al.

(2004) hypothesize that this apparent frequency-dependence can be attributed to heterogeneity of

rock samples. Basically, di�erent oscillation frequencies probe di�erent volumes of a sample (Rigord

& Caristan, 1993). This hypothesis has never been tested, and I recommend to begin with simple

numerical experiments, similar to ones performed in Chapter 4:

� Instead of assigning a single value of storage capacity and permeability one can populate the model

domain with heterogeneous hydraulic and poroelastic properties, simulated by a geostatistical
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software package (e.g. SGEMS).

� Recreate oscillating pore pressure experiments over a discrete frequency range, and compare to

measured data. If the hypothesis is correct, one may be able to invert the data for probable

heterogeneity scale length.

One could also envision a controlled laboratory experiments, supplementing this numerical study,

such as manufacturing arti�cial heterogeneous samples with known permeability and storage capacity,

perhaps using 3D printing technology.

ˆ Can we estimate permeability from propagating strain measurements? Figure 6.1 demon-

strates similar frequency behavior of recorded pressure and strain data. Similar to Kranzet al. (1990)

solution of the uncoupled hydraulic di�usivity equation with oscillatory boundary conditions, it is

possible to derive an analytical solution for the fully-coupled one (e.g. (Adachi & Detournay, 1997):

kij

�
r 2Pp � � st

@Pp
@t

= �
@"kk

@t
(6.1)

where kij is the permeability tensor and " kk is volumetric strain. If a practical analytical solution is

derived for di�usive volumetric strain propagation, then one can use frequency-dependent data to invert

for permeability, storage capacity and drained modulus using a dataset, similar to the one I report in

Chapter 3. A coupled numerical simulation of pore pressure di�usion and volumetric deformation will

most certainly help to explain the experimental observations.
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Figure 6.1: Comparison of pressure and strain data, plotted as a function of oscillation frequencies.
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ˆ Can we accurately measure bulk attenuation and dispersion with con�ning pressure os-

cillations as a function of temperature? I propose an extension of bulk modulus attenuation and

dispersion measurements using oscillating con�ning pressures. I recommend collecting ultrasonic data

and performing measurements as a function of temperature. It is also favorable to replace the syringe

pump and use a servo-controlled system as a source of pressure oscillations. Using servo-controlled

system will result in a more accurate pressure control and substantially higher oscillation frequencies

(theoretically as high as 70-90 Hz).

While we are making a great progress in understanding �ow and poroelastic properties, the proposed

solutions are only a stepping stone. I summarize my recommendations and suggestion for future work below:

ˆ Experimental Apparatus and Methodology

� Incorporate and use servo-valves as pressure sources. This will improve accuracy and control of

pressure oscillations and result in a higher frequency limit of the instrument.

� Add compressional and shear ultrasonic crystals into the sample preparation. This will also

require adding ultrasonic acquisition and control hardware. Ultrasonic data is very useful in

sample characterization, especially when collecting frequency-dependent elastic data.

� Employ pore volumometry for an independent measurement of speci�c storage in order to bench-

mark hydraulic and elastic components of oscillating pore pressure experiments.

� Develop and test "standards" for laboratory permeability and speci�c storage/porosity measure-

ments.

ˆ Data Analysis and Scienti�c Approach

� Develop a fully-coupled numerical model for pore pressure di�usion and volumetric deformation.

� Incorporate geostatistically-simulated heterogeneous property �elds into numerical simulation of

oscillatory pore pressure experiment.

� Analyze acquired pore pressure and strain oscillations in light of analytical solution of the fully-

coupled di�usivity equation.

� Incorporate e�ects of permeability anisotropy into data analysis. It useful to begin with numerical

experiments �rst.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 3

A.1 Introduction

This supporting information contains the description of the dataset ds01.xls �le. The dataset contains

the results of the oscillating pore pressure experiments, reported in the main manuscript. The dataset does

not include raw data, i.e. collected pressure and strain waveforms. The reported data are the result of

processing, described in details in the manuscript text. The basic processing steps applied to raw data are:

ˆ Perform Fourier analysis to obtain amplitude ratio and phase of pore pressure signals.

ˆ Solve system of non-linear Equations 4 (main text) to obtain dimensionless permeability� and dimen-

sionless speci�c storage� .

ˆ Solve Equations 5 (main text) for permeability and hydraulically estimated speci�c storativity.

ˆ Solve Equations 4 and obtain amplitude ratio and phase of the pore pressure sinusoids at the locations

of the strain gauges (corrected pore pressure).

ˆ Perform Fourier analysis and compute K bp from the amplitudes of pore pressure ans volumetric strain

sinusoids.

ˆ Compute the rest of poroelastic moduli (K bc, elastically estimated � st , Biot coe�cient � ) according to

Equations 7-10.

ˆ Compute di�usive penetration depth using Equation 12.

A.2 Dataset ds01.xls

The dataset ds01.xlsis an Excel spreadsheet with four tabs for each sample, reported in Chapter 3. Each

tab contains the processed results for the loading and unloading e�ective pressure paths, except the tab for

Navajo 7 sample. The data was acquired at 0.1 Hz oscillation frequency during the unloading pressure path.

The results reported in the dataset are: phase and amplitude ratio of upstream and downstream pressure

signals, dimensionless permeability� and dimensionless storativity � , permeability in m2 and mD units,

hydraulically and elastically estimated storativities, di�usive penetration depth, pseudo-bulk modulus K bp,

drained bulk modulus K bc, hydraulically and elastically estimated Biot coe�cients � .
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Table A.1: Summary of supplementary �les.

File Summary

ds01.xls

XLS spreadsheet containing processed results for
four samples, reported in Chapter 3. Please see
Subsection A.2 for the detailed description of

the dataset.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 4

B.1 Introduction

This supporting information contains the description of the Detournay1997 solution of the fully-coupled

pore pressure di�usivity equation with oscillating boundary conditions, Tables S1 and S2 with the results

of our inversion and numerical simulation, respectively, and Figure S1, illustrating an example of model

geometry and mesh.

B.2 The Adachi & Detournay (1997) solution

Adachi & Detournay (1997) developed an analytical solution of the fully-coupled pore pressure di�usivity

equation with oscillating boundary conditions. The solution is presented in terms of amplitude ratio R and

phase� of pore pressure signals, sample geometry, rock and �uid properties:

R =

�
�
�
�
�
�

 
h
B

�
e� (1+ i ) � 1

� 2
+ 6e� (1+ i )

i

3 (1 + e2� (1+ i ) ) � 3� (1 + i )(1 � e2� (1+ i ) )

�
�
�
�
�
�
;

� = \

2

4
 

h
B

�
e� (1+ i ) � 1

� 2
+ 6e� (1+ i )

i

3 (1 + e2� (1+ i ) ) � 3� (1 + i )(1 � e2� (1+ i ) )

3

5 ;

(B.1)

where  and � are dimensionless numbers andB is the Skempton's coe�cient. The  and � dimensionless

numbers are expressed as:

 =
�D 2L
4� d

K u � "

K bc
; � = L

r

�f �
K u � "

kK bc
; (B.2)

where D is sampleâ€™s diameter,L is the length, f is the frequency of pore pressure oscillations,� d is the

compressive storage of the downstream reservoir,� is the viscosity of pore �uid, k is sample's permeability,

K bc is the drained bulk modulus, K u is the undrained, or saturated bulk modulus and� " is the constrained

speci�c storage, also known as the inverse of the Biot's modulusM � 1 Wang (2000).

In order to evaluate Equations B.1 in terms of well-known rock and �uid properties we expressK u , � "

and Skempton's coe�cient B as functions of e�ective connected porosity� c, mineral bulk modulus K min ,

�uid bulk modulus K f l and drained bulk modulus K bc:

� = 1 �
K bc

K min
; (B.3)
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1

K f l
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1
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� st = � � =
1

K bc
+

� c

K f l
�

1 + � c

K min
; (B.6)

� " = M � 1 = � st (1 � �B ): (B.7)

Here � is the Biot coe�cient, � st and � � are unconstrained speci�c storage and� " , also know as the

inverse Biot's modulus M � 1 is the constrained speci�c storage. The �uid bulk modulus is de�ned as

1=K f l = � 1=Vf l (@Vf l =@P) and mineral bulk modulus is 1=Kmin = 1=Vb (@Vb=@Pp) �P c � �P p =0 . We assume

for simplicity that the mineral bulk modulus equals to the unjacketed bulk modulus (Mavko et al., 2009).

Equations B.4 and B.5 are Gassmann �uid substitution relationships (Wang, 2000).

!!"!#
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&"'#$%
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Figure B.1: An example of model geometry and mesh. The model represents experiments, as described in
Kranz et al. (1990).
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Table B.1: Values of permeabilities, estimated at 0.1 Hz, inverted from amplitude ratio data and inverted
jointly from amplitude ratio and phase data. 1 milliDarcy equals to 9:86� 10� 16 m2.

Sample
Pef f k (mD) k (mD) k (mD)

(MPa) from 0.1 Hz from amplitude ratios joint inversion

Navajo 7

6.89 46.15 65.77 62.60
20.68 35.25 43.41 50.82
34.45 37.07 45.69 49.71
48.26 38.81 46.72 50.79
62.05 35.50 44.28 49.04

Fox Hills 7

3.45 45.79 51.24 57.49
6.89 44.31 49.85 56.71
13.79 40.71 46.38 53.69
20.68 38.91 44.13 51.24
27.58 37.36 42.28 49.16
34.45 34.85 39.57 46.07
48.26 32.87 37.07 43.37
62.05 29.67 33.48 39.19

Berea 2

3.45 89.22 112.24 114.19
6.89 85.79 109.47 110.35
13.79 77.47 103.50 101.82
20.68 79.65 101.17 100.49
27.58 76.89 99.73 98.83
34.45 75.69 99.13 98.79
48.26 76.69 96.58 97.49
62.05 73.62 94.22 95.54

San-Andres 1

3.45 127.54 171.99 172.56
6.89 132.07 170.01 169.65
13.79 125.50 168.44 167.17
20.68 115.12 154.08 148.00
27.58 119.72 155.42 154.22
34.45 112.08 148.62 148.60
48.26 101.75 129.22 129.86
62.05 62.65 78.44 91.25
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Table B.2: The results for amplitude ratios and phases obtained from numerical simulation for four samples.
Tennessee and Berea sandstone samples are from Kranzet al. (1990).

Sample
f R �

(Hz) - (deg)

Tennessee
sandstone

5.00E-04 3.17E-01 91.07
6.19E-04 2.20E-01 92.41
7.67E-04 1.99E-01 95.19
9.50E-04 1.46E-01 96.33
1.18E-03 1.28E-01 110.05
1.46E-03 1.01E-01 115.64
1.81E-03 6.47E-02 121.13
2.24E-03 4.68E-02 130.15
2.77E-03 3.99E-02 142.97
3.43E-03 2.52E-02 154.46
4.25E-03 2.53E-02 171.11
5.26E-03 2.11E-02 187.63
6.52E-03 7.98E-03 201.12
8.07E-03 4.72E-03 221.15
1.00E-02 3.37E-03 243.45

Berea
sandstone

1.00E-01 9.69E-01 20.32
1.26E-01 8.75E-01 26.06
1.58E-01 8.21E-01 31.96
2.00E-01 8.61E-01 40.50
2.51E-01 7.82E-01 46.71
3.16E-01 7.01E-01 55.57
3.98E-01 6.06E-01 64.05
5.01E-01 5.20E-01 71.96
6.31E-01 4.30E-01 80.54
7.94E-01 3.75E-01 85.90
1.00E00 2.94E-01 93.36
1.26E00 2.29E-01 106.50
1.58E00 1.92E-01 110.66
2.00E00 1.04E-01 117.46
2.51E00 1.04E-01 140.54
3.16E00 6.78E-02 144.92
3.98E00 6.89E-02 144.92
5.01E00 3.03E-02 181.05
6.31E00 2.43E-02 186.46
7.94E00 1.13E-02 203.47
1.00E01 9.86E-03 231.44
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Table B.2: Continued.

Sample
f R �

(Hz) - (deg)

Fox Hills 7

2.00E-02 9.94E-01 13.90
2.77E-02 9.37E-01 18.04
3.26E-02 9.39E-01 22.18
3.84E-02 8.87E-01 23.10
5.32E-02 8.12E-01 30.13
6.26E-02 7.70E-01 33.38
7.37E-02 7.10E-01 36.73
8.67E-02 6.53E-01 43.27
1.02E-01 6.38E-01 51.83
1.41E-01 5.09E-01 61.36
1.67E-01 4.40E-01 65.72
2.31E-01 3.01E-01 71.64
2.71E-01 2.92E-01 78.46
3.20E-01 2.67E-01 79.82
3.76E-01 2.16E-01 86.17
5.21E-01 1.32E-01 90.72
6.13E-01 1.10E-01 91.58
7.22E-01 9.32E-02 93.76
8.50E-01 7.78E-02 95.56
1.00E00 6.92E-02 96.13

San Andres 1

2.50E-02 9.97E-01 6.09
3.01E-02 9.94E-01 7.21
3.62E-02 9.83E-01 8.41
4.35E-02 9.75E-01 9.93
5.23E-02 9.59E-01 11.89
6.29E-02 9.49E-01 14.64
7.56E-02 9.11E-01 16.96
9.09E-02 9.03E-01 19.73
1.09E-01 8.64E-01 22.59
1.32E-01 8.34E-01 30.71
1.58E-01 7.75E-01 30.72
1.90E-01 7.19E-01 39.46
2.29E-01 6.82E-01 43.46
2.75E-01 6.09E-01 46.88
3.31E-01 5.17E-01 50.83
3.98E-01 4.77E-01 59.94
4.78E-01 4.31E-01 64.35
5.75E-01 3.94E-01 72.01
6.92E-01 3.22E-01 74.96
8.32E-01 2.66E-01 77.12
1.00E+00 2.47E-01 79.84
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