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ABSTRACT 

Berea sandstone is a well-studied oilfield reservoir material that is commonly used as a 

reference material when the exact constituents of a reservoir are unknown. Although it 

has been extensively studied, there are still several unanswered questions that remain due 

to the complexity of the mechanical system, being a network of hard grains cemented 

together with a soft bonding system. In particular, the origin of the nonlinear and 

nonequilibrium dynamics in Berea is still poorly understood. In this dissertation, the 

anomalous elastic behavior of Berea sandstone in which the sandstone softens with 

cooling for a set temperature range is explored using multiple experiment sets to shed 

light on the possible mechanisms involved. By using a combination of Resonant 

Ultrasound Spectroscopy (RUS), Through-Transmission technique (TT), and resonance 

tracking, several qualitative and quantitative aspects of this anomalous elastic behavior 

are detailed. Specifically, it was found that the bulk modulus of Berea sandstone 

decreases with cooling from 205 °C to 110 °C and then increases an almost identical 

amount with additional cooling from 110 °C to room temperature. Resonance tracking 

determined that equilibration time did not seem to affect the anomalous elastic behavior 

with cooling. Higher starting temperatures did not affect the critical temperature in which 

the anomalous behavior returned to normal behavior with cooling. The anomalous 

behavior was only found in Berea sandstone and Buff Berea, whereas several other 

reservoir materials exhibited normal behavior. Normal elastic behavior was also found in 

fused silica, making it less likely that the anomalous elastic behavior originates from the 

constituents of Berea sandstone. The anomalous behavior did not extend to heating in 

Berea sandstone, causing a hysteresis loop in the elastic constants when heated and then 
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cooled. Finally, the anomalous behavior was seen in both heating and cooling for Buff 

Berea, however, and the qualitative behavior for both heating and cooling was near 

identical. 
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Chapter 1: Motivation and Background 

1.1 Motivation 

 With the recent and sudden resurgence of the U.S. domestic oil and gas industry, 

including the nearly-unprecedented explosion of drilling activities in the Permian Basin, a 

renewed interest in research involving reservoir materials has been spurred. Adding to 

this, conventional oil sources in the U.S. have either dwindled or flat lined since the early 

1900s. This resurgence has been almost exclusively due to modern technology enabling 

exploitation of unconventional oil and gas sources such as in tight oil and gas formations 

that are nearly impossible to exploit conventionally. In particular, hydraulic fracturing 

has enabled production in formations that were earlier deemed to be too tight (very low 

permeability) by opening them up and allowing the flow of hydrocarbons that were 

previously trapped. Unconventional sources are almost always more expensive to 

produce from than conventional sources, thus the recent rebound of worldwide oil prices 

has allowed significant investment in these unconventional sources of oil and gas (it is 

important to note that this dissertation was written in mid-2018). A great example of this 

is the Permian Basin, which has been producing for over 80 years, but is very close to 

crossing the threshold where more oil is being produced from unconventional sources 

than conventional sources. Since hydraulic fracturing is now common across the industry, 

it is important to understand the exact mechanical properties of the reservoir that is being 

fractured, as well as for drilling operations. Before the formation is fractured, calculations 

are needed to determine how much “fracking” fluid is needed and where it needs to be 

injected. Not only is there a risk of failure with inaccurate calculations, but increasing 
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environmental awareness has made these calculations critical. If the mechanical 

properties of the reservoir constituents are not known to a high degree of accuracy, the 

risk of either failing to fracture the reservoir or contaminating the groundwater goes up 

significantly. This also means that these mechanical properties need to be known at 

conditions occurring at depth, and not in laboratory conditions. Since temperatures rise 

by approximately 25 °C/km [1], there is a large temperature and pressure range where 

these materials need to be characterized. Additionally, since many of these materials are 

only known at room temperature and pressures near atmospheric pressure, their 

properties are likely extrapolated up field conditions. Since reservoir rocks are some of 

the most complex materials mechanically, it is unlikely rocks can have their properties 

safely extrapolated to these conditions. This work focuses on Berea sandstone, a material 

that is commonly used as a reference when the reservoir is not fully characterized [2]. 

The particular focus was on characterizing the response of Berea sandstone to changes in 

temperature, in industry relevant temperature ranges up to 350 °C, corresponding to ~13 

km in depth. Surprisingly, very few temperature dependent experiments have been done 

on Berea sandstone, despite the importance of Berea sandstone to the oil and gas 

industry, especially at the higher temperatures commonly encountered in the field. By 

characterizing Berea sandstone at industry relevant temperatures, as well as studying how 

it responds to changes in temperature, hydraulic fracturing calculations can be made more 

accurate and overall knowledge of reservoir mechanics can be increased [3, 4]. 
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1.2 Geological Materials and their Important Properties 

 This dissertation focuses on geological materials such as sandstones and 

limestones. Although uninteresting in some of their properties, such as electrical and 

optical, sandstones and limestones are extremely fascinating and complex in their 

mechanical properties. Several important and unusual properties of these materials 

include slow dynamics [5-10], memory effect [11-13], nonequilibrium dynamics [14-16], 

hysteresis [17-20], as well as overall nonlinear dynamics [21-24]. Due to this complexity, 

the study of geomaterials continues to be an active area of research. In the next few 

sections, basic descriptions of the geomaterials of interest to this study will be given, 

including sandstones, limestones, shales, and diatomite. 

1.2.1 Overview of Select Geological Materials 

1.2.1.1 Sandstones 

 The first and most extensively studied geomaterial in this work is sandstone. 

Sandstone is an extremely common sedimentary rock, making up around 10-20% of the 

total amount of sedimentary rock in the Earth’s crust [25]. Sedimentary rocks are 

comprised of grains or particles that settled together and were cemented. In the case of 

sandstone, the grains are sand, which by definition ranges from .0625 to 2 mm in 

diameter. The sand has been cemented together to form a three-dimensional, open-ended 

network of grains and interstitial regions, commonly called pores. Typically, sandstones 

have a relatively high degree of porosity and are typically classified by the quartz content 

of the grains into quartz sandstones (>90% quartz), feldspathic sandstones (high amount 

of feldspar grains), and lithic sandstones (high amount of lithic grains). Sandstones can 
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be further classified into arenites or wackes depending on the amount of clay present in 

the pore spaces [26]. Compared to limestone, sandstone is far more resistant to chemical 

attack due to the lower amount of calcite present. The overall structure of sandstone 

makes it an excellent reservoir material due to the high porosity and connected pore space 

[27, 28]. For this reason, sandstone continues to be actively studied despite being readily 

available to the scientific community for quite some time. 

1.2.1.2 Limestones 

 Since limestone is also a sedimentary rock, it has many similarities with 

sandstone with key differences. Limestone is formed similarly to sandstone, but consists 

almost entirely of precipitated calcium carbonate. It is generally formed from sea bodies 

and is frequently composed of marine skeletal fragments. Calcium carbonate is 

susceptible to acid attacks, which greatly weakens the chemical resistance of limestone. 

This degradation easily can be seen today in old limestone buildings and columns, which 

are heavily damaged over time by acid rain. Acid tests can also quickly identify an 

unknown sedimentary rock as limestone by the violent reaction that occurs. Limestones 

are also visually different from sandstones and the two can usually be distinguished from 

each other by use of a microscope, as the skeletal fragments are usually visible in 

limestone. Limestone generally has good porosity as sandstone, and is frequently found 

in reservoirs [29-31]. As with sandstone, limestone is still an active area of research due 

to its presence in oil-producing regions. 
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1.2.1.3 Other Geological Materials 

 Although sandstone and limestone are the primary focus of this dissertation, there 

are still a couple of other materials that are important to note. The first, shale, is also a 

sedimentary rock like sandstone and limestone, and is the most common sedimentary 

rock on Earth. Shale is heavily composed of clay minerals (mud) and frequently contains 

fragments of calcite and quartz. Typically, shale is tight and oil contained within is not 

easily extracted. Shale is frequently a constituent of unconventional reservoirs due to the 

impermeability of some shales and the need for hydraulic fracturing to free the trapped 

oil and gas. One such example of a shale reservoir is the Barnett Shale near Fort Worth, 

TX, which is still being actively exploited today [32, 33]. The last geomaterial to be 

discussed is diatomite. Diatomite is extremely light for a geomaterial, chalk-like, and 

soft. It is frequently ground up to make Diatomaceous earth, which is a very fine powder 

used across many industries, from food to pest control. Diatomite is formed from the 

accumulation of the amorphous silica that comes from the cell walls of dead diatoms, 

which are microscopic single-celled aquatic plants. These shells can be seen if diatomite 

is put under a high-power optical microscope. Worldwide production is around two 

million tons and is readily extracted from low-cost open pit mines [34]. Diatomite was 

used and characterized in this study as a very soft reference material which could be 

compared to the other sandstones and limestones. Shale was not studied in this 

dissertation, but would be a natural geomaterial to study. 
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1.2.2 Important Mechanical Properties 

 There are several important mechanical properties that characterize rocks. Some 

of the more important quantities that are measured in this study will be briefly described 

here. The first important quantity is the sound speed. In solids, it is not very descriptive to 

simply give a sound speed value, as different sound waves propagate at different speeds. 

The two most important sound speeds in solids are the compressional wave sound speed, 

vp, and the shear wave sound speed, vs. Compressional waves exist in the three mains 

states of matter and compress and decompress the material in the direction of 

propagation. Shear waves exist only in solids and deform the material perpendicularly to 

the propagation direction. The reason these two sound speeds are so important is not 

necessarily because the quantities themselves, but because they are related to so many 

other properties. The equations (1, 2) below demonstrate this point. 

 𝑣𝑣𝑝𝑝 = �𝐵𝐵+43𝐺𝐺

𝜌𝜌
  (1) 

 𝑣𝑣𝑠𝑠 = �𝐺𝐺
𝜌𝜌
 (2) 

The first important quantity related by these sound speeds is the shear modulus, G. The 

shear modulus is a measure of the ratio of shear stress to shear strain. Physically, when an 

object is subjected to a shear force, it measures how much the material will deform 

because of it. The second is the bulk modulus, which measures how resistant a material is 

to compression. It is the ratio of pressure increase to the resulting decrease in volume. 

With both sound speeds and the density, ρ, these quantities can be extracted with little 
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difficulty. There are, however, two more quantities that fully describe the stiffness of a 

material. These two are Young’s modulus, E, and Poisson’s ratio, ν. Young’s modulus 

defines the relationship between stress and strain in a material and determines how much 

a material will linearly deform under uniaxial stress. Poisson’s ratio is a ratio between the 

amount of transverse expansion to the amount of axial compression. Materials tend to 

contract in the transverse direction when stretched, and vice versa when compressed. 

Poisson’s ratio is a measure of how much the material will contract or expand when 

stretched or compressed. These two quantities are intimately related to the elastic 

constants and can be easily calculated if the elastic tensor is known. 

 The elastic tensor, which is the final quantity to be discussed, relates the stress 

applied to a material to the strain experienced as a result. The equation for this 

relationship is shown below. 

 𝜎𝜎𝑖𝑖𝑖𝑖 = ∑𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖𝑖𝑖 (3) 

Here, σij is the stress in each direction, cijkl are the elastic constants, and εkl is the strain in 

each direction. However, since stress and strain must be symmetric, it is more convenient 

to write this equation in Voigt notation, as below. 

 𝜎𝜎𝑖𝑖 = ∑𝑐𝑐𝑖𝑖𝑖𝑖𝜀𝜀𝑖𝑖 (4) 

where: 𝐶𝐶1111 = 𝐶𝐶11, 𝐶𝐶1122 = 𝐶𝐶12, 𝐶𝐶2323 = 𝐶𝐶44, and so on. With increased symmetry, this 

can be reduced significantly such that only C11 and C44 are required to describe the full 

elastic tensor. For these two constants, C11 describes axial compression and is usually 

called the compressional modulus, and C44 describes shear strain resulting from shear 
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stress and is usually called the shear modulus. In terms of the previously mentioned 

mechanical quantities that described stiffness in a material, there are easy algebraic 

relationships shown below. 

 𝐺𝐺 = 𝐶𝐶44 (5) 

 𝐺𝐺 = 𝐶𝐶11−𝐶𝐶12
2

 (6) 

 𝐵𝐵 = 𝐶𝐶11 −
4
3
𝐶𝐶44 (7) 

 𝜈𝜈 =
3𝐵𝐵𝐺𝐺−2

2(3𝐵𝐵𝐺𝐺 +1)
 (8) 

Clearly the elastic tensor is quite powerful since all four quantities that describe stiffness 

can be derived from them. However, extracting the elastic tensor can be more difficult 

than simple sound speed measurements, so there are experimental considerations as to 

which approach should be used to extract these quantities. In this study, either the sound 

speed or the elastic tensor will be obtained in nearly every experiment. Therefore, even 

though the above quantities might not be explicitly given in each section, it is a trivial 

matter to calculate them once the sound speeds or elastic tensor are known [35]. 

1.3 Acoustical Techniques 

Since acoustic techniques are extremely powerful and accurate for measurement 

of mechanical properties, many choices are available to measure the quantities discussed 

in Section 1.2.2. Most of these techniques are very mature and have been used 

extensively in both material science and in the nondestructive testing industry. In this 
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section, the two primary techniques used in this dissertation are covered, as well as 

another technique that is briefly mentioned and compared with the techniques used to 

show why these two techniques were chosen for the research in this dissertation.  

1.3.1 Resonant Ultrasound Spectroscopy 

 Resonant Ultrasound Spectroscopy (RUS) is an ultrasonic tool for measuring the 

elastic properties of materials. The basic principle that RUS uses is all materials have a 

resonance spectrum that can act as a “fingerprint” to measure mechanical properties of a 

material. RUS is one of the most accurate techniques available for measuring elastic 

constants, because of the extreme sensitivity of resonances to material properties and 

size. The underlying theory of RUS is described in the book by Migliori and Sarrao [36], 

the definitive source on RUS theory and practice. Only the important aspects of RUS are 

covered here.  

 The basic equation which connects resonances of a bar to other physical 

properties is: 

𝑓𝑓𝑁𝑁 = 𝑁𝑁v
2𝑑𝑑

, where v is the sound speed, d is the propagation distance, and N is the resonance 

number. 

This equation represents the situation in which an integral number of half wavelengths 

perfectly fit inside the bar. From the equations in Section 1.2.2, this equation links the 

resonances of an object to several important mechanical properties such as the bulk 

modulus, the shear modulus, and Poisson’s ratio. The key problem in RUS is to link the 

elastic tensor of a sample to the resonant frequencies. Unfortunately, in the real world, 
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this problem does not have an analytical solution, so other methods must be used. The 

two methods used are finite-element analysis and energy minimization. Finite-element 

methods are generally computationally intensive and require detailed knowledge of all 

forces acting on all finite elements of the sample. Energy minimization, however, looks 

for an equilibrium configuration of the body and is much faster. RUS is based on energy 

minimization, however, many commercial software packages such as COMSOL use 

finite-element analysis. Since rectangular parallelepipeds are very simple geometrically, 

they were the first geometries that were fully developed for RUS. Going through a 

shortened version of the RUS calculations: 

Since RUS uses energy minimization, it minimizes the Lagrangian for an elastic solid. 

The general form of a Lagrangian is: 

 𝐿𝐿 = ∫ (𝐾𝐾𝐾𝐾 − 𝑃𝑃𝐾𝐾)𝑑𝑑𝑑𝑑𝑉𝑉  (9) 

where KE is the kinetic energy and PE is the potential energy of the system. Plugging in 

for an arbitrary elastic solid with a harmonic time-dependence for the displacement 

vectors (u), and adding in the variation in L (vary u in V and S), the equation is now: 

                   𝐿𝐿 + 𝛿𝛿𝐿𝐿 = ∫ �1
2
∑ 𝜌𝜌𝜔𝜔2(𝑢𝑢𝑖𝑖 + 𝛿𝛿𝑢𝑢𝑖𝑖)2 − ∑ 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝜕𝜕(𝑢𝑢𝑖𝑖+𝛿𝛿𝑢𝑢𝑖𝑖)
𝜕𝜕𝑥𝑥𝑗𝑗

𝜕𝜕𝑢𝑢𝑘𝑘
𝜕𝜕𝑥𝑥𝑙𝑙𝑖𝑖,𝑖𝑖,𝑖𝑖,𝑖𝑖𝑖𝑖 � 𝑑𝑑𝑑𝑑𝑉𝑉  (10) 

where ρ is the density, cijkl are the elastic constants, and ω is the angular frequency. 

Keeping only first order terms in 𝜕𝜕𝑢𝑢𝑖𝑖, and integrating by parts, the solution is: 

𝛿𝛿𝐿𝐿 = ∫ �∑ [𝜌𝜌𝜔𝜔2𝑢𝑢𝑖𝑖 + ∑ 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜕𝜕2𝑢𝑢𝑘𝑘
𝜕𝜕𝑥𝑥𝑗𝑗𝜕𝜕𝑥𝑥𝑙𝑙𝑖𝑖,𝑖𝑖,𝑖𝑖 ]𝛿𝛿𝑢𝑢𝑖𝑖𝑖𝑖 � 𝑑𝑑𝑑𝑑 − ∫ �∑ [∑ 𝑛𝑛𝚥𝚥���⃗ 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝜕𝜕𝑢𝑢𝑘𝑘
𝜕𝜕𝑥𝑥𝑙𝑙𝑖𝑖,𝑖𝑖,𝑖𝑖 ]𝛿𝛿𝑢𝑢𝑖𝑖𝑖𝑖 � 𝑑𝑑𝑑𝑑𝑆𝑆𝑉𝑉  (11) 
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The terms in square brackets must be zero when δL=0, so ui is constrained by this 

condition. The set of displacements, ui, that satisfy this condition correspond to the ω that 

are normal modes. Therefore, following the Rayleigh-Ritz method to calculate these, ui is 

expanded in a complete set of functions: 

 𝑢𝑢𝑖𝑖 = ∑ 𝑎𝑎𝑖𝑖𝑖𝑖Φ𝑖𝑖𝑖𝑖  (12) 

where aiλ are the amplitudes and Φλ are the basis functions. These basis functions are: 

Φ𝑖𝑖 = 𝑥𝑥𝑖𝑖𝑦𝑦𝑚𝑚𝑧𝑧𝑛𝑛 where λ = (l,m,n) 

Finally, through substitution, the Lagrangian is: 

𝐿𝐿 = 1
2 ∫ �∑ 𝛿𝛿𝑖𝑖𝑖𝑖𝜌𝜌𝜔𝜔2𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖′𝑖𝑖′Φ𝑖𝑖Φ𝑖𝑖′ −

1
2
∑ 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖𝑎𝑎𝑖𝑖′𝑖𝑖′

𝜕𝜕Φ𝜆𝜆
𝜕𝜕𝑥𝑥𝑗𝑗

𝜕𝜕Φ𝜆𝜆′
𝜕𝜕𝑥𝑥𝑙𝑙𝑖𝑖,𝑖𝑖,𝑖𝑖,𝑖𝑖,𝑖𝑖,𝑖𝑖′𝑖𝑖,𝑖𝑖′,𝑖𝑖,𝑖𝑖′ � 𝑑𝑑𝑑𝑑𝑉𝑉  (13) 

The above equation is an exact solution, but only if λ and λ’ are summed to N when 

N→∞ and l + m + n < N. 

This equation, although it provides a solution, is still not computationally efficient nor is 

it in a convenient form. Therefore, rewriting it as a matrix equation: 

 𝐿𝐿 = 1
2
𝜔𝜔2�⃗�𝑎𝑇𝑇𝐾𝐾�⃗�𝑎 − 1

2
�⃗�𝑎𝑇𝑇Γ⃡�⃗�𝑎 (14) 

where the matrices E and Γ are: 

 𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖′𝑖𝑖′ = 𝛿𝛿𝑖𝑖𝑖𝑖 ∫ Φ𝑖𝑖𝜌𝜌Φ𝑖𝑖′𝑑𝑑𝑑𝑑𝑉𝑉  (15) 

 Γ𝑖𝑖𝑖𝑖𝑖𝑖′𝑖𝑖′ = ∑ 𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖′𝑖𝑖′ ∫
𝜕𝜕Φ𝜆𝜆
𝜕𝜕𝑥𝑥𝑗𝑗

𝜕𝜕Φ𝜆𝜆′
𝜕𝜕𝑥𝑥𝑗𝑗′

𝑑𝑑𝑑𝑑𝑉𝑉𝑖𝑖,𝑖𝑖′  (16) 

For this matrix equation, E and Γ are matrices of order R where: 
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 𝑅𝑅 = 3(𝑁𝑁+1)(𝑁𝑁+2)(𝑁𝑁+3)
6

 (17) 

For the matrix equation, solutions of the free-vibration problem are sought. By setting the 

derivatives of aiλ equal to zero (i.e. because for δL=0 then ∂L/∂aiλ=0), then the matrix 

equation is reduced to the following eigenvalue equation: 

 𝜔𝜔2𝐾𝐾�⃗�𝑎 = Γ⃡�⃗�𝑎 (18) 

The eigenvalues of the above equation give the free-oscillation frequencies and the 

eigenvectors give the physical displacements of these frequencies. This equation is 

essentially the forward problem for RUS and gives the resonant frequencies of an elastic 

solid given the density, dimensions, and elastic moduli. The reader is encouraged to 

consult Section 4.3 of the RUS book by Migliori and Sarrao [36] for a discussion on how 

to generalize this equation outside of situations where there is nonlinear elasticity, far-

field effects, and dissipation. 

Although equation (18) is an important part of RUS, the goal of RUS is not to determine 

the resonant frequencies of an object given its mechanical properties, but the opposite. 

The power of RUS is to predict the mechanical properties of a material given the 

resonances, density, and dimensions. This means that RUS is an inverse problem that 

involves fitting. Essentially, the inverse problem that RUS solves has no unique solution, 

so instead, nonlinear optimization is used to determine what set of elastic moduli produce 

resonances close as possible to the measured ones. This is iterated until the best possible 

solution is found minimizing the error between the forward-calculated resonances and the 

measured resonance spectrum. This is done using a Levenberg-Marquadt algorithm, 
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which is a damped least-squares method for nonlinear problems, such as in the case of 

least-squares curve fitting. The Levenberg-Marquadt algorithm finds a local minimum 

rather than a global minimum, so false solutions are possible but unlikely as long as a 

reasonable starting guess is used. This algorithm has been fairly optimized in the form of 

a FORTRAN code that is widely used and distributed by Los Alamos National 

Laboratory [36-40]. 

 For experimental considerations, there are a few important points. First, the 

sample must be cleanly and accurately cut to the appropriate geometry, be it rectangular 

parallelepiped, right cylinder, or sphere. Defects such as nicks or scratches will 

negatively impact the accuracy of the fit. Second, the dimensions of the sample must be 

known accurately and the sides must be parallel as possible (or in the case of a sphere, as 

spherical as possible). The fit strongly depends on the density measurement and 

dimensions of the sample and inaccurate measurements can be the largest source of error 

in the fit. 

In terms of usefulness, RUS is almost unparalleled, with nearly every material 

type represented in the literature, including ceramics, metals, rocks, glass, and 

superconductors [41-48]. Additionally, as technology in computing and algorithms has 

become more advanced over time, restrictions on allowed geometry for RUS has become 

less strict [49]. Although RUS is not necessarily a new technique, it has evolved over 

time for more flexibility in both choice of sample and environmental conditions. Since 

RUS remains as one of the most powerful techniques in material characterization, further 

development seems likely. 
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1.3.2 Time-of-Flight Techniques 

 Through-Transmission technique is a time-domain technique rather than 

frequency-domain like RUS. Like RUS, Through-Transmission is extremely accurate in 

determining sound speeds. Through-Transmission technique works by measuring the 

time-of-flight through a sample of known length to calculate the sound speed of the 

material. Experimentally, this is done by attaching transducers on opposite sides of a 

sample and applying an acoustic pulse on one side that is then received on the opposite 

side. While the acoustic wave is traveling through the sample, it reflects off of any 

number of features or defects in the sample causing some of the acoustic energy to either 

arrive late at the other transducer or dissipate in the sample. Since any reflection will 

have a path length longer than the pulse that travels directly through the sample (the 

primary), the first arrival is guaranteed to correspond to the wave that traveled only the 

length of the sample. Therefore, the first arrival is the most important when determining 

sound speed. The formulas for calculating quantities of interest, including vp, vs, C11, C44, 

the shear modulus, Young’s modulus, and the bulk modulus are shown in Section 1.2.2. 

Since all of these mechanical properties are derived from the sound speed measurements, 

they are dependent on the measurement of the time-of-flight and the sample length. 

Accurate measurement of the time-of-flight is critical in Through-Transmission. Two 

main techniques are generally used to accurately extract time-of-flight. The first method 

is to simply find the time delay until the maximums of the input signal and subtract it 

from the arrival time of each maximum in the primary. The accuracy of this method is 

dependent on the accuracy of the peak-finding algorithm. It does not take into account the 

time it takes the sound to travel through the coupling layer between the transducers and 
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the sample, which can add error depending on the sample length. The second method is 

slightly more accurate and uses the cross-correlation between the input and received 

signal to determine the arrival time. However, cross-correlation can be used in 

conjunction with data collection at multiple frequencies to provide a coupling layer 

correction that eliminates the travel time through the coupling layer, thus making the total 

time-of-flight more accurate. The actual application of these techniques are discussed in 

depth in the experimental sections, Sections 2.3.2.3, 3.3.3, 4.3.3, and 6.3.2. Although 

both RUS and Through-Transmission technique are both powerful and important 

techniques that are extensively used in this dissertation, they are not the only acoustic 

techniques that can be used for determining the mechanical properties of materials. 

Another technique is Pulse-Echo. Pulse-Echo is a time-of-flight technique nearly 

identical to Through-Transmission, but instead of measuring the time-of-flight from one 

side of a sample to the other, it measures the echo off the opposite end of the sample. 

Only a single transducer is used, and the total travel distance of the wave is twice the 

sample length. Since this technique uses reflections, the opposite face must be parallel to 

obtain accurate results and sample preparation is critical. This also means that an accurate 

sample length must be known. Any error in the propagation length is doubled since the 

wave travels the length twice. Compared to Through-Transmission technique, Pulse-Echo 

suffers from increased attenuation of the acoustic wave since the travel distance is 

doubled, as well as losses from the reflection. Pulse-Echo is far better for flaw detection 

as internal flaws will cause early reflections that can be used as diagnostics for damage 

[50-52]. Pulse-Echo also has the advantage of requiring only one side of the sample to be 

accessible, making it a better technique for flaw detection. Through-Transmission, 
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however, is arguably better for raw determination of material properties due to decreased 

attenuation and less susceptibility to early arrivals from flaws, as well as the inability of 

Pulse-Echo to accurately measure attenuation [53]. Despite this, Pulse-Echo has been 

used extensively to measure the mechanical properties of a wide variety of materials, and 

with accurate results [54-56].  

1.4 Dissertation Rationale and Organization 

 Since Berea is commonly used as a reference material for reservoirs [2], 

understanding the properties of Berea under field conditions will improve hydraulic 

fracturing calculations as well as to improve the planning phase before drilling. Although 

Berea is well characterized at room temperature [6, 57-65], little data exists on Berea at 

higher temperatures encountered at depth. No data exists on how Berea elastically 

responds to cooling from higher temperatures. Since Berea has been shown to behave 

anomalously with cooling at cryogenic temperatures [66], it is important to understand 

whether it behaves similarly at relevant reservoir temperatures. This dissertation is 

structured in a way that presents different experiment sets that were each designed to 

uncover different aspects of this anomalous elastic behavior. Chapter 2 largely follows 

the work published in 2016 [67], with some added data. Chapter 3 presents data on 

Berea’s temperature hysteresis. Chapter 4 shifts focus to experiments done on other earth 

materials aimed at understanding whether anomalous elastic behavior with cooling was 

present in other similar sandstones and limestones. Chapter 5 investigates the relationship 

between equilibration time and the anomalous elastic behavior with cooling. Finally, 

Chapter 6 presents the overall conclusions and suggested future work. Since each chapter 
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presents experimental sets that are relatively self-contained and might have slight 

variations in the experimental procedure, each chapter has a separate experimental 

methods section as well as a conclusion section.  
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Chapter 2: Foundational Work 

2.1 Introduction 

 This chapter presents the foundational RUS and TT results of Berea sandstone 

that inspired the rest of this study. Room temperature mechanical properties of Berea 

sandstone obtained from RUS are presented and agree well with literature. Full RUS 

analysis was performed on Berea sandstone with cooling from 205 °C to room 

temperature and elastic moduli were extracted for this temperature range. Anomalous 

elastic behavior from 205 °C to 110 °C was found in which the material softened with 

cooling. Further confirmation was needed to ensure these significant results were real, 

and thus TT experiments were performed on two separate Berea samples to extract both 

elastic moduli. The TT results confirmed the RUS results with good agreement between 

the RUS and TT results. 

2.2 Motivation for Study 

Very rarely will a reservoir material be encountered at low temperatures due to 

the fact that temperatures rise quickly with depth at a rate of approximately 25 °C/km [1]. 

Therefore, there is a need to study reservoir materials at elevated temperatures that are 

relevant to industrial activities such as oil and gas extraction. Since Berea sandstone is a 

reservoir material commonly used as an industry reference [2], and very little high 

temperature work has been done on it, it is a natural choice for experimentation at these 

elevated temperatures. Almost all oil wells are drilled to depths of no more than 10 km, 

and the average is far lower than that, so studying the mechanical properties of Berea up 

to temperatures of 200 °C covers most drilling scenarios. Motivated by these facts, an 
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initial experiment was done to collect resonance spectra of Berea from 205 °C down to 

room temperature in 5 °C steps. The results are shown in Section 2.4.1. 

2.3 Experimental Methods 

2.3.1 Resonant Ultrasound Spectroscopy 

2.3.1.1 Sample Preparation 

 The sample used in this section was derived from a Berea sandstone core 

purchased from Cleveland Quarries (www.bereasandstonecores.com). The Berea sourced 

from this quarry is mostly quartz, with an advertised composition of 93.13% silica, 

3.86% alumina, 0.54% ferrous oxide, 0.25% magnesia, 0.11% ferric oxide, and 0.10% 

calcium oxide. It is also important to note that Berea sandstone exhibits no known 

temperature-induced phase transitions until around 573 °C where α-quartz abruptly 

transforms into β-quartz [68]. The sample was wet cut using a low-speed diamond wheel 

saw (South Bay Technologies Model 650) with a water soluble coolant (South Bay 

Technologies part #02-02460-01.) The saw is equipped with a goniometer to allow 

precise cutting onto which the sample was mounted using crystal bond and a small metal 

plate. The Berea was cut into a rectangular parallelepiped with dimensions 9.13 x 8.32 x 

6.65 mm3. Due to the use of the goniometer, the sides of the sample were as parallel as 

possible with a sandstone sample. 

http://www.bereasandstonecores.com/
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Figure 1. Photo of the low-speed diamond wheel saw, including a goniometer for precise cutting. 
Due to the fact that this sample is used for RUS, the small dimensions were purposefully 

chosen to ensure the lowest resonance was high enough to avoid environmental coupling 

associated with low frequencies. Smaller sedimentary samples also have the advantage of 

being effectively isotropic, which might not be true for the core as a whole. Indeed, 

visually the sample appears to be isotropic with no visible laminations or nonuniform 

defects observed. Isotropy can also be assumed because the smallest wavelength used in 
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the RUS experiment (12.55 mm) was several magnitudes larger than the grains of the 

Berea sample. 

2.3.1.2 RUS Experimental Setup 

 The most important part of the RUS experimental setup was the selection and 

orientation of the transducers. Traditionally, the sample is corner mounted between two 

transducers that are part of a permanent RUS setup. This is to avoid loading the sample 

and to allow the sample to move as freely as possible. After initial testing, however, it 

was determined that the amount of energy that could be inputted in this fashion was far 

too small to overcome the high attenuation of Berea. Therefore, both direct attachment 

and side mounting would be necessary. This allows far greater power efficiency and 

mechanical stability of the setup at the cost of minor loading to the sample. With direct 

attachment using epoxy, no power amplifier was required to obtain usable signal. For this 

particular experiment, two Boston PiezoOptics 6 x 2 x 3.25 mm, 1MHz, 36° Y-cut 

(longitudinally polarized) LiNbO3 piezoelectric transducers were attached to the 9.13 x 

6.65 mm2 face parallel to the 9.13 mm side using a high-temperature non-conductive 

epoxy (EPO-TEK, TM112) specifically designed for high-temperature operation. Lithium 

Niobate crystal transducers were used for their ability to operate in extreme conditions 

compared to most sintered powder piezoelectric transducers. High quality transducers 

were used at this point in the study to ensure the best foundational results. Sintered 

powder PZT transducers are used later in the study due to lower cost and higher 

piezoelectric performance compared to Lithium Niobate transducers. To make certain 

that electrical contact was maintained with the transducers during high temperature 
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operation, a combination of conductive (EPO-TEK, E4110-LV) and nonconductive 

epoxy (EPO-TEK, TM112) was used to connect the wires to the transducers. Solder 

could not be used due to its low wetting point. High-temperature wire was used for 

electrical connections (Accu-Glass Products, part #100705) to safeguard against 

connection failure during operation. The full assembly of the sample is shown in Figure 

2. 

  
Figure 2. Photo of the Berea sandstone sample with LiNbO3 piezoelectric transducers attached on opposite 
sides. 
A small-diameter tube furnace (Blue M) was used, equipped with a Eurotherm 847 

proportional integral differential controller for precise temperature control. The actual 

heated volume was small and peak temperature was maintained in a narrow region. The 

sample was carefully positioned in the peak heat zone and quartz wool was stuffed in 
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both ends of the tube to better stabilize the temperature in the heated zone. A type-J 

thermocouple attached to a data acquisition module (MC USB-TC-AI DAQ, 

Measurement Computing) was carefully positioned right next to the sample to obtain the 

most accurate measure of sample temperature possible. Temperature differences of more 

than 10 °C are regularly recorded between the near-sample thermocouple and the internal 

thermocouple of the tube furnace. Therefore, the near-sample thermocouple was used as 

the source for all temperature measurements in this study. The DAQ module allowed for 

the temperature spectrum to be saved for later reference. The actual RUS spectra were 

collected using a Bode 100 vector network analyzer (Bode 100, Omicron Lab). Data was 

collected between 50 kHz and 170 kHz, which covers the first 25 resonances of this 

Berea sample. The spectrum was collected at a bandwidth of 100 Hz and a source power 

of 12.0 dBm. The total sweep time was approximately four min long. Prior to the data 

collection, the sample was baked out at 205 °C for two hours and then cooled to room 

temperature overnight. The next day the sample was heated again to 205 °C over 15-30 

min and then cooled to room temperature over 7 h. During cooling, data was collected at 

5 °C steps and the furnace was stabilized for around 5 min at each step to allow data 

collection. Data collection was accomplished using a custom LabVIEW program written 

specifically for these experiments. During data collection, the furnace was stable within 1 

°C. The complete RUS setup, as well as the front panel of the LabVIEW program is 

shown in Figures 3 and 4. 
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Figure 3. Photo of the initial experimental setup for the RUS experiments. 

 
Figure 4. Front panel of the LabVIEW code adapted for RUS. Several other features are built into the code 
but not used for these experiments, such as furnace automation. 
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2.3.1.3 RUS Fitting 

 The first step to analyzing the RUS data was to extract the locations of each 

resonance. As RUS uses a fitting algorithm to extract the elastic moduli, a good amount 

of the error in RUS comes from resonance determination. Usually resonance extraction is 

straightforward in materials such as metals which have extremely high quality factors (Q) 

in the thousands, which is a measure of the peak width. Berea, however, was found to 

have a Q ranging from 100 to 250, greatly complicating the extraction process. Since the 

quality factor was so low, some resonances have ambiguous locations and certain weak 

resonances are covered up by stronger ones, appearing only as shoulders. The Figures 5 

and 6 demonstrate the difference between a high Q material and the studied Berea. 
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Figure 5. RUS spectrum for aluminum, demonstrating extremely narrow peaks, which indicates a high Q 
(~10000) for the material. Peak finding can be automated for such cases. 
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Figure 6. RUS spectrum for Berea sandstone, showing broad and overlapping peaks, which is indicative of 
a low Q (100-250) material. Manual peak finding is usually required for such materials. 
In order to identify modes as accurately as possible, a custom LabVIEW program 

developed by Jon Betts at the National High Magnetic Field Laboratory (NHMFL), 

LANL, was used to take full advantage of the phase information that the vector network 

analyzer captured. At very high temperatures, it becomes nearly impossible to identify 

enough modes for a meaningful fit. By starting at room temperature and tracking the 

modes with temperature, it becomes much easier to identify them at higher temperatures. 

The front panel of the LabVIEW code is shown below in Figure 7.  
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Figure 7. Front panel of the LabVIEW code used for peak finding. The slider on the left allows the user to 
change the phase, allowing for easier peak finding. 
After the modes were identified, an RUS fit was performed. The dimensions of the 

sample, the weight of the sample, and initial guesses for C11 and C44 based on literature 

values are also inputted. Note that the dimensions of the sample should change with 

temperature, and these dimensions were changed at each temperature step according to 

thermal expansion data from Somerton and Selim [68]. The initial guesses for C11 and 

C44 were also updated at each temperature step with the results from the previous step. 

The program gives the results of the fit with the obtained elastic moduli, as well as the 

RMS error for the fit. Successive refinement allows for a meaningful fit, as the RMS 

error must be below 0.8% for the fit to be deemed meaningful. Some modes can be 

missed, but these missed modes must be augmented by additional modes above the 
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minimum number required for the symmetry of the sample. The output of the code for a 

room temperature spectrum of Berea sandstone is shown in Figure 8. 

  
Figure 8. Output text file obtained from running the RUS FORTRAN code. The first four columns show the 
resonance number, experimental resonant frequency, theoretical resonant frequency, and the error 
between the two. The bottom shows the bulk modulus, elastic moduli, and the error. 
Explanation of this output file can be found in Section 1.4.4, as well as in the RUS user 

manual 
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https://nationalmaglab.org/images/users/dc_field/measurement_techniques/rus/pdfs/user_

manual.pdf. For the room temperature fit that was used as a baseline, the initial guesses 

of the elastic constants were obtained from literature and were ~12.1 GPa for C11 and 

~4.1 GPa for C44 [49, 57-60]. Using these values, along with the dimensions and mass of 

the sample, the resonances for the sample of Berea were calculated for comparison. 

Several room temperature spectra were taken to ensure a good fit that could be 

extrapolated to higher temperatures. All fits were performed using 14 basis functions. 

Error bars for RUS related graphs were obtained using standard error propagation from 

the estimated maximum divergence of the first resonance mode (pure shear) from its 

theoretical value. 

2.3.2 Through-Transmission Technique 

2.3.2.1 TT Sample Preparation 

 Since Through-Transmission (TT) is based on flight time, and thus directly 

related to the flight-path length in the sample, new Berea samples had to be cut to ensure 

at least five cycles of the applied pulse would fit in the direction of propagation for 

accuracy. Two separate Berea samples were cut to mount different transducers on each. 

The two Berea samples measured 24.80 x 15.86 x 15.86 mm3 and 24.81 x 15.91 x 15.86 

mm3 and were wet cut with the same diamond wheel saw as the sample for the RUS 

experiments (Figure 2). The samples were cut from the same core as the previous RUS 

sample and each edge was parallel within 2 degrees of the opposite edge for minimal 

length variation along each axis. Both samples were subject to the same bake-out for two 

hours at 205 °C before any measurements were taken. 

https://nationalmaglab.org/images/users/dc_field/measurement_techniques/rus/pdfs/user_manual.pdf
https://nationalmaglab.org/images/users/dc_field/measurement_techniques/rus/pdfs/user_manual.pdf
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2.3.2.2 TT Experimental Setup 

  For the TT setup, the tube furnace (Blue M), the thermocouple (type K), and the 

DAQ module (MC USB-TC-AI DAQ) remained the same as for the RUS experiments. 

Instead of using a vector network analyzer, however, an arbitrary function generator 

(AFG 3102C, Tektronix) and a digital phosphor oscilloscope (DPO 2014, Tektronix) 

were used for transmitting and receiving of the TT signal respectively. A custom 

LabVIEW program (foundation coded by Blake Sturtevant, adapted for these 

experiments and modernized by myself) was used to control both the AFG and DPO and 

collect the data. A single Gaussian pulse was used for excitation (see Section 4.3.3 for 

mathematical expression). A power amplifier (E&I 2100L) was used to amplify the 

generated signal to a high enough level to overcome the attenuation of the Berea. 

Transducer selection is extremely important when doing TT experiments, as shear and 

longitudinal waves have different velocities, and thus different flight times. The first 

sample was equipped with two Boston PiezoOptics longitudinal mode 10 mm diameter 

transducers with a center frequency of 2.5 MHz. These transducers generate almost pure 

longitudinal waves for accurately measuring vp .The second sample had two Boston 

PiezoOptics shear mode 15 mm diameter transducers with a center frequency of 1.25 

MHz. These transducers produce almost pure shear waves which allows vs to be 

accurately measured. All sets of transducers were attached to the smallest faces of the 

sample using the same EPOTEK TM112 epoxy as used in the RUS experiments. The 

propagation length for these experiments was approximately 25 mm. The wiring for the 

transducers in these experiments was the same as in the previously discussed RUS setup. 

Figure 9 shows a block diagram of the experimental setup, Figure 10 shows a photo of 
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the complete TT experimental setup, and Figure 11 shows a view of the sample with the 

longitudinal transducers. 

 
Figure 9. Block diagram of the TT experimental setup. 
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Figure 10. Photo of the TT experimental setup. Other equipment is present on the rack that is not used for 
these TT experiments. The oscilloscope has a built in computer that was used for data collection. 

  
Figure 11. Photo of the Berea sandstone sample prepared for TT experiments. Attached to opposite ends 
are Boston PiezoOptics longitudinal mode 2.5 MHz, 10 mm diameter piezoelectric transducers. 
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2.3.2.3 TT Data Analysis 

 All data analysis for TT was performed using OriginPro software, which is an 

extremely powerful graphing and data analysis software package. In order to accurately 

determine the time-of-flight, it is necessary to directly record the input signal by routing 

it directly to the oscilloscope. This was used to cross-correlate with the received signal to 

determine a precise flight time. An alternate method can be used by simply determining 

the time delay until the first maximum in the input signal and then subtracting it from the 

first arrival in the received signal. OriginPro has a robust peak fitting utility that makes 

finding these locations very simple. Both methods listed give near identical results. It is 

important to note that a coupling layer correction could be applied to provide more 

accurate results, and this was done for verification purposes, but the results are not 

shown. The coupling layer correction was not performed for this data because the 

uncorrected error was very small and the correction requires analysis of multiple 

frequencies which is time consuming. For these particular results, the focus is on 

qualitative confirmation of the RUS results, not quantitative measurements of C11 and 

C44. The input signal used for these experiments, as well as an example received signal, 

are shown in Figures 12 and 13. 
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Figure 12. Example input signal used in TT experiments. The pulse is a Gaussian which was inverted due to 
a 180° phase shift caused by the power amplifier. 

  
Figure 13. Example output signal from a rock sample. The primary arrival at the beginning is followed by 
several secondary arrivals that are due to reflections. Reflections can constructively interfere with others, 
causing a signal with greater amplitude than the primary. 



36 

The first quantity that is always extracted from each respective flight time is the sound 

speeds vp and vs, which are the compressional wave speed and shear wave speed. The 

equation for both is shown below. 

 𝑣𝑣𝑥𝑥 = 𝑖𝑖
𝑡𝑡𝑥𝑥

   (19)  

Where x = p or s and l is the sample length in the propagation direction. From sound 

speed, C11 and C44 can be calculated from the below equation. 

 𝐶𝐶𝑛𝑛𝑛𝑛 = 𝜌𝜌𝑣𝑣𝑥𝑥2   (20)  

Where n = 1 or 4 and x = p or s. Finally, the bulk modulus (K or B) can be calculated 

from equation 7 for this particular crystal symmetry. The error bars for all TT graphs 

were calculated using standard error propagation formulas, using the uncertainty in the 

path length (.05 mm for most samples), flight time, and mass measurements (.001 g dry). 

2.4 Experimental Results and Discussion 

2.4.1  RUS Results 

 The very first experimental results from this project are from RUS experiments 

and the results from this section lay a foundation for the rest of the project. An effective 

way to display the results obtained from a temperature-dependent RUS experiment before 

analysis is to stack all of the spectra in a waterfall plot ordered by temperature. In this 

form, it is possible to see the qualitative behavior of the sample without any detailed 

analysis. It is also possible to see the behavior of each individual mode. The waterfall 

plot for the first Berea sandstone sample in this study is shown in Figure 14. 
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Figure 14. Waterfall plot of RUS spectra at decreasing temperatures for Berea sandstone. Plotting the 
spectra in a waterfall plot allows for the overall elastic behavior of the sample with temperature to be 
seen with little data processing. 

One can see that the behavior of this sample is highly anomalous due to the U-shape of 

the resonance modes. The top of the waterfall is the spectrum of the highest temperature, 

205 °C, and the bottom corresponds to room temperature. There is a clear anomalous 

elastic temperature region starting from 205 °C until ~110 °C where the sample actually 

softens with cooling. For most materials, thermal expansion ensures that the material 

hardens with cooling, so this is a significant result that indicates a complex mechanical 

process takes place. By investigating a reflection seismology plot (see Figure 15), which 

is usually an image formed by reflected seismic waves to study the Earth’s subsurface, 

this pattern becomes even more pronounced and it is easier to identify the trend of each 

individual resonance.  
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Figure 15. Reflection Seismology plot for the same Berea sandstone data shown in the waterfall plot in 
Figure 14. The overall trend becomes even more pronounced in this plot. The greyscale indicates 
amplitude. 
Once again, this U-shape of the resonances is prominent and shared by each and every 

resonance mode. In order to better judge the qualitative behavior, and ensure that the 

resonances can be tracked sufficiently with temperature, two easily trackable resonances 
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were chosen to be tracked and plotted to better quantify the anomalous behavior before 

lengthy analysis. The results are shown in Figure 16. 

  
Figure 16. Plots showing the tracking of two resonances of Berea sandstone when cooled from high 
temperature. The error bars are derived from the percent error between the calculated and measured 
resonant frequencies. 
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Once again, this U-shape is clear and it is easier to see just how much the resonances 

shifted with temperature. More interesting, however, is how this data compares with the 

previous data for Berea taken from Ulrich and Darling [66]. 

 
Figure 17. Plot showing the trend of one resonance tracked from the Berea sandstone in this study 
compared to one that was tracked in the study by Ulrich and Darling [66]. 

This qualitative comparison of the two data sets show that Berea behaves normally 

between -48 °C and 102 °C. However, comparing the two data sets, there are actually two 

anomalous temperature regions, below -73 °C and above 102 °C up to at least 205 °C.  

In order to transition from the qualitative analysis above to quantitative analysis 

provided by the RUS inversion, it is necessary to accurately identify the first several 

resonances of the material. Since generating the resonances for a known material is easy, 

identifying each individual resonance mode is relatively straightforward. Several 
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software packages are available that can generate a simulation of what each mode looks 

like (COMSOL is a good standard) and its relative dependence on C11 and C44. This 

means that when resonance tracking is employed, such as in the graphs previously shown 

in this section, it is possible to know whether the resonances chosen are a good 

representation of the mechanical behavior of the sample as a whole. A plot of the RUS 

spectrum for this Berea sandstone sample, with the simulated resonance mode for each 

peak, is shown below in Figure 18. 

 
Figure 18. Plot of the RUS spectrum for Berea sandstone at room temperature. The simulated resonance 
mode from COMSOL is shown above each corresponding peak. 
By determining where each resonance should be located ahead of time, an RUS spectrum 

can be verified quickly to ensure there are no underlying problems. In this case, the 
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resonance locations agree with the simulations and mode extraction was then performed 

to prepare for RUS fitting. For the fit at room temperature, the following mechanical 

properties were extracted: 

C11 = 12.2 GPa 

C44 = 4.8 GPa 

From these, and the density measurement of ρ= 2.122 g/cm3, the following were 

calculated according to the equations in Section 1.2.2 and equations (19, 20). 

Bulk Modulus B = 5.8 GPa 

Shear Modulus G = 4.8 GPa 

Young’s Modulus E = 11.3 GPa 

Poisson’s Ratio ν = 0.18 

Compressional Sound Speed vp = 2403 m/s 

Shear Sound Speed vs = 1508 m/s 

vp/vs = 1.59 

These values are in good agreement with literature, with C11 and C44 being within 12% of 

recently published values for Berea [49], and only a small difference in vp, with literature 

reporting vp=2380 m/s [59], and vp=2450 m/s [60]. Next, C11 and C44 are plotted versus 

temperature (from 205 °C to room temperature) in Figure 19. 
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Figure 19. Multi-Y plot of both C11 and C44 for Berea sandstone extracted from the RUS fits at each 
temperature step. 
As it can be seen, both C11 and C44 follow the same basic behavior with a small deviation 

around 177 °C. The turning point is approximately the same as well, at about 110 °C. C44 

changes by about 7.3% with initial cooling to 110 °C, while C11 changes by about 11.8% 

in the same temperature range. Bulk modulus versus temperature is shown in Figure 20. 
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Figure 20. Plot of bulk modulus versus temperature for Berea sandstone obtained from the RUS fits at each 
temperature step. The error bars were propagated from estimated error in resonances based on the worst 
case scenario. The true error is most likely much lower. 
By obtaining the bulk modulus at each temperature, the overall effect of cooling on the 

hardening and softening of Berea is clear. The characteristic U-shape observed in both 

the waterfall plot as well as resonance tracking is clearly reflected in the overall 

mechanical change in Berea. In this case, it was observed that Berea undergoes an 

anomalous softening with cooling of about 8% from 205 °C to 110 °C, followed by a 

subsequent hardening of about 5% down to room temperature. For this particular Berea 

sample, it is important to point out that the anomalous softening was stronger than the 

corrective hardening that took place afterwards. Considering that the Berea was 

undergoing thermal contraction during the anomalous behavior, the mechanism 
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responsible for this behavior must be substantial. The results shown in this section 

provided a foundation for the rest of the study, which was devoted to uncovering the 

mechanism responsible. In the next section, results from TT experiments will confirm the 

foundational results from these RUS experiments. 

2.4.2 TT Results 

 Due to the highly unusual nature of the RUS results obtained in the previous 

section, it was chosen to confirm these results through an entirely different experiment 

set. To extract both C11 and C44, it is necessary to use two samples, one to measure the 

flight time of shear waves and one to measure the flight time of longitudinal or 

compressional waves. The first sample had transducers that almost exclusively produced 

compressional waves, and thus the first arrival was guaranteed to be the flight time of the 

compressional wave. The received signal for this sample at 45 °C is shown in Figure 21. 
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Figure 21. Received TT signal for Berea sandstone at 45 °C. The transducers for this sample were pure 
longitudinal mode transducers, so the arrivals correspond to compressional waves only. 
A similar waveform was collected at each temperature step and the flight time was 

extracted from each. After a short set of calculations, the value for C11 at each 

temperature was determined. The graph for C11 from 195 °C to 45 °C in 10 °C steps is 

shown in Figure 22. 
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Figure 22. Plot of C11 versus temperature for Berea sandstone with cooling obtained from TT 
measurements. The sound speed measured from TT and the density were used to calculate C11. 
As it can clearly be seen, the shape is very similar to the behavior seen in the RUS 

experiments. A comparison of the two is shown in Figure 23. 
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Figure 23. Plot of C11 versus temperature for Berea sandstone comparing the results obtained from RUS 
and TT measurements. Clearly the results are nearly identical and the TT results confirm the results from 
RUS. 
Clearly the qualitative behavior is confirmed through this TT experiment, however there 

are a few things to note. The V shape of the TT data is due to the larger step size in the 

TT experiment versus the RUS experiment. There is also a small shift of the TT data 

from 195 °C to 165 °C which is likely due to the faster cooling rate at these temperature 

steps. The important thing to note, however, is that the qualitative behavior seen in the 

RUS experiments is confirmed. For the case of the shear waves, the fact that the 

transducer selected produces almost exclusively shear waves is important because 

compressional waves are faster. Using these transducers, it was possible to extract the 
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travel time of the shear waves without contamination from any longitudinal component. 

The waveform obtained for the shear wave sample at 45 °C is shown below in Figure 24. 

 
Figure 24. Received TT signal for Berea sandstone at 45 °C. The transducers for this sample were pure 
shear mode transducers, so the arrivals correspond to shear waves only. 
There are several things to note from this waveform. First of all, the amplitude is 

significantly lower than that of the longitudinal signal, which is to be expected as it is 

more difficult to generate pure shear waves. Second, the signal arrives later, which is also 

expected as shear waves are slower than longitudinal waves. Third, there is a small signal 

that was received almost immediately after t=0 which is not the real received signal. 

After analysis it was confirmed that this signal is being received near instantaneously (the 

input signal has a delay before peaking) which indicates that it is likely an electrical 
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short. The signal was not able to be removed but should not impact the results in any 

way. After collecting the shear data at every temperature step and processing it, a graph 

of C44 versus temperature was obtained and is shown in Figure 25. 

 
Figure 25. Plot of C44 versus temperature for Berea sandstone with cooling obtained from TT 
measurements with shear mode transducers. The shear wave sound speed measured from TT and the 
density were used to calculate C44. 
The general U-shaped trend that was seen in the RUS results is also seen here, however, 

there is a deviation after ~155 °C. This indicates a possible additional anomalous 

behavior and it is unknown why the shear wave data does not follow the same trend as 

the longitudinal data. Comparison of the RUS and TT data for C44 is shown in Figure 26. 
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Figure 26. Multi-Y plot of C44 versus temperature for Berea sandstone comparing the results obtained from 
RUS and TT measurements. Unlike the results for C11, the results for C44 show a shifting in the value of C44 
from RUS to TT. Although the U-shape still remains, the TT results show a strange deviation in C44 at higher 
temperatures for TT. 
As it can be seen from the graph above, the general trend is the same until the deviation 

at ~155 °C. Additionally, the RUS data appears to be shifted up by quite a bit compared 

to the TT data. Therefore, for the shear wave data, there is only partial agreement 

between RUS and TT. Finally, since both C11 and C44 were extracted for both RUS and 

TT, it is possible to compare the bulk modulus as well. This is shown in Figure 27. 
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Figure 27. Plot of bulk modulus versus temperature for Berea sandstone comparing the results obtained 
from RUS and TT measurements. The overall trend is nearly the same in both the RUS and TT results, but 
the lowest values are shifted approximately 15% apart at the bottom of the U-shape. This could be due to 
many reasons including mechanical differences in the samples used for RUS and TT. 
Again, the RUS and TT data agree qualitatively, with both sharing the signature U-shape 

that is associated with anomalous behavior, but disagree quantitatively. In this case, the 

bulk modulus is clearly shifted due to the quantitative disagreement in C44. The important 

thing, however, is the qualitative agreement, which confirms the overall anomalous 

behavior seen in Berea sandstone. 

2.5 Conclusions 

In this chapter, foundational work from both RUS and TT experiments was 

presented to outline the problem that is the focus of this dissertation. RUS results show 
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room temperature values of 12.2 GPa for C11, 4.8 GPa for C44, and 5.8 GPa for bulk 

modulus, which is in good agreement with literature. More interestingly, Berea sandstone 

was found to have anomalous elastic behavior with cooling. When cooled from 205 °C to 

110 °C, Berea softens by ~8%, and then begins to harden by ~5% with further cooling 

down to room temperature. This indicates a complex mechanical phenomenon that 

warrants further study. These results were confirmed with TT experiments, which had 

near identical quantitative results for C11, and similar qualitative behavior in bulk 

modulus but with some shifting in the actual bulk modulus values. No discussion about 

the possible mechanisms is presented in this section as these results were meant to be 

foundational. The subsequent chapters in this work will present experiments designed to 

uncover the nature of the mechanism responsible and will provide discussions about the 

possible mechanism involved.  
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Chapter 3: The Effects of High Temperatures and Temperature Hysteresis on the 

Anomalous Elastic Behavior of Berea Sandstone 

3.1 Introduction 

 This chapter presents results focused on understanding the effects of maximum 

temperature and temperature hysteresis on the anomalous elastic behavior observed in the 

previous chapter. In particular, different temperature starting points were chosen to see if 

Berea has different behavior when cooled from higher or lower maximum temperatures 

and if the behavior exhibited at lower temperatures was the same if heated to a higher 

maximum temperature. Resonance tracking and Through-Transmission were the primary 

techniques employed in this chapter, as RUS requires significantly more analysis time. 

Frequency shifting in Berea with cooling from 335 °C to room temperature was 

investigated. Hysteresis was also investigated in various temperature ranges using both 

frequency shifting and Through-Transmission techniques. Buff Berea was also 

investigated for hysteresis effects using frequency shifting at multiple temperatures. 

Finally, Through-Transmission technique was used to study hysteresis in fused silica to 

compare with Berea as silica is a major constituent of Berea sandstone. The results show 

that Berea has significant hysteresis with temperature cycling and extreme anomalous 

elastic behavior with temperature. This anomalous behavior was not found in fused silica, 

as it demonstrated normal elastic behavior with heating and cooling. The higher 

temperature Berea cooling demonstrate that the anomalous temperature region extends 

further than expected. The overall results indicate that Berea reacts far different than 

expected when both temperature cycled and heated to higher temperatures. 
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3.2 Motivation 

 The motivation for this chapter comes from the desire to understand the 

anomalous behavior further at higher temperatures and see if it extends to heating as well. 

After the results of Chapter 2, several questions remained. First of all, is the behavior 

unique to certain temperature ranges? Is the turning point between anomalous and normal 

behavior unique or does it depend on the starting temperature before cooling?  Does 

Berea exhibit hysteresis effects with temperature cycling? These are just a few of the 

questions that needed to be answered with regard to choice of cooling and heating 

parameters. In order to have any chance of understanding the mechanism involved in this 

anomalous elastic behavior, knowing exactly how it functions is key. This experiment set 

aims to know as much about the effects of temperature on Berea as possible. Additional 

motivation comes from the fact that very little literature exists on the topic. The most 

relevant study was previously mentioned and is the paper by Ulrich and Darling [66] 

which explored temperature hysteresis in Berea at cryogenic temperatures. A slightly 

earlier study by TenCate et al. investigated thermally induced creep in sandstone and 

limestone [8]. Another relevant study was done by Nobili et al. and attempted to make a 

limited theoretical model explaining the behavior seen in the previous two studies 

mentioned [69]. Overall though, little work has been done in this area and the questions 

posed earlier were yet to be answered. 
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3.3 Experimental Methods 

3.3.1 Sample Preparation 

 The first sample used in this study for resonance tracking (Berea 1) is the same 

sample used for the RUS experiments in Chapter 2 and will not be discussed further here 

(see Section 2.3.1.1). The second sample (Berea 2) was cut from the same core as the first 

sample. The last sample used for the resonance tracking experiments was Buff Berea. 

The first sample which was used for Through-Transmission measurements is the same 

sample described in Section 2.3.2.1 that was equipped with longitudinal mode 

transducers. The other sample used for Through-Transmission measurements was a fused 

silica buffer rod. All were cut into rectangular parallelepipeds except the buffer rod. 

These samples are described in Table 1. 

Table 1. Dimensions and weight for samples used in Chapter 3. 

Sample Dimensions (mm3) Core Origin 

Original Berea (Berea 1) 9.13 x 8.32 x 6.65 Cleveland Quarries 

Berea 2 9.20 x 8.03 x 4.88 Cleveland Quarries 

Buff Berea 8.1 x 8.2 x 9.75 Kipton Quarries 

Berea TT Longitudinal 24.80 x 15.86 x 15.86 Cleveland Quarries 

Fused Silica Buffer Rod 15.00 Ø x 25.00 N/A 

 

All samples had transducers attached with the same TM112 nonconductive epoxy. All 

samples except for the Buff Berea used a combination of conductive (EPO-TEK, E4110-

LV) and nonconductive epoxy (EPO-TEK, TM112) for wiring. The Buff Berea sample 

used standard solder (Alpha Metals Cleanline Core Solder) for electrical connections, and 
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thus had a much lower operating temperature as the solder melts around 195 °C. Solder 

was used for the Buff Berea due to the ease of use of solder versus epoxy (solder takes <1 

minute and is simple, epoxy takes a full day for all connections to cure and connection 

failure due to inadequate cure or the wire slipping is not uncommon). Samples either used 

high-temperature wire (Accu-Glass Products, part #100705) or flexible small-diameter 

wire (W.L. Gore, CXN3369) for coaxial connections. The small-diameter wire had a 

lower operating temperature (250 °C), but provides a far more flexible connection. 

3.3.2 Resonance Tracking 

 The transducer selection and orientation for Berea 1 is described in detail in 

Section 2.3.1.2. Berea 2 uses the same Boston PiezoOptics 6 x 2 x 3.25 mm, 1MHz, 36° 

Y-cut (longitudinally polarized) LiNbO3 piezoelectric transducers. The Buff Berea 

sample uses Steminc 7 x 0.5 mm, 300 kHz Lead Zirconate Titanate (PZT) sintered 

powder piezoelectric ceramic discs. The Buff Berea sample is shown in Figure 28. 



58 

  
Figure 28. Photo of the Buff Berea sample with Steminc 7 x 0.5 mm, 300 kHz PZT piezoelectric transducers 
attached to opposite ends. Metal oxide contaminants are far more visible in this Buff Berea than in the 
other Berea sandstone varieties. 

From the above photo, due to the low-profile nature of the PZT transducer and the 

solder used for connections, the sample had far more flexibility at the expense of some 

durability. The main reason for using the PZT transducer on this sample, and on most 

subsequent samples, is that these PZT transducers are much less expensive than the 

Boston PiezoOptics Lithium Niobate transducers.  

The experimental setup for resonance tracking experiments in this section is 

identical to the one described in Section 2.3.1.2. In fact, a full RUS spectrum was 

collected at every temperature point, which means that later RUS analysis is fully 

possible with the data collected with this method. The main difference comes in the data 

analysis. Since the qualitative behavior of these samples with temperature change is what 

is desired, extracting the quantitative mechanical properties of these samples is 
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unnecessary and would increase the required labor to unacceptable levels considering the 

number of experiments that needed to be done. Therefore, it was determined that tracking 

individual resonances was sufficient, especially since resonance locations have a direct 

relationship with mechanical properties, including bulk modulus and sound speed. These 

relationships will be explored in greater detail in Chapter 4, as they will be used to 

extrapolate the mechanical properties of a material at high temperatures using only a 

single room-temperature TT measurement and resonance tracking. The procedure for 

resonance tracking starts with plotting the spectra obtained at all temperatures from 

lowest to highest in a waterfall plot. By plotting the data this way, the general trend with 

temperature can be easily seen and the easiest resonances to track with temperature 

becomes apparent. It also allows checking if separate resonance modes behave 

differently, which can indicate complex differences between shear and longitudinal 

behavior. A waterfall plot for Berea is shown below in Figure 29 to demonstrate the 

effectiveness of waterfall plots in identifying resonance behavior with temperature. 
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Figure 29. Waterfall plot of RUS spectra for Berea sandstone stacked from highest to lowest temperature. 
The behavior of the resonances are easily seen in this waterfall plot. 

Depending on the sample, certain resonances can be suppressed with increasing 

temperature. Waterfall plots like the one above can help determine whether a specific 

resonance can be tracked with temperature. After suitable resonances were identified 

from the waterfall plot, they were located at room temperature. Resonance locations were 

determined by two different methods. The first, and most widely used method in this 

study, was to use a peak finding method. Typically, a Savitzky-Golay filter was applied 

to the data to smooth it and increase the signal-to-noise (SNR) ratio, and then the first-

derivative method was used to find the peak. On rare occasions, the peak finding method 

varied from the first-derivative method to simply finding the local maximum or even a 

second derivative method was used in extremely rare cases. The second method for peak 
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finding, was to use a custom LabVIEW program developed at LANL specifically for 

RUS peak finding. In this program, both the real and complex parts of the spectrum were 

utilized to sweep 360° through the complex plane. This allowed for very weak and buried 

resonances to be located. It is very powerful and almost mandatory for locating every 

resonance mode in a low Q material like sandstone. A front panel picture of this code is 

shown in Figure 7. Once the modes of interest were identified at room temperature, they 

were tracked with increasing temperature steps as each mode only shifts slightly from 

one temperature step to another, making tracking much easier. Comparing spectra from 

two adjacent temperatures made it far harder to accidentally choose the wrong mode 

when tracking, increasing the accuracy of this method and ensuring the modes can be 

tracked even at very high temperatures. This technique was utilized extensively in this 

study and the coming chapters. For all samples without an RUS fit, the error in the 

resonant frequency was estimated by taking the average error in the resonant frequencies 

from the full Berea RUS fit in Chapter 2. 

3.3.3 Through-Transmission 

 Two samples were used for the Through-Transmission experiments, one of which 

was used in Chapter 2 Through-Transmission experiments (the sample equipped with the 

longitudinal transducers). The second sample (fused silica buffer rod) was equipped with 

the same Boston PiezoOptics longitudinal mode 10 mm diameter transducers that the first 

Through-Transmission sample was equipped with, which had a 2.5 MHz center 

frequency. The fused silica sample is shown in Figure 30. 
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Figure 30. Photo of the fused silica buffer rod used for TT experiments. Boston PiezoOptics 10 mm 
longitudinal mode transducers are attached on opposite ends. 

The setup for these experiments was identical to that described in Section 2.3.2.2, 

with a slight difference in the data analysis and transmitted signal. In this case, a fixed-

frequency Tukey envelope was used as the burst and the frequency was stepped from 500 

kHz to 1500 kHz for each temperature in steps of 100 kHz. The received signal had a 

good enough signal-to-noise ratio to pick up every peak from the transmitted Tukey 

envelope, allowing for more advanced analysis. In this case, a custom MATLAB 

program was used for analysis of the Through-Transmission data. In this approach, data 

for all measured frequencies was inputted, instead of just a single frequency. The first 

arrival of the entire wavelet was gated and the program used cross-correlation to 

determine the arrival time of each individual peak in the Tukey envelope. A plot of 

arrival time versus frequency was made, where each individual peak was plotted on for 

all measured frequencies. Straight lines were then fitted for each individual peak across 

all frequencies and the y-intercept, corresponding to the arrival time for a pulse of infinite 
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frequency was extracted. All straight lines generally converge to the same y-intercept [70, 

71]. The plot in Figure 31 demonstrates the method that the code uses. 

 
Figure 31. Plot of lag versus 1/f for the different peaks of each pulse sent through the sample at different 
fixed frequencies. Each set of peaks was fit with a straight line and converge almost exactly at the y-
intercept of 1/f. The lag time at the y-intercept gives the coupling layer corrected flight time. 

The advantage of this method was that the coupling layer correction was built in 

and it gave a more accurate arrival time than the other methods. The downside was that 

both data acquisition and analysis took longer because multiple spectra were acquired at 

different frequencies. This is the method of choice if quantitatively accurate results are 

necessary. The compressional sound speed and C11 were both extracted from the 

measured time-of-flight using equations (20, 21). 

 



64 

3.4 Experimental Results 

3.4.1 High Temperature Results 

 The primary motivation for this chapter was to additionally explore what was 

learned in Chapter 2 and uncover how temperature affects Berea sandstone. The most 

obvious path forward from the results in Chapter 2 was to explore higher temperatures, 

up to 350 °C. This served two purposes: to understand if anything drastic happens at 

higher temperatures such as a transition back to normal behavior, and to further explore 

temperature regions that are relevant to industrial activities such as oil and gas extraction, 

up to depths of 13 km. One thing to note from this section is that these temperatures are 

experimentally difficult to achieve successfully without some sort of failure. Each and 

every part of the experimental setup needed to be checked for high temperature operation. 

This includes the electrical connections, the transducers, the epoxy, and of course the 

Berea itself. In this case, the weakest link is the electrical wire, which has a maximum 

continuous operating temperature (250 °C) lower than what was used in this section 

(wiring can generally be heated above this temperature intermittently and some wires 

even quote this operating temperature separately). The next weakest link would be the 

silver epoxy used for electrical connections which has a degradation temperature (365 

°C) slightly above the temperatures used here. The transducers are rated for at least twice 

the used temperature and the Berea itself can withstand a couple hundred degrees higher 

before undergoing the α to β-quartz phase transformation. Resonance tracking was used 

because at least one resonance was easily identified at every temperature. For the original 

Berea sample used in the Chapter 2 RUS experiments, resonances were tracked with 



65 

cooling from slightly below 350 °C to room temperature. The results are shown in Figure 

32. 

 
Figure 32. Plot of a resonant frequency versus temperature for Berea sandstone cooled from almost 350 °C 
to room temperature. The U-shape still exists and has an almost identical turning point from when the 
maximum temperature was only 250 °C. 
 In this case, the impact from higher temperatures appears to just extend the 

anomalous temperature region from a maximum of 250 °C to nearly 350 °C, with a 

similar transition point from anomalous to normal behavior (~120 °C versus 110 °C for 

the original). Therefore, with a larger maximum temperature, the anomalous temperature 

region spans nearly 230 °C and has an anomalous mechanical softening of more than 

twice the original (meaning the Berea softens close to 20% over this range, when it 

should be hardening instead). This means that at the transition temperature (~120 °C), 
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Berea deviates from its expected mechanical properties by a wide margin (more than 

20%). A second experiment was attempted at even higher temperatures (up to 450 °C), 

but failed and permanently damaged the sample. Scorch marks were found on the Berea 

near where the transducers were attached and the wire showed extreme oxidation. The 

sample was unusable after the experiment. A second Berea sample was prepared to try 

again but was also permanently damaged despite attempts to minimize the time spent at 

high temperatures. After the second failure, it was decided that attempts at pushing this 

study to temperatures higher than 350 °C would be abandoned. There is still valuable 

information to be obtained at higher temperatures, and so this should be pursued in the 

future. Finally, although not a high-temperature experiment, another experiment was 

performed to determine the uniqueness of the transition point between anomalous and 

normal behavior. In this experiment, a full cooling cycle to 205 °C was compared to a 

half-cycle in which the Berea was only heated to around 120 °C. The results are shown in 

Figure 33. 
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Figure 33. Plot of a resonant frequency versus temperature for Berea sandstone cooled from both 205 °C 
and ~120 °C. The half-cycle has the same shape as the full-cycle does from 120 °C down, despite being 
started at a much lower temperature and very close to the critical turning point. 
 The half-cycle follows the full-cycle almost exactly except for some vertical 

shifting which is to be expected. This indicates that the transition temperature is unique 

within a certain temperature range. 

3.4.2 Temperature Hysteresis 

 Another natural avenue of study after the results from Chapter 2 was to 

investigate what happens during heating in Berea as well as cooling. To this end, several 

hysteresis experiments were performed to figure out if the anomalous behavior extends to 

heating as well. Not all experiments will be shown in this section, as some experiments 

failed after spending too much time at elevated temperatures. Note that failure of the 
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experiment was immediately evident due to the drastic change in the resonance spectrum 

that occurred at the failure point. Resonance locations are extremely sensitive to material 

damage, and indeed this principle is frequently used in the development of ultrasonic 

quality control devices (some of which are developed by this laboratory). The first 

sample analyzed for temperature hysteresis was the one used in Chapter 2 for TT that was 

equipped with longitudinal transducers. The results are shown in Figure 34. 

 
Figure 34. Plot of C11 versus temperature for the hysteresis cycle in Berea sandstone. Some of the heating 
data points were lost at the beginning of the experiment but the loop approximately closes at around 
room temperature, as well as at 150 °C. 
 Although a bit messy, the characteristic U-shape in the cooling curve is evident 

(although with a small high temperature tail that shifts the other direction for unknown 

reasons). The heating, however, shows normal elastic behavior. This is also seen when 
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performing frequency tracking in the original Berea sample. However, when the sample 

is allowed to rest at the highest temperature for a significant time after the heating curve, 

the curves decouple significantly at the lowest temperature. This is shown in Figure 35. 

  
Figure 35. Plot of a resonant frequency versus temperature for a hysteresis cycle in Berea sandstone. For 
this case, the sample was heated up as normal, but then dwelled at the highest temperature for 17 hours 
before continuing with the cooling part of the cycle. 
 After a 17 hour wait at around 205 °C, a surprisingly small amount of shifting 

happens at the highest temperature, but the mechanical properties of the sample when it is 

brought back to room temperature are significantly changed from when the experiment 

began, indicating that Berea has an extreme memory effect and the mechanical properties 

are significantly impacted by the history of the sample. Making things more unclear, 

however, are the results from Buff Berea, which is a Berea variety obtained from Kipton 
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Quarry, a different quarry than where the original Berea was from (Cleveland Quarry). 

This Berea is visually different but also shows anomalous elastic behavior with 

temperature. The hysteresis results from Buff Berea are shown in Figure 36. 

 
Figure 36. Plot of a resonant frequency versus temperature for both heating and cooling in Buff Berea. 
Note that this is not a true hysteresis curve as heating and cooling were not done sequentially. 
 Immediately evident from this graph is that Buff Berea has anomalous behavior 

for both heating and cooling. In fact, the anomalous temperature zones are the same for 

both heating and cooling and both have the same transition temperature of about 90 °C. 

The magnitude of the anomalous behavior is smaller than that of the original Berea, and 

the transition temperature is lower by about 20 °C, but otherwise the U-shape is similar. 

Note that this isn’t a true hysteresis curve as the heating and cooling were taken at 

different times, explaining the shift between the two. When hysteresis is tested at a lower 
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maximum temperature (125 °C), the behavior is almost identical to when it is tested with 

the higher maximum temperature. This is shown in Figure 37. 

  
Figure 37. Plot of a resonant frequency versus temperature for a hysteresis cycle in Buff Berea with a max 
temperature of 125 °C. Cooling curve does not reach the lowest temperature of the heat cycle due to the 
difficulty of evenly cooling the sample to temperatures very close to room temperature. 
 The heating and cooling curves are very similar and have little shifting due to the 

fact that this is a true hysteresis curve, with cooling being done right after heating. 

Interesting to note is that the transition point does not change from before despite the 

decreased maximum temperature. The final hysteresis experiment was performed on a 

fused silica buffer rod. The motivation for the experiment was to determine if the primary 

constituent of Berea (silica) exhibits anomalous behavior by itself. The results are shown 

in Figure 38. 
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Figure 38. Plot of C11 versus temperature for a hysteresis cycle in a fused silica buffer rod. Data was 
obtained using TT measurements at each temperature step and using the measured density to calculate 
C11. 
 Fused silica exhibits perfectly normal behavior, with a linear trend for both 

heating and cooling. The cooling curve also follows the heating curve almost exactly, 

which is expected. Therefore it is unlikely that the behavior comes from just the 

constituents of Berea. Comparing the two, fused silica hardened by ~1.3% in C11 from 

~200 °C to 40 °C while Berea softened by 11.8% in C11 from 205 °C to 110 °C. Other 

constituents could have been studied identically, but silica makes up >93% of Berea with 

the next closest constituent (alumina) coming in at less than 4%. 
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3.5  Discussion 

 Several important conclusions came out of the work in this chapter. One of the 

more important results is that fused silica, which is the main constituent in Berea, does 

not exhibit the same behavior as Berea. Berea is very different from fused silica, being a 

collection of different sized grains ranging from 70 to 750 µm cemented together. This 

complex system is difficult to model mechanically and behaves quite different from a 

bulk fused silica rod. Considering that these grains would transmit stress very differently, 

and likely unevenly, the anomalous behavior almost certainly comes from the bonding 

system and overall structure, rather than a specific constituent. Considering that a wide 

range of highly anomalous behaviors come from similar systems of grains and bonds, 

including most sandstones and limestones [72], it would not be surprising if this 

anomalous elastic behavior with temperature originates from the same place. Another 

important point gained from this study is that heating can show anomalous behavior, but 

not always. In Buff Berea, anomalous behavior with heating was very evident, but the 

original Berea only showed glimpses of this behavior in results not shown here. It is 

likely that anomalous behavior with heating relies on some initial condition that is 

currently unknown. The fact that anomalous behavior was seen in certain conditions 

seems to cast doubt on the theory proposed by Nobili et al. [69], which only allows for 

anomalous elastic behavior with cooling. Their theory assumed that interstitial regions 

could only exist in two states, either transