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ABSTRACT 

Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) are               

non-destructive and non-invasive techniques that have been employed to study fluid 

content in porous materials such as core plugs and cementitious materials. Quantitative 

imaging of fluid content in porous media is an essential factor in MRI of such systems.  

Water is intimately involved in the deterioration of structures built with 

cementitious materials. Quantitative moisture profiles may be acquired in porous media 

with SPRITE since its local image intensity has simple T2
* contrast. In this thesis, MRI 

studies of unsteady and steady state moisture penetration due to wick action in mortar 

specimens are presented. The observed MR/MRI signal from mortar samples originated 

from two water populations, each with different signal characteristics. The interlayer water 

was spatially resolved for the first time in this work. Water in the pore space is more 

commonly observed in MR studies. The transport parameters controlling wick action were 

determined by fitting the moisture profiles through inverse modeling of one-dimensional 

moisture content profiles with the 1D Hydrus program.     

           Bulk T1-T2
* measurement was introduced in this thesis. The T1-T2

* measurement is 

a useful analog to the T1-T2 experiment. It is particularly important when an echo-based 

measurement is challenging due to short T2 lifetime. Our previous studies on mortar 

suggested such samples would be ideal for T1-T2
* measurement. Monitoring changes of the 

T1-T2
* coordinate and associated signal revealed information about structural change in the 

samples under study. 
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In fluid bearing porous media, like cementitious materials and reservoir rocks, 

magnetic susceptibility mismatch between the matrix and pore fluids has a significant 

effect on the transverse MR signal lifetimes. These effects may be controlled through 

choice of the static magnetic field B0. 

An optimal field B0 was predicted for SPRITE measurement of porous rock cores 

considering the linear relation between 1/T2
* and B0. Depending on the noise regime of the 

measurement, the maximum SNR may be readily predicted. A new style variable field 

magnet permits one to vary the field to control sample magnetization and to control the 

effect of magnetic susceptibility on the signal lifetimes in MRI of core plugs.  
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DEDICATION 

 

To those striving for peace for all creatures.  

Which matters more, the body or the soul? 

Be whole: desire and journey to the whole. 

 

The Conference of the Birds, Persian poem by Attar of Nishapur.  

https://www.goodreads.com/work/quotes/218427
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Chapter 1 – Introduction 

1.1 Research motivation 

Porous media are ubiquitous in nature but at the same time they are very diverse. 

They range from geological materials such as rocks to industrial materials such as 

concretes and food products, and biological materials such as bones and lungs. Many 

processes of interest involve the flow of fluids through porous materials. These materials 

have open space within their solid matrix which is known as porosity. In addition, large 

scale processes occur within underground geological formations such as the flow of 

water through aquifers and the flow of petroleum in reservoirs [1]. Advanced 

measurement techniques are used to acquire information regarding fluid states and fluid 

properties within the porous media. *  

Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) measure 

the quantity of 1H present in materials, with secondary information on the molecular 

dynamics and the molecular environment. MR/MRI of porous materials is advantageous 

because the methods are non-destructive and non-invasive. Moreover, MR/MRI 

methods are sensitive to many physicochemical parameters, such as phase transitions 

and molecular diffusion through their sensitivity to molecular dynamics and the 

molecular environments [2]. 

 

* The notation for variables and equations in Chapter 1 follow the requirements of the Journal 

of Magnetic Resonance. 
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          This thesis, in Chapters 3 and 4, focuses on the application of MR/MRI 

measurements in the study of cement-based materials. It was previously found that the 

relaxation rates of water in cement-based materials were determined by relaxation at the 

pore wall [3]. In cement-based materials, the signal lifetimes, T2 and T2
*, are 

substantially shorter [4,5] than those observed in many other fluid bearing porous media. 

Using the pore wall model, changes in relaxation times could be interpreted as a 

corresponding change in the pore Surface-Volume ratio (S/V) [6]. The underlying 

distribution of pore size (thus S/V) leads to a corresponding distribution in the relaxation 

times.  

Water, or water carrying aggressive ions, is involved in the physical and 

chemical deterioration of most cement-based structures. We are interested in applying 

MR/MRI measurement to study spatially resolved water transport in cement-based 

materials [4,5,7]. Due to the short Magnetic Resonance (MR) signal lifetimes, T2 and 

T2
*, in cement-based materials, quantitative images are difficult to obtain with 

traditional MRI techniques. The Centric Scan SPRITE method with T2
* as a contrast 

parameter [8] is, however, well suited to this problem. At lower magnetic fields, 

magnetic susceptibility contrast effects are decreased, so T2
* is longer. We present an 

MR/MRI study of steady state water distribution and evaporation due to wick action in 

cement-based specimens at low magnetic field. For the first time, interlayer water with 

short T2
*, has been spatially resolved in an MRI study by using the Centric Scan SPRITE 

technique. The transport parameters controlling the wick action were determined by 

fitting the water distribution profiles to models employed in the literature [9,10].  
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The non-destructive nature of MR/MRI is critical for long duration studies of 

water distribution as samples transition from an unsteady state to a steady state, due to 

wick action. Determination of the spatial variation of the moisture content during 

unsteady wick action was informative in terms of wet front movement and water 

absorption in different pore sizes. Moisture distribution during unsteady state wicking 

was also determined by T2
* based Centric Scan SPRITE measurement of cement-based 

specimens at low magnetic field, where magnetic susceptibility contrast is reduced. The 

wet front behavior observed with MRI is linked to the water absorption rate. The 

measured moisture content profiles were employed to estimate transport parameters by 

inverse analysis with the 1D Hydrus program [11].  

T1-T2 measurement is well suited to characterization of different spin 

populations in porous materials, such as soft biopolymer materials. However, the T1-T2 

measurement is challenging or impossible if the T2 relaxation lifetime is short-lived as 

in cement-based materials. In this case, the signal may be unobservable in an echo 

measurement. A T1-T2
* measurement is a useful analog to the T1-T2 measurement. The 

T1-T2
* measurement enables one to differentiate species as a function of T2

* in one 

dimension and T1 in the other dimension. Monitoring changes of the T1-T2
* coordinate, 

and associated signal intensity changes, has the potential to reveal structural changes, 

such as pore environment, in cement-based materials. The T1-T2
* measurement has 

particular value in permitting a simple assignment of T1 to different T2
* populations. 

Although measurements in this study were undertaken at a low static magnetic field, 

susceptibility contrast still affects the T2
* lifetime in the samples under study. Cement 

based-materials contain a distribution of pore sizes [12], thus T2 is expected to be    
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multi-modal. By analogy to typical petroleum reservoir core plugs, susceptibility 

contrast effects reduce T2
* from the T2 value.   

Magnetic susceptibility effects vary with the magnetic field strength. The 

susceptibility mismatch effect will lead to a decrease in T2 and T2
*, particularly at high 

magnetic fields. It is useful to know the best choice of B0 field for core plug MRI studies 

to balance greater sensitivity at high fields with T2
* and T2 reduction as the field 

increases. It is anticipated that the choice of the best field for MRI of rock core plugs 

will be both sample and measurement dependent. Selection of the best field is facilitated 

by a new generation of superconducting magnets, which allows the experimentalist to 

readily vary the field strength. Such magnets allow one to experimentally control sample 

magnetization for high sensitivity MRI measurements of core plug samples, while 

controlling the effect of susceptibility mismatch on the signal lifetimes.  

1.2 Thesis outline 

This thesis is organized in eight chapters following the article format according to 

UNB thesis guidelines [13]. 

Chapter 1 provides the research motivation, as well as an outline of the thesis 

work.  

Chapter 2 introduces the relevant MRI background.  

Chapter 3 describes monitoring the steady state moisture distribution during 

wick action in mortar by MRI. The chapter is largely based on a paper published in the 

journal Materials and Structures [14]. The author of the thesis performed the 
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experiments and data analysis and wrote the first draft of the corresponding article of 

which she is first author. The manuscript was written by the author of the thesis with the 

assistance of Prof. Bruce J. Balcom. Dr. Prisciliano J. Cano, while on sabbatical at UNB, 

assisted with the data interpretation. Samples under study were made by Andrew Komar 

from McGill University under the supervision of Prof. Andrew Boyd.  

Chapter 4 describes wet front penetration with unsteady state wicking in mortar 

studied by MR/MRI measurements. Inverse modeling was conducted to extract 

transport properties, using the 1D Hydrus program. This chapter is largely based on an 

article published in the journal Materials and Structures [15]. The author of the thesis 

performed the experiments and data analysis in this chapter and wrote the first draft of 

the corresponding article of which she is first author. The manuscript was written by the 

author of the thesis with the assistance of Prof. Balcom. Dr. Cano, while on sabbatical 

at UNB, assisted with the experiment and data interpretation. Samples for this study 

were made by Andrew Komar from McGill University under the supervision of Prof. 

Boyd. 

Chapter 5 introduces the T1-T2
* relaxation correlation measurement and its 

application to porous media. The T1-T2
* measurement provides an alternative to T1-T2

 

measurement for systems with short T2 lifetimes. The chapter is largely based on a paper 

submitted to the Journal of Magnetic Resonance [16]. This paper was used as the basis 

of a provisional patent application filed by UNB [17]. The author of the thesis generated 

the detailed experimental design, conducted all of the of the experiments, performed the 

data analysis, and wrote the first draft the corresponding article of which she is first 
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author. The manuscript was written by the author of the thesis with the assistance of 

Prof. Balcom. Dr. Bryce MacMillan assisted with the experiments. Dr. Florin Marica 

assisted with setting the optimal parameters for MR measurements. Dr. Armin Afrough 

provided additional technical advice and software.  

Chapter 6 describes controlling susceptibility mismatch effects, signal lifetimes, 

and SNR through variation of B0 in MRI of rock core plugs and predicts the best field 

for MRI of rock core plugs with the SPRITE method. This chapter is largely based on 

an article published in the Journal of Magnetic Resonance [18]. The author of the thesis 

performed the experiments in this chapter, performed the data analysis, and wrote the 

first draft of the corresponding article of which she is first author. Dr. MacMillan 

assisted with operating the variable field magnet, setting the optimal parameters, and 

analyzing MR/MRI data. Dr. Oleg Petrov performed the mass magnetic susceptibility 

measurement.  

Chapter 7 explains the control of signal lifetimes and SNR through variation of 

B0 in Fast Spin Echo (FSE) imaging of rock core plugs. The author of the thesis 

performed all of the experiments and data analysis in this Chapter.  

Chapter 8 consists of the conclusion of this thesis and recommendations for the 

direction of future research.  

             This thesis is written in the form of chapters as papers. The content has been 

structured so that successive topics build on each other and flow naturally between 

successive chapters. 
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Chapter 2 - Magnetic Resonance Theory 

This chapter is focused on experimental magnetic resonance and magnetic 

resonance imaging methods employed in this thesis. Basic MR theory, which is 

elaborated in many reference books [1–5], is not repeated. In this chapter, we 

concentrate on relaxation lifetimes and imaging in porous media since these are directly 

relevant to the subsequent chapters of the thesis. We follow the notation for variables 

and equations recommended by the Journal of Magnetic Resonance in this chapter.  

2.1 Magnetic resonance 

If a magnetic (dipole) moment (μ⃗ ) of a nucleus lies in a uniform magnetic field, 

it will experience a torque which attempts to align it with the field. The magnetic 

moment has angular momentum I . In a laboratory frame, the magnetic moments (μ⃗ ) will 

precess like a gyroscope with angular frequency of: 

                                   𝜔0 = 𝛾𝐵0                                                                               (2.1)                         

Eq. 2.1 is called the Larmor equation [6], B0 is the static magnetic field strength, 

and  is the gyromagnetic ratio (for hydrogen, γ/2π = 42.58 MHz/T).  

2.1.1 Magnetization 

 The magnitude of the initial net 1H magnetization, M0, directed along the 

longitudinal magnetic field B0 is described by [3]: 

                                            𝑀0 =
𝑁 𝐼(𝐼 + 1)ℏ2𝛾2

3𝑘𝑇
 𝐵0                                                         (2.2) 
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where N is the total number of 1H nuclei in the sample, I is the spin quantum number     

(I = 1/2 for Hydrogen), ℏ =  
h

2π
 where h is Planck’s constant, k is Boltzmann’s constant. 

The net magnetization increases with an increase in external magnetic field strength B0 

and/or a decrease in temperature, T.  

            2.2 Relaxation times 

The loss of energy and the loss of phase coherence of the nuclei after applying 

Radio Frequency (RF) pulses is generically termed relaxation. There are two 

mechanisms involved: spin-lattice relaxation or longitudinal relaxation (T1), and spin-

spin relaxation, which is also referred to as transverse relaxation (T2). Spin-lattice 

relaxation is concerned with the movement of spin populations back to their Boltzmann 

distribution. In a system where the net magnetization (Mz) is initially parallel to the 

applied magnetic field B0 (z-axis) and rotated into the x-y plane by an RF pulse, spin-

lattice relaxation causes a recovery of the z-component of the net magnetization. The 

time dependence of Mz in the presence of B0 is described by one of the 

phenomenological equations known as the Bloch equations: 

                                               
𝑑𝑀𝑧

𝑑𝑡
= −

(𝑀𝑧 − 𝑀0)

𝑇1
                                                              (2.3) 

Solving the differential equations for T1 relaxation yields: 

                                      𝑀𝑧(𝑡) = 𝑀𝑧(0)𝑒
−

𝑡

𝑇1 + 𝑀0 (1 − 𝑒
−

𝑡

𝑇1)                                         (2.4) 

http://chem.ch.huji.ac.il/nmr/techniques/other/t1t2/t1t2.html#T2
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where Mz is the amplitude of the z-component of the net magnetization, M0 is the 

magnitude of the initial longitudinal magnetization, parallel to B0, and T1 is the spin-

lattice relaxation time constant [5]. If Mz (0) after a 90° pulse is 0 then: 

                                     𝑀𝑧(𝑡) = 𝑀0 (1 − 𝑒
− 

𝑡

𝑇1)                                                           (2.5)  

Spin-spin relaxation describes the interaction between spins which will lead to 

the loss of phase coherence of the spins as energy is transferred between nuclei. This 

results in decay of the x and y components of the sample magnetization and is governed 

by the time constant T2. The phenomenological description of T2 relaxation is: 

     

                                             
𝑑𝑀𝑥𝑦

𝑑𝑡
= −

𝑀𝑥𝑦

𝑇2
                                                                    (2.6) 

With solution: 

                                    𝑀𝑥𝑦(𝑡) = 𝑀𝑥𝑦(0)𝑒
− 

𝑡

𝑇2                                                            (2.7)  

where Mxy is the magnitude of the transverse component of the sample magnetization. 

After applying a 90° RF excitation pulse, Mxy (0) is equal to M0 if pulse duration << T2.   

Interactions between spins are not the only source of dephasing of spins. B0 field 

inhomogeneity, with a variety of origins, can cause a decay of the observable transverse 

magnetization. Thus, an effective spin-spin relaxation time, T2
*, is defined. More 

description about T2
* can be found in section 2.3.3. 
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 Relaxation times of fluids in porous media differ from the bulk fluid relaxation 

times and are discussed in section 2.4. 

2.3 The Bloembergen-Purcell-Pound (BPP) theory of nuclear relaxation 

Elementary discussions of NMR relaxation are usually based on the “BPP” 

approach that involves induced transitions between Zeeman levels, or on the 

phenomenological Bloch equations [7].      

Nuclear spin relaxation is a consequence of energy exchange of a nuclear spin 

system either within the spin system or with its surrounding environment, i.e. the lattice. 

Relaxation depends on the mechanism which couples the spins to each other and to their 

environment. One of the primary mechanisms for coupling protons to each other is 

through a nuclear dipole-dipole interaction. This was the primary relaxation mechanism 

analyzed by Bloembergen. Dipole-dipole coupling, the most commonly encountered, 

arises from the direct magnetic field interactions of nuclear spins with each other.  

The dipolar interaction may be inter- or intra-molecular; however in the case of 

water, most relaxation is driven by the intramolecular interaction. The energy of 

interaction between two magnetic dipoles μ⃗ 1 and μ⃗ 2 is:    

                                𝑈 =
𝜇0

4𝜋
{
𝜇 1 ∙ 𝜇 2

𝑟 3
− 3

(𝜇 1 ∙ 𝑟 )(𝜇 2 ∙ 𝑟 )

𝑟 5
 }                                              (2.8) 

0 (= 4 × 10-7 T m/A) is the permeability of free space and r  is the vector between μ⃗ 1 

and μ⃗ 2. Using the quantum operator for angular momentum (I ) in a magnetic dipole 

(μ⃗ = γℏI ), the dipole-dipole Hamiltonian becomes:   



14 

 

                   ℋ𝑑𝑑 = 𝛾1𝛾2ℏ
2 {

𝐼 1 ∙ 𝐼 2
𝑟 3

− 3
(𝐼 1 ∙ 𝑟 )(𝐼 2 ∙ 𝑟 )

𝑟 5
 }

𝜇0

4𝜋
                                             (2.9) 

Rotation (in the case of intra-molecular coupling) and translation (in the case of        

inter-molecular coupling) of the molecules with respect to the magnetic field gives rise 

to a fluctuating magnetic dipole field.  

To understand the effects of molecular motion on relaxation, quantification of 

the time dependence of the motion is required. The time dependence of the dipolar 

interaction may be expressed as an autocorrelation function G() of the local field 

fluctuations, which is the probability of finding a correlation between the local field at 

a time t and at a time zero. For a randomly fluctuating function (such as molecular 

reorientation), G() decays exponentially G(𝜏) = G(0)e 
−τ

τc . The correlation time c is a 

measure of the time between the field fluctuations. Slow fluctuations have a large value 

of c. The Fourier transform of the autocorrelation function is the spectral density 

function J(). The spectral density function is often modeled as a Lorentzian function 

of the form: 

                                                  𝐽(𝜔) =
𝜏𝑐

1 + 𝜔2𝜏𝑐
2
                                                              (2.10) 

By applying perturbation theory to this model, BPP theory predicts longitudinal 

relaxation rates (1/T1) of:  

                
1

𝑇1
=

3

2
 𝛾4ℏ2𝐼(𝐼 + 1)[𝐽1(𝜔0) +

1

2
𝐽2(2𝜔0)]                                                 (2.11) 

 and using similar arguments for transverse relaxation rate (1/T2) [8]:             
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1

𝑇2
=

3

2
 𝛾4ℏ2𝐼(𝐼 + 1)[

1

4
𝐽0(0) +

5

4
𝐽1(𝜔0) +

1

4
𝐽2(2𝜔0)]                                     (2.12) 

The spectral density functions may be obtained by assuming a model for the 

molecular motion [8]. If we assume a simple isotropic rotation, we obtain spectral 

densities of: 

                                  𝐽0(𝜔) =
24

15𝑟6

𝜏𝑐

1 + 𝜔2𝜏𝑐
2
                                                                  (2.13) 

                                𝐽1(𝜔) =
4

15𝑟6

𝜏𝑐

1 + 𝜔2𝜏𝑐
2
                                                                  (2.14) 

                        𝐽2(𝜔) =  4𝐽1(𝜔)                                                                               (2.15) 

BPP theory has been found to be in good agreement with experiment for MR of 

simple liquids and solids [8]. 

            2.3.1 Spin-lattice (longitudinal) relaxation 

The energy level transitions induced within the spin system due to the RF 

excitation pulse cause a change in the populations of the spin energy levels. Thus, the 

population difference between the lower energy state and the higher energy state 

decreases and the longitudinal components of the magnetization are reduced. It is the 

process of spin-lattice (longitudinal) relaxation which brings M0 back to its original 

equilibrium state along the z-axis. Spin-lattice relaxation is governed by a time constant 

T1. In terms of BPP theory, T1 is described as relaxation via an exchange of energy 

between a nuclear spin and the surrounding thermal reservoir, or “lattice”. The use of 

the term “lattice” originates by analogy to a crystal lattice. By extension, the term is now 
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used, misleadingly, even for MR in liquids and gases which lack a “lattice” [5]. The 

term “longitudinal” simply indicates that magnetization builds up in the same direction 

as the applied static magnetic field. Spin-lattice relaxation time constants T1 may range 

from a few seconds for 1H nuclei in rigid solids, to a few milliseconds in other systems 

depending on the molecular dynamics and relaxation mechanism.   

2.3.2 Spin-spin (transverse) relaxation  

Spins experience local fields which are combinations of the applied external 

magnetic field and the fields of their neighbors. Local fluctuation of the magnetic field 

experienced by nuclei leads to irreversible dephasing of transverse magnetization [9]. 

Dephasing leads to loss of observable signal. Transverse relaxation does not involve a 

change in the total energy of the system. It is instead a transfer of energy between nuclei, 

in which energy released by one nucleus is absorbed by another one. Transverse 

relaxation is therefore often called spin-spin relaxation.  

A better understanding of spin-spin relaxation can be gained by examining the 

BPP equations. The primary difference between the equation describing spin-lattice 

relaxation, Eq. 2.11, and spin-spin relaxation, Eq. 2.12, is the presence of a spectral 

density term for motions with zero frequency (static spins) in Eq. 2.12. Hence, T2s in 

solids are typically short, ranging from milliseconds in semi-solids materials, to 

microseconds in crystalline solids. This is due to their rigid structure, which is effective 

in maintaining the quasi-static fluctuating magnetic fields which make the spin-spin 

relaxation (J0()) term in Eq. 2.12 significant [10].  
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In pure liquids, however, rapid molecular motion tends to average the magnetic 

field’s variation to zero. The lack of a significant spectral density at zero frequency leads 

to T1 = T2 in many non-viscous liquids. In many cases, however, spin-spin and spin-

lattice relaxation times are different, and therefore contain unique information about the 

motional correlation times of the nuclei in the material of interest [11].    

2.4 Measuring relaxation times 

2.4.1 Inversion/saturation recovery measurement of T1 

There are two principal methods to measure the T1 relaxation time. The             

180o -  - 90o method which is called Inversion Recovery (IR) and 90o -   - 90o sequence 

which is called Saturation Recovery (SR). In each of these sequences, the first pulse 

prepares the spins and the second pulse measures the magnetization after a variable 

recovery time, . Note that 90o pulse is not required in both preparation and 

measurement of magnetization parts, a low flip angle measuring pulse is also 

appropriate, particularly in the case of a short transverse lifetime signal. In the inversion 

recovery method, the preparation pulse inverts the spin populations and Mz recovers 

from -M0 to +M0. The magnetization equation after waiting time  is described by:                                           

                                                𝑀𝑧(𝜏) = 𝑀0 (1 − 2𝑒
− 

𝜏

𝑇1)                                                    (2.16)  

with a range of magnetization 2M0.  

The saturation recovery magnetization equation is described by:  

                                         𝑀𝑧(𝜏) = 𝑀0 (1 − 𝑒
− 

𝜏

𝑇1)                                                  (2.17)                  
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For the saturation recovery sequence, the range of magnetization is one-half of 

the inversion recovery experiment.  

A 180o pulse is achieved with a pulse of twice the duration of a 90o pulse so that 

the frequency width of the preparation pulse power spectrum is only half as wide. For a 

broad line, the saturation recovery sequence may yield more accurate line shapes and 

intensities than the inversion recovery sequence [11].  

            2.4.2 Carr-Purcell-Meiboom-Gill measurement, CPMG of T2 

 Erwin L. Hahn [12] recognized that the application of two identical RF pulses 

with time delay τ will cause refocusing of transverse magnetization at 2τ and the 

resulting rephasing is known as a spin echo.  

 In 1954, Carr-Purcell [13] presented a sequence which begins with a 90o pulse 

and is followed by a series of 180o pulses. The first 180o pulse is applied after a time τ 

and inverts the phase of the magnetization as it losses coherence. After a time 2τ the 

phase will achieve coherence, resulting in a spin echo. The transverse magnetization 

will lose phase coherence once more, but it can be regained by another 180o pulse. 

Repetitive echoes are possible if a train of additional 180o pulses is used to create a train 

of spin echoes. The magnitude of the spin echoes, which decay with relaxation time T2, 

can be determined through:                                                                                                

                                             𝑀𝑥𝑦 = 𝑀0𝑒
− 

2𝑛𝜏

𝑇2                                                              (2.18) 

where 2τ is the time between two successive 180° pulses and n is the number of echoes 

collected. The choice of phase with these pulses is important if the cumulative effects 
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of small turn angle errors are to be avoided. In the Meiboom and Gill [14] modification 

to Carr and Purcell [13], the 180° pulses are phase shifted by 90o with respect to the 

initial 90o pulse to minimize artifacts caused by successive imperfect 180° pulses. The 

modified pulse sequence is therefore known as the Carr-Purcell-Meiboom-Gill (CPMG) 

sequence [6]. 

            2.4.3 Free induction decay measurement, FID of T2
* 

A Free Induction Decay (FID) is the signal acquired after an RF pulse as the 

transverse magnetization decays. The inhomogeneity of the magnetic field causes FID 

signal dephasing more rapidly than that due to T2 effects alone. The resultant time 

constant is often labeled T2
* and is termed the effective transverse lifetime constant: 

                                           
1

𝑇2
∗ =

1

𝑇2
+ 𝛾∆𝐵0                                                                        (2.19) 

T2
* relaxation depends on T2, the transverse relaxation time, and ΔB0, which 

describes the distribution of field inhomogeneity of the static magnetic field.  

The field inhomogeneities, B0, may arise from spatial inhomogeneities in the 

magnetic field within the sample as-a-whole and/or from the magnet. Magnet 

manufacturers attempt to make the magnetic field B0 as homogeneous as possible, 

employing first-, second-, and higher order shim coils for correction of                             

non-uniformities. It is however difficult to generate a perfectly homogeneous magnetic 

field. Manufacturing imperfections such as minute variations in magnet coil windings, 

and environmental effects, such as the presence of large (metallic) objects close to the 

magnet can lead to an inhomogeneous field. Variations in magnetic susceptibility 
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between materials lead to a disturbance of the surrounding and internal magnetic fields 

[15]. In the materials whose signal decay is exponential, the natural linewidth of the MR 

lineshape is Lorentzian with a Full Width at Half Maximum (FWHM) which is 

described by:                                  

                                                ∆𝑓0 =
1

𝜋𝑇2
∗                                                                 (2.20) 

2.5 Relaxation in porous media 

Measurements of magnetic relaxation lifetimes have proven particularly helpful 

in studies of porous media. It is well known that MR of fluids in the vicinity of solids 

can yield results different from that of neat fluids [16]. Restricted geometry and surface 

interactions directly affect not only the fluid transport in pore environments, but also 

other fluid properties including the MR relaxation characteristics. 

            2.5.1 T1 Relaxation in porous media 

T1 of nuclear spins of fluids confined in porous media are frequently controlled 

by the fluid-solid interaction at the pore surface [17]. The basic principles of surface 

relaxation in porous media were studied by Korringa et al. [18]. They considered spins 

diffusing to and relaxing on a surface through contribution of a surface process and a 

bulk process. The bulk process has the relaxation time T1B and the surface process, 

which occurs at all sites on the surface is associated with a relaxation time T1s. It is 

reasonable to assume that water in many porous media, and in particular hardened 

cement, undergoes exchange between the bulk water and a surface layer. Rapid 

exchange between bulk fluid in the pore center, with lifetime T1B, and fluid on the pore 
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surface, with lifetime T1s, yields a weighted average lifetime of fluid in the pore. This 

treatment of the problem assumes one fluid in the pore space and that this fluid wets the 

pore surface. A wetting fluid ensures exchange with the pore surface.  

The weighted average lifetime, expressed as a rate, with T1B >> T1s is: 

                                            (
1

𝑇1
)
𝑎𝑣𝑔

≈ 𝜌1

𝑆

𝑉
                                                                    (2.21) 

where 1 is surface relaxivity and is a constant for a given system. Based on Eq. 2.21 

the characteristic relaxation time for a given pore is directly proportional to the Surface-

to-Volume (S/V) ratio of the pore. If 1 is known, then the T1 relaxation can be 

correlated to the pore size distribution. However, it is often very difficult to determine 

1 accurately. 

Most porous materials contain a range of pore sizes, and therefore a range of 

pore Surface-to-Volume (S/V) ratios. The general way of analyzing T1 relaxation data 

is calculation of a spectrum of relaxation times through Eq. 2.22:  

                                 𝑀(𝑡) = ∑𝑚𝑗(𝑇1𝑗) (1 − 2𝑒
− 

𝜏
𝑇1𝑗)

𝑗

                                             (2.22) 

where mj is the net magnetization from fluid in a pore size with a pre-determined 

relaxation time constant T1j, and M(t) is the time varying sample magnetization from 

the fluid in the pore space. 
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            2.5.2 T2 Relaxation in porous media 

The T2 relaxation behavior of water in porous materials can be modeled by 

analogy to the T1 relaxation, taking into account molecular diffusion through internal 

magnetic field gradients. The total T2 relaxation processes can represented as [19]:  

                  (
1

𝑇2
)
𝑇𝑜𝑡𝑎𝑙

= (
1

𝑇2
)
𝐵

+ 𝜌2 (
𝑆

𝑉
) + (

1

𝑇2
)
𝐷

                                                       (2.23) 

             In Eq. 2.23 the second term is related to surface relaxation and contains a 

dependence on the pore size through the surface to volume ratio. If bulk fluid is present 

in the system, for example if there were a non-wetting fluid, we anticipate observing a 

bulk lifetime contribution to the T2 decay. This is the first term in Eq. 2.23. The final 

term in Eq. 2.23 is related to molecular diffusion through the inhomogeneous magnetic 

field in the pore space.       

The T2 relaxation time of water in porous media is often multi-exponential due 

to a distribution of pore sizes. Equation (2.24) describes multi-exponential T2 decay in 

a spin echo experiment where M(t) is the time varying transverse magnetization from 

the fluid in the pore space, and mj is the net magnetization from fluid in a pore size with 

a pre-determined relaxation time constant T2j. The pore size can be determined only 

when the pore space is saturated with the wetting phase fluid and the relaxation behavior 

is dominated by surface relaxation [20]: 

                                                   𝑀(𝑡) = ∑𝑚𝑗(𝑇2𝑗)𝑒
− 

𝑡
𝑇2𝑗

𝑗

                                             (2.24) 
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           2.5.3 T2
* Relaxation in porous media                                                                                                                     

The effective spin-spin relaxation decay, 1/T2
*, in porous media can be expressed 

by:  

                 
1

𝑇2
∗ ≡

1

𝑇2
+

1

𝑇2𝑚
+

1

𝑇2𝑖
≈

1

𝑇2
+ 𝛾∆𝐵0 + 𝛾∆𝜒𝐵0                                              (2.25) 

where 1/T2 is the spin–spin relaxation rate,  is the gyromagnetic ratio, 1/T2m is the decay 

rate due to underlying B0 inhomogeneity, B0, in the main magnetic field, and 1/T2i is 

the decay rate due to internal field inhomogeneities induced by the susceptibility 

difference, , between the solid matrix and the pore fluid. In most rock core plugs 

considered in this thesis, T2 >>T2m and T2 >>T2i, T2 can therefore be neglected in Eq. 

2.25 [21]. The term (1/T2m) in Eq. 2.25, associated with field inhomogeneity in the 

magnet, is usually insignificant in realistic core plug samples [22]. However, at lower 

permanent magnet fields, 1/T2m may be comparable to 1/T2i. The value of the term 1/T2m 

can be reduced by shimming the magnet before MR measurement. For example, in most 

sedimentary rock samples, the signal decay rate (1/T2
*) is often dominated by the 

susceptibility mismatch between the solid matrix and imbibed fluids in the pores which 

results in a decrease in T2
* [22].  

2.6 Magnetic susceptibility 

Magnetic susceptibility is a basic material property that represents the ability of 

a substance to become magnetized in the presence of an external magnetic field. It may 

also be characterized as being a measure of the extent to which a substance modifies the 

strength of the magnetic field passing through it.  
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             2.6.1 Bulk magnetic fields               

When an external uniform magnetic field B0 = 0 H0 is applied to a substance, 

the field B inside the material is given by:  

                                  𝐵 = 𝜇0(𝐻 + 𝑀)                                                                              (2.26) 

where B is measured in Tesla (T), H is measured in Ampere/meter (A/m), M is the 

permanent magnetization or induced magnetization, and 0 is the absolute permeability 

of free space (4×10-7 Tm/A). Outside the material, the field is given by B0 = 0 H0. 

When a material is not permanently magnetized, that is, when M is not a constant, the 

induced magnetization, M, inside the material may be related to the field H by a 

dimensionless constant susceptibility  through:  

                                                𝑀 = 𝜒𝐻                                                                                 (2.27) 

         Equation (2.26) can be written as:  

                   𝐵 = 𝜇0(1 + 𝜒)𝐻        𝑜𝑟       𝐵 = (
1 + 𝜒

𝜒
)𝜇0𝑀                                        (2.28) 

 MRI measurements are sensitive to the magnetic field through the resonance 

frequency in the Larmor equation within and around a sample.                                                      

            2.6.2 Diamagnetism, paramagnetism, and ferromagnetism        

Based on macroscopic behavior under the influence of an external magnetic 

field, materials may be broadly classified as diamagnetic, paramagnetic, or 

ferromagnetic. From Eq. 2.28, if the susceptibility  is positive, the material is 
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considered paramagnetic. If  is negative, the material is diamagnetic. In the case of a 

permanent magnet or ferromagnetic substances, equation (2.28) is not suitable. The 

original equation (2.26) must be used. In this case, the magnetization M is a positive 

constant.                                                                                                              

2.7 MR Imaging 

MR/MRI had its beginnings in 1973 with seminal papers by Lauterbur and 

Mansfield [9]. It was already well known that the intrinsic angular momentum (or ‘spin’) 

of a hydrogen nucleus (the proton) in a magnetic field precesses about that field at the 

Larmor frequency which, in turn, depends linearly on the magnitude of the field. 

Lauterbur and Mansfield’s idea was very simple. If a spatially varying magnetic field is 

introduced across the object, the Larmor frequencies are also spatially varying. They 

showed that the different frequency components of the signal could be separated to give 

spatial information about the object. This key idea opened the door to MR imaging [9]. 

            2.7.1 Spatial encoding   

After a signal has been created in an MRI experiment, spatial information can 

be encoded into the signal during the free precession period. There are two ways to 

encode spatial information into a signal: frequency encoding and phase encoding. Both 

methods require the addition of magnetic field gradients, such that the z component of 

the static magnetic field varies as a function of the Cartesian coordinates. The concept 

of k-space provides a connection between spatially encoded measured data, the Fourier 

transform, and the resulting MR image.                                                                                                                   
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             2.7.1.1 Frequency encoding   

           The object of imaging is to determine the spin density  (r ) of a sample from the 

measurement of the signal as a function of time. Frequency encoding makes a 

connection between the resonance frequencies and position. This connection implies 

that the signal is a linear integral transform of the spin density. If the magnetic field that 

the object experiences after an excitation is homogeneous, B0 plus a constant gradient 

field G⃗⃗ , the Larmor frequency at position r  is described by [1,6]:   

                                          ω(r ) = γB0 + γG⃗⃗ ∙ r                                                                 (2.29) 

         Correspondingly the FID generated from the spins for a given interval dr  at point 

r , is: 

                               𝑑𝑆(𝑟 , 𝑡) ∝ 𝜌(𝑟 )𝑒[−𝑖𝛾(𝐵0+𝐺 ∙𝑟 )𝑡]𝑑𝑟                                                     (2.30) 

where i = √-1. For simplicity the constant of proportionality which is dependent on flip 

angle and B0 field is neglected and Eq. 2.30 can be rewritten as:                                         

                        𝑑𝑆(𝑟 , 𝑡) = 𝜌(𝑟 )𝑒[−𝑖𝛾(𝐵0+𝐺 ∙𝑟 )𝑡]𝑑𝑟                                                     (2.31) 

Eq. 2.31 makes no allowance for the decay of the signal due to relaxation. The 

signal in Eq. 2.31 is said to be frequency encoded because its frequency, ω(r ) = γ(B0 +

G⃗⃗ ∙ r ), varies linearly with position. The resulting signal from the entire object in the 

presence of the gradient is: 

 𝑆(𝑡) = ∫ 𝜌(𝑟 )𝑒[−𝑖𝛾(𝐵0+𝐺 ∙𝑟 )𝑡]
∞

−∞

𝑑𝑟 = [∫ 𝜌(𝑟 )𝑒[−𝑖𝛾(𝐺 ∙𝑟 )𝑡]
∞

−∞

𝑑𝑟 ] 𝑒−𝑖𝜔0𝑡        (2.32) 
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The term e−iω0t is considered a carrier signal [1,6]. Demodulation of the 

resulting MR signal results in: 

                                      𝑆(𝑡) = ∫ 𝜌(𝑟 )𝑒[−𝑖𝛾(𝐺 ∙𝑟 )𝑡]𝑑𝑟     
∞

−∞
                                           (2.33)                                          

The received frequency encoded FID signal after demodulation can be 

rewritten as: 

                               𝑆(𝑘) = ∫ 𝜌(𝑟 )𝑒[−𝑖2𝜋(�⃗� ∙𝑟 )]𝑑𝑟 
∞

−∞
                                                        (2.34)                                        

where:                          

                                                       �⃗� = (
𝛾

2𝜋
)𝐺 𝑡                                                                   (2.35)                                                                             

The k-vector has a magnitude expressed in units of reciprocal space, m-1. From 

the relationship between G⃗⃗  and k⃗ , it is apparent that the frequency encoding gradient 

G⃗⃗  can be used to map a time domain signal to a corresponding k-space signal. This 

results in spatial information about a sample being encoded.  

            2.7.1.2 Phase encoding   

In the phase encoding technique, the value of k is sampled as a function of 

gradient field strength, G⃗⃗ . Following RF excitation and in the presence of a gradient 

field, the spin system evolves for a fixed phase encoding time, tp. During the time of the 

gradient application, the resonance frequencies depend on position. When this gradient 

is switched off, the spins now have a varying phase which is again a linear function of 

their position. With the gradient off, all spins again have the same resonant frequency. 

They have a “phase memory” and have now been spatially encoded through phase. We 
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can define the k-vector for phase encoding as shown in the following equation which is 

dependent on the value of the gradient, not on varying time: 

                                                    �⃗� = (
𝛾

2𝜋
)𝐺 𝑡𝑝                                                                  (2.36) 

              As a consequence, the phase encoded signal from the entire object is: 

                             𝑆(𝑡) = [∫ 𝜌(�⃗� )𝑒−𝑖𝛾(�⃗⃗� ∙�⃗� )𝑡𝑝  𝑑�⃗� 
∞

−∞
]𝑒−𝑖𝜔0𝑡𝑝                                               (2.37)                                     

where the carrier frequency dependence e−iω0𝑡𝑝  of the signal will be removed after 

demodulation. Phase or frequency encoding along an arbitrary direction can also be 

done for multi-dimensional imaging by applying Gx, Gy, and Gz simultaneously.  

In general, for phase encoding the values of k are acquired with different gradient 

values Gphase(t) but with the same encoding time.  The resulting value of k is given by:  

                                        �⃗� =
𝛾

2𝜋
∫ 𝐺 𝑝ℎ𝑎𝑠𝑒

𝑡𝑝

0

(𝑡)𝑑𝑡                                                        (2.38) 

Based on Eq. 2.38 the area of applied gradient is of importance for spatial 

encoding and mapping the time domain signal to position. 

             2.7.2 Single Point Ramped Imaging with T1 Enhancement (SPRITE)     

The SPRITE sequence [23] maintains the constant time sampling scheme of 

traditional Single Point Imaging (SPI) [24]. In other words, the signal is observed at a 

constant evolution time with variable gradient strength in the SPRITE technique. As a 

pure phase encode technique, images acquired using SPRITE are free from artifacts 

arising from B0 inhomogeneity, susceptibility contrast variations, and chemical shift. 
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This technique has proven to be ideal for imaging of short T2
* relaxation time systems 

[25,26]. In the SPRITE measurement, the gradient is incrementally ramped to its next 

value and then excitation and detection follow during the short repetition time (TR) 

between the gradient steps. This methodology greatly reduces the gradient switching 

requirements and thus permits more rapid image acquisition and minimizes gradient 

vibration [23] compared to SPI [24]. 

Centric Scan SPRITE techniques [27] begin k-space sampling at the center of 

k-space, which results in no T1 weighting at the k-space origin. Image intensity in a 

Centric Scan SPRITE image is described by: 

                                     𝑆 =  𝜌0 𝑒
−𝑡𝑝

𝑇2
∗

𝑠𝑖𝑛𝛼                                                       (2.39)                                  

where 0 is the proton density, tp is the phase encoding time, T2
* is the effective spin-

spin relaxation time, and  is the flip angle. The image intensity depends on T2
*. If the 

encoding time, tp, is significantly shorter than T2
* and  is constant over the length of 

the sample, the signal is directly proportional to the proton density, 0. Centric Scan 

SPRITE experiments have been developed for imaging in 1D, 2D, or 3D.                                         

            2.7.3 Fast Spin Echo (FSE)               

Fast Spin Echo (FSE) or Rapid Acquisition with Relaxation Enhancement 

(RARE), employs both frequency and phase encode imaging in 2D and 3D imaging. It 

is a fast imaging method that employs an RF excitation pulse followed by a train of 

refocusing pulses to produce multiple spin echoes [28]. As long as the transverse 

magnetization does not substantially decay by T2 relaxation, additional 180o refocusing 
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pulses can be applied to form a train of spin echoes. The number of spin echoes 

associated with each initial excitation is known as the echo train length (ETL). Each 

echo in the echo train can be employed to fill one k-space line. Thus, the total imaging 

time is considerably reduced, compared to single echo measurements. The longer the 

echo train length, the greater the scan-time reduction.  

Assuming a 90o initial excitation and 180o refocusing pulses, the image intensity 

of an FSE measurement is described by: 

                                                 𝑆(𝑛) =  𝜌0𝑒
−𝑛𝑇𝐸

𝑇2                                                            (2.40) 

where 0 is the proton density, n is the echo number corresponding to the echo which 

samples the k-space origin in the frequency encode direction, TE is the echo time, and 

T2 is the spin-spin relaxation time. Because the image contrast is predominantly 

determined by the low-spatial-frequency data in k-space [29], the TE of a FSE sequence 

is defined as the TE when the central k-space line is acquired. To produce a proton 

density weighted image, the first echo in the echo train is used to sample the central k-

space data and ideally TE is as short as possible.  

            2.8 Pore structure   

            2.8.1 Cement-based materials   

The pore structure characteristics of cement-based materials strongly influence 

their mechanical properties and durability. The pore structure of these materials are 

affected by several factors including, water to cement ratio (w/c), degree of hydration, 

use of different mineral admixtures, and temperature at which the sample is cured.  
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            The hydrated cement paste consists mainly of solid phases and voids. The main 

solid phase, Calcium Silicate Hydrate (C-S-H), constitutes about 50-60% of the volume 

of solids. The exact structure of C-S-H is not known, and several models have been 

proposed to explain the properties of the materials [30,31]. Discussions in Chapters 2, 

3, and 4 in this thesis are based on Feldman and Sereda’s model of the pore structure 

[32]. We note that other models exist in the literature. Hydrated cement paste also 

contains several types of voids including interlayer spaces, micro, and macro pores. 

Voids larger than 50 nm, referred to as macro pores, determine strength and 

permeability. Pores smaller than 50 nm, micro pores, are assumed to be more important 

for drying shrinkage and creep. The interlayer space within the C-S-H structures was 

estimated to range from 0.5 to 2.5 nm [32]. Since hardening of cement paste is the result 

of the reaction between cement and water, the state of water is also important in the rate 

of reaction.  Fig. 2-1 shows pore structure and water environments in hydrated cement 

paste according to Feldman and Sereda’s model. In a hydrating cement paste, water is 

present in four forms, chemically combined water, interlayer water, adsorbed water, and 

water in the pore space. At equilibrium the adsorbed water exchanges with the bulk 

water in the pore space. More explanation about water environments in cement-based 

materials is given in Chapter 4, section 4.2.3.    
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Figure 2-1 Schematic of cement paste microstructure based on Feldman and 

Sereda’s model [32] and types of water present in these materials. (×) Interlayer 

water within C-S-H structures, (○) adsorbed water which exchanges with the bulk 

water in the pore space.         

 

            2.8.2 Sedimentary rocks 

The porous nature of sedimentary rocks containing oil and gas dictates the 

quantities of fluids trapped within the void space of these rocks, the ability of these 

fluids to flow through the rocks, and other related physical properties. The physical and 

fluid transport properties of rocks are a consequence of their pore structure, Fig. 2-2, 

degree of grain cementation, and electrolytic properties [33]. Other properties of 

importance include the texture, permeability, water content, and the tortuous nature of 

the interstices or pore channels. The pore size distributions, porosity, permeability, and 

chemical characteristics of reservoir rocks and their interstitial fluids differ widely. 

Nevertheless, because of the ubiquitous presence of water, capillarity, buoyancy, and 

hydrology apply in all cases. 
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Figure 2-2 Schematic of pore structure in sedimentary rocks with a collection of 

different size and shape sand grains (left). Pore sizes vary between 0.002 - 0.5 mm 

in diameter (adapted from [33]). Electron Scanning Microscopy (SEM) image of a 

resin-impregnated Berea sandstone (right). The medium gray is quartz, light gray 

is feldspar, dark gray is clay, and the black regions are pore space identified by the 

dye color of an impregnated resin [34]. 

 

The porosity of a sedimentary rock is very important because it is a measure of 

the ability of that rock to store fluids (oil, gas, and water). Equally important is the extent 

to which the pores of the rock are filled with specific fluids. This property is called fluid 

saturation and is expressed as the fraction, or percent, of the total pore volume occupied 

by the oil, gas, or water. 
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Chapter 3 –Monitoring Steady State Moisture Distribution during 

Wick Action in Mortar by Magnetic Resonance Imaging (MRI) 

Penetration of water or water carrying aggressive ions in cement-based 

structures exposed to different environments has become a significant concern in the 

concrete industry. This chapter reports measurement of water content profiles inside 

cement-based materials with different porosities. The observed moisture profiles were 

used to determine the unsaturated hydraulic diffusivity using two models found in the 

literatures. 

  This chapter is largely based on the paper “Monitoring Steady State Moisture 

Distribution during Wick Action in Mortar by Magnetic Resonance Imaging (MRI)” 

published in the journal Materials and Structures, 50:151 (2017). We follow the notation 

for variables and equations recommended by this journal, which is similar to that of the 

International Union of Pure and Applied Physics (IUPAP). The format of references in 

this chapter follows that of the original article. Note that additional consideration of 

uncertainties and grammatical changes differentiate this chapter from the published 

paper. Such changes are minor.                       

                                                                                                                                                                   

Abstract 

1D Centric Scan SPRITE magnetic resonance imaging measurements were 

undertaken to observe the water content distribution in 10 cm length mortar specimens 

with a steady state water content due to wicking and evaporation. Results show bi-

exponential behavior of the magnetic resonance signal lifetime T2
* in all samples, 
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indicating at least two different water populations. The short T2
* lifetime, related to 

interlayer water, and its associated amplitude are constant along the sample. The long 

T2
* lifetime, related to water in the pore space, and its associated amplitude, change with 

local moisture content. In the steady state the wet front was displaced deeper into the 

sample as the water to cement ratio increased. The transport parameters controlling the 

wicking and drying were extracted by fitting the experimental profiles to two literature 

models. In both cases the transport parameter values increase as the water to cement 

ratio increases.  

3.1 Introduction 

The movement of water or water carrying aggressive ions is one of the leading 

causes of deterioration of concrete structures built in aggressive environments 

worldwide [1]. The presence of moisture is implicated in deterioration due to steel 

corrosion, alkali-silica reaction, sulfate attack, drying shrinkage cracking and freezing 

and thawing, among other deterioration processes [2]. In most concrete structures that 

are in an unsaturated condition, the main mechanism of water transport is by capillary 

absorption [3].     

Wick action is the capillary transport of a liquid into a porous material from a 

saturated face. In concrete structures there are two important problems associated with 

the wick action. The first is the transmission of water vapor into a space that is meant to 

be relatively dry. The second is related to the rapid ingress of dissolved aggressive 

species such as chloride and sulphate ions compared to penetration solely by diffusion 

[4]. Identifying and quantifying this mechanism is important to understand potential 
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deterioration of structures such as roof slabs, basements, tunnels, and retaining walls 

[5]. 

Based on the sharp wet front assumption, Buenfeld et al. [4] and Puyate and 

Lawrence [6] developed models to predict water and dissolved chloride transport in 

concrete subjected to wick action. Both models predicted a sharp decrease to zero 

chloride concentration resulting from the assumption of a sharp wet front. In contrast to 

the prediction, Buenfeld’s measured chloride profiles indicated a gradual decrease in 

chloride concentration near the wet/dry interface [4]. Baroghel-Buony et al. [7] 

developed a model to predict coupled moisture-ion transport in cementitious materials. 

It uses the extended Nernst–Plank equation to describe the ion transport. The moisture 

movement is taken into account by Fickian water vapour transport and Darcian liquid 

flow in unsaturated conditions. Unfortunately, Baroghel-Buony et al. [7] did not provide 

experimental data to compare with their predicted steady state wicking and drying 

moisture content profiles.  

Magnetic Resonance Imaging (MRI) measurements in cement-based materials 

have demonstrated that the wet front is not sharp [8, 9]. Improvement to these models 

may be possible by assuming power or exponential hydraulic diffusivity functions, 

which are obtained from sorptivity measurements [1]. However, there are no 

experimental studies dealing with long term wet front movement towards the steady 

state during wicking and drying.    

Traditional techniques used to monitor water ingress into porous materials are 

based on bulk gravimetric measurements. These techniques do not provide any 
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indication of the moisture distribution within the specimen [3,10]. The sharp color 

change boundary observed during absorption tests is not an appropriate indicator of the 

actual wet front, as revealed by previous MRI measurements [11]. The moisture 

distribution may be determined by slicing the specimen at specific times and the water 

content measured by oven drying [12]. This approach however is destructive and has 

very low spatial resolution, making it difficult to resolve the water content, especially at 

the wet front. MRI is a robust, non-destructive, non-invasive technique that has been 

used to study water in porous materials like concrete and mortar having short MR signal 

lifetimes [13–15]. Reliable water content MRI methods, such as Centric Scan SPRITE 

[16], are critical for the study of porous materials [17]. 

3.2 Theory 

           3.2.1 Centric Scan SPRITE with T2
* mapping 

Magnetic Resonance (MR) is well suited to monitoring water transport in 

concrete materials. Spatial water content, pore size distribution, chemical environment, 

and MR relaxation times may all be measured by MR/MRI [15,17,21]. Due to the short 

transverse MR relaxation times in concrete materials [16], quantitative images are 

difficult to obtain with traditional MRI techniques. The Centric Scan SPRITE method 

[16, 22] is however well suited to this problem. The signal intensity at any point in a 

double half k-space (dhk) [23] Centric Scan SPRITE image is given by Eq. 3.1; 

                                            𝑆 ∝  𝜌0𝑒

−𝑡𝑝
𝑇2

∗
                                                                           (3.1) 
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where 0 is the spin density (water content which, if calibrated, has units of [kg m-3]), tp 

[s] is the phase encoding time, and T2
* [s] is the effective spin–spin relaxation time [16].  

 Assuming tp << T2
*, the detected signal is proportional to the water content. If 

however this is not true, or T2
* varies within the sample, one should acquire a series of 

images with variable phase encoding time, tp, to obtain a local map of T2
* and water 

content [24]. Employing the 1D Centric Scan SPRITE method instead of traditional SPI 

methods [25] allows for a better definition of the T2
* decay through more experimental 

time points and faster imaging speed [24]. 

           3.2.2 Steady state wick action 

A steady state water content distribution results from a combination of capillary 

absorption at one end of a porous material and water vapor diffusion with evaporation 

at the other end. At steady state, the rate of water entering at the wet face is equal to the 

rate of water evaporating at the drying face [4]. Based on the sharp wet front model, 

Hall proposed a simple way to describe the wick action at steady state. In an elementary 

one-dimensional sharp wet front model, water moves at a steady rate from the water 

reservoir to a drying environment. In Hall’s model, moisture distribution profiles can be 

represented as rectangular profiles [26].   

Lockington et al. [18] modeled the moisture distribution in thin sheets during 

steady state wick action, a strongly nonlinear problem characterized by a sharp wetting 

front dependent on the n values where n [-] describes the nonlinearity of the moisture 

content-diffusivity function. The model employed Richards equation written in terms of 

moisture content () with a sink term to account for dynamic wetting with direct 



44 

 

evaporation at the surface in contact with an ambient relative humidity less than 100% 

(Eq. 3.2).  

                             
𝜕𝛩

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷(𝛩) 

𝜕𝛩

𝜕𝑡
) − 𝑘𝛩                                                                    (3.2) 

                                   𝛩 =
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
                                                                                         (3.3) 

with initial and boundary conditions;  

                                𝛩 = 1               𝑎𝑡    𝑥 = 0,          𝑡 ≥ 0,                                             (3.4) 

 𝛩 = 0               𝑎𝑡    𝑥 > 0,          𝑡 = 0                                                                                       

  
𝜕𝛩

𝜕𝑡
= 0             𝐹𝑙𝑢𝑥 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑥 → ∞              

where D() [m2 s-1] is the hydraulic diffusivity which is a function of normalized 

moisture content (),  [m3 m-3] is moisture content, r [m3 m-3] is residual water 

content, s [m
3 m-3] is saturated water content, k [s-1] is the coefficient of evaporation, x 

[m] is distance and t [s] is time after first contact of the sample with the external water 

reservoir.  

          The hydraulic diffusivity D() may be expressed as a power law function D = D0 

 n [3, 18]. Lockington et al. [18] derived an exact analytical equation for the steady 

state moisture content, Eq. 3.5.  

                                𝛩𝑛 = (𝑛 (√
𝑘

2𝐷0(𝑛 + 2)
)𝑥 − 1)

2

                                        (3.5) 
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where n [-] describes the nonlinearity of the moisture content-diffusivity function, and          

D0 [m
2 s-1] is the maximum moisture diffusivity (only for the power law function). For 

other moisture diffusivity functions such as the exponential D = D0 exp (n), a 

numerical solution to Eq. 3.2 is required. 

 

Figure 3-1 Schematic of the steady state wicking experiments. Samples were 10 cm 

in length, 4 cm in diameter. The bottom of the specimen was 2 cm below the water 

surface and the drying face was in contact with an environment at 65% relative 

humidity and 25 oC. Epoxy resin was applied to the curved outer surface to restrict 

transport to one dimension. 

          Lockington’s model was adopted as a suitable representation of the wicking-

drying problem shown in Fig. 3-1. In the present case water vapor is transported ahead 

of the wetting front and escapes at the sample surface in contact with the ambient 

conditions. There is a sink term (k) representing conversion of liquid water to vapor 

inside the sample.  

          Lockington’s model is a simple and effective way to describe the moisture 

movement to the steady state during wicking and drying. However, there is merit in 

considering an alternate formulation of Richards equation, Eq. 3.6 where transport is 
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considered in terms of hydraulic conductivity. This form of the equation is amenable to 

study of partially saturated flow in porous media [27] and is readily simulated. 

                            
𝜕𝛩

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐾(ℎ) 

𝜕ℎ

𝜕𝑥
) − 𝑆 (ℎ)                                                                (3.6) 

where  is the normalized moisture content, t is time after first contact of the sample 

with the external water reservoir, x is distance, h [m] is pressure head, K(h) [m s-1] is the 

unsaturated hydraulic conductivity, and S(h) [m3 m-3 s-1] is a sink function. In soil 

science S(h) is often employed to describe root water uptake [27]. However, in this study 

a sink term was not included in the calculations. The outlet boundary conditions 

implicitly account for water loss at the sample surface.  

           Richards equation can be solved numerically with applicable initial and boundary 

conditions. The initial conditions can be specified in terms of the pressure head. 

                                      ℎ (𝑥, 𝑡) = ℎ𝑖(𝑥, 0)                                                                           (3.7)           

where hi [m] is the initial value of pressure head along the sample. The boundary 

conditions in this work are discussed in the experimental section. The hydraulic 

parameters required for Eq. 3.6 are expressed by the water retention function known as 

the van Genuchten– Mualem model [27, 28], Eq. 3.8. This model is widely used in soil 

physics and has also been employed to describe water transport in cement-based 

materials [7, 20, 29–31].   

                  𝛩 (ℎ) =  𝜃𝑟 +
(𝜃𝑠 − 𝜃𝑟)

(1 + (𝛼ℎ)𝑛)𝑚
             𝑓𝑜𝑟 ℎ < 0                                          (3.8) 
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where r is the residual water content, s is the saturated water content,  [m-1] is a scale 

parameter inversely proportional to the mean pore diameter, n [-] and m [-] are fitting 

parameters related to pore structure of the materials. The relationship between m and n 

[27] is expressed by Eq. 3.9; 

                                               𝑚 = 1 −
1

𝑛
                                                 (3.9) 

          The unsaturated hydraulic conductivity, a function of moisture content, is given 

by Eq. 3. 10; 

                                𝐾(ℎ) =  𝐾𝑠 𝛩
𝑙 (1 − (1 − 𝛩

1

𝑚)
𝑚

)
2

                              (3.10) 

where Ks [m s-1] is the saturated hydraulic conductivity, l [-] is the tortuosity, and  is 

the normalized water content [27] given by Eq. 3.3. 

3.3 Experimental  

            3.3.1 Sample preparation 

          Mortar samples were cast at water to cement ratios of 0.35, 0.40, 0.45, and 0.60 

(Table 3.1). The white Portland cement used was Type GU (Federal White cement Ltd, 

Woodstock, ON, Canada) conforming to CSA designation CAN/CSA-A3001. An 

industrial quartz sand mix 70/30 (Unimin Canada Ltd, Havelock, ON, Canada) was used 

with specific gravity 2.65, absorption < 0.01%, and fineness modulus 3.37.  
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Table 3.1 Mortar mixture proportions for different water to cement ratios. The 

sand to cement ratio was 1:1. Mortar preparation was according to ASTM C 1329. 

Component w/c ratio 

0.35  0.40 0.45 0.60 

Water (g) 770 840 661 798 

Cement (g) 2200 2100 1470 1330 

Sand (g) 2200 2100 1470 1330 

 

          Four cylindrical mortar samples were prepared, measuring 10 cm in length, 4 cm 

in diameter (w/c = 0.35, 0.40, 0.45, and 0.60). Samples were cured in saturated 

limewater solution at 25 ± 2 oC for 28 days before drying commenced. Samples were 

dried in an oven at 85 oC and were measured periodically until mass stabilized to within 

0.5 g over a 24 h period. Devcon 2 ton® epoxy (ITW Devcon, Danvers, MA, USA) was 

then applied to the curved exterior surface to limit mass transport to one-dimensional 

wick action. The MR signal from the epoxy was approximately 1% of total signal, which 

is negligible. After one year of water exposure the epoxy resin did not show swelling, 

softening or any visible deterioration. All samples were placed in a water bath as 

indicated in Fig. 3-1. A plastic lid on the container separated bulk water from the 

chamber environment. The setup shown in Fig. 3-1 was held under isothermal 

conditions in a humidity chamber (Caron 6010, Marietta, OH, USA) at 25 oC with a 

constant vapor pressure deficit of 1.1 kPa (65% RH). One year from the first contact of 

the samples with water, the steady state was confirmed by sequential weighing and 1D 



49 

 

Centric Scan SPRITE MRI measurements. It was observed that the mass was constant 

in all samples and the position of the wetting front was stationary.  

            3.3.2 Bulk T1 and T2 relaxation times 

          The spin lattice relaxation time T1 was measured for all samples. T1 was typically             

bi-exponential with one component sub millisecond. A representative mortar w/c = 0.35, 

at equilibrium, revealed a 0.42 ± 0.03 ms (48%) and a 2.3 ± 0.1 ms component (52%). 

These values are sufficiently short that they do not lead to blurring in the dhk Centric 

Scan SPRITE profiles [16]. Bulk T2 measurements were undertaken for all samples. 

However, the minimum echo time for these measurements was insufficient to 

characterize the short T2 component and therefore the results are not reported. FID 

measurements are a more reliable way to capture short lifetime T2 and T2
* signal 

components. 

3.3.3 One-dimensional Centric Scan SPRITE with T2
* mapping 

          Bulk free induction decay (FID) and one-dimensional Centric Scan SPRITE with 

T2
* mapping measurements were performed on a 0.2 Tesla instrument                     

MARAN DRX-HF (Oxford Instruments Ltd, Abingdon, Oxford, UK) at a resonance 

frequency of 8.5 MHz. The instrument was equipped with Techron gradient amplifiers 

(Type 7782, AE Techron, Elkhart, IN, USA). The RF probe was a homemade vertical 

solenoid 12 cm in length with a 4.5 cm inner diameter.  

          The mortar samples were positioned longitudinally in the center of the RF probe. 

A series of T2
* weighted 1D images result after Fourier transformation of the acquired 
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data set with phase encoding times (tp) ranging from 40 s (Gmax = 11.05 G/cm) to 2000 

s (Gmax = 0.22 G/cm), pulse length = 1.5 s (flip angle = 9o), field of view (FOV) = 17 

cm, number of pixels = 64, and pixel size = 2.7 mm. 2048 scans with a repetition time 

of 2 ms, were acquired for a total imaging time of approximately 5 h. Because of variable 

tp the magnitude of the gradient step was adjusted in order to maintain a constant               

k-space increment and therefore a constant image field of view.  

          All k-space data were smoothed using a Hanning low-pass filter. In addition, all 

images with the same FOV were corrected by 1D B1 mapping [32]. This ensures that 

the signal intensity from T2
* mapping is solely due to water content variation and not 

due to RF probe sensitivity variation with space. The signal intensity of each point in 

the profiles was plotted versus the encoding time and the observed decays were fitted 

using a non-linear least squares algorithm and back extrapolated to obtain the T2
* 

lifetime components, and their corresponding signal amplitudes (water content) at each 

spatial point [24]. The mass loss for samples during the MRI measurement time was 

typically 0.01 g which is negligible. 

3.4 Data processing  

            3.4.1 Bulk FID, 1D Centric Scan SPRITE with T2
* mapping 

          The bulk FID data was fitted to Eq. 3.11, given the bi-exponential T2
* behavior 

in all samples. 

                                    𝑆 =  𝑆0,1𝑒
−𝑡
𝑇2,1

∗
+ 𝑆0,2𝑒

−𝑡
𝑇2,2

∗
                                                                (3.11) 
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          In Eq. 3.11, S is the total signal intensity, T2,1
* [s] and T2,2

* [s] are the short and 

long lifetime components of the decay, while S0,1 and S0,2 are the amplitudes of the short 

and long T2
* lifetime components (which, if calibrated, have units of [kg m-3]), and t is 

the time following the 90o RF pulse. For bulk FID measurements the time resolution of 

T2
* was the dwell time = 2 s.  

          The bi-exponential behavior of T2
*, observed in bulk FID measurements, was also 

observed in T2
* mapping. The local signal intensities in the profiles, versus encoding 

time, were fitted to Eq. 3.11. For profiles, the encoding time (tp) replaced t in Eq. 3.11. 

In the profiles two pixels on the wet end and three pixels on the dry end were removed. 

These points were not reliable in the T2
* mapping due to edge effects.  

            3.4.2 Transport parameters for Lockington’s model 

          Transport parameters were obtained by fitting the measured normalized moisture 

content profiles using a non-linear least squares algorithm. Fitting of the profiles 

manually emphasized the region with moisture content higher than 0.3. For the power 

law hydraulic diffusivity function, the parameters were estimated by fitting the 

experimental moisture profiles to Eq. 3.5 proposed by Lockington. The normalized 

water content was calculated according to Eq. 3.3, taking into account the residual water 

content (r). In case of the exponential function, a numerical solution to Eq. 3.2 based 

on finite element calculation was obtained using the COMSOL Multiphysics program 

(Version 4.3b, COMSOL, Inc, Burlington, MA). In both hydraulic diffusivity functions, 

the initial value of n = 8 was taken from the literature [1, 3]. 
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          While it is reasonable to consider that k would vary with local water content in 

the sample, we assumed k was constant for all samples. The value of k was estimated 

based on the best fit to the experimental data that provided D0 values in the order of 

magnitude to those found in the literature [33]. The assumption of constant k resulted in 

good fits to steady state in all four samples. 

            3.4.3 Inverse modeling with 1D Hydrus program 

          The 1D Hydrus program [34], based on Richards equation, was employed to 

estimate the transport parameters for mortar samples in the steady state wicking and 

drying condition. The sample length was discretized in 31 nodes for the analysis. The 

sample was considered under an initial hydraulic pressure head h given by Eq. 3.12 

[27]. 

                                     ℎ =  
𝑃𝑐

𝜌𝑤𝑔
                                                                              (3.12) 

where Pc [N m-2] is the capillary tension given by the Kelvin–Laplace equation, w        

[kg m-3] is the density of water, and g [m s-2] is the freefall acceleration due to gravity.  

          The h value was -6.04 × 103 [m] at the upper face, which corresponds to 

equilibrium with 65% relative humidity and 25 oC. This constant pressure hydraulic 

head boundary condition allows for moisture evaporation from the upper face. The 

lower face of the sample was in contact with liquid water, therefore the boundary 

condition was a hydraulic pressure head h = 0. The initial water content (interlayer + 

micropore space water) in each sample was included in the analysis. The initial values 

for the hydraulic properties, according to the van Genuchten–Mualem model [28], were 
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taken from data available in the literature [26, 29]. The equilibration time considered 

for the inverse analysis was taken as one year, corresponding to the wicking and drying 

experiment at steady state. 

           In Eq. 3.8, s and r can be independently obtained from MRI measurements. 

Parameters n and  were chosen based on literature values [26, 29]. Tortuosity ‘‘l’’ 

values, Eq. 3.10, were estimated based on sand volume fraction [35]. Thus, saturated 

hydraulic conductivity Ks was the only required fitting parameter. Permitting n and  to 

be free fitting parameters resulted in large uncertainty in the individual parameters n, , 

and Ks. 

3.5 Results and discussion 

The bulk FID data was fitted to Eq. 3.11, given the bi-exponential T2
* behavior 

in all samples. Figure 3-2 shows a typical bulk free induction decay of the mortars.  

 

Figure 3-2 Semilog plot of bulk FID signal intensity decay versus time after RF 

excitation for 10 cm mortar sample (w/c = 0.35), showing bi-exponential T2
* 

behavior corresponding to two different populations of water present in the 

sample. The short T2
* lifetime component = 37 ± 1 s (51% of signal), was assigned 

to interlayer water. The long T2
* lifetime component = 202 ± 1 s (49% of signal) 

was assigned to water in micro and macropores. 
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The short T2
* lifetime component, as shown later, is assigned to interlayer 

water that does not interact with water in the pore space. The long T2
* lifetime 

component corresponds to water in the pore space where the relaxation is dominated 

by the internal magnetic field distribution in the samples [24]. 

             In our previous work at high field, 2.4 Tesla (100 MHz), single exponential T2
* 

behavior was observed in cement, mortar and concrete materials [15, 36], contrary to 

the current work. Olaru et al. [37] have reported bi-exponential behavior in cement-in-

polymer dispersions at short hydration times. For all samples, the bulk FID data was 

fitted to Eq. 3.11, given the   bi-exponential T2
* behavior in all samples. Figure 3-2 

shows a typical bulk free induction decay of the mortars.  

For all samples, the T2
* values from T2

* mapping are consistent with those 

obtained from bulk FID measurements. The bulk T2
* measurement was more reliable in 

terms of the short T2
* lifetime component. This is because of the short dead time of the 

bulk measurement and the fine measurement interval during the FID acquisition (dwell 

time). Since the short T2
* lifetime (T2,1

*) did not vary significantly compared to the long 

T2
* lifetime along the sample (Fig. 3-3), its average value was fixed for subsequent 

fitting to Eq. 3.11 with only three free parameters (S0,1, S0,2, T2,2
*). The long T2

* lifetime 

varies with position along the sample. 
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Figure 3-3 T2
* lifetime components versus position for 10 cm mortar sample (w/c = 

0.35). Long (▲) and short (●) T2
* lifetime. The short T2

* lifetime, associated with 

interlayer water, did not vary significantly compared to the long T2
*. The long T2

* 

lifetime, associated with water in the pore space, varies spatially with the longest 

lifetime at the fully wet end. The error bars represent the uncertainty (generally 

less than the symbol size) in the estimation of T2
*
. 

 

 Figure 3-4 shows that the signal intensity associated with the short and long T2
* 

lifetime components are separately observable by T2
* mapping. The signal intensity 

associated with the short T2
* lifetime is quasi-constant through the sample. This signal 

is assigned to interlayer water, which is tightly held in the cement paste structure [2]. 

Therefore, it does not contribute to the moisture transport. The signal intensity 

corresponding to the long T2
* lifetime (presumed to be water in the pore space) reveals 

the wet front penetration. This signal component is of greatest interest since it is 

associated with wicking/drying water transport. For all mortar samples tested the short 

T2
* lifetime and its associated signal intensity was quasi-constant with position along 

the samples.  
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Figure 3-4 Signal intensity versus position for 10 cm mortar (w/c = 0.35). Signal 

intensity corresponding to the long (▲) and short (●) T2
* lifetime components. The 

plot shows a constant signal intensity throughout the sample associated with the 

short T2
* component. The signal intensity of the long T2

* lifetime changes with 

position, as anticipated. The error bars represent the uncertainty in the estimation 

of the signal intensity. 

 

The ratio of the MR signal intensity assigned to interlayer water to signal 

intensity of the total water (interlayer water + water in pore space) is compared with 

calculated ratios of interlayer/total water in Table 3.2.  

The value of the MR signal assigned to interlayer water was taken as the average 

of the signal intensity of the short T2
* lifetime component. The values for total water 

were the highest intensities at the wet end. The calculated amount of interlayer water 

was based on an assumed degree of hydration at 90 days of age [38] and the amount of 

interlayer water associated with the calcium silicate hydrate (C–S–H) taken as 0.19 g of 

water per gram of anhydrous cement [2]. The calculated amount of interlayer water is 

consistent with the experimental MR/MRI determination of interlayer water assuming 
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two types of water (interlayer and water in pore space) assigned to different T2
* 

lifetimes.  

Table 3.2. Interlayer water / total water ratio for MR signal intensity and 

calculated values according to the degree of hydration and amount of interlayer 

water associated with C-S-H for mortar samples with different w/c ratios. The 

degrees of hydration were estimated according to reference [38]. For MRI data in 

general uncertainties of the ratios were less than ± 0.02 while the porosities were   

± 0.1%.   

w/c 

ratio 

Porosity 

(%) 

Estimated degree of 

hydration 

MRI Calculated 

 At 90 

days 

Interlayer to 

total water 

ratio 

Interlayer to 

total water 

ratio 

0.35 17.4  0.72 0.44 0.46 

0.40 19.9  0.76 0.45 0.42 

0.45 24.7  0.79 0.48 0.37 

0.60 31.7  0.85 0.39 0.30 

                                                                                                                                       

Besides the interlayer water, in a hydrated cement paste there is water in the pore 

space network comprised of macro and micropores. These are known as large and small 

capillary pores in the cement literature, respectively [39]. Macropores larger than 50 nm 

are important in determining the strength and permeability characteristics of the cement 

paste. Micropores smaller than 50 nm have a major role determining shrinkage and 

creep.   

   Figure 3-5 shows the signal intensity of the long T2
* lifetime component for 

the mortar samples with different w/c ratios. The water penetration depth and the signal 

intensity at the wet end increase with increasing water to cement ratio, as expected by 
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the higher porosity that can be occupied by external water. This signal is assigned to 

water in macropores. Differences in penetration depth of the wet front is critical in terms 

of evaluating durability of reinforced concrete structures, especially if the front at steady 

state is located near the reinforcing steel.  

Regardless of the water to cement ratio (w/c = 0.35, 0.40, and 0.45) the level of 

signal intensity of long T2
* lifetime at the dry end is the same (Fig. 3-5), indicating that 

the wet front did not penetrate to the other end of these samples. In addition, the signal 

(moisture content) for the nominally ‘‘dry’’ sample before commencing the wicking 

experiment is constant, and at nearly the same as the level in the dry region of mortar 

samples in the steady state condition. This constant background signal is then assigned 

to the water content in micropores, where water is held by capillary tension. Therefore, 

it does not contribute to the moisture transport [39]. In case of the mortar w/c = 0.60, 

due to image resolution and edge effects on the experimental profile, it is difficult to 

determine the exact drying end of the sample.  
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Figure 3-5 Signal intensity of the long T2
* lifetime versus position for 10 cm mortar 

samples with different water to cement ratios (●) w/c = 0.35, (○) w/c = 0.40, (▼) w/c 

= 0.45, and (∆) w/c = 0.60. The water penetration depth increases with increasing 

w/c ratio. The signal intensity at the wet boundary (left) increases with increasing 

w/c ratio due to the higher porosity. A typical profile from a nominally “dry” 

sample (▲, w/c = 0.35, tp = 60 s with no contribution of signal from interlayer 

water), shows the signal intensity corresponding to water in micropores. It has 

essentially the same signal intensity as the dry part in the samples after reaching 

the steady state moisture content. The error bars represent the uncertainty 

(generally less than the symbol size) in the estimation of the signal intensity.    

                                        

The profiles in Fig. 3-5 were processed to extract the transport parameters 

controlling the wick action. Water in micropores is assumed not to contribute to the 

water transport during the wicking experiments. Therefore, this constant signal was 

subtracted from the steady state moisture distribution profiles in Fig. 3-5. The resulting 

profiles were then normalized using Eq. 3.3, to estimate the transport parameters by 

fitting the experimental profiles to Eq. 3.2.  

The experimental and fitted profiles are shown in Figs. 3-6. Figure 3-6a shows 

the fitting assuming a power law function for hydraulic diffusivity. There is a good 
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agreement between measured and predicted profiles at moisture contents higher than 0.3 

for three mortar samples (0.35, 0.40, and 0.45). For moisture content less than 0.3 there 

is a significant discrepancy between the measured and fitted profiles. Figure 3-6b shows 

that the exponential function for the diffusivity produces an improved fitting of the 

moisture profiles to Eq. 3.2, especially for the mortar w/c = 0.45.  

It is important to note that in the low water to cement ratio mortars (w/c = 0.35 

and w/c = 0.40) there is a substantially different behavior in the region of low moisture 

content ( < 0.3), where there is a diffusive front extending approximately twice the 

depth of the main wet front defined at moisture content ( > 0.3). Baroghel-Bouny et 

al. [7] found significant discrepancies at high and low moisture contents between 

measured and predicted profiles within two days of capillary water absorption. The 

moisture profiles in their work were obtained by gamma-ray attenuation measurements. 

Their model takes into account ionic transport, Fickian water vapour diffusion and 

Darcian liquid movement. The model was also used to study the chloride ion 

concentration and moisture content during wicking and drying. For the moisture content, 

Baroghel-Bouny et al. do not show experimental data and only provide predicted 

moisture content profiles in the steady state wicking and drying. 
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Figure 3-6 Experimental and fitted steady state moisture distribution profiles for 

mortars (●) w/c = 0.35, (○) w/c = 0.40, (▼) w/c = 0.45, and (∆) w/c = 0.60. The signal 

intensity (moisture content) was normalized by using Eq. 3.3 before fitting the 

experimental data to the model. Fitting was performed assuming (a) power law 

function for the hydraulic diffusivity, and (b) exponential function for the 

hydraulic diffusivity. 

 

Neither of the hydraulic diffusivity functions (power law and exponential) 

provide an adequate description of this characteristic leading edge behavior (low 

moisture content,  < 0.3). However, Lockington et al. [19] studied drying front 

penetration in porous building materials during the second stage of drying (i.e. low 
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moisture content controlled by vapor transport). They found that in fired clay brick the 

first stage of drying (2 h) removed more than half the water present in the sample. The 

second stage of drying removed the remaining water in 121 h.  

In the present study, there seems to be an additional mechanism taking place at 

the wet front besides capillary action. It may be related to adsorbed water diffusing 

through the pore space network. This behavior is expected in low water to cement ratio 

mortars that have small pores where capillary condensation may occur. Since the wet 

front has nearly reached the drying end for the mortar w/c = 0.60 with a high porosity, 

the measured data does not allow comparison of the results for both hydraulic diffusivity 

functions (Figs. 3-6a, b) in this sample.  

Table 3.3 presents the transport parameters D0 and k estimated from fitting the 

experimental moisture profiles to Eqs. 3.5 and 3.2, assuming power law and exponential 

diffusivity functions, respectively. The value of n = 8.17 (fitting undertaken manually) 

provided a better fitting to the shape of the profiles at moisture content higher than 0.3. 

This n value is in reasonable agreement with values proposed in the literature for 

cement-based materials [1, 3]. By assuming k and n constant for all the mortar samples, 

a comparison was made for D0, which varies according to the w/c ratio, low D0 for low 

w/c ratio and high D0 for high w/c ratio. 
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Table 3.3 Transport parameters D0 and k obtained for the different mortars during 

steady state wick action, assuming power law and exponential functions for the 

hydraulic diffusivity. The value of n = 8.17 was used for all the mortar samples.  

w/c ratio Power law Exponential 

D0 (10-8 m2 s-1)  k (10-5 s-1) D0 (10-11 m2 s-1) k (10-5 s-1) 

0.35 5.0 2.4 1.6 2.4 

0.40 12.1 2.4 2.4 2.4 

0.45 23.7 2.4 9.4 2.4 

0.60 100.0 2.4 24.4 2.4 

 

 Figure 3-7 shows the measured MRI profiles and the fitted profiles using the 

inverse solution with the Hydrus program [34]. The inverse solution provided a good fit 

to the experimental data.  

 

Figure 3-7 Experimental and simulated steady state moisture distribution profiles 

for mortars (●) w/c = 0.35, (○) w/c = 0.40, (▼) w/c = 0.45, and (∆) w/c = 0.60. 1D 

Hydrus model was used for inverse modeling of mortar samples to obtain the 

hydraulic parameters by comparing the measured and the simulated water content 

for each mortar sample. 
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Table 3.4 shows the transport parameters estimated. The resulting values of Ks 

for the various samples are in a good agreement with the limited data from the literature 

[29, 40, 41]. We thus conclude that hydraulic conductivity is the most important 

physical parameter describing the variation of the samples in Fig. 3-7. The observed 

trend for saturated hydraulic conductivity is similar to the trend for hydraulic diffusivity 

(Table 3.3) obtained with the analysis based on Lockington’s model. As the water to 

cement ratio increases, the saturated hydraulic conductivity increases.  

Table 3.4 van Genuchten hydraulic parameters for mortar samples obtained by 

inverse modeling using 1D Hydrus software.  

w/c ratio r (m3 m-3) s (m3 m-3) n (-)  (10-3 m-1) Ks (10-14 m s-1) l (-) R2 (-) 

0.35 0.10 0.17 1.6 3.3 1.6 ± 0.1 1.18 0.97 

0.40 0.12 0.20 1.6  3.3 3.4 ± 0.1 1.17 0.99 

0.45 0.14 0.25 1.6         3.3 9.8 ± 0.1 1.17 0.97 

0.60 0.28 0.32 1.6         3.3      150 ± 2 1.15 0.85 

 

Figure 3-8 presents the saturated hydraulic conductivity values for the mortars 

studied. The trend is similar to the well-known behavior of permeability of cement 

pastes as a function of water to cement ratio [2]. This figure also includes Ks values 

found in the literature for mortars, which had different formulations (sand/cement ratio) 

and curing regimes in comparison with those prepared for the present study.  
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Figure 3-8 Saturated hydraulic conductivity versus water-to-cement ratio of the 

mortars. The hydraulic conductivity was obtained by inverse modeling with the 

Hydrus program of the measured moisture content profiles at 1 year (○). The solid 

lines are the best to fit to a single exponential growth with the data obtained in the 

present work and to the data from the literature for cement pastes. The observed 

trend is in agreement with the variation of permeability with water-to-cement ratio 

in cement pastes (×) [2], Schnieder (mortar) (♦) [29], Halamickova (mortar) (▲) 

[40], and Hu (mortar) (■) [41].  

 

The saturated hydraulic conductivity may have a wide range of variation for the 

same water to cement ratio. It is expected that the Ks values for cement pastes are lower 

than for mortars, which is reflected in the plots. Leech et al. [20] have measured 

saturated permeability for concrete. Their Ks values are higher than the mortars in the 

present study. In the literature there is a wide range of variation for Ks, depending on 

w/c ratio, type of materials, mixture proportions, curing type and time, as well as on the 

conditioning method. Leech et al. used negative values of tortuosity as a fitting 

parameter, whereas in the present study, tortuosity is a positive value to ensure a 

physical meaning. In both studies, the n values are in a good agreement. 
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3.6 Conclusion 

In the present study, 1D Centric scan SPRITE T2
* mapping was applied to 

monitor the moisture distribution at steady state wetting and drying conditions inside a 

series of mortar samples with w/c ratios of 0.35, 0.40, 0.45, and 0.60. The bulk FID 

measurements and the T2
* mapping experiments clearly revealed a bi-exponential T2

* 

behavior. The short T2
* lifetime component is assigned to interlayer water while the long 

T2
* lifetime component is assigned to water in the macro and micropores network.  

1D Centric scan SPRITE profiles revealed the moisture content at the wet face 

and the wet penetration front at steady state increased as the w/c ratio of the mortar 

specimens increases.  

The Richards equation written in form of moisture content () containing a sink 

term to account for conversion of liquid water to vapor inside the sample, is a simple 

model that has a good agreement with the measured data. Assuming an exponential 

function for the hydraulic diffusivity, it provides an acceptable fitting for the 

experimental profiles that allows determination of the requisite transport parameters. 

The parameter D0 increases with increasing water to cement ratio. The experimental 

profiles obtained from the low water to cement ratio mortars suggest an additional 

mechanism influencing the penetration depth at low moisture content, which may be 

related to adsorbed water diffusion.  

The inverse solution obtained with the 1D Hydrus program based on the 

Richards equation produced a very good fitting to the measured profiles and provided 
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transport parameters that are in agreement with the values and trends observed for 

cement-based materials.  

The profiles obtained by magnetic resonance imaging permit new modeling 

opportunities. The transport parameters determined, diffusivity or hydraulic 

conductivity, are reflective of differences in the pore structure of the mortars. These 

parameters describe the wet front penetration which is important for predictions of 

durability. 
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Chapter 4 - Wet Front Penetration with Unsteady State Wicking in 

Mortar Studied by Magnetic Resonance Imaging (MRI) 

Penetration of water or water carrying aggressive ions in cement-based 

structures exposed to different environments has become a significant concern in the 

concrete industry. In Chapter 3, MR/MRI methods were employed to study water 

absorption during steady state wick action in mortar samples with different porosities. 

This chapter presents MR/MRI measurement of water absorption and its behavior inside 

the mortar with different porosities during unsteady state wick action. 

This chapter is largely based on the paper “Wet Front Penetration with Unsteady 

State Wicking in Mortar Studied by Magnetic Resonance Imaging (MRI)” published in 

the journal Materials and Structures, 51:16 (2018). We follow the notation for variables 

and equations recommended by this journal, which is similar to that of the International 

Union of Pure and Applied Physics (IUPAP). The format of references in this chapter 

follows that of the original article. Note that additional consideration of uncertainties 

and grammatical changes differentiate this chapter from the published paper. Such 

changes are minor.                        

Abstract 

          The movement of water or water carrying aggressive ions is one of the leading 

causes of deterioration of concrete structures worldwide. Moisture profiles during 

unsteady state wicking were determined by one-dimensional magnetic resonance 

imaging of 10 cm mortar specimens. Bulk free induction decay and T2
* lifetime mapping 

results show a bi-exponential behavior of the MR signal lifetime, T2
*, in all samples, 
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indicating at least two different water populations. From T2
* mapping, the short T2

* 

lifetime, assigned to interlayer water (water between C-S-H layers), and its associated 

amplitude are constant along the sample. The long T2
* lifetime and its associated 

amplitude, related to water in the pore space (micro and macropores), change with local 

moisture content. To the best of our knowledge, this is the first time that interlayer water 

has been spatially resolved in MRI measurements of cement-based materials.  

          Gravimetric sorptivity measurements show two regimes of water absorption in 

the four samples studied. In the first regime, a capillary transport mechanism is 

dominant in filling the macropores. In the second regime, the interaction between water 

and solid matrix is postulated to cause swelling that results in a reduction of the water 

absorption rate. After swelling, diffusion controls pore filling. Water front penetration 

behavior observed with magnetic resonance imaging, and bulk free induction decay 

measurements showed changes in behavior that can be linked to sorptivity changes from 

an initial to a secondary regime.   

          Inverse modeling was conducted to extract the transport properties, using the 

Hydrus program with the one-dimensional moisture content profiles. Modeling results 

showed a decrease in saturated hydraulic conductivity with water exposure time. 

4.1 Introduction  

          Water is intimately involved in the physical and chemical deterioration of concrete 

structures [1–4]. Wick action of surface water provides a mechanism for undesirable 

water and chloride penetration of concrete structures [5–7]. Wick action is the transport 

of water in a porous material by a combination of capillary absorption and water vapor 
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diffusion with evaporation at the surface in contact with ambient air [7–9]. Identifying 

and quantifying this mechanism is important to understand potential deterioration of 

structures such as roof slabs, basements, tunnels, and retaining walls [7]. Buenfeld et al. 

[10] developed a model to predict water and chloride transport during wick action at 

steady state. However, their assumption of a sharp wet front predicted a sharp decrease 

in chloride concentration, contrary to experimental evidence. The rate of water uptake, 

and the deleterious ions carried by water are important in terms of durability [11].                                                            

          Traditional techniques used to monitor water ingress into porous materials are 

based on bulk gravimetric measurements. These techniques do not provide an indication 

of the moisture distribution within the specimen [2, 12]. The moisture distribution may 

be determined by slicing the specimen at specific times with the water content measured 

by oven drying [13]. This approach however is destructive and has very low spatial 

resolution, making it difficult to resolve the water content distribution, especially at the 

wet front. Advanced techniques used to observe the progression of dynamic moisture 

movement include gamma rays [14], Neutron Radiography (NR) [15, 16], and Magnetic 

Resonance Imaging (MRI) [17–19]. 

          The sensitivity of MR/MRI to the water content and water dynamics makes it a 

useful technique to study the moisture distribution in cementitious materials [17, 18, 20, 

21]. Quantitative images are, however, difficult to obtain with traditional MRI 

techniques. The ability of MRI techniques such as Centric Scan SPRITE [22, 23], to 

observe the quantitative spatial moisture distribution, is critical for the study of     

cement-based materials [19]. Non-destructive techniques are critical for long duration 
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studies of water penetration as samples transition from an unsteady state to a steady state 

due to wick action. This requires tracking the wetting front at discrete points in time.  

          The 1D Hydrus program [24], based on Richards equation, is widely employed to 

describe water movement in unsaturated porous media such as soils [25, 26] and   

cement-based materials [27, 28]. A very common application of the Hydrus model is 

for estimation of transport parameters from measured steady state or transient data [26]. 

          In this paper, MR/MRI was employed to study water absorption during unsteady 

state wick action in four mortar samples with different w/c ratios. For the first time the 

interlayer water has been spatially resolved in an MRI study by using the Centric Scan 

SPRITE technique. The measured water content profiles were employed to estimate 

transport parameters by inverse analysis with the 1D Hydrus program. This work builds 

on previous MR/MRI studies [27] that explored steady state wicking behavior in 

mortars.  

4.2 Theory 

            4.2.1 Centric Scan SPRITE with T2
* mapping  

          The Centric Scan SPRITE [29] technique has proven to be a robust method for the 

study of materials systems, most importantly fluid bearing porous materials, with short 

MR signal lifetimes. In the Centric Scan SPRITE experiment the local image intensity 

depends on spin density (water content) which is labeled  (which, if calibrated, has 

units of [kg m-3]), the phase encoding time tp [s], and the effective spin-spin relaxation 
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time T2
* [s]. The image intensity at any point in a double half k-space (dhk) Centric Scan 

SPRITE image [29] is given by Eq. 4.1;  

                                               𝑆 ∝  𝜌0𝑒

−𝑡𝑝
𝑇2

∗
                                                                            (4.1) 

          Three different regimes govern the manifestation of T2
* in Eq. 4.1. If, tp << T2

* the 

observed image intensity is proportional to the water content at all points in the sample. 

When tp ≈ T2
* the detected signal is still proportional to the water content if T2

* is 

constant throughout the sample and constant in time. If T2
* varies within the sample or 

varies in time, one should acquire a series of images with variable phase encoding time 

(tp) to obtain a local map of T2
* lifetime and water content [30, 31]. The third case 

corresponds to the current measurements and T2
* mapping was undertaken to determine 

the local water content. This is essentially separating the contribution to the image 

intensity of the two terms in Eq. 4.1. 

            4.2.2 Unsaturated flow 

When one face of a dry porous sample is in contact with liquid water, capillary action 

transports water into the sample. Evaporation occurs at the liquid / gas interface located 

at the wet front inside the sample. The water vapor diffuses through the pore space and 

escapes at the surface in contact with ambient air [6, 27, 32]. In an unsteady state, the 

wet front will move depending on the water absorption rate and the water vapor 

diffusivity, as well as environmental conditions, until a steady state is reached [9]. At 

steady state, the rate of water ingress at the wet face is equal to the rate of water loss at 

the drying face [10]. 
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          Sorptivity is the tendency of a porous material to absorb and transfer water or any 

liquid, by capillarity [1, 2, 9]. The sorptivity is determined according to Eq. 4.2;  

                                                     𝑖 =  𝑆. 𝑡
1
2                                                                              (4.2) 

where i [m3 m-2] is the cumulative volume of absorbed water per unit area of the inflow 

surface, t is the time of water absorption and S [m s-1/2] is the sorptivity. The sorptivity 

is the slope of the i versus t1/2 curves. Measuring the sorptivity is a common way to study 

the rate of water absorption. 

          The one-dimensional Richards equation written in terms of the unsaturated 

hydraulic conductivity K(h) [m s-1], gravity neglected, is amenable to modeling of 

partially saturated flow in porous media (Eq. 4.3) [33]. 

                                            
𝜕𝛩

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐾(ℎ) 

𝜕ℎ

𝜕𝑥
)                                                                (4.3) 

where  is the normalized moisture content, t is time after first contact of the sample 

with the external water reservoir, x [m] is distance from the water reservoir interface, h 

[m] is the pressure head. The outlet boundary conditions implicitly account for water 

loss at the sample surface.  

          The unsaturated hydraulic conductivity function, K(h), and water retention 

characteristic, (h), are given by the van Genuchten-Mualem model [33, 34], Eq. 4.4. 

This model is widely used in soil physics and has also been employed to describe water 

transport in cement-based materials [28, 35–38].  
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                    𝛩 (ℎ) =  𝜃𝑟 +
(𝜃𝑠 − 𝜃𝑟)

(1 + (𝛼ℎ)𝑛)1−
1
𝑛

             for h < 0                                     (4.4) 

where r is the residual water content, s is the saturated water content   m-1 is a scale 

parameter inversely proportional to the mean pore diameter, n [-] is a parameter that 

describes the pore structure of the medium.  

          The unsaturated hydraulic conductivity, a function of moisture content, is given 

by Eq. 4.5; 

                        𝐾 (ℎ) =  𝐾𝑠𝛩
𝑙[1 − (1 − 𝛩

𝑛
𝑛−1)

1−
1
𝑛
]2                                             (4.5) 

where Ks [m s-1] is the saturated hydraulic conductivity, l [-] is the tortuosity, and  is 

the normalized water content [33] given by Eq. 4.6;  

                                             𝛩 =  
(𝜃 − 𝜃𝑟)

(𝜃𝑠 − 𝜃𝑟)
                                                                          (4.6) 

          To solve Richards equation, initial conditions can be specified in terms of the 

pressure head [33]. The boundary conditions employed are discussed in the 

experimental section.  

4.2.3 Water environments in cement-based materials 

          1H magnetic resonance measurements to study water and water environments in      

cement-based materials has a long history [39–41]. The MR/MRI signal is typically 

discriminated into four different environments, each with different signal 

characteristics. The first is the fastest relaxing component associated with chemically 
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combined water in the solid crystalline phases. The second relaxation component is 

typically assigned to interlayer water. The third and fourth components are assigned to 

the water in micropores (gel pores) and macropores (capillary pores), respectively. The 

number of water environments experimentally observed in an MR/MRI study depends 

in part on definitions of the pore space, capabilities of the apparatus, the MR/MRI 

techniques employed, sample conditioning, sample age, and the data analysis method.  

          The short signal lifetime of chemically combined water (< 10-20 s [42, 43]) 

makes the signal invisible to the detection system (dead time of the probe is longer than 

signal lifetime) in the Centric Scan SPRITE technique employed in the current study. 

However, the signal lifetime and signal intensity of chemically combined water can be 

observed using appropriate non-imaging MR techniques such as the solid echo [43].  

          T2 based measurements are commonly employed to observe the water 

environments in magnetic resonance. However, the T2 lifetime is multi-exponential due 

to the pore size distribution, thus, quantification of the water content in the pore space 

is often challenging in MRI. In contrast, the technique employed in the present study is 

based on the T2
* lifetime, which permits quantitative measurements of interlayer water 

and water in small and large pores. The latter two environments are observed in one 

time constant T2
*, with the value changing with pore occupancy. The advantage of the 

T2
* approach to quantification, instead of T2, is the simplicity of imaging and the 

quantitative nature of the experiments. Beyea et. al [30] showed single exponential T2
* 

measurements in cement-based materials. Working at high field (2.4 T) did not allow 

them to observe the short T2
* lifetime associated with the interlayer water. 
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4.3 Experimental 

4.3.1 Sample preparation 

          Mortars were prepared at water to cement (w/c) ratios of 0.35, 0.40, 0.45, and 0.60. 

Mortar preparation was undertaken according to ASTM C 1329. The sand to cement 

ratio was 1:1 in the mixture proportion. White Portland cement Type GU (Federal White 

Cement Ltd, Woodstock, ON, Canada) was used. The white cement conformed to CSA 

designation CAN/CSA-A3001. An industrial quartz sand mix 70/30 (Unimin Canada 

Ltd, Havelock, ON, Canada) with specific gravity 2.65, absorption < 0.01%, and 

fineness modulus 3.37, was used.  

          Six cylindrical mortar samples measuring 10 cm in length and 4 cm in diameter               

(w/c = 0.35, 0.40, 0.45, and 0.60) were cast. Samples were cured in saturated limewater 

solution at 25 ± 2 °C for 28 days before drying. Samples were oven-dried at 85 °C and 

weighed periodically until the mass stabilized to within 0.5 g over a 24-hour period. The 

samples were identical except for the water to cement ratio. Four of the samples, one of 

each w/c, were used for sorptivity testing and tracking the wet front penetration. Two 

duplicate samples (w/c = 0.35 and 0.45) were employed for T2
* mapping measurements.  

          Devcon 2 ton® epoxy (ITW Devcon, Danvers, MA, USA) was applied to the 

curved exterior surface to limit mass transport to one-dimensional wick action. The MR 

signal from the epoxy was less than 1% of the total signal. During the time samples were 

exposed to water, the resin did not swell, soften or reveal any visible deterioration. All 

cylindrical samples were placed in a water bath such that the lower end was submerged 

approximately 2 cm (Fig. 4-1). A plastic lid on the water bath separated bulk water from 
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the chamber environment. The water level was maintained constant by refilling the 

water reservoir as required. The setup shown in Fig. 4-1 was held under isothermal 

conditions in a humidity chamber (Caron 6010, Marietta, OH, USA) at 25 oC with a 

constant vapor pressure deficit of 1.1 kPa (65 % RH).   

 

 

Figure 4-1 Schematic of an unsteady state 1D wicking experiment. Samples were 

10 cm in length, 4 cm in diameter. The bottom of the specimen was submerged two 

cm below the water surface, with the drying face in contact with an environment 

at 65 % relative humidity and 25 oC. Epoxy resin was applied to the curved outer 

surface to restrict transport to one dimension. 

 

         The sorptivity was obtained according to the procedure described in ASTM 

C1585-13 [12]. The sorptivity test involved recording mass at different times after the 

sample was in contact with water in the reservoir, up to 200 days. The amount of 

absorbed water was normalized by the cross-sectional area of the specimen exposed to 

the fluid. 
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4.3.2 Bulk T1 and T2 relaxation times 

          The spin lattice relaxation time T1 was measured for all samples. The T1 lifetime 

was typically bi-exponential with one component sub millisecond. A representative 

mortar, w/c = 0.35, revealed a short T1 lifetime of 0.48 ± 0.02 ms (55%) and a long T1 

lifetime of 4.1 ± 0.1  ms (45%) after 9 days of water absorption. These values do not 

lead to blurring in the dhk Centric Scan SPRITE profiles [22]. 

          Bulk T2 measurements, undertaken for all samples, revealed that the minimum 

echo time used was insufficient to characterize the short T2 lifetime component of this 

type of sample. Therefore, the results are not reported. Bulk Free Induction Decay (FID) 

measurements are a more reliable way to capture the short lifetime T2/ T2
* signal 

components. 

4.3.3 One-dimensional Centric Scan SPRITE with T2
* mapping 

A vertical bore MARAN DRX-HF (Oxford Instruments Ltd, Abingdon, Oxford, 

UK) MRI system was employed operating at a resonance frequency of 8.5 MHz (0.2 

Tesla). The instrument was equipped with 1 kW Techron gradient amplifiers (Type 

7782, AE Techron, Elkhart, IN, USA) and water cooled gradient coils. The homebuilt 

vertical solenoid RF probe was 12 cm in length with a 4.5 cm inner diameter. Bulk FID 

and one-dimensional Centric Scan SPRITE with T2
* mapping measurements were 

performed. 

          In order to observe the true water content, and the wet front movement in unsteady 

state wicking, two samples (one 0.35 and one 0.45 w/c ratio) were chosen for T2
* 

mapping measurements. The mortar samples were positioned vertically in the center of 
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the RF probe by employing a small lab jack to ensure consistent sample positioning. A 

series of T2
* weighted 1D images result after Fourier transformation of the acquired data 

set with phase encoding times, tp, ranging from 40 μs (Gmax = 11.05 G/cm) to 2000 μs 

(Gmax = 0.22 G/cm), pulse length = 1.5 μs (flip angle = 9o), field of view (FOV) = 17 

cm, number of pixels = 64, and pixel size = 2.7 mm. 2048 scans with a repetition time 

of 2 ms, were acquired for a total imaging time of approximately 5 hours. Because of 

the variable tp, the magnitude of the gradient step was adjusted in order to maintain a 

constant k-space increment and therefore a constant image field of view. The mass loss 

for samples during the MRI measurement time was typically 0.01 g which is negligible. 

4.4 Data processing 

4.4.1 Bulk FID, 1D Centric Scan SPRITE with T2
* mapping  

The bulk FID data was fitted to Eq. 4.7, given the bi-exponential T2
* behavior in 

all samples. 

                                       𝑆 =  𝑆0,1𝑒
−𝑡
𝑇2,1

∗
+ 𝑆0,2𝑒

−𝑡
𝑇2,2

∗
                                                                (4.7) 

In Eq. 4.7 S is the total signal intensity, T2,1
* [s] and T2,2

* [s] are the short and 

long lifetime components of the decay, while S0,1 and S0,2  are the amplitudes of the short 

and long T2
* lifetime components (which, if calibrated, have units of [Kg m-3]), and t is 

the time following the 90o RF pulse. For bulk FID measurements at 0.2 T, the 

measurement parameters for all mortar samples were: signal averages = 2048, filter 

width = 500 kHz, RF probe dead time = 15 s, repetition time = 100 ms with a total 
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measurement time of 3 minutes. The 90° pulse duration was 11.1 μs while the dwell 

time was 2 s.  

Before Fourier transformation to generate an image, all k-space data were 

smoothed using a Hanning low-pass filter. In addition, all images with the same FOV 

were corrected by 1D B1 mapping [44]. This ensures that the image intensity variation 

is solely due to sample behavior and not due to RF probe sensitivity variation with 

position. The image intensity of each point in the profiles was plotted versus the 

encoding time and the observed decays were fitted to Eq. 4.7 using a non-linear least 

squares algorithm and back extrapolated to obtain the T2
* lifetime components, and their 

corresponding signal amplitudes (water content) at each spatial point [30]. The phase 

encoding time, tp, replaced t in Eq. 4.7. In the profiles two pixels on the wet end and 

three pixels on the dry end were removed. These points were not reliable for T2
* mapping 

due to edge effects. 

4.4.2 Inverse modeling with 1D Hydrus program 

          The sample length was discretized into 31 nodes for analysis in the 1D Hydrus 

program [24], based on Richards equation. The calculated value of the initial pressure 

head h [33] was  -6. 04 × 103 [m] at the upper face, which corresponds to equilibrium 

with 65% relative humidity at 25 oC. Moisture evaporation can occur from the upper 

face with this constant pressure head as a boundary condition. For the lower face of the 

sample, submerged in the water reservoir, the boundary pressure head was h = 0.02 [m]. 

The initial values for the hydraulic properties, according to the van Genuchten-Mualem 

model [34], were taken from data available in the literature [9, 27, 28].  
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          In Eq. 4.4, s and r were obtained independently from MRI measurements. 

Parameters n and  were chosen based on literature values [9, 27, 28]. A lower-bound 

estimation of the tortuosity “l” values, Eq. 4.5, was calculated based on the sand volume 

fraction [45, 46]. Saturated hydraulic conductivity Ks was the only fitting parameter. 

The wicking times considered for the inverse analysis were 35 days and 135 days for 

the 0.35 w/c mortar, and 30 days and 110 days for the 0.45 w/c mortar.   

4.5. Results  

          Figure 4-2 shows the cumulative volume of absorbed water per unit area at the 

inflow face of the samples plotted versus the square root of the elapsed time. There is a 

bi-linear absorption behavior that indicates two different regimes of water absorption in 

three of the mortar samples (w/c = 0.40, 0.45, and 0.60). In the 0.35 w/c mortar only the 

second regime of lower slope was apparent. The first regime corresponds to the initial 

sorptivity (Si). It is characterized by a steeper slope at early times of water absorption 

[12, 47]. The second regime corresponds to the secondary sorptivity (Ss) with a lower 

slope. The transition between initial and secondary sorptivity is characterized by a break 

point in the plots. Bilinear sorptivity behavior has been observed by many others in 

cement-based materials studies [48–50]. 
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Figure 4-2 Cumulative water absorbed per unit area versus square root of elapsed 

time for mortar samples with different w/c ratios, subject to wicking. (●) w/c = 0.35, 

(▼) w/c = 0.40, (♦) w/c = 0.45, (▲) w/c = 0.60. The initial sorptivity increases for the 

samples with increasing w/c ratios. Note the presence of a break point in the 

sorptivity for three of the four samples.         

                                                                                                                                                                    

          Table 4.1 summarizes the initial and secondary sorptivity, as well as the break 

point time values. Initial sorptivity increases with increasing w/c ratio. This is expected 

since higher w/c ratio mortars contain a higher porosity with large pores (macropores) 

that can be filled with water. Conversely, low w/c mortars feature a lower porosity. 

However, the secondary sorptivities are nearly identical regardless of w/c ratio. The 

break point time is less than two days for mortar samples with w/c ratios of 0.40, 0.45, 

and 0.60. There is no visible break point for the 0.35 w/c mortar. The break point occurs 

earlier in higher w/c ratio mortar samples, which absorb a higher volume of water.  
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Table 4.1 Initial and secondary sorptivity for mortar samples subject to wicking 

with their corresponding break point. 

w/c ratio    Initial sorptivity Secondary sorptivity      Break point 

         Si  

(mm/min1/2) 

Uncertainty 

(mm/min1/2)  

       Ss 

(mm/min1/2)  

Uncertainty 

(mm/min1/2)       

  

           Time 

            (days) 

0.35        -        -       0.0088         0.0001                 - 

0.40      0.098      0.003       0.0073         0.0001                 2 

0.45      0.166      0.006       0.0054         0.0001                 2 

0.60      0.316      0.014       0.0090         0.0001                 1 

 

          Figure 4-3a shows typical bulk FID behavior for the 0.35 w/c mortar that reveals 

general trends in T2
* during water uptake. It has a bi-exponential T2

* decay, indicating 

at least two different water populations [27]. The short T2
* lifetime is assigned to 

interlayer water (water between C-S-H layers) that does not significantly interact with 

water in the pore space. The long T2
* lifetime component is assigned to water in the pore 

space (micro/macropores) [27]. The long T2
* lifetime is dominated by the internal 

magnetic field distribution in the pore space [51]. The long T2
* lifetime (Fig. 4-3b, left 

axis) and its associated signal intensity (Fig. 4-3b, right axis) increase with exposure 

(wicking) time. The short T2
* lifetime component (Fig. 4-3b, left axis) increases and its 

associated signal intensity (Fig. 4-3b, right axis) remains nearly constant during wicking 

[27].  
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Figure 4-3 (a) Semilog plot of bulk FID signal intensity decay versus time after RF 

excitation for the 0.35 w/c mortar sample. Bi-exponential T2
* behavior corresponds 

to two different water populations present in the sample. The short T2
* lifetime 

component was assigned to interlayer water. The long T2
* lifetime component was 

assigned to water in the pore space. There is no apparent break point due to the 

limited amount of macropores in this sample. (■) Nominally dry sample, (●) 1 day, 

(▲) 5 days, (▼) 16 days, (♦) 32 days, ( ) 75 days, (□) 148 days, and (*) 200 days of 

wicking. (b) The short T2
* lifetime (▼) and the long T2

* lifetime (●) (left axis) after 

fitting to Eq. 4.7. The back extrapolated signal intensity (right axis) associated with 

the short T2
* lifetime (○) and the long T2

* lifetime (∆). The error bars represent the 

uncertainty in the estimation of the T2
* lifetimes and their associated signal 

intensity. 

 

          The 0.45 w/c mortar exhibits a distinct behavior, compared with the 0.35 w/c 

mortar. Figure 4-4a also shows a bi-exponential behavior of the bulk FID measurements. 
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The long T2
* lifetime increases at the beginning of wicking but then decreases. This 

transition in bulk FID  

 

Figure 4-4 (a) Semilog plot of bulk FID signal intensity decay versus time after RF 

excitation for the 0.45 w/c mortar sample. Bi-exponential T2
* behavior corresponds 

to two different water populations present in the sample. The short T2
* lifetime 

component was assigned to interlayer water. The long T2
* lifetime component was 

assigned to water in the pore space. Due to considerable amount of macropores, 

the break point behavior is completely observable in this sample. (■) Nominally 

dry sample, (●) 2h, (▲) 2 days, (▼) 5 days, (♦) 21 days, (□) 54 days, (*) 105 days of 

wicking. (b) The short T2
* lifetime (▼) and the long T2

* lifetime (●) (left axis) after 

fitting to Eq. 4.7. The back extrapolated signal intensity at time zero (right axis) 

associated with the short T2
* lifetime (○) and the long T2

* lifetime (∆). The error 

bars in this figure represent the same uncertainty, as explained in figure 4-3.  
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behavior roughly corresponds to the break point determined in sorptivity measurements 

(Fig. 4-2). Figure 4-4b, left axis, shows the short and long T2
* lifetimes obtained after 

fitting the FIDs to Eq. 4.7. The short T2
* lifetime is quasi constant. The long T2

* lifetime 

increases during the first regime of water sorptivity (before the break point). After the 

break point, the long T2
* lifetime decreases until reaching a nearly constant value. The 

signal intensity associated with the short T2
* lifetime (Fig. 4-4b, right axis) increases 

slightly over the exposure time. However, the signal intensity of the long T2
* lifetime 

increases as water penetrates the pore space.      

          Figure 4-5 shows 1D Centric Scan SPRITE moisture profiles of the 0.35 w/c 

sample as a function of time during 200 days of water absorption. These profiles were 

acquired in a manner (tp = 90 s) such that only water in the pore spaces is observable. 

The signal intensity associated with the short T2
*, corresponding to interlayer water, has 

decayed before acquiring the data at a fixed phase encoding time, tp. As the T2
* lifetime 

varies with moisture content, these profiles have a T2
* weighting. However, they can be 

used to qualitatively describe the moisture content changes in the sample. Movement of 

the wet front is clearly observable. Note the Fickian behavior of the wet front 

penetration. The signal intensity increases as the wet front progresses inside the sample. 

The variation of the moisture content profiles indicates that the sample is still in an 

unsteady state of wicking after 200 days.  
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Figure 4-5 Signal intensity of 1D SPRITE images versus position for the 0.35 w/c 

mortar as a function of water exposure time. Profiles were acquired with tp = 90 

s, only signal from water content in the pores is observable. T2
* contrast is present 

in the image profiles. (■) Nominally dry sample, (●) 1 day, (▲) 5 days, (▼) 16 days, 

(♦) 32 days, ( ) 75 days, (●) 148 days, and (*) 200 days of wicking. The signal 

intensity increases as the wet front moves inside the sample. There is no apparent 

break point type behavior in the moisture profiles. 

 

          Figure 4-6 shows a distinct behavior of the 1D Centric Scan SPRITE moisture 

profiles for the 0.45 w/c mortar. At early exposure times (less than two days), signal 

intensity increases and the wet front position progresses inside the sample. The signal 

intensity is a maximum at the second day. After two days, the wet front movement 

appears to stop. However, the signal intensity at the wet boundary (left part in Fig. 4-6) 

decreases and remains nearly constant after 21 days. Change in the T2
* lifetime, revealed 

in FID measurements, confirms that 1D SPRITE imaging will be affected by T2
* contrast 

(Figs. 4-4a and 4-4b). At early exposure times, the long T2
* lifetime increases and then 

decreases at later times for the 0.45 w/c sample. The signal intensity associated with the 

long T2
* lifetime component increases continuously. Bulk FID and 1D SPRITE results 
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for the other two mortar samples (0.40 and 0.60 w/c), not shown, exhibited a behavior 

similar to the 0.45 w/c mortar sample.  

 

Figure 4-6 Signal intensity of 1D SPRITE imaging versus position for the 0.45 w/c 

mortar as a function of wicking time. Profiles were acquired with tp = 90 s, only 

signal from water content in the pores is observable. Moisture profiles are affected 

by T2
* contrast. The signal intensity increases within two days then decreases. This 

transition happens at break point for this sample. (■) Nominally dry sample, (●) 2 

hours, (▲) 1 day, (▼) 5 days, (♦) 21 days, ( ) 54 days, (●) 105 days of wicking. 

 

          Water content profiles in both 0.35 and 0.45 w/c samples reveal that water 

penetrates deeper inside the sample with higher w/c ratio during unsteady state wicking 

and steady state wicking and drying [27].  

4.5.1 T2
* Mapping 

           Due to the long experimental time required for T2
* mapping measurements (nearly 

5 h), tracking the dynamic wet front inside the sample at early exposure times was 

difficult. Therefore, T2
* mapping moisture profiles are presented after 30 days for two 

duplicates of each sample (0.35 and 0.45 w/c ratios).  
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Figure 4-7 (a) T2
* lifetime components versus position for the 0.35 w/c mortar. The 

short T2
* lifetime for the (■) nominally dry sample, (♦) after 35 days, and (▼) after 

135 days, associated with interlayer water, is quasi constant as a function of 

position and exposure time. The long T2
* lifetime for the (□) nominally dry sample, 

(●) after 35 days, and (▲) after 135 days, associated with water in the pore space. 

The long T2
* lifetime varies with moisture content as a position and exposure time. 

(b) Signal intensity (water content) associated with the long T2
* lifetime varies 

versus position and wicking time for the 0.35 w/c mortar, indicating sample is still 

in an unsteady state. Signal intensity for the (□) nominally dry sample, (●) after 35 

days, (▲) after 135 days of water absorption, while the inset shows the signal 

intensity associated with the short T2
* lifetime for the (■) nominally dry sample, (♦) 

after 35 days, (▼) after 135 days. The error bars represent the uncertainty in the 

estimation of the T2
* lifetimes and their associated signal intensity.     

                                                                                                                                                                                                                                                                                                          

              Figure 4-7a shows the short and long T2
* lifetimes as a function of position for 

the 0.35 w/c ratio sample. The bi-exponential T2
* behavior, observed in bulk FID 
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measurements, was also observed in T2
* mapping. The short T2

* lifetimes at 35 and 135 

days of wicking were constant along the sample. The long T2
* lifetime changes not only 

as a function of position, but also as a function of exposure time (at 35 and 135 days). 

The signal intensity associated with the short T2
* lifetime (interlayer water) component 

is also quasi constant in space and wicking time (inset in Fig. 4-7b).   

        The signal intensity corresponding to the long T2
* lifetime component increases. 

The signal intensity (water content) does not change significantly at the wet boundary 

between 35 and 135 days. However, the wet front penetrates significantly into the 

sample from 35 to 135 days. The signal intensity in the dry region (right part in Fig. 4-

7b) slightly increases as a function of wicking time and position.     

          Figure 4-8a shows the short and long T2
* lifetimes as a function of position and 

wicking time for the 0.45 w/c sample. The short T2
* lifetime is constant in space and 

exposure time. The long T2
* lifetime changes with position. Figure 4-8b shows that the 

signal intensity associated with the short T2
* lifetime component is fairly constant in 

position and exposure time. The signal intensity of the long T2
* lifetime component 

changes as a function of space and wicking time. The signal intensity (water content) at 

the wet boundary is constant at 30 days and 110 days of wicking. The wet front position 

remains nearly constant between 30 days and 110 days, while the signal intensity in the 

dry region (right part in Fig. 4-8b) slightly increases.  
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Figure 4-8 (a) T2
* lifetime components versus position for the 0.45 w/c mortar and 

exposure time. The short T2
* lifetime is constant for the (■) nominally dry sample, 

(♦) after 30 days, and (▼) after 110 days of water absorption, associated with 

interlayer water. Long T2
* lifetime (□) nominally dry sample, (●) 30 days, (▲) 110 

days, associated with water in the pore space varies with position and exposure 

time. (b) Signal intensity (water content) associated with the long T2
* lifetime versus 

position and wicking time. No change in the signal intensity indicates capillary 

saturation in the wet part. The wet front position does not change after 30 days for 

the 0.45 w/c mortar of (□) nominally dry sample, (●) 30 days, (▲) 110 days, while 

the inset shows the signal intensity associated with the short T2
* for the (■) 

nominally dry sample, (♦) 30 days, and (▼) 110 days. The error bars in this figure 

represent the same uncertainty, as explained in figure 4-7. 
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4.5.2 Unsaturated flow modeling 

Figures. 4-9 shows the water content profiles (after T2
* mapping) and the fitted profiles 

using the inverse solution of the Hydrus program [24] for the 0.35 and 0.45 w/c mortars, 

respectively at two exposure times. Table 4.2 summarizes the estimated transport 

parameters. The inverse solution provided reasonable fits to the experimental data. Ks 

values are larger for the 0.45 w/c mortar than for the 0.35 w/c mortar, as expected, due 

to higher porosity and larger macropore sizes. The Ks values for the 0.35 w/c mortar 

show a decrease in saturated hydraulic conductivity from 35 days to 135 days during 

unsteady state wicking. The Ks values are 30 times (35 days) and 11 times (135 days) 

higher than the Ks value for the same w/c mortar at steady state wicking after one year 

of exposure time [27].  

 

Figure 4-9 Experimental and simulated moisture distribution profiles for the 0.35 

w/c mortar (bottom) (●) 35 days and (▲) 135 days and the 0.45 w/c mortar (top) 

(■) 30 days and (♦) 110 days. 1D Hydrus model was used for inverse modeling of 

mortar samples to obtain the Ks. The R2 for the fitting of the 0.35 w/c mortar profile 

at 35 days is 0.98 and at 135 days is 0.95. The R2 for the fitting of the 0.45 w/c 

mortar profiles at 30 days and 135 days was 0.99 for both. 
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Table 4.2 van Genuchten hydraulic parameters for mortar samples (w/c = 0.35 and 

0.45) obtained by inverse modeling using 1D Hydrus software. Reported data at 

365 days is for mortars (w/c = 0.35 and 0.45) at steady state wicking [27].  

Uncertainties of the Ks values were ± 0.1 (10-13 m s-1). 

w/c ratio Time (days) 

 
r (m3 m-3) s (m3 m-3) n (-)  (10-3 m-1) Ks (10-13 m s-1) l (-) 

0.35        35 0.09 0.17 1.7 4.2 4.8 1.18 

0.35        135 0.09 0.17 1.7 4.2 1.8 1.18 

0.35        365 0.10 0.17 1.7 3.3 

 

 0.16 1.18 

0.45         30 0.10 0.25 1.7 3.3 83 1.17 

0.45        110 0.10 0.25 1.7 3.3 1.8 1.17 

0.45        365 0.14 0.25 1.7 3.3  0.98 1.17 

 

          The decreasing trend of Ks values was also observed for the 0.45 w/c mortar from 

30 days and 110 days during unsteady state wicking. For this sample, the Ks values are 

approximately 85 times (30 days) and 2 times (110 days) higher than Ks value for the 

same w/c sample at steady state wicking after one year of exposure time. 

4.6 Discussion 

          Based on sorptivity, bulk FID and SPRITE measurements for the mortar samples, 

the 0.35 w/c ratio sample exhibited one water penetration behavior. The other three 

samples with higher w/c ratios (0.40, 0.45, and 0.60) showed two water penetration 

behaviors.    
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          The water sorptivity behavior shown in Fig. 4-2 is related to the bulk FID and 1D 

Centric Scan SPRITE measurements results. The long T2
* lifetime increases during the 

initial sorptivity period for the 0.45 w/c sample (Fig. 4-4), then decreases after the break 

point. 1D SPRITE moisture profiles (Fig. 4-6) show that the wet front position advances 

during the initial sorptivity. Displacement of the wet front slows after the break point, 

with a slow increase in the signal intensity observed in the low moisture content region.                                         

            There are several possible explanations for the transition behavior observed in 

the 0.40, 0.45, and 0.60 w/c mortar samples. Martys and Ferraris [4] suggested that the 

initial sorptivity is dominated by the filling of the macropore space (capillary absorption 

being the dominant water transport mechanism). The secondary sorptivity is related to 

the slower movement of water into micropores (gel pores), where the ingress of water 

is dominantly by a diffusion-based transport mechanism [4, 11, 52, 53].  

          An alternate explanation for differences between the initial and secondary 

sorptivity is anomalous water absorption reported in cement-based materials [54, 48, 

49]. Hall et al. [54] provided environmental scanning electron microscopy (ESEM) 

evidence of microstructural changes in hydrated cement paste oven-dried at 55 oC, then 

fractured. The fractured surface showed significant microstructural change when rewet. 

These changes may be responsible for the sorptivity departure from t1/2 behavior. Hall 

et al. suggested that new hydration products tend to block the critical pore throat and 

micropores in the immediate vicinity of the particles so that these microstructural 

changes may reduce the capillary transport.  
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          Taylor et al. [48] reported that low density C-S-H gel swelling, associated with 

hydration and rehydration of unreacted and dehydrated components of the hardened 

cement paste, contributed to the water absorption anomaly. The ingress of water acts 

against the cohesive forces and tends to separate the C-S-H sheets, with a resultant 

swelling pressure [1]. Taylor et al. also stated that the reduction of water absorption is 

due to swelling after interaction between water and the hardened cement matrix, with a 

time scale of two days. The timescale of swelling in this study agrees with their 

measured time scale for swelling of mortar samples under study. Maruyama et al. [55] 

showed that during the oven drying process, the volume of macropores increases at the 

expense of collapsing smaller pores (micro and interlayer spaces) and also the volume 

of interlayer space decreases. When the sample is rewet, some of these changes are 

reversible over 1-2 days of water absorption [56]. In terms of capillary water absorption, 

these enlarged macropores fill with water during the initial sorptivity. 

          In this work, during the initial sorptivity for the 0.45 w/c mortar sample, it seems 

likely water first invades the larger pores (macropores) during the first two days of 

capillary absorption. This is supported by the observation that the long T2
* lifetime 

associated with water in macropores increases over two days (Fig. 4-4b, left axis). Water 

in macropores will experience less magnetic field inhomogeneity than water in 

micropores [51, 57], therefore a longer T2
* lifetime is expected (narrower linewidth due 

to a Lorentzian distribution of internal magnetic fields [51]), as observed in this study. 

The signal intensity associated with the long T2
* lifetime increases during early water 

absorption (Fig. 4-4b, right side axis). FID results show the long T2
* lifetime decreases 
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after two days of water absorption for the 0.45 w/c mortar. This decrease could be related 

to swelling [54, 48, 55], with further micropores created at the expense of collapsing 

macropores during swelling, which also results in a reduction of the water absorption 

rate (sorptivity).  

          FID and 1D SPRITE moisture profiles suggest that the time scale of the putative 

swelling during capillary absorption for the 0.45 w/c mortar is approximately two days. 

During swelling, the short T2
* lifetime assigned to interlayer water is nearly constant 

(Fig. 4-4b, left axis) with its associated signal intensity increasing only slightly           

(Fig. 4-4b, right axis). An increase in the signal intensity of Centric Scan SPRITE 

moisture profiles during the first two days (Fig. 4-6) is related to filling the macropores. 

At the same time of signal increasing in the SPRITE profiles, the wet front moves inside 

the sample. However, due to variation of T2
* lifetime, moisture profiles are affected by 

T2
* contrast, as a consequence of T2

* variation with position and exposure time. The 

reduction in signal intensity occurs when the long T2
* lifetime and the rate of water 

absorption decreases, as shown in bulk FID and sorptivity results, respectively. 

          Fischer et al. [49] observed that the amount of macropore water near the exposed 

surface increases at first and then decreases with time, for the concrete samples under 

study. They employed CPMG measurements with a GARField MR instrument for T2 

relaxation time and signal intensity determination for concrete samples during seven 

days of capillary water absorption. The maximum signal intensity associated with the 

long T2 lifetime, was observed at 1 day, then the signal decreased. Fischer [49] stated 

that C-S-H gel swelling is the reason for the observed behavior.  
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          In the present study, T2
* relaxation time mapping was conducted for 10 cm long 

samples. The wet front penetration is observed at deeper layers inside the samples       

(w/c = 0.40, 0.45, and 0.60) with trends in signal intensity consistent with Fischer´s 

observations. Time scale of putative swelling is 2 days for the 0.45 w/c mortar in this 

study. 

          The 0.35 w/c mortar exhibits a different wicking behavior. It is known that a fully 

hydrated 0.36 w/c cement paste does not have significant macropores [1]. The 0.35 w/c 

mortar sample under study has an estimated degree of hydration of 0.72 at 90 days of 

age [27]. Therefore, it is expected to possess limited macropore space. In this sample 

(w/c = 0.35), with one rate of water absorption (no visible break point, Fig. 4-2), 

micropores must dominate the absorption process. The nature of the 0.35 w/c mortar is 

different from the 0.45 w/c mortar by a limited amount of macropores in the former. In 

other words, the macropores that cause a break point type behavior in the mortars under 

study, do not exist to a significant extent in the 0.35 w/c sample. 

          The connection between the break point type behavior and the presence of 

macropores is supported by FID (Fig. 4-3a and 4-4a) and SPRITE (Fig. 4-5 and 4-6) 

measurements for the 0.35 and 0.45 w/c mortars. The results for the 0.35 w/c mortar did 

not show the transition behavior characterized by a break point exhibited by samples 

with higher w/c ratios (0.40, 0.45, and 0.60). Therefore, swelling may be limited by the 

small quantity of macropores in the 0.35 w/c sample. 

          Because the T2
* mapping moisture profiles were obtained after 30 days of wicking 

for the 0.45 w/c mortar, these profiles do not provide any information about the first 
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regime of water absorption (less than 2 days) and the putative swelling process. The 

consistency of the short T2
* lifetime and its associated signal intensity confirms that the 

significant swelling occurred during the first regime of water absorption. An increase in 

the interlayer water is expected during rewetting of the sample at early exposure time 

[56] as observed in FID measurements in this study (Fig. 4-4b). The signal intensity 

associated with the short T2
* (assigned to interlayer water) increases at first then appears 

to be nearly constant.  

          The long T2
* lifetime and its associated signal intensity (proportional to the water 

content) do not change between 30 to 110 days, indicating capillary saturation in the 

wet region (Figs. 4-8a and 4-4b). In the dry region, the signal intensity increases 

gradually as a function of exposure time and position, suggesting a slow diffusion-based 

transport mechanism.  

          T2
* mapping profiles were obtained after 35 days and 135 days for the 0.35 w/c 

mortar sample that exhibited only one rate of water absorption (secondary sorptivity). 

The long T2
* lifetime and its corresponding signal intensity do not significantly change 

at the wet end (Figs. 4-7a and 4-7b). The short T2
* and its associated signal intensity are 

quasi constant as a function of exposure time and position. For this mortar, however, the 

wet front position still moves between 35 days to 135 days of wicking. The wet front 

movement behavior suggests that the 0.35 w/c mortar will reach a steady state later than 

the 0.45 w/c mortar as expected. 
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4.6.1 Unsaturated flow modeling  

          The reduction in saturated water permeability with exposure time, observed in this 

study, has been reported for cement-based materials in the literature [48, 58–62]. Several 

hypotheses exist to explain the permeability decrease with exposure time, including 

delayed cement hydration [63], swelling of cement hydrates in contact with water [48, 

58, 64], and dissolution and deposition of calcium hydroxide [59, 60]. Taylor et al. [48] 

measured a reduction in saturated conductivity that was explained by a swelling process 

caused by the interaction between water and the solid matrix. Hearn and Morley [60] 

observed permeability reduction within seven days in concrete mainly due to                

self-sealing caused by dissolution, deposition and crystallization of calcium hydroxide, 

as well as a medium degree of influence of continuing hydration. They also showed that 

a reduction in permeability did not occur in concrete that was never dried. It seems no 

single explanation is sufficient to fully explain the Ks reduction behavior observed with 

exposure time in cement-based materials.  

          In this study, based on Hydrus modeling, a reduction in saturated hydraulic 

conductivity (Ks) occurred for both mortar samples as a function of water exposure time. 

Based on sorptivity, FID and SPRITE moisture profiles, the significant effect of 

swelling must have occurred in less than two days for mortars. At this exposure time, a 

significant amount of water has been absorbed to fill the macropores. The reduction in 

Ks values could be explained by swelling occurring as the water slowly penetrates into 

dry regions of the sample. The swelling process produces an effective rearrangement of 
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pore sizes [56, 63, 65], mainly in macropores. Therefore, pore sizes are reduced with 

water uptake, which results in a reduction of Ks. 

4.7 Conclusion 

          A series of MR/MRI measurements were conducted to monitor the moisture 

distribution of unsteady state wicking of mortar samples with different w/c ratios. The 

study was complemented with gravimetric measurements. 

          The gravimetric sorptivity results showed two regimes of water absorption for the 

0.40, 0.45, and 0.60 w/c mortar samples. For the 0.35 w/c mortar sample only one regime 

was observed, with a sorptivity similar to the sorptivity of the second regime for the 

other samples with higher w/c ratios. 

          The bulk FID and the 1D SPRITE profiles confirmed two regimes of water 

absorption observed in the sorptivity measurements characterized by the break point for 

the 0.40, 0.45 and 0.60 w/c mortars. In the first regime, a capillary transport mechanism 

is dominant in filling the macropores. In the second regime, swelling can significantly 

contribute to the departure of water absorption from t1/2 behavior where diffusion-based 

transport could be dominant in filling of the smaller pores. 

          For the first time interlayer water was spatially resolved in cement-based 

materials by T2
* mapping with Centric Scan SPRITE. Also, T2

* mapping of moisture 

profiles of water in micro and macropores indicates that moisture content in the wet 

region does not change, indicating capillary saturation. In the dry region signal intensity 

increases gradually, showing a diffusion-based transport mechanism. The inverse 
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solution obtained with the 1D Hydrus program based on Richards equation provided Ks 

values that decrease with exposure time. Based on the modeling and knowing the Ks 

values, one can estimate the wet front position at any desired time. This must be done 

in the forward solution in Hydrus program.                                     

          The results presented in this paper will aid the concrete materials community with 

a better understanding of water penetration behavior during wicking. In addition, an 

adequate permeability of the material can be determined to avoid the potential 

deterioration of structures caused by aggressive ions dissolved in water.  
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Chapter 5 - T1-T2
* Relaxation Correlation Measurements 

        In porous materials, such as mortars, a very short transverse lifetime T2 makes the 

CPMG measurement challenging to implement. These samples, however, may be 

measured with an FID signal whose decay is governed by T2
*. In Chapters 3 and 4, the 

T2
* lifetime was spatially resolved in the mortar samples. As these samples changed 

with saturation, it was noticed that the T1 lifetimes also changed. These concurrent 

changes suggest a correlation between T1 and T2 (T2
*) lifetimes. In the current chapter, 

a T1-T2
* relaxation measurement is introduced to investigate this correlation. This 

measurement allows one to better understand pore level changes by correlating T2
* and 

T1.  

             While the T1-T2
* method described in this chapter was developed based on 

cement and mortar materials, the method has potential for very general application to 

solid-like materials, and may be a significant advance.   

This chapter is largely based on the paper “T1-T2
* Relaxation Correlation 

Measurements” submitted to the Journal of Magnetic Resonance. We follow the 

notation for variables and equations recommended by the Journal of Magnetic 

Resonance. The format of references in this chapter follows that of the original article. 

The paper was the basis of a related provisional patent application “Methods and 

Apparatus for T1-T2
* Relaxation Correlation Magnetic Resonance Measurement of 

Materials”, 62/881,705.  
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Abstract 

          The majority of low field Magnetic Resonance (MR) analyses rely on T2 lifetime 

measurements. Modification of the T2 measurement to include a T1 dimension has made 

the T1-T2 measurement a very powerful analytical technique. The T1-T2 measurement is 

uniquely well suited to characterization of different spin populations in porous 

materials, such as fluid bearing reservoir rocks, and in soft biopolymer materials, for 

example foods. However, the     T1-T2 measurement is challenging or impossible if the 

T2 relaxation lifetime, or a component lifetime, is short-lived and the signal 

unobservable in an echo measurement. This occurs in important classes of solid-like 

materials. A short lifetime T2 will not however, in general, preclude observation of a 

free induction decay with signal decay governed by T2
*. 

          As outlined in this paper a T1-T2
* measurement is a useful analog to the T1-T2 

experiment. T1-T2
* measurement enables one to differentiate species as a function of T2

* 

in one dimension and T1 in the other dimension. Monitoring changes of the T1-T2
* 

coordinate, and associated signal intensity changes, has the potential to reveal structural 

changes in materials evolving in time. These methods may also be employed to 

discriminate and identify solid-like species present in static samples.  

          These methods are illustrated through application to mortar samples absorbing 

water.  T1-T2
* results show a multi-modal behavior of the MR signal lifetimes, T1 and 

T2
*, in mortar samples under study, indicating at least two different water populations. 

The short T2
* lifetime was assigned to interlayer water (water between C–S–H layers) 

where the associated T1 is also short lived. The longer T2
* lifetime was assigned to water 

in the pore space, where T1 is also longer lived.  
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5.1 Introduction 

          Magnetic resonance is a robust and non-destructive technique for characterizing 

the structure and dynamics of a wide variety of materials [1–5]. MR/MRI techniques, in 

principle, can readily quantify spin populations, discriminate species, and reveal 

changes in the structure and dynamics of these species.  

          Multi-dimensional correlation experiments are ubiquitous in MR spectroscopy for 

studies of molecular structure and dynamics [6]. Relaxation correlation experiments are 

more recent and include T1-T2 [5,7], T2-T1- [8], D-T2 [9], T2-T2 [10,11], T1-T1- [8], 

and D-D [12]. T1 and T2 are the longitudinal and transverse relaxation times, 

respectively,  is chemical shift, and D is the self-diffusion coefficient.  

          The T1-T2 experiment is among the most useful of the relaxation correlation 

experiments. The T1-T2 correlation experiment can be employed to identify oil and 

water fractions in reservoir rock core plugs [4]. The relaxation time ratio T1/T2 of fluids 

in petroleum reservoir rocks is associated with the strength of the surface interaction 

between the imbibed liquid and the pore matrix [10,13].  

          The T1-T2 measurement is commonly employed to discriminate spin populations 

in samples such as soft biopolymers and fluid bearing reservoir rocks [5,14,15]. 

However, the    T1-T2 spectrum is difficult to acquire in samples with inherently short 

T2. Examples include many porous materials and large numbers of rigid solid-like 

materials. Inhomogeneity in the static magnetic field has minimal effect on the observed 

FID in samples where the proposed method has greatest utility, for samples with short 

T2 lifetime. In these samples the T2
* behavior is driven by T2.   
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          The T1-T2
* measurement which is the subject of this paper, permits speciation of 

different components with restricted mobility in samples where a T1-T2 measurement is 

impossible. Tracking the T1-T2
* coordinate, and associated signal intensity changes may 

reveal additional structural and/or dynamic information such as phase changes in rigid 

/ semi-rigid biopolymer samples or pore level changes in morphology of the water 

environments in cement-based materials. The T1-T2
* measurement may also be 

employed to discriminate composition in solid mixtures, a very significant analytical 

problem in industry. The T1-T2
* measurement has particular value in permitting a simple 

assignment of T1 to different T2
* populations. Rondeau-Mouro et al. [16] have reported 

a conceptually similar measurement that combines Inversion Recovery, Free Induction 

Decay and CPMG echo decay (IR-FID-CPMG). This method assumes a mixed behavior 

where both the FID and echo train are observable with a more complicated kernel. The 

Rondeau-Mouro et al. work performs the data inversion with a maximum entropy 

method whereas the current work employs a standard inversion method and algorithm. 

The Rondeau-Mouro method assumes a default Sinc Gaussian decay of the shortest 

transverse lifetime signal while the proposed new method is simply saturation recovery 

and an assumed exponential decay of transverse magnetization.    

          The new method is conceptually simple because it is a simple saturation recovery 

followed by a one pulse FID. It is essentially an ordinary T1 measurement with greater 

care and attention paid to the subsequent FID. The T1-T2
* measurement is advantageous 

for short transverse lifetime samples since the minimum observation time is limited 

solely by the instrument deadtime with subsequent data points acquired at intervals of 

the dwell time. The T1-T2 measurement by contrast has a minimum observation time 
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limited by the echo time with subsequent data points acquired at intervals which are 

multiples of the echo time. The difference in time scale is one to two orders of 

magnitude.   

          In this work, we have investigated bulk T1-T2
* measurement of a uniform 

polyurethane phantom and two mortar samples. Mortar samples were chosen for study 

based on previous work [17,18]. In these studies we found that the short lifetime water 

signal could not be measured in a CPMG echo measurement, but could be characterized 

quite well as an exponential FID signal. At the same time, as these samples changed 

with water absorption, the T1 lifetimes changed. Clearly the T1 behavior is likely to be 

correlated with a T2 (T2
*) change but how to link them? A T1-T2

* measurement 

employing an FID rather than an echo train was the obvious answer. The correlation 

between T1 and T2
* lifetimes was investigated to differentiate pore environments in the 

mortar samples. The T1-T2
* mortar results are compared to previous work [18].  

5.2 Methods 

            5.2.1 T1-T2
* Measurement 

          In a bulk T1-T2
* experiment, Fig. 5-1, the signal is acquired during an FID 

measurement after a T1 saturation recovery. The resulting signal is described by a 2D 

Fredholm integral of the first kind Eq. 5.1 [19]:  

              S(τ, t) =  ∬dT1 dT2
∗ f(T1, T2

∗)(1 − exp{−τ/T1})(exp−t/T2
∗)                    (5.1) 

where f (T1, T2
*) is a 2D distribution function for T1 and T2

*,  is a variable recovery 

time following saturation. The variable t is the time following the 90o excitation RF 
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pulse. We note that a 90o pulse is not required for this measurement, a low flip angle 

pulse to better capture a short transverse lifetime signal, is also appropriate. The data 

analysis relies on inversion of the integral to extract f (T1, T2
*) from the measured signal 

amplitude.  

            T1 saturation recovery measurements are commonly employed for broad line 

samples (short T2
*) [20]. The spin system was saturated by irradiation with a train of RF 

pulses which reduce the longitudinal magnetization to zero and destroy coherence 

between the nuclei. We chose to employ saturation recovery for these measurements 

although inversion recovery initialization of the spin system followed by an FID is also 

possible. Rondeau-Mouro et al. [16] employed inversion recovery in their                         

IR-FID-CPMG measurements.    

 

Figure 5-1 Pulse sequence diagram of the saturation recovery-FID measurement 

of T1-T2
*. A train of 15 saturation RF pulses zeroes the longitudinal magnetization. 

After each variable recovery time, τ, a FID is collected with 2048 data points and 

a dwell time of 1 s.  

5.3 Experimental 

          To determine the two-dimensional distribution f (T1, T2
*), it was necessary to 

invert the acquired data by solving the Fredholm equation of the first kind numerically. 
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The T1-T2
* data sets were inverted using MATLAB code (Schlumberger-Doll Research, 

Cambridge, MA) to determine the T1-T2
* correlation.  

          All MR measurements were performed at 0.05 T with a vertical-bore MARAN 

DRX spectrometer (Oxford Instruments, Abingdon) at a resonance frequency of 2.2 

MHz.  A 5.1 cm inner diameter RF probe and a 25 W RF amplifier were employed.  

          Conventional T1 saturation recovery, T2 CPMG, bulk FID and bulk T1-T2
* 

measurements were undertaken on a uniform amber polyurethane phantom (McMaster-

Carr, Atlanta, GA). The polyurethane phantom, 5 cm in length and 3.8 cm in diameter, 

had ideal properties for this study. 

          MR measurements were also performed on two cylindrical mortar samples at 

three stages of water absorption. The mortar samples were 4.5 cm in length and 3.8 cm 

in diameter with water to cement ratios (w/c) of 0.45 and 0.60. The mortar samples, well 

cured, were placed in a shallow water bath such that the lower end was submerged 

approximately 2 cm in the water, while the upper end was in contact with ambient air. 

The sample exterior was sealed to prevent radial moisture transport. Sample preparation 

and experimental setup are detailed elsewhere [17,18]. SNR is defined as the ratio of 

the maximum FID signal magnitude and the standard deviation of the signal noise 

magnitude in the unprocessed time-domain data. 

          Bulk T1-T2
* measurement parameters for the mortar samples were as follows: 

variable recovery times () incremented in a non-linear fashion with the interval 

increasing in the delay list between 0.05-1000 ms with 25 different values. The 90o RF 

pulse length = 28 s, number of points on each FID data set = 2048,                                 

signal averages = 16, filter width= 1 MHz, RF probe dead time = 30 s, dwell time = 1 
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s, and filter dead time = 6 s. Saturation was achieved using a comb of fifteen 90o RF 

pulses with a separation of 100 s. The repetition delay between successive scans was 

1 s for a total measurement time of 7 min.  

          The T1-T2
* measurement parameters for the polyurethane sample were the same 

as for the mortar samples except for an increase in the interval between saturation pulses 

to 600 s. The variable recovery times () incremented in a non-linear fashion with the 

interval increasing in the delay list between 0.05-800 ms with 26 different values. Total 

measurement time was 5.6 min. The first 8 points on the FID, affected by RF coil 

ringing, were removed prior to any further data processing.  

          The optimized regularization parameter was found to be 7.5. The regularization 

parameter was adjusted to balance the residual fitting errors with the known noise 

amplitude, producing a result that is stable in the presence of noise [7,19].  

5.4 Results and discussion 

       The bulk T1-T2
* measurement was undertaken on a polyurethane phantom as a 

control measurement, Fig. 5-2. The T1-T2
* spectrum revealed a single symmetric peak, 

T1max = 6.4 ms and T2
*
max = 0.58 ms. These values in are in good agreement with those 

measured with separate T1 saturation recovery and FID measurements. The T1max and 

T2max
* are the lifetimes associated with the peak of the distribution. The T1-T2

* phantom 

measurement was straightforward, but conservative selection of the repetition delay, to 

reduce the RF duty cycle, led to a total measurement time of 5.6 min. A less conservative 

approach to the RF duty cycle could reduce the measurement time by one order of 

magnitude.  The SNR for the time domain T1-T2
* data set was 140. We note that the FID 
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deadtimes in this paper, 30 s, are longer than achieved with some other permanent 

magnet based instruments. Higher field magnets with higher resonance frequencies aid 

in reduction of the probe deadtime. 

 

Figure 5-2 Bulk T1-T2
* relaxation correlation plot for a polyurethane phantom 

measured according to the method of Fig. 5-1. Projections of f (T1, T2
*) along the 

T1 and T2
* axes are displayed at top and at right. The T1-T2

* result revealed a single 

peak with coordinates that match conventional T1 and T2
* measurements. The 

color bar indicates the magnitude of the signal intensity in arbitrary units. 

 

           The phantom measurement revealed the precision of the T1-T2
* approach. To test 

the utility of the T1-T2
* measurement in porous media samples, the T1-T2

* experiment 

was undertaken on two mortar samples (w/c = 0.45, and 0.60) during three stages of 

water absorption. These samples have very short T2 lifetimes. Characterization with     

T1-T2 measurement was impossible. In these samples the T2
* lifetime varies during 

unsteady state water absorption [18]. Changes in the T1-T2
* spectrum were anticipated 

during water uptake. The water absorption process is a combination of capillary 



127 

 

absorption and water vapor diffusion with evaporation at the surface in contact with 

ambient air [21]. 

          Fig. 5-3a shows the T1-T2
* spectrum for a partially water saturated mortar sample,              

w/c = 0.45, after 8 hrs of water absorption. Two peaks are observed. The first peak with 

symmetric shape has well defined coordinates centered on T1max = 3.7 ms and             

T2
*
max = 0.11 ms. This peak was assigned to interlayer water (water between C–S–H 

layers). The second peak has a distribution of T1 and T2
* lifetimes with a tail extending 

to longer relaxation times. However, the distribution is dominated by relaxation times 

centered on T1max = 8.2 ms and T2
*
max= 0.90 ms. This peak was assigned to water in the 

pore space. The T1max and T2
*
max values are in good agreement with those measured with 

separate T1 saturation recovery and FID measurements, but these measurements do not 

reveal the distribution observed in the T1-T2
* measurements. The SNR for the time 

domain T1-T2
* data set was 30.  

          The presence of two peaks is a strong indication that there are at least two distinct 

water populations in this sample. Projections of f (T1, T2
*) along the T1 and T2

* axes, at 

top and at right of Fig. 5-3a, show a distribution of T1 and T2
* due to different molecular 

environments. Although the peaks are discriminated in both the T1 and T2
* dimensions, 

differentiation of water populations is easier in the T2
* dimension.  

          In cement based-materials, the T2
* lifetimes are substantially shorter [22,23] than 

those observed in many other fluid bearing porous media. The T2 of interlayer water, 

and hence the T2
*, is short due to restricted mobility of water in the C–S–H interlayer 

space [24,25]. The T2
* of pore water is associated with a short T2 due to surface 

relaxation and field inhomogeneity effects due to the susceptibility difference between 
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the solid matrix and pore fluid. Cement-based materials contain a distribution of pore 

sizes [26], thus T2 is expected to be multi-modal. By analogy to typical petroleum 

reservoir core plugs, susceptibility contrast effects reduce T2
* from the T2 value. A 

dominant T2
* value is observed in the distribution of T2

* values for pore water in           

Fig. 5-3a. This agrees with the literature observation [17,18] that the pore water may be 

fit by a single exponential T2
*.  
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                (a)                                                 (b) 

 

        (c)                                                        (d) 

 

Figure 5-3 Bulk T1-T2
* relaxation correlation plot for the 0.45 w/c ratio mortar 

sample after (a) 8 hrs, (b) 22 hrs (c) 135 hrs of water absorption. The dominant 

peaks are attributed to interlayer water and water in the pore space. Projections 

of f (T1, T2
*) along the T1 and T2

* axes are displayed at top and at right. The color 

bar indicates the magnitude of the signal intensity in arbitrary units. The 

discrimination of different water populations is easier in the T2
* dimension. (d) 

Integrated signal from interlayer water (■) and pore water (●) peaks versus the 

imbibition time. The integrated interlayer water signal does not change 

significantly. The integrated pore water signal decreases slightly. The water 

environment changes significantly as revealed in Fig. 5-3c. 
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          Integration of the peaks in Fig. 5-3a permits one to determine the fraction of water 

in the two environments. The fraction of interlayer water was 0.35 while the pore water 

fraction was 0.65 for the 0.45 w/c ratio mortar sample having undergone 8 hrs of 

imbibition.  

          Fig. 5-3b shows a T1-T2
* spectrum for the same mortar sample after 22 hrs of 

water absorption. Two dominant peaks are once more observed. The first peak centered 

on T1max = 1.6 ms and T2
*
max = 0.13 ms, corresponds to interlayer water. The second 

peak, due to pore water is again distributed in the T1 and T2
* dimensions with longer T1 

being associated with longer T2
*. The dominant component of the second peak is 

centered on T1max = 4.0 ms and T2
*
max= 0.80 ms. Once again, the T1max and T2

*
max values 

in Fig. 5-3b are in good agreement with those measured with separate T1 saturation 

recovery and FID measurements. There is a minor peak observed in Fig. 5-3b with 

longer relaxation lifetimes, T1max = 39 ms and T2
*
max= 4.2 ms. This peak is low intensity 

and is not considered further. The SNR for the time domain T1-T2
* data set was 34.  

          In both Figs. 5-3a and 5-3b it is easier to differentiate the water populations in the 

T2
* dimension. Comparison of Fig. 5-3a and 3b shows that T1 decreases for interlayer 

water while T2
* remains quasi constant from 8 hrs to 22 hrs of water absorption. For the 

pore water peak both T1 and T2
* shift to shorter lifetimes. The fraction of interlayer 

water was 0.35 of the total water observed while the fraction of pore water was 0.64. 

The sum is not 1.0 due to the minor peaks described above. There is no significant 

difference in relative populations from the 8 hrs imbibition result of Fig. 5-3a.  

          Fig. 5-3c shows the T1-T2
* spectrum after 135 hrs of water absorption. Once more 

two dominant peaks are observed. The shape and distribution of the peaks, 
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corresponding to interlayer water and water in the pore space, have changed 

dramatically from earlier imbibition times. The changes observed are due to both T1 and 

T2
* change of the water signal. The pore water peak has shifted towards the interlayer 

water peak and they partially overlap. The interlayer water peak is significantly 

elongated in the T1 dimension. The interlayer water and pore water peaks are centered 

on T1max = 1.0 ms, T2
*
max= 0.14 ms and T1max = 1.6 ms, T2

*
max= 0.56 ms, respectively. 

Discrimination of the water populations is no longer possible in the T1 dimension. 

Discrimination of the water populations is still possible in the T2
* dimension despite 

partial overlap of the peaks. The T1 and T2
* both shift to shorter relaxation lifetimes in 

the pore water peak. The integrated signal from the two peaks in Fig. 5-3c shows that 

the fraction of interlayer water was 0.35 of the total signal. The fraction of pore water 

was 0.61 of the total signal. Once again there is a minor peak in the spectrum which 

accounts for the remaining signal. The SNR for the time domain T1-T2
* data set was 40.   

          Fig. 5-3d plots the integrated signal of the interlayer water and pore water peaks 

versus water imbibition time. The integrated signal of the interlayer water peak does not 

change significantly with water imbibition time. In previous work [18], we showed that 

the shorter T2
* lifetime, and associated signal intensity, corresponding to interlayer 

water, remained quasi constant during water absorption for a w/c = 0.45 mortar sample. 

Interlayer water is tightly held in the cement paste structure [27]. Therefore, it does not 

contribute to water transport. The integrated signal of the pore water peak decreases 

slightly. This is a surprising result because we know that 0.6 grams of water has entered 

the sample between the 22 hrs and 135 hrs measurements. Fischer et al. [28] observed 

similar behavior in related samples. In their study the signal intensity associated with 
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larger pores decreased after 24 hrs of imbibition, despite constant/increasing mass for 

the concrete samples under study. The 0.6 g increase in water content between 22 hrs 

and 135 hrs of imbibition is a tangible increase but not a significant increase in water 

content compared to the pre-existing water content in the pore space and interlayer water 

environments of 8 grams. These water contents were estimated based on calibration of 

the MR signal and by calculation based on sample composition. An increase in water 

content of 0.6 g corresponds to an increase in volumetric water content from 0.16 

cm3/cm3 to 0.17 cm3/cm3. 

           The most notable feature of Figs. 5-3a-c is the dramatic change in the shape and 

position of the interlayer water and pore water peaks. The change is most pronounced 

comparing Figs. 5-3b and 5-3c. The drastic change observed suggests a significant pore 

level morphology change of both the interlayer water and water in the pore space. A 

substantial shift of the pore water peak to shorter T1 and shorter T2
* is consistent with a 

shift in water environment toward smaller and more confined water environments. The 

dramatic change in the T1-T2
* plot between 22 hrs and 135 hrs of water imbibition is 

coincident with dramatic changes in macroscopic water absorption observed by many 

investigators [28,29] in similar mortar samples, as revealed in Fig. 5-4. The dramatic 

change in sorptivity (water absorption rate) in Fig. 5-4 must be associated with pore 

level changes in water behavior. 

       Fig. 5-4 was adopted from reference [18] for a duplicate mortar sample (w/c = 0.45) 

with an identical imbibition experiment. The absorption behavior is characterized by a 

prominent breakpoint (Fig. 5-4). The rate of water uptake is substantially different 

before and after the breakpoint. The breakpoint time in Fig. 5-4 is approximately 48 hrs 
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[18]. The water absorption times of 22 hrs and 135 hrs of Figs. 5-3b and 5-3c were 

chosen to bracket the breakpoint time for a 0.45 w/c ratio mortar.  

 

 

Figure 5-4 Cumulative water absorbed per unit area versus square root of elapsed 

time for a duplicate mortar sample (w/c = 0.45) subject to water absorption 

(adopted from [18]). The breakpoint time occurs at approximately 48 hrs for this 

sample. The breakpoint is postulated to occur as a result of swelling processes and 

creation of new hydration products in the mortar sample during water absorption. 

 

          Taylor et al. [30] reported that low density C–S–H swelling, associated with 

hydration and rehydration of unreacted and dehydrated components of the hardened 

cement paste, contributed to the water absorption anomaly. The ingress of water acts 

against cohesive forces and tends to separate the C–S–H sheets, with a resultant swelling 

pressure. A shrinkage of the pore space is suggested by a decrease in T2
* [28,29]. Fischer 

et al. [28] also stated that C-S-H gel swelling is the reason for a decrease in the signal 

intensity of water in larger pores after a swelling time of 24 hrs. A decrease in T1 of 

water in the pore space is also consistent with an evolution to smaller pores during 

swelling [31].  
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           Hall et al. [29] have proposed an alternate explanation for the breakpoint in water 

absorption. They propose that when mortar samples are exposed to water, new hydration 

products and swelling of the C-S-H layers block critical pore throats and reduce the pore 

connectivity. These microstructural changes would also result in a decrease in the water 

absorption rate and a decrease in the pore water T1 and T2
* lifetimes. A slight decrease 

in the integrated signal of the pore water, Fig. 5-3d, could be consistent with water 

consumption by hydration of unreacted material. Irrespective of the mechanistic 

interpretation of the breakpoint observation, the results of Figs. 5-3b-c show a very 

significant disruption of the behavior of the interlayer water signal and pore water signal.    

          One important feature of the T1-T2
* measurement is the possibility of assigning 

T1 to different T2
* populations. In Fig. 5-3a, 5-3b, and 5-3c the peaks with short T2

* were 

assigned to interlayer water. The T1-T2
* spectrum shows that interlayer water also has a 

short T1. Although the pore water peak is distributed in the T1 and T2
* dimensions, the 

longer T1 component is associated with a long T2
* component.  

          The T1-T2
* spectrum provides a correlation between T1 and T2

* and permits better 

observation and interpretation of changes in the sample through changes in the observed 

peaks. In conventional bulk relaxation time measurements, all information is reduced to 

one dimension. 2D MR relaxation time measurements improve the discrimination of 

different spin populations because there are two contrast parameters rather than one. 

Evolution in the T1-T2
* spectrum as the sample changes provides much richer 

information to assist in interpreting sample change compared to conventional 

measurements. Change in the T1-T2
* spectrum of the 0.45 w/c ratio mortar as water 
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imbibed was much more readily interpreted than changes in the conventional relaxation 

times [18].  

          The T1-T2
* measurement time for the 0.45 w/c ratio mortar sample was 

undertaken with a repetition delay of 1 s. This was a very conservative delay which led 

to a total measurement time of 7 min. A shorter repetition delay would reduce the 

measurement time by one order of magnitude. Since saturation recovery commences 

from zero longitudinal magnetization, there is no need to wait for longitudinal 

magnetization to recover from the prior measurement.    

           Companion Centric Scan SPRITE MRI [32,33] measurements show clearly that 

little water penetration occurs between 22 hrs and 135 hrs, but significant signal is lost 

from the region of the mortar that is already wet (results not shown). This agrees with 

the T1-T2
* observation that the T2

* of pore water decreases between 22 hrs and 135 hrs.  

          Analogous T1-T2
* measurements were undertaken for a w/c = 0.60 mortar sample. 

The T1-T2
* results exhibited a behavior similar to that of the 0.45 w/c mortar sample 

(results not shown). The 0.60 w/c ratio mortar sample has a higher porosity with larger 

pores. The relative quantity of interlayer water is less in this sample compared to the 

0.45 w/c ratio mortar [17]. Pore level changes in this sample happened more rapidly 

than in the 0.45 w/c mortar sample. Substantial pore level changes in morphology of the 

water environments generally commence at the break point.  

5.5 Conclusion 

A measurement of the T1-T2
* distribution was introduced in this work. The T1-T2

* 

measurement provides an alternative to the T1-T2 measurement for systems with short 
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T2 lifetimes. The minimum observation time for transverse magnetization in the new 

measurement is the RF probe deadtime. The minimum time resolution for evolving 

transverse magnetization is the dwell time. These are both dramatically shorter than 

typically encountered in echo based T1-T2 measurements.  

Bulk T1-T2
* measurements were undertaken with a polyurethane phantom and two 

mortar samples. T1-T2
* measurements revealed two distinct water populations in the 

mortar samples. One peak was assigned to interlayer water. The other peak was assigned 

to water in the pore space. Changes in the peak shape and peak coordinates in the           

T1-T2
* measurement during water absorption greatly assisted in the interpretation of 

pore level behavior of the mortar samples. In this work the T1-T2
* correlation 

measurement is shown to be advantageous for observing change in short transverse 

lifetime systems. 

          T1-T2
* information is advantageous for selection of imaging parameters in FID 

based MRI measurement such as Centric Scan SPRITE and Single Point Imaging (SPI). 

Bulk T1-T2
* measurement generates information from the entire sample. The T1-T2

* 

measurement may be spatially resolved by analogy to the work of Vashaee et al. [5] 

where adiabatic inversion pulses were employed. 

          The ability of the T1-T2
* measurement to observe changes in sample structure may 

be extended to a wide range of short transverse lifetime samples. In the case of mortar 

samples the T2
* decay was purely exponential. In other samples the decay observed may 

be more solid-like Gaussian [34,35] or Sinc Gaussian [36]. In future work we will 

consider a larger range of    solid-like samples with Gaussian or Sinc Gaussian decay 

behavior, in addition to simple exponential decay, as has been undertaken by      
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Rondeau-Mouro in starch-water samples. In such cases it will be more appropriate to 

modify the equation for the Fredholm integral of the first kind to account for 

nonexponential decay. However, Birdwell and Washburn [37] reported that fitting an 

exponential decay to a Gaussian decay will correctly identify the presence of short 

lifetime signal components. Birdwell and Washburn stated that even though signal 

lifetimes and associated intensities may deviate from true values, the results are 

consistent and they can be used in a quantitative manner.  

The T1-T2
* measurement may be logically extended to T1-T2

* through 

substitution of a spin lock preparation for the T1 preparation. This modification will 

sensitize the experiment to motion at kHz frequencies rather than MHz frequencies. This 

will aid differentiation of solid like materials. While we have introduced the T1-T2
* 

measurement based on porous mortar samples, we believe these methods will be useful 

for determining composition of solid mixtures. The presence of adsorbed liquids, such 

as water, may be readily discriminated through lifetime behavior. Application of the 

new measurement to systems which have a mix of solid and liquid signal components, 

such as shales, will also be advantageous. 
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Chapter 6 - Controlling Susceptibility Mismatch Effects, Signal 

Lifetimes, and SNR through Variation of B0 in MRI of Rock Core 

Plugs  

In porous media, such as cement-based materials and reservoir rocks, the 

magnetic susceptibility contrast between the solid matrix and the pore fluid have a 

significant influence on measurement of T2 (T2
*). In rock core plugs, MR/MRI 

measurement is near universally undertaken at low magnetic field to reduce the 

magnetic susceptibility contrast. At high field the sample magnetization increases but 

magnetic susceptibility mismatch effects reduce T2 (T2
*). As such, the question then 

arises what is the optimal field for core plug MR/MRI studies?  

This chapter employs a new variable field super conducting magnet. The magnet 

was specifically designed for studies of this type and is a revolutionary instrument for 

MR/MRI of materials.    

This chapter is largely based on the paper “Controlling Susceptibility Mismatch 

Effects, Signal Lifetimes, and SNR through Variation of B0 in MRI of Rock Core Plugs” 

published in the Journal of Magnetic Resonance, 307:106575 (2019). We follow the 

notation for variables and equations recommended by this journal. The format of 

references in this chapter follows that of the original article. Note that additional 

consideration of uncertainties and grammatical changes differentiate this chapter from 

the published paper. Such changes are minor.                       
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Abstract 

1H relaxometry measurements of petroleum core plugs are commonly 

performed on low field magnets (< 0.5 Tesla) to reduce the influence of magnetic 

susceptibility mismatch on measurements of the spin-spin relaxation time, T2. The 

Signal to Noise Ratio (SNR) of the MR signal, however, generally decreases with lower 

magnetic fields. Higher magnetic fields (> 3 Tesla) are typically employed in small 

animal MRI studies to improve SNR and image resolution. For many rock core plug 

samples, susceptibility mismatch effects can be severe at these higher fields leading to 

decreased T2 and T2
*.           

          In this work we seek an answer to the general question of what is the best field 

for MRI of rock core plugs, anticipating that it will be both sample and measurement 

method dependent. Free Induction Decay (FID) relaxation time measurements were 

undertaken to investigate the conditions under which the SNR in Centric Scan SPRITE 

(Single Point Ramped Imaging with T1 Enhancement) MRI measurements is 

maximized. The image SNR benefits from greater signal at higher fields but is 

negatively impacted by the correspondingly shorter signal lifetimes. Depending on the 

noise regime of the sample, the maximum SNR may be predicted for Centric Scan 

SPRITE MRI with T2
* being B0 field dependent. In this work we describe a series of 

simple experimental considerations to determine the optimal B0 field for SPRITE MRI.  

          Selection of the best field is aided by a new generation of superconducting 

magnets which allows the experimentalist to readily vary the field strength. Such 

magnets allow one to experimentally control sample magnetization for high sensitivity 
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MRI measurements of core plug samples, while controlling the effect of susceptibility 

mismatch on the signal lifetimes.                                                        

6.1 Introduction 

Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) are utilized 

in the study of petroleum reservoir rocks because of the sensitivity of MR/MRI to the 

fluids; water, oil, and gas, which occupy the pore system of the solid matrix [1–6]. These 

features make MR/MRI measurements an effective approach for analyzing saturated 

rock core plugs to determine pore system and  fluid/matrix properties [7]. Quantitative 

MR/MRI measurements such as the Centric Scan SPRITE method are well suited to 

measuring fluid saturation in petroleum reservoir rocks [8].  

          Low field, 0.05 T, permanent magnets are commonly employed for T2 relaxation 

time measurements in petroleum core analysis [9,10]. The low B0 field limits micro and 

macro scale susceptibility driven field distortion [9,11]. Such low fields however lead 

to a reduction in SNR of MR/MRI measurements. Conventional biomedical MRI 

measurements of small animals are usually performed at much higher magnetic fields 

(3 T and above). A higher magnetic field provides better SNR and high quality imaging 

in biological systems which lack significant magnetic susceptibility effects. It should be 

noted that biomedical imaging problems exist where susceptibility contrast is very 

pronounced, for example lung imaging [12,13]. In petroleum rock core plugs, however, 

the magnetic susceptibility differences between the solid matrix and the pore fluid 

decrease T2 and T2
* [1,14] which hinders MRI with traditional methods. This reduction 

in T2
* with increasing field, in extreme cases, can prevent detection of the FID based 
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MR/MRI signal entirely due to rapid signal decay within the dead time of the Radio 

Frequency (RF) probe [15]. The B0 field distortion due to magnetic susceptibility 

mismatch scales linearly with B0 according to simple magnetostatics [16]. However, in 

the complicated pore structure of a reservoir rock core, it is experimentally believed that 

internal field gradients scale with B0
3/2 [11]. It is important to know the best choice of 

B0 field for core plug MRI studies to balance greater sensitivity at high fields with T2
* 

and T2 reduction as the field increases.  

          A decrease in the T2
* lifetime due to susceptibility contrast manifests itself in a 

decreased image intensity in pure phase encoding Centric Scan SPRITE MRI [1]. In 

frequency encoding methods such as the Fast Spin Echo (FSE), reduced relaxation 

lifetimes due to internal magnetic field gradients result in a loss of image intensity and 

decreased image resolution [17]. 3D Centric Scan SPRITE [8] is a very robust and 

flexible method employed to study a wide range of core plug systems with short 

transverse signal lifetimes [18]. As a pure phase encoding technique, SPRITE is largely 

immune to image distortion due to susceptibility contrast, chemical shift, and 

paramagnetic impurities. MR/MRI measurements of core plugs [1,6,11] show that the 

signal decay rate (1/T2
*) is often dominated by the susceptibility mismatch between the 

solid matrix and the pore fluid, resulting in a single exponential T2
* decay that inversely 

scales with the B0 magnetic field. This occurs even when T1 and T2 are                          

multi-exponential due to a distribution of pore sizes [7]. The single exponential T2
* 

behavior of fluid saturated rock cores is important to the success of quantitative imaging 

of local fluid content in Centric Scan SPRITE imaging since the local image intensity 

has simple T2
* contrast [6].  
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          The SNR is linearly dependent on the applied magnetic field B0 [19–21] in MR 

measurements when sample noise dominates. The SNR varies with B0
7/4 however when 

coil noise dominates [19,22]. Doty et al. [23] reported that when the sample noise and 

coil noise are similar, the SNR will vary as B0
3/2. Doty defined mid-range coils, with 

similar sample and coil noise, as those where the product of the Larmor frequency and 

coil diameter are in the range 2-30 MHz-m. SNR variation with B0 field for different 

noise regimes is discussed further in section 6.3.1.    

          In this work, we investigate the variation of 1/T2
* for a wide range of B0 fields in 

section 6.5.1. The linearity of 1/T2
* versus magnetic susceptibility mismatch, through 

consideration of multiple rock core plugs, is discussed in section 6.5.2. Based on the 

noise regime, we then determine conditions through which the SNR is maximized in 

Centric Scan SPRITE MRI. Choice of the optimum field, described in section 6.5.3, is 

facilitated by a new generation of superconducting magnets which allow the field to be 

readily varied. These magnets allow one to utilize the optimal magnetic field, taking 

into account sensitivity, the effect of susceptibility mismatch on the signal lifetimes, and 

resolution. 

          While the T2
* variation with field is different for each rock core described in this 

paper, a series of simple experimental considerations permit one to determine the 

optimal B0 field for SPRITE MRI. 
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6.2 Methods 

            6.2.1 3D Centric Scan SPRITE 

Centric Scan SPRITE MRI employs pure phase encoding and permits 

quantitative imaging of samples with short T2
*, often associated with fluids in porous 

systems [18,24,25]. Fig. 6-1 depicts the pulse sequence for 3D Centric Scan SPRITE. A 

short duration broadband RF pulse is applied at each gradient step. The rectangular 

phase gradients Gx and Gy were stepped sinusoidally while Gz is ramped in a stepped 

linear fashion through a discrete set of gradient amplitudes. In this study, the 3D Centric 

Scan SPRITE methodology [8] employs a series of gridded spiral trajectories along 

conical surfaces to sample k-space.  

          Image intensity in a Centric Scan SPRITE image is given by:                                       

                               𝑆 =  𝜌0 𝑒𝑥𝑝 (
−𝑡𝑝

𝑇2
∗ ) 𝑠𝑖𝑛𝛼                                                                        (6.1) 

where 0 is the proton density, tp is the phase encoding time, T2
* is the effective            

spin-spin relaxation time, and  is the flip angle. 
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Figure 6-1 Pulse sequence diagram for 3D Centric Scan SPRITE [8]. The FID point 

is acquired at a fixed encoding time (tp) after the application of a broadband RF 

pulse in the presence of stepped gradients (Gx, Gy, Gz). TR is the repetition time. 

 

            6.3. Theory 

            6.3.1 Dependence of SNR on the applied magnetic field B0  

SNR is defined as the ratio of the magnitude of MR/MRI signal intensity to the 

standard deviation of the magnitude of signal noise. The SNR in MR images depends 

on the sample to be imaged and the MR/MRI instrument. It is well known that the main 

sources of noise are the RF coil resistance and losses in the sample. The signal intensity 

after applying the initial RF pulse is proportional to the square of the magnetic field B0 

through Eq. 6.2 [20,22] 

                      𝑆 ∝ 𝐵0
2                                                                                        (6.2)                                                     

The signal noise can be represented via: 

                     𝑆𝑁𝑜𝑖𝑠𝑒 = √4𝑘𝑇𝑅𝑒𝑓𝑓𝐵𝑊                                                          (6.3)                                     
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where k is Boltzmann’s constant, T is the absolute temperature in Kelvin [22,26], BW 

is the receiver bandwidth, and Reff is the effective series resistance.   

          The principal source of noise in most clinical MRI measurements is the sample to 

be imaged, with the receiver coil typically a secondary source (Reff = Rcoil+ Rsample in 

Eq. 6.3). If sample noise dominates, the noise is proportional to                                                  

B0 (√Reff ∝ √Rsample ∝ B0) [19,20]. The SNR, through Eqs. 6.2 and 6.3 is thus 

predicted to vary linearly with B0 [19,20,27]. If coil noise dominates,                        

(√Reff ∝ √Rcoil ∝ B0
1/4

), SNR is predicted to vary as B0
7/4 [19,22]. When the coil and 

sample losses are both significant (mixed noise regime) in MR measurements, the SNR 

varies as B0
3/2 [23,28]. Radiation resistance is negligible in the core plug imaging 

considered in this work since the size of the sample and RF coil are much less than the 

RF wavelength [22,29]. 

            6.3.2 Single exponential T2
* decay 

           The utility of Centric Scan SPRITE techniques is significantly increased due to 

the single exponential T2
* behavior frequently observed in porous media. The T2

* 

lifetime may be determined through bulk FID measurements where the decay rate 

(1/T2
*) can be represented by:                                    

                       
1

𝑇2
∗ ≈

1

𝑇2
+ 𝛾∆𝐵0 + 𝛾∆𝜒𝐵0  ≡  

1

𝑇2
+

1

𝑇2𝑚
+

1

𝑇2𝑖
                                        (6.4) 

where 1/T2 is the spin–spin relaxation rate,  is the gyromagnetic ratio, 1/T2m is the decay 

rate due to underlying B0 inhomogeneity (B0) in the main magnetic field, and 1/T2i is 

the decay rate due to internal field inhomogeneities induced by the susceptibility 
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difference () between the solid matrix and the pore fluid. In all the core plug samples 

considered in this study, T2 >>T2m and T2 >>T2i, T2 can be therefore neglected in Eq. 6.4 

[3]. The term (1/T2m) in Eq. 6.4, associated with field inhomogeneity in the magnet, is 

usually insignificant in realistic core plug samples [1,25]. However, at lower permanent 

magnet fields, 1/T2m may be comparable to 1/T2i. The value of the term 1/T2m can be 

reduced by shimming the magnet before MR measurement. In most sedimentary rock 

samples, the T2
* decay is dominated by B0 in Eq. 6.4 [1,30], which results in an 

effective single exponential T2
* lifetime in core plugs. The single exponential behavior 

of T2
* implies that the magnetic field distribution is Lorentzian in the pore space [1].  

6.4 Experimental 

             6.4.1 Data processing 

Home built data processing and visualization programs, Unisort (version 4.43, 

written in IDL, ITT, Boulder, CO) and ACCISS (version 9.1 written in MATLAB, 

MathWorks, Natick, MA), were employed for image reconstruction and display. 

            6.4.2 Equipment 

            All MRI measurements were performed on a Maran DRX-HF (Oxford 

Instruments Ltd, Oxford, UK) 0.2 T permanent magnet which is 8.5 MHz for 1H. The 

RF probe was a custom-built solenoid, 4.4 cm inner diameter, driven by a 1 kW 3445 

RF amplifier (TOMCO Technologies, Sydney, Australia). The 90° RF pulses were 11.4 

μs with an RF power of 300 W. A shielded three axis gradient coil driven by Techron 

(Elkhart, IN) 7782 gradient amplifiers provided maximum magnetic field gradients of 
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26 G/cm, 24 G/cm and 33 G/cm in x, y, and z, respectively. MR/MRI measurements 

employed a cryogen free variable field superconducting magnet operating at 0.79 T, 1.5 

T, and 3 T (MR Solutions, Guildford, UK) with 1H resonance frequencies of 33.6 MHz, 

63.6 MHz, and 127.8 MHz, respectively. The three RF probes (MR Solutions, 

Guildford, UK) employed were birdcages, 9 cm in length and 5 cm in diameter, driven 

by a 2 kW, BT02000-AlphaSA, RF amplifier (TOMCO Technologies, Sydney, 

Australia). The gradient coil, model BFG 155/100 s-6 (Resonance Research, Billerica, 

MA, US) was driven by GA-300 gradient amplifiers (Performance Controls, 

Montgomeryville, PA, US), providing maximum gradient strengths of 66.4 G/cm, 64.9 

G/cm and 87.8 G/cm in the x, y and z directions, respectively. The magnet was 

permanently connected to a 4G superconducting magnet power supply (Cryomagnetics, 

Oak Ridge, TN, US).  

          MR/MRI measurements were also performed at 0.2 T with a MARAN DRX-HF 

(Oxford Instruments, Abingdon, UK) console at a resonance frequency of 8.5 MHz. The 

instrument was equipped with three Techron gradient amplifiers (Type 7782, AE 

Techron, Elkhart, IN, US), which provided maximum magnetic field gradients of 25.7 

G/cm, 24.7 G/cm and 33.7 G/cm in the x, y, and z directions, respectively. The RF probe 

was a homemade vertical solenoid 12 cm in length with a 4.4 cm inner diameter. The 

RF probe was driven by a 1 kW, BT01000-AlphaS, RF amplifier (TOMCO 

Technologies, Sydney, Australia).  

          Mass magnetic susceptibility measurements were undertaken with a            

Johnson-Matthey magnetic susceptibility balance, MSB MK1 (Sherwood Scientific, 

Cambridge, UK). This balance employed the Evans modification to the original         
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Gouy balance by measuring the force exerted on a suspended permanent magnet when 

the sample is introduced [31]. 

          RF probe quality factors were measured with a network analyzer (Hewlett 

Packard HP 8714B, Santa Rosa, CA, US) at room temperature. The quality factor was 

evaluated based on the frequency response of the RF probe at -3 dB attenuation points 

[32].  

            6.4.3 Bulk FID and 3D Centric Scan SPRITE measurements of saturated core 

plugs 

             Bulk FID and 3D Centric Scan SPRITE measurements were undertaken on five 

rock core plugs, Bentheimer, Nugget, Buff Berea, Berea (Kocurek Industries, Caldwell, 

TX, US), and Wallace (Wallace Quarries, Wallace, NS, Canada), at 0.2 T, 0.79 T, 1.5 

T and 3 T. Core plugs were saturated with 2% NaCl H2O solutions in a container 

connected to a vacuum pump and stored under brine between measurements. Physical 

properties of the brine saturated cylindrical rock core plug samples are reported in Table 

6.1. Each sample was wrapped in Teflon tape to avoid evaporation during measurement. 

 

 

 

 

 

 



155 

 

Table 6.1 Physical properties of the five core plugs saturated with 2% brine. T1 

relaxation times, measured at 0.2 T, were fit to a bi-exponential model. 

Uncertainties of the T1 values were less than ± 2 ms for all samples.                                                                                                                                                          

Brine saturated   Porosity   Diameter    Length   Laminated1   Bi-exponential T1 (ms) at 0.2 T 2                                 

rock cores                 %            (cm)             (cm)                                     

Bentheimer             24             3.8              5.0                 No                  73 (11%), 1100 (89%) 

Nugget                     15             3.8              5.0                Yes                  21 (24%), 240 (75%)  

Buff Berea               21             3.8              5.0                No                   24 (23%), 340 (77%)  

Berea                        19             3.8              5.0                No                   7.0 (27%), 99 (73%) 

Wallace                    14             3.8              5.0                No                    11 (40%), 180 (60%)  

1 Reported lamination is based on visual appearance.                                                                                   
2 T1 is modeled as a bi-exponential for simplicity of reporting. 

 

          Bulk FID measurement was undertaken on 11 additional water saturated rock core 

plugs (Table 6.2) at a range of magnetic field strengths. Mass magnetic susceptibilities 

were measured on seven of these rock core plugs. Rock samples were ground with a 

mortar and pestle and dried in a vacuum oven at 65o for several hours prior to 

susceptibility measurement. 
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Table 6.2 The slope values, d(f0)/df0, from a linear fit to the data of f0 = 1/(T2
*) 

over a range of frequencies, f0. The slope values differ for each sample due to 

different magnetic susceptibilities. The volume magnetic susceptibility of a subset 

of seven core plugs was calculated based on their mass magnetic susceptibility, 

internal and inter particle porosity, and the rock matrix density. 

Sample                        Slope of the line          Porosity                  Volume susceptibility                      

d(f0)/df0 (10-4)             (%)                       of matrix (10-6 c.g.s.) 

Rock 174S                          1.1                          14                                   -0.75                                                                                    

Rock MT1                               0.31                        29                                   0.29                                                          

Rock 132B                               3.5                          -                                      -                                                        

Rock 39A                                 1.4                          13                                   0.88                                                     

Rock CVNS                            3.1                          -                                      -                                                        

Rock 74B                                 3.5                          -                                      -                                                            

Rock 92A                                 4.7                          22                                   7.3                                                      

Rock 4                                       3.9                25                                   13                                                         

Rock W001                             8.0                          14                                   14                                                       

Rock 18A                                 7.4                          19                                   15                                                       

Rock 9B                                    6.0                          -                                      - 

 

          Bulk FID measurement parameters for core plugs at 0.79 T, 1.5 T, and 3 T were: 

signal averages = 32, spectral width = 400 kHz, RF probe dead time = 10 s, and flip 

angle = 11o. The repetition times (TR) were 3.5 s, 0.75 s, 1 s, 0.3 s, and 0.5 s for 

Bentheimer, Nugget, Buff Berea, Berea, and Wallace core plugs, respectively. The 

broadband 90° pulse duration was 40 μs at 1.5 T and 33 s at 3 T. Bulk FID parameters 

at 0.2 T were: signal averages = 32, filter width = 500 kHz, RF probe dead time =  s. 

The repetition times were 6 s, 0.6 s, 1.7 s, 1.3 s, and 0.6 s for Bentheimer, Nugget, Buff 

Berea, Berea, and Wallace core plugs, respectively. The 90° pulse duration was 11.1 μs 

while the dwell time was 2 s in all measurements at 0.2 T. 
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          3D Centric Scan SPRITE imaging parameters at 1.5 T and 3 T were:                                 

signal averages = 8, spectral width = 200 kHz, RF probe dead time = 10 s,                                   

field of view = 100×100×100 mm3, phase encoding time (tp) = 100 μs, TR = 1 ms, and 

the maximum magnetic field gradient strength was 7.5 G/cm in the x, y, and z directions. 

Gradient switches were abrupt with no shape pulse programmed for the transition. The 

T recovery    delay = 2 s, 500 ms, 680 ms, 200 ms and 360 ms with a total imaging time 

of 30.0 min, 22.4 min, 23.3 min, 20.8 min, and 21.7 min for Bentheimer, Nugget, Buff 

Berea, Berea and Wallace core plugs, respectively. The broadband 90° pulse duration 

was 40 μs at 1.5 T and     34 μs at 3 T. The RF flip angle was 10° for all SPRITE 

measurements. An additional 3D Centric Scan SPRITE measurement was performed for 

the Wallace core plug at 3 T with 64 signal averages. With a 360 ms T1 recovery delay, 

the total imaging time was 2.8 h for this measurement. No image post processing was 

undertaken except for image normalization described below. 

          SPRITE core plug images at 1.5 T and 3 T were normalized to a 3D Centric Scan 

SPRITE image of a uniform agar gel sample doped with CuSO4, 5 cm in diameter and 

10 cm in length. The gel sample was larger than the core plugs, so that the edges of the 

core plug may be properly normalized. Normalization ensures that variation in the signal 

intensity in the core plug images is not due to spatial variation of the RF probe 

sensitivity. Normalization was not undertaken for the 3D SPRITE image of the Wallace 

sample (with 64 signal averages) at 3 T. The SPRITE imaging parameters for the agar 

gel sample were the same as those for the core plug images except for the T1 recovery 

delay, which was 1 s for the agar gel sample.  
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          3D Centric Scan SPRITE imaging parameters at 0.2 T for the Wallace sample 

were: signal averages = 64, filter width = 500 kHz, RF probe dead time = 15 s, dwell 

time = 2 s, field of view = 100×100×100 mm3, RF flip angle = 10°, tp = 100 μs, and T1 

recovery delay = 2 s with a total imaging time of 5.6 h. The broadband 90° pulse duration 

was 11.1 μs. Gradient switches were abrupt with no shape pulse programmed for the 

transition. No image post processing was undertaken.  

          The SNR for SPRITE images was calculated in the image domain. The signal was 

calculated as the mean value of the image magnitude within a region-of-interest (ROI), 

excluding any blurred edges. The noise was estimated as the standard deviation of the 

background noise magnitude. The sensitivity was calculated as SNR/√𝑡 where t is the 

total measurement time.  

            6.5. Results and discussion 

      6.5.1. Bulk FID measurement and prediction of optimum field                                                                                       

           Bulk FID measurements were undertaken on the five brine saturated reservoir 

rock core plug samples listed in Table 6.1, at 0.2 T, 0.79 T, 1.5 T, and 3 T. The FID data 

were fit to a single exponential T2
* decay. Fig. 6-2 shows a typical bulk FID, from the 

brine saturated Nugget core plug, after RF excitation at 3 T. The best fit-line is a single 

exponential with a T2
* of 280 s. Single exponential behavior was observed in all core 

plugs under study.  
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Figure 6-2 Semilog plot of the bulk FID signal intensity versus time after RF 

excitation for a fully brine saturated Nugget sandstone at 3 T (○). The solid line 

indicates the best fit to a single exponential decay with a T2
* of 280 ± 1 s. 

 

         The T2
* lifetime values are reported in Table 6.3 for the different field strengths. 

Bulk T1 measurement revealed short and long lifetime components for the five core 

plugs, Table 6.1, when fitted to a simple bi-exponential model. Employing a                     

bi-exponential model permits one to tabulate T1 lifetimes and their associated signal 

intensities. 
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Table 6.3 T2
* lifetime of the five core plugs saturated with 2% brine measured at 

3 T, 1.5 T, 0.79 T, and 0.2 T. 

                                                                                T2
* (s)                                                                

         Sample                     3 T                     1.5 T                      0.79 T                 0.2 T  

Bentheimer             580±2                 1400±2                   1900±3                 3100±3                          

Nugget                     280±1                 410±1                     580±3                   1900±3                         

Buff Berea              240±1                 310±1                      440±2                  1700±3                        

Berea                       98±1                   170±1                     250±1                   1100±2                 

Wallace                   34±1                   57±1                        110±2                  390±2   

 

       Fig. 6-3a shows the variation of 1/T2
* over the range of field strengths employed 

(0.2 T, 0.79 T, 1.5 T, and 3 T) for the brine saturated rock core plugs of Table 6.1. The 

data points fall on straight lines based on Eq. 6.5:                          

                                    
1

𝑇2
∗ = 𝑚𝐵0 + 𝑏                                                                            (6.5) 

          The slope m, is determined by susceptibility contrast for each rock sample [1]. 

The intercept values, b, of individual lines in Fig. 6-3a agree within experimental error. 

If surface relaxation is neglected, the straight lines of Fig. 6-3a will have a common 

intercept which may be estimated by the T2 of bulk water at low field. The 1/T2 of pure 

water was 0.0004 (ms-1) at 0.05 T. The experimental result of Fig. 6-3a provides a means 

to predict the optimal field to maximize the SNR in a Centric Scan SPRITE image. The 

single exponential behavior observed, and its scaling with B0, is a simple consequence 

of inhomogeneous broadening due to susceptibility mismatch in the pore space [1]. 

Molecular diffusion is not considered, nor it is required, in this simple and successful 

model of the linewidth [1].   
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           Considering Eqs. 6.1 and 6.4 with SNR  B0, the regime when sample losses 

dominate, the SNR in a SPRITE measurement will be given by the proportionality of 

Eq. 6.6:  

                              𝑆𝑁𝑅 ∝ 𝐵0 𝑒𝑥𝑝 (−𝑡𝑝(𝑚𝐵0 + 𝑏))                                           (6.6)                                                   

          The estimated maximum SNR is calculated by zeroing the first derivative of Eq. 

6.6 with respect to B0 as explained in the Appendix A.   

          This yields: 

                                       

                   𝐵0 𝑚𝑎𝑥 =
1

𝑚 𝑡𝑝
                                                                                         (6.7) 

          Assuming susceptibility contrast determines the field dependence of 1/T2
*, the 

estimated maximum SNR in a Centric Scan SPRITE MRI experiment is predicted to 

occur when tp = T2
* in the sample noise regime. This assumes the intercept is effectively 

zero and the product of B0 and slope m is equal to 1/T2
* according to Eq. 6.5.  

Graphically, B0max will correspond to the intersection of the 1/T2
* plot with a horizontal 

line drawn at 1/T2
* = 1/tp (Fig. 6-3a).                                                                                      

          A typical Centric Scan SPRITE phase encoding time tp is 100 s. For the Wallace 

sandstone, the optimal field is predicted to be 0.92 T. Maximum SNR is, however, not 

the only concern in MRI core plug measurement. In rock core plug studies one seeks, in 

the first instance, a quantitative measure of fluid content. The tp = T2
* condition results 

in significant contrast (e-1) and impairs one’s ability to generate a quantitative fluid 

content image. For more quantitative imaging tp << T2
* is recommended with the 

intersection point in Fig. 6-3a thereby shifted to lower field due to the required increase 

in T2
*, with tp constant.                                                                                                                                           
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           The new intersection point for the Wallace sandstone corresponds to 0.16 T when 

T2
* is less than tp by a factor of 1/5. If one wishes to be more conservative and reduce 

T2
* contrast still further one could choose T2

* to be less than tp by a factor of 1/10 with 

a resultant further decrease in B0. The minimum tp is based on the maximum magnetic 

field gradient strength available. It is easier to change the tp, T2
* inequality by changing 

the static field strength to change T2
*. The slope m, for any rock core plug of interest, in 

a plot similar to that of Fig. 6-3a, may be simply estimated with the assumption of             

b ≈ 0. In this case, a measurement of 1/T2
* at one field B0 permits direct estimation of 

the slope of the line.  

           For the other two noise regimes (coil noise dominated and the mixed noise 

regime), Eq. 6.6 may be reformulated with a different power dependence on B0. A 

similar differentiation permits one to predict the most appropriate field to maximize 

SNR in Centric Scan SPRITE images. Note that the rate 1/T2
* as a function of field B0 

does not depend on the noise regime. The same plot (Fig. 6-3b) can be used to consider 

the other two noise regimes for the Wallace sandstone. Horizontal lines drawn to 

determine the optimal B0 will change with the noise regime.  

 



163 

 

 

 

Figure 6-3  (a) Variation in the signal decay rate, 1/T2
*, as function of B0 for five 

brine saturated core plugs at 0.2 T, 0.79 T, 1.5 T, and 3 T. Each core plug [(●) 

Bentheimer, (○) Nugget, (■) Buff Berea, (□) Berea, and (▼) Wallace] gives a linear 

dependence. (b) 1/T2
* versus B0 for the Wallace core plug at the above magnetic 

fields. The upper dashed (---) horizontal line corresponds to T2
* = tp assuming the 

sample noise regime. The point of intersection indicates the best choice of field for 

maximum SNR. The lower horizontal line (-..-..) illustrates tp = 1/5 T2
* where 

intersection at a lower field yields increased T2
*, which is beneficial for quantitative 

imaging. Predictions for the coil noise and mixed noise regimes are not shown.    

 

          If the coil noise regime dominates, tp = 1.75 T2
*and B0max will correspond to the 

intersection of the 1/T2
* plot (Fig. 6-3b) and a horizontal line drawn at 1/T2

*=1/(0.57tp) 

with B0max = 1.6 T for the Wallace sandstone. For the mixed noise regime, with                   

tp = 1.5 T2
*, the horizontal line will be set to 1/T2

* = 1/(0.67tp) for the Wallace sandstone 
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yielding B0max = 1.4 T. To reduce T2
* contrast as outlined previously, with tp = 1/5 T2

*, 

the predicted fields are 0.3 T for the coil noise regime and 0.27 T for the mixed noise 

regime for Wallace sandstone. Similar plots and calculations are possible for other core 

plug samples to predict the optimal magnetic fields.  

          Given the discussion above, there is clear merit in determining the noise regime 

for a particular core plug and B0 field. Given the RF probe sizes and frequencies for 1H 

with the variable field magnet, it was anticipated that the mixed noise regime would be 

most appropriate for all core plug samples. The RF probes supplied with the MR 

Solutions magnet have fixed tuning and matching, with a low quality factor, since they 

are intended as generic rat imaging probes. For all three RF probes, (33.6 MHz, 63.6 

MHz, and 127.8 MHz) sample insertion did not change the RF probe quality factor, it 

remained 58, 40, and 66, respectively at the three frequencies.        

          The lack of change in the quality factor with sample insertion shows that our 

MR/MRI measurements are in the coil noise dominated regime with these RF probes. 

This occurs despite the high salt content in the brine solution. Noise from FID 

measurements, with and without a core plug sample, was also constant. Control 

measurements were undertaken with an optimized RF probe, with variable tuning and 

matching, for a conventional superconducting magnet at 100 MHz. A significant quality 

factor change resulted upon core plug insertion, suggesting mixed noise regime 

behavior. Measurements on the variable field magnet in this work are coil noise 

dominated due to the RF probe design and construction.                                                                                                                               

         A new generation of cryogen free superconducting magnets have the flexibility of 

variable field operation since they are permanently connected to the magnet power 
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supply. This is particularly advantageous when working with rock core plugs as it allows 

one to maximize sample magnetization while controlling susceptibility mismatch 

effects. Once T2
* has been determined at a single field, the optimal field may be selected 

given knowledge of the noise regime. Practical experimentation is still subject to the 

availability of excitation/detection circuitry at the chosen magnetic field.       

          Bulk FID measurements have been undertaken as part of this work on a wide 

variety of water saturated core plug samples, Table 6.2, over a range of field strengths 

(0.35 T, 2.4 T, 4.8 T, and 7 T). Single exponential T2
* behavior was observed in all 

water saturated core plugs as expected [1,3,18]. The linear dependence of 1/T2
* versus 

B0 (results not shown) was confirmed for all samples under study. The slope differs for 

each sample due to different magnetic susceptibility contrast (Table 6.2). A steeper 

slope corresponds to a sample with greater magnetic susceptibility mismatch between 

the matrix and pore fluid.  

            6.5.2 Magnetic susceptibility measurement and the effect of  on 1/T2
* 

The data of the previous section shows that 1/T2
* is proportional to B0 for a wide 

range of rock core plugs over a range of fields. Individual samples have different slopes 

due to presumed differences in . In this section we examine the  dependence of 

Eq. 6.4 through variation of the sample.    

         Mass magnetic susceptibility measurements were undertaken for seven of the air 

dry core plug samples of Table 6.2. The measured mass magnetic susceptibility is an 

average of the mass susceptibilities of the rock matrix and air which is given by: 

                             𝜒𝑔 = 𝜒𝑔,𝑚 𝑝𝑚 + 𝜒𝑔,𝑎𝑖𝑟 𝑝𝑎𝑖𝑟                                                   (6.8)                                                                      
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where g,m is the mass susceptibility of the rock matrix, g,air is the mass susceptibility 

of air while pm and pair are the volume fractions of the rock matrix and air, respectively. 

The volume fraction of the rock matrix is given by:         

                           𝑝𝑚 = (1 − 𝜑1)(1 − 𝜑2)                                                            (6.9) 

where 1 is the internal porosity of the rock samples and 2 is the inter particle 

porosity (distance between the grains for ground samples). The mass susceptibility of 

the rock matrix is thus:                                    

                                    𝜒𝑔,𝑚 =
𝜒𝑔

(1 − 𝜑1)(1 − 𝜑2)
                                                       (6.10) 

the inter particle porosity, 2, has been assumed to be 0.36 (as for randomly packed 

spheres) for all samples. The internal porosity 1 was known independently for the 

seven core plug samples. 

          The field offset distribution B0 is determined by the difference in volume 

susceptibility of the pore fluid and the rock matrix. To obtain the dimensionless rock 

matrix volume susceptibility v,m (c.g.s. units), the rock matrix mass susceptibility 

values were multiplied by the density of the rock matrix, dm. An average density of 2.3 

g/cm3 [33] was assumed for all sandstone core plug samples. The difference between 

the volume magnetic susceptibility of the rock matrix and that of water,                           

water = -0.719 (10-6 c.g.s.), was computed for the seven rock core plugs. The volume 

susceptibility of the rock matrix v is reported in Table 6.2.  

           Based on Eq. 6.4, the FID decay rate and the corresponding linewidth,                  

f0 = 1/(T2
*), in a porous rock core plug may be estimated by [1,3]: 
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                                     ∆𝑓0 ≈
1

𝜋𝑇2𝑖
≈

𝛾∆𝐵0

𝜋
                                                     (6.11)  

where B0 is the breadth of the magnetic field distribution in the pore space which is 

proportional to the susceptibility difference and to the field B0. Thus, B0 = CB0 

where C is a dimensionless constant [1]. Considering Eq. 6.11 and the Larmor equation, 

a simple expression for f0 results       

                                            ∆𝑓0 ≈
1

𝜋𝑇2𝑖
=

𝛾∆𝐵0

𝜋
= 𝐶∆𝜒𝑓0                                    (6.12)  

where f0 = B0/2 is the Larmor frequency.    

          The experimental MR linewidth, f0, of the 11 water saturated core plugs of Table 

6.2 depends linearly on field B0 and thereby frequency f0 (results not shown). The 

proportionality constants, i.e. the slope of the lines, vary between core plugs due to the 

different magnetic susceptibilities. These slopes are reported in Table 6.2. The volume 

susceptibilities are known for 7 of the 11 core plugs, Table 6.2. The slope values, 

d(f0)/df0, for these 7 core plugs are plotted against the absolute value of the volume 

susceptibility difference between the rock matrix and water in Fig. 6-4. As predicted 

from Eq. 6.12, the plot is linear with an intercept near zero.  
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Figure 6-4 d(f0)/df0 versus the absolute volume magnetic susceptibility difference 

between the pore filling water and solid rock matrix for (●) Rock 174S, (■) Rock 

39A, (○) Rock MIT,(□) Rock 92A, (▼) Rock 4, (∆) Rock W001, and (♦) Rock 18A. 

The d(f0)/df0 values utilized in this figure are the slopes from a linear fit to the 

data of f0 = 1/(T2
*) over a range of frequencies, f0. The slope values are reported 

in Table 6.2 for the above seven rock core plugs.                                                                                                                                                                        

 

            6.5.3 3D Centric Scan SPRITE imaging of brine saturated rock cores  

Prediction of the optimal field based on the variation of 1/T2
* over a range of 

frequencies can be utilized to choose an appropriate field for rock core plug SPRITE 

imaging. The local image intensity, Eq. 6.1, features a T2
* decay term. Decreased T2

* 

due to magnetic susceptibility effects which are field dependent will yield decreased 

image intensity as B0 increases. However, 0 will increase as B0 increases. In this section 

we consider SPRITE imaging with a common instrument, a common set of RF probes, 

common pulse programs, and common parameters to image a suitable cohort of samples 

as a function of field B0.  
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Fig. 6-5 shows 2D slices extracted from 3D Centric Scan SPRITE images at 1.5 

T and 3 T of Bentheimer, Nugget, Buff Berea, Berea, and Wallace core plugs. The signal 

intensity is normalized to the maximum signal intensity of the Bentheimer core plug 

image at 3 T. The SNR from the Bentheimer sample was 210 at 3 T. In the SPRITE 

images, the background noise differed by 10% at the two magnetic fields (3 T and         

1.5 T). The background noise was identical for all core plug images at a specific field. 

Note that a 10% difference between the background noise of the two magnetic fields is 

not apparent in the display of Fig. 6-5. The Centric Scan SPRITE images are remarkably 

uniform macroscopically. Microscopically all samples are heterogeneous since they 

have pore size distributions revealed in the T1/T2 behavior.  

 

Figure 6-5 2D slices extracted from 3D SPRITE images at 1.5 T and 3 T, acquired 

with an encoding time of 100 s, for different brine saturated core plugs. For each 

sample a slice from the center of the core plug image is displayed. The SNR is 

higher in the Bentheimer, Nugget, and Buff Berea core plug images at 3 T 

compared to 1.5 T while the Wallace sandstone images has greater SNR at 1.5 T.                                                                                         

 

   The image SNR varies due to magnetic field dependent variations in T2
*, sample 

magnetization differences with B0, and porosity differences between the core plugs in 
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the SPRITE images of all core plugs. For the Bentheimer, Nugget, and Buff Berea core 

plugs, which have generally longer T2
*, the image SNR increased as B0 field increased 

(Table 6.4). The difference in the image SNR at the two magnetic fields for the Berea 

core plug is not statistically significant. The short T2
* lifetime of fluid in the Wallace 

core plug at 3 T diminished the sensitivity of the SPRITE measurement compared to the 

same sample at 1.5 T by a factor of two. Table 6.4 lists the sensitivity and SNR 

corresponding to each sample at both magnetic fields.   

Table 6.4 Comparison of the image SNR and sensitivity of Centric Scan SPRITE 

imaging at 1.5 T and 3 T for the five brine saturated rock core plugs. 

                                       1.5 T                                                  3 T                                                                 

           Sample         SNR        Sensitivity (min-1/2)         SNR       Sensitivity (min-1/2)  

Bentheimer             140                    26                           210                    38                          

Nugget                     97                      21                           110                    24                         

Buff Berea               110                    24                           160                   32                         

Berea                       75                      17                            78                     17                  

Wallace                   21                      4                              10                     22   

 

          The Centric Scan SPRITE technique is a naturally quantitative measurement 

[8,24]. The local image intensity at any point in the image is proportional to the  

magnetization, and thus proton density 0 in Eq. 6.1 [8,24]. The local signal intensity is 

reduced only by exp(-tp/T2
*) (sin  assumed constant), with T2

* as a contrast parameter. 

For the Bentheimer, Nugget, and Buff Berea core plugs, the T2
* is sufficiently long to 

avoid significant T2
* attenuation, with a typical tp of 100 s. In addition, the field 

dependent sample magnetization, which is proportional to the proton density 0, 
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dominates over the decay term, Eq. 6.1, at 3 T. As a consequence, SNR is higher in the 

SPRITE images of the above core plug samples at 3 T (Table 6.4).  

          For the Berea core plug, however, magnetization is greater at 3 T, but the T2
* is 

shorter, 98 s. At lower field the sample magnetization is decreased but T2
* is longer, 

170 s. In this case, one compensates for the other, resulting in a similar SNR at both 

magnetic fields (Table 6.4). For the Wallace sample, with more significant susceptibility 

mismatch, the very short T2
*, 34 s, at 3 T yields an SNR of 10. At 1.5 T, where T2

* is 

longer, 57 s, SNR increases by a factor of two, SNR = 21.  

          Figs. 6-6a and 6b show 2D slices extracted from a 3D Centric Scan SPRITE image 

of the Wallace sandstone at 3 T and 0.2 T. 64 signal averages were acquired for these 

two images. For the Wallace sandstone image at 3 T, the SNR was 6, Table 6.5. Signal 

and noise are both apparent in the image of Fig. 6-6a.  The SNR was 46 for the Wallace 

sandstone image at 0.2 T. Noise is mapped to the minimum range in the scale bar of   

Fig. 6-6b.  

 

Figure 6-6 (a) 2D slice from a 3D Centric scan SPRITE image of the Wallace core 

plug at 3 T with 64 signal averages. (b) 2D image extracted from a 3D SPRITE 

image of the Wallace core plug at 0.2 T with 64 signal averages. Note that these two 

images were acquired with two different instruments. The color bar next to each 

image indicates the magnitude of the signal intensity. The image SNR is higher by 

a factor of 8 at 0.2 T compared to 3 T due to the longer T2
* lifetime.  
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Table 6.5 SNR and sensitivity of Centric Scan SPRITE images of the Wallace 

sandstone at 0.2 T and 3 T with 64 signal averages. The image SNR and sensitivity 

of the SPRITE measurements were higher at 0.2 T than at 3 T due to longer T2
*. 

                                            0.2 T                                                    3 T                                                                 

 Sample     SNR        Sensitivity (min-1/2)              SNR       Sensitivity (min-1/2)                                                  

Wallace               46                       2.5                              6.0                     0.50  

 

          At 0.2 T, the B0 field and thus the sample magnetization is less than at 3 T by one 

order of magnitude. However, the T2
* is much longer, 390 s, due to a decrease in the 

susceptibility mismatch effect. This results in a sensitivity increase of a factor of five. 

The T2
* in the Wallace sample at 3 T was very short, 34 s, yielding a signal attenuation 

of e-3 with tp = 100 s. At      3 T, only 5% of the total signal remains after tp = 100 s. 

In contrast, with a T2
*= 390 s for the Wallace sample at 0.2 T, 78% of the signal 

remains after tp = 100 s. The use of a lower field magnet, 0.2 T, limits susceptibility 

mismatch effects. This results in a viable SPRITE MRI measurement.  

          The results of Fig. 6-5 are not intended to suggest that imaging is not possible at 

low field. Most of our own rock core imaging has been undertaken at 0.2 T [34–36]. We 

note that image SNR is the most reliable way to judge an acceptable fluid content, 

saturation, rock core image. Our results suggest that a SNR of 10 or better is a reasonable 

criteria for acceptance. The SNR may of course be improved by signal averaging. The 

sensitivity reported in Table 6.4 helps judge whether signal averaging is a fruitful 

strategy.  

          As discussed in section 6.3.1, measurements on the variable field magnet in this 

work are coil noise dominated. Considering Eq. 6.6 for the coil noise regime,                                            
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SNR  B0
7/4 exp (-tp/T2

*), tp = 100 s, and T2
* of the core plug samples at 3 T and           

1.5 T, one can predict the SNR of the SPRITE images. For the Bentheimer core plug 

image, the SNR is predicted to be greater at 3 T than at 1.5 T by a factor of 3. Table 6.4, 

however, shows that the SNR is greater at 3 T than at 1.5 T by a factor of 1.5. In practice, 

different preamplifiers [37] and detection circuitry at the two fields may cause variation 

of the SNR from the predicted value. The same SNR prediction can be undertaken for 

the other core plug samples. The theoretical prediction in all cases over estimates the 

actual improvement. The prediction for the Wallace sandstone is problematic due to 

poor image SNR at each field.  

            6.6 Conclusion 

The linear relationship between signal decay rate, 1/T2
*, and B0 was confirmed 

experimentally for a variety of core plugs with disparate susceptibility difference, over 

a wide range of fields. This linear relationship was utilized to predict the optimal field 

strength in a Centric Scan SPRITE measurement. The maximum SNR is anticipated 

when tp = T2
* and tp = 1.75 T2

* in the sample noise and the coil noise dominated regimes, 

respectively. When the sample and coil noise are comparable, the mixed noise regime, 

the maximum SNR is predicted for tp = 1.5 T2
*. However, it is recommended that B0 

chosen to be less than the optimal field in order to increase T2
* and ensure quantitative 

imaging in SPRITE measurements.  

Variable field operation permits maximizing the sample magnetization while 

controlling the effect of susceptibility mismatch on the signal lifetimes in rock core plug 
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samples. In SPRITE measurements, the image SNR is a balance between sample 

magnetization which increases with B0, and T2
* reduction as the field increases.    

In this work we determine three simple experimental steps that permit the 

experimentalist to choose the optimal field for SPRITE MRI measurements of 

petroleum reservoir core plugs. These steps are (1) Determine the slope of 1/T2
*versus 

B0 field, potentially employing only one field for measurement. (2) Determine the noise 

regime for the sample and RF probe (s) to be employed. (3) Determine the acceptable 

level of T2
* contrast in the resultant images. While the above procedure and discussion 

have been predicated on measurements of petroleum reservoir core plugs, the 

procedures are generic for other fluid saturated porous media.   

          A follow up study will be undertaken on a similar cohort of samples, focused on 

determining the optimal field for Fast Spin Echo (FSE) [30,38] MR imaging. Since T2 

is multi-exponential and does not vary with B0 in a simple manner, FSE imaging contrast 

will be more complicated than for Centric Scan SPRITE. Nevertheless, there is still 

merit in predicting the optimal field in rock core FSE imaging due to its high sensitivity. 

FSE images are very informative in terms of macroscopic structural heterogeneity. The 

optimal field in FSE core plug imaging methods is anticipated to be sample dependent. 
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6.7 Appendix A: Calculation of maximum SNR condition in Centric Scan 

SPRITE MRI measurement  

        Elementary calculus allows us to find the relation between T2
* and tp in Centric 

Scan SPRITE measurements in which SNR is maximized. This calculation is 

performed for the sample dominated noise regime.  

        Considering the SNR in a SPRITE measurement, Eq. 6.6, the maximum SNR is 

calculated by zeroing the first derivative of Eq. 6.6 with respect to B0: 

               
𝑑[𝑆𝑁𝑅]

𝑑𝐵0
=

𝑑𝐵0

𝑑𝐵0
 𝑒

−
𝑡𝑝
𝑇2

∗
+ 𝐵0

𝑑

𝑑𝐵0
 𝑒

− 
𝑡𝑝
𝑇2

∗
= 0                                                   (A. 1)  

                        𝑒
−

𝑡𝑝
𝑇2

∗
[1 + 𝐵0(−𝑡𝑝)

𝑑[
1
𝑇2

∗]

𝑑𝐵0
] = 0                                                               (A. 2)  

Therefore:                                    𝑚𝐵0𝑡𝑝 = 1                                                                    (A. 3) 

Linearity of 1/T2
* versus B0 gives: 

                                                   𝑚 =
1

𝐵0
[
1

𝑇2
∗ − 𝑏]                                                              (A. 4) 

Combining Eq. A.3 and A.4 leads us to: 

                                                           𝑡𝑝 [
1

𝑇2
∗ − 𝑏] = 1                                                          (A. 5) 

Based on the explanation given in Section 6.5.1, b can be considered roughly zero. As 

a consequence: 
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                                                               𝑡𝑝 = 𝑇2
∗                                                                 (A. 6) 

       For the coil noise and the mixed noise regimes, the above calculations may be 

reformulated with a different power dependence on B0. A similar differentiation 

permits one to predict the most appropriate field to maximize SNR in Centric Scan 

SPRITE images.          
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Chapter 7 - Investigation of Optimal Field in Fast Spin Echo (FSE) 

MRI of Rock Core Plugs Employing Variable Field Magnet 

In Chapter 6 it was shown that the relation between T2
* and magnetic field B0 

can be used to predict the optimal field for rock core plug SPRITE MRI measurement. 

In this Chapter, the optimal field for Fast Spin Echo (FSE) MRI measurement of rock 

core plugs is investigated. FSE MRI is dramatically more sensitive than SPRITE MRI 

and has great potential for rock core MRI. We have thus commenced a parallel study to 

Chapter 6 based on FSE and T2.  

 This chapter is written in paper format but should be considered a preliminary 

study. We follow the notation for variables and equations recommended by the Journal 

of Magnetic Resonance. The format of references is based on the Journal of Magnetic 

Resonance.   

Abstract 

Conventional magnetic resonance imaging methods take several minutes to 

acquire multi-slice images and/or multi-echo images. Time-consuming methods may be 

problematic in clinical MR imaging. Fast Spin Echo (FSE) methods provide rapid data 

acquisition by employing multiple echoes to determine multiple k-space lines with 

single excitations. 

The sample magnetization M0 increases at high field while signal lifetimes T2 

(T2
*) decreases. Decreased T2 and T2

* results in a loss of image intensity and resolution 

in frequency encode imaging methods such as FSE. FSE core plug imaging requires 
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favorable acquisition and sample parameters to control or eliminate relaxation driven 

signal decay.  

In this work, CPMG and FSE measurements were undertaken on five rock core 

plugs saturated with brine. All measurements were performed on an 8.5 MHz system 

and a variable field magnet. Controlling the sample magnetization and related signal 

lifetimes T2 (T2
*) is facile in the variable field magnet. 

7.1 Introduction  

 Magnetic Resonance (MR) and Magnetic Resonance Imaging (MRI) are the 

technique of choice for analysis of fluids in reservoir rock core plugs (measuring 

absolute fluid content and relaxation time distributions). The FSE imaging method has 

been applied to investigate the fluid content in core plugs [1]. A decrease in the 

relaxation lifetimes may result in a loss of image intensity and image resolution in 

frequency encoding methods such as FSE when applied to rock core plugs.  

Since T2 is multi-exponential and does not vary with B0 in a simple manner, FSE 

imaging contrast will be more complicated than for Centric Scan SPRITE. One seeks to 

find the optimal field for core plug MRI studies to balance greater sample magnetization 

at high field with susceptibility effects which decrease the transverse signal lifetimes 

(T2 and T2
*) as field increases. 

FSE core plug imaging is quantitative if the sample and acquisition parameters 

permit control or elimination of relaxation driven signal decay [1,3]. Multi-exponential 

T2 behavior in realistic core plugs makes quantitative imaging difficult in T2 based MRI 

measurements such as FSE. T2 is reduced by diffusion through internal gradients created 
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by magnetic susceptibility contrast in the core plug samples. This effect is more severe 

at higher magnetic fields. Estimation of the fluid content will be difficult if T2 relaxation 

lifetimes are on the order of the echo time. Nevertheless, the acquisition speed advantage 

is significant in the FSE method compared to Centric Scan SPRITE.  

In this work, we undertake bulk CPMG measurements and slice-selective FSE 

images of brine saturated rock core plug samples. Note that the FSE images have been 

acquired with the minimum achievable echo time on the variable field system at the time 

of study. The shortest applicable echo time was 8 ms. This echo time was insufficient 

to acquire short T2 components of samples under study; one needs to choose a shorter 

echo time to acquire quantitative FSE images of rock core plugs. Moreover, the only 

available Fast Spin Echo (FSE) sequence on the variable field magnet, at the time of 

study, was a slice-selective FSE. Employing true 2D or 3D FSE methods will be more 

appropriate in MRI of fluids in rock core plugs.  

7.2 Method 

            7.2.1 2D Slice-selective Fast Spin Echo (FSE) 

          FSE employs CPMG based multiple echo trains, with the resultant images 

revealing T2 contrast [4,5]. The image intensity of a FSE measurement is given by:   

                                                  𝑆 =  𝜌0𝑒
−𝑛𝑇𝐸

𝑇2                                                                 (7.1) 

where 0 is the proton density, n is the echo number corresponding to the echo which 

samples the k-space origin in the frequency encode direction, TE is the echo time, and 

T2 is the spin-spin relaxation time. The total imaging time is considerably reduced, 
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compared to single echo measurements, by employing multiple echoes to determine 

multiple k-space lines [5]. For a 2D slice-selective FSE measurement, one frequency 

encoding gradient and one phase encoding gradient are employed to spatially resolve 

the MR signal intensity. Fig. 7-1 shows the pulse sequence diagram of the 2D             

slice-selective FSE measurement employed in this study.  

 

Figure 7-1 Pulse sequence diagram of the 2D slice-selective Fast Spin Echo 

employed in this study. The echo is acquired in the presence of the frequency 

encoding gradient. TE is the echo time. Note that the portion of the sequence 

highlighted by the rectangle is repeated M-1 times, where M is the number of 

echoes in the echo train. 

 

7.3 Experimental 

            7.3.1 Data processing 

A home built data processing and visualization program ACCISS (version 9.1 

written in MATLAB, MathWorks, Natick, MA), was employed for image 

reconstruction and display. 



187 

 

            7.3.2 Equipment 

MR/MRI measurements employed a cryogen free variable field superconducting 

magnet operating at 1.5 T and 3 T (MR Solutions, Guildford, UK) with 1H resonance 

frequencies of 63.6 MHz and 127.8 MHz, respectively. The two RF probes (MR 

Solutions, Guildford, UK) employed were birdcages, 9 cm in length and 5 cm in 

diameter, driven by a 2 kW, BT02000-AlphaSA, RF amplifier (TOMCO Technologies, 

Sydney, Australia). The gradient coil, model BFG 155/100 s-6 (Resonance Research, 

Billerica, MA) was driven by    GA-300 gradient amplifiers (Performance Controls, 

Montgomeryville, PA), providing maximum gradient strengths of 66.4 G/cm, 64.9 G/cm 

and 87.8 G/cm in the x, y and z directions, respectively. The magnet was permanently 

connected to a 4G superconducting magnet power supply (Cryomagnetics, Oak Ridge, 

TN).  

            7.3.3 Bulk CPMG and 2D slice-selective FSE measurements in saturated core plugs 

            2D slice-selective FSE measurement parameters at 1.5 T and 3 T were: signal       

averages = 8, spectral width = 100 kHz, field of view = 70×70 mm2 with maximum 

magnetic field gradient strength of Gx = 4.28 G/cm, Gy = 3.47 G/cm, and                              

Gz = 2.55 G/cm. A 2 mm thick slice was acquired in the z direction. The slice position 

corresponded to the center of each core plug. 8 k-space lines (spin echoes) were acquired 

per excitation. The minimum achievable echo time was 8 ms in the FSE measurement 

employed in this study. The center of k-space was acquired with the first echo. The 

repetition times (TR) were 6 s, 1.2 s, 1.7 s, 0.8 s, and 0.9 s with a total imaging time of 

14 min, 2.8 min, 3.9 min, 1.8 min, and 2.0 min for Bentheimer, Nugget, Buff Berea, 
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Berea, and Wallace core plugs, respectively. The 2D images were 256×128 pixels in the 

frequency and phase encoding direction, respectively.  

          The SNR for FSE images was calculated in the image domain. The signal was 

calculated as the mean value of the image magnitude within a region-of-interest (ROI), 

excluding any blurred edges. The noise was estimated as the standard deviation of the 

background noise magnitude. The sensitivity was calculated as SNR/(t)1/2 where t is the 

total measurement time.  

7.4 Results and discussion 

          The susceptibility contrast between the solid matrix and imbibed fluids in the 

pores decreases the image intensity in SPRITE imaging through T2
*. The same 

susceptibility effects will reduce image intensity in FSE imaging through T2. The T2 is 

influenced by diffusion through internal magnetic field gradients induced by magnetic 

susceptibility contrast. The susceptibility contrast may also limit the spatial resolution 

in FSE imaging of rock core plugs because of the linewidth in the frequency encoding 

direction. We also anticipate that T2 itself will be frequency dependent in these samples.  

          2D slice-selective FSE images were acquired at 1.5 T and 3 T (Figs. 7-2 and          

7-3). The FSE images reveal rich textural information related to rock structural 

heterogeneity. Homogeneous Bentheimer and Buff Berea core plug images are 

reproduced in Fig. 7-2 and Fig.7-3, respectively. Fig. 7-3 shows a clear bedding plane 

structure in the heterogeneous Nugget core plug image. 
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Figure 7-2 2D slice-selective Fast Spin Echo (FSE) images from the Bentheimer 

core plug saturated with 2% brine at 1.5 T and 3 T. The center of k-space was 

acquired with the first echo in the images. The slice thickness was 2 mm. The color 

bar indicates the magnitude of the signal from light (high signal) to dark (low 

signal). A homogenous structure is observed in the Bentheimer core plug images. 

 

Figure 7-3 2D slice-selective Fast Spin Echo (FSE) images from four rock core 

plugs saturated with 2% brine at 1.5 T and 3 T. The center of k-space was acquired 

with the first echo in all images. The slice thickness was 2 mm. The color bar 

indicates the magnitude of the signal intensity. A bedding plane structure is 

observed in the heterogeneous Nugget core plug images while Buff Berea core plug 

images are homogenous. With the same scale bar for all images, the Berea core 

plug images are difficult to observe at 1.5 T and 3 T. The Wallace sandstone images 

are not apparent at the two fields due to reduced T2 and T2
* lifetimes. 
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          The FSE image signal intensities are normalized to the maximum signal intensity 

of the Bentheimer core plug image at 3 T in Fig. 7-2 and to the Buff Berea core plug 

image at 3 T in Fig. 7-3. The FSE image of the Berea core plug in Fig. 7-3 is difficult to 

observe at 1.5 T and 3 T due to poor SNR. No image is apparent for the Wallace sample 

at either magnetic field.  

            In all FSE core plug images, the background noise is greater at 1.5 T than at 3 T 

by a factor of approximately 2. In Fig. 7-2, the high image SNR of the Bentheimer core 

plug, 90 at 3 T, masks the difference in the background noise of the two magnetic fields. 

In Fig. 7-3, the SNR of the core plug images is significantly less compared to the 

Bentheimer core plug images in Fig. 7-2. The low SNR makes the difference in the 

background noise more noticeable at the two magnetic fields in Fig. 7-3. The difference 

in background noise is attributed to different preamplifiers [6] and detection circuitry at 

the two frequencies.  

           In the FSE images of core plug samples at the same field, the SNR varies due to 

the dependence of magnetization on B0, differences in porosity between the core plugs, 

and variations in T2 of the fluid in the pore space. The image quality is very good for 

the Bentheimer, Buff Berea, and Nugget core plugs at 1.5 T and 3 T (Fig. 7-2 and 7-3). 

SNR is greater for the Bentheimer, Buff Berea, and Nugget core plug images by factors 

of 4, 2, and 2, respectively (Table 7.1) at 3 T compared to 1.5 T. It is difficult to calculate 

the SNR of the Berea and Wallace core plug images because of very low signal.  
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Table 7.1 Comparison of the image SNR and sensitivity of FSE imaging at 1.5 T 

and 3 T for the five brine saturated rock core plugs. 

                                            1.5 T                                                    3 T                                                             

Sample                  SNR         Sensitivity (min-1/2)       SNR       Sensitivity (min-1/2)                                                

Bentheimer               20                        6                           90                         20                                                                                

Nugget                       4                          2                           8                           5                                                                              

Buff Berea                5                           3                           10                         5                                                        

Berea                         2                           2                           3                           2                                               

Wallace                     2                           1                           2                           1   

 

            In parallel with imaging experiments, bulk T2 relaxation times were measured 

(Table 7.2) with TE = 2 ms. T2 was multi-exponential in all samples. The effect of 

internal gradients on T2 increases as magnetic field and echo time increase [7,8]. As a 

consequence, the T2 values in Table 7.2 shift to shorter lifetimes with increasing field 

strength and echo time. To achieve a reasonable estimation of the T2 contrast in the FSE 

images, bulk T2 measurements were also acquired with an echo time, 6.6 ms, similar to 

the echo time of the FSE images, 8 ms.      
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Table 7.2 Bulk T2 of the five brine saturated core plugs at different fields. T2 was 

measured with TE = 2 ms (the minimum achievable echo time in the bulk CPMG 

measurement at 1.5 T and 3 T) and TE = 6.6 ms (similar to the echo time in the 

FSE images). Uncertainties of the short and the long T2 components were generally 

less than     ± 0.3 ms and ± 2 ms, respectively.  

T2 (ms) 

 Sample                    3 T                               1.5 T                                         0.2 T 

                              TE = 2 ms                                                                                                                        

                      Bentheimer 5.7 (53%), 160 (47%)   29 (53%), 280 (47%)  150 (27%), 710 (73%)         

                      Nugget         3.6 (69%), 16 (31%)    4.3 (65%), 25 (35%)     16 (49%), 99 (51%)         

                      Buff Berea    4.3 (64%), 23 (36%)    4.7 (60%), 39 (40%)     32 (44%), 210 (56%)         

                      Berea             3.9 (72%), 19 (28%)     3.3 (67%), 27 (33%)     17 (50%), 110 (50%)         

                      Wallace         2.7 (83%), 21 (17%)     3.6 (77%), 25 (23%)     9.0 (65%), 77 (35%)         

                              TE = 6.6 ms                                                                                                                                                

                      Bentheimer    16 (63%), 64 (37%)      13 (38%), 120 (62%)    120 (31%), 570 (69%)         

                      Nugget            6.8                                 8.2                                 14 (57%), 79 (43%)         

                      Buff Berea      6.2                                7.5                                 26 (53%), 160 (47%)                 

                      Berea              5.7                                 6.9                                 15 (61%), 83 (39%)         

                      Wallace          5.2                                 6.0                                 8.0 (71%), 49 (29%)  

 

              Multi-exponential T2 decay in rock core plugs makes quantitative imaging 

difficult. A quantitative FSE image is only possible if T2 is long relative to the echo 

time. FSE images of core plugs should generally be considered qualitative images [9] 

rather than quantitative images.   

          Although the FSE method is not always quantitative, its ability to acquire very 

rapid and robust qualitative images is advantageous. Total imaging time decreases 

dramatically in the FSE measurements compared to single spin echo and 3D Centric 

Scan SPRITE measurements. For rock core plug samples with a sufficiently long T2
* 
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compared to the minimum tp, the Centric Scan SPRITE method is more appropriate for 

quantitative images, although the imaging time will be longer. Generating a quantitative 

image with Centric Scan SPRITE or FSE will generally depend on sample properties.  

          There is a linewidth restriction on resolution in FSE if the natural linewidth, 

1/(πT2
*), is greater than the image resolution (pixel size in Hz) in the frequency encoding 

direction [10–12]. The magnetic field inhomogeneity (B0) created by the susceptibility 

mismatch will increase the sample linewidth (reduced T2
*) and impose a resolution limit 

which can result in image blurring [13,14]. The nominal image resolution was 390 Hz 

per pixel in the FSE images of Figs. 7-2 and 7-3. The natural linewidth of the Bentheimer 

core plug was 227 Hz at 1.5 T (Table 7.2), less than the nominal image resolution. 1D 

profiles from 2D FSE images of the Bentheimer core plug sample at 3 T, in the 

frequency encoding direction, showed that the edge resolution was one pixel (results not 

shown). As a consequence, no blurring was apparent in the Bentheimer core plug image 

at 3 T.  For the Nugget, and Buff Berea core plug images at 1.5 T and 3 T, the blurring 

is not pronounced. However, it is hard to evaluate the edge resolution for these samples 

because of relatively low SNR. For the Berea and Wallace core plug samples, with 

shorter T2 and T2
*, more blurring is expected but low SNR masks this effect. There is 

no linewidth restriction on resolution for Centric Scan SPRITE imaging due to the 

nature of pure phase encoding [15,16].  

          As with Centric Scan SPRITE core plug imaging results reported in Chapter 6, 

the optimal field for an FSE image depends on the properties of the sample. For the 

Bentheimer, Nugget, and Buff Berea samples with longer T2, 3 T provides high quality 

FSE images with good image SNR. For samples with shorter T2 (Berea and Wallace 
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core plugs), lower field will be more appropriate for FSE imaging with T2 shifting to 

longer lifetimes.  

7.5 Conclusion 

 One advantage of the FSE method is its rapid acquisition time. The FSE image 

is also informative in terms of structural heterogeneity. Due to the multi-exponential 

behavior of T2, and the strong dependence of T2 on the details of the experiment, i.e., 

the echo time, acquiring a quantitative image with FSE requires favorable acquisition 

and sample parameters. The optimal field in FSE core plug imaging method depends on 

the properties of the samples.  
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Chapter 8 – Conclusions and Future Work 

8.1 Conclusion 

This thesis explored MR/MRI measurements of fluids in porous media where 

susceptibility mismatch effects controlled quantification of images and required that 

pure phase encode imaging methods be employed. 

In Chapter 3, 1D Centric Scan SPRITE T2
* mapping was applied to monitor 

spatially resolved moisture distribution with steady state wicking in a series of       

cement-based materials. A bi-exponential T2
* behavior was observed in both SPRITE 

T2
* mapping and bulk FID measurements of the samples. The short T2

* lifetime 

component was assigned to interlayer water while the long T2
* lifetime component was 

assigned to water in the pore space. This work was the first time that the interlayer water 

signal was spatially resolved in cement-based materials. A bi-exponential T1 lifetime 

was also observed with one component sub millisecond in these samples. The interlayer 

water T2 was too short to permit CPMG measurement. 

The MR/MRI methods employed in Chapter 3 worked well to study water 

penetration behavior during steady state wick action in the cement-based materials. 

These methods were also employed to study water absorption during unsteady state 

wick action. Chapter 4 employed MR/MRI and sorptivity measurements to monitor the 

transition from unsteady state to steady state water wick action in mortars. A break point 

was observed in water absorption for three mortar samples with w/c = 0.40, 0.45, and 

0.60. Before the break point, a capillary transport mechanism is dominant in filling the 

macropores. After the break point swelling can significantly alter water absorption such 
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that diffusion-based transport becomes important. No break point was observed for the 

mortar sample with w/c = 0.35.  

The results of Chapters 3 and 4 showed that the T2 lifetime of interlayer water 

was too short to be measured by CPMG methods. T1 changed in these samples as the 

water absorption rate changed. In Chapter 5, T1-T2
* measurement was introduced to 

investigate the possible correlation between T1 and T2 (T2
*). The T1-T2

* measurements 

revealed two distinct water populations in mortar samples similar to those studied in 

Chapters 3 and 4. The first peak was assigned to interlayer water and the second peak 

was assigned to water in the pore space. Peak shapes and associated coordinates changed 

in the T1-T2
* measurement during water absorption. These changes may help one to 

understand pore level change of the samples.  

The generality and simplicity of the T1-T2
* measurement has potential 

application in a large class of samples that are solid-like materials with inherently short 

T2. The T1-T2
* measurement provides an alternative to T1-T2 measurement. In this case, 

the FID signal will usually provide the necessary temporal resolution to observe the 

signal. Employing a T1 dimension in the experiment will permit one to discriminate 

between observed species.  

In solid-like materials, T2 (T2
*) may be revealed as Gaussian or Sinc Gaussian 

decays in addition to purely exponential decays. As future work, one could modify 

equation 5.1, the Fredholm integral of the first kind, to account for nonexponential 

decay. However, we believe that fitting an exponential decay to a Gaussian decay will 

correctly identify a solid decay.   
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In porous media, for example cement-based materials and reservoir rocks, the 

magnetic susceptibility contrast between the solid and the pore fluid affects the lifetimes 

T2 (T2
*) as a function of the field B0. Chapter 6 showed that the variation of 1/T2

* was 

linear with respect to B0 for a range of rock core plug samples with different magnetic 

susceptibilities. The optimal field for Centric Scan SPRITE MRI was determined based 

on this linear relationship. Utilization of the optimal field is facilitated by a new 

generation variable field magnets. The maximum SNR is anticipated when tp = T2
* and 

tp = 1.75 T2
* in the sample noise and the coil noise dominated regimes, respectively. In 

the mixed noise regime, the maximum SNR is predicted for tp = 1.5 T2
*. In practice, B0 

may be chosen to be less than the optimal field in order to increase T2
* and ensure 

quantitative imaging in SPRITE measurement.  

8.2 Future work 

It is anticipated that the T1-T2
* relaxation correlation measurement will open the 

door to a new class of measurement particularly in samples with inherently short T2 such 

as solids and solid-like materials. The T1-T2
* measurement is conceptually simple and 

it is essentially an ordinary T1 measurement with greater attention paid to the subsequent 

FID. Thus, one can apply the new method to a variety of samples that have an 

exponential, Gaussian, or Sinc Gaussian FID behavior to identify solid and liquid phases 

with more accurate quantification of each.  

The T1-T2
* measurements of Chapter 5 relied solely on bulk measurement which 

provides information from the entire sample. By analogy to the work of Vashaee et al. 

[1], spatially resolved T1-T2
* measurement may be achieved through employing 
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adiabatic inversion pulses. The T1-T2
* measurement may also be replaced with T1-T2

* 

measurement through substitution of a spin lock preparation for the T1 preparation. This 

modification will sensitize the experiment to motion at kHz frequencies rather than MHz 

and quasi static frequencies.  

In Chapter 6 the optimal field was predicted for Centric Scan SPRITE MRI with 

T2
* being B0 field dependent. Choice of the optimum field is aided by a new generation 

variable field magnet, recently installed in the UNB MRI centre. This magnet allows 

one to readily vary the magnetic field. The same approach should be employed in Fast 

Spin Echo (FSE) imaging of a cohort of samples to determine the optimal field. Due to 

the multi-exponential behavior of T2, the variation of image intensity with field strength 

will not follow a simple relationship. Nevertheless, investigation of optimal field is 

advantageous due to the high sensitivity of the FSE method.  
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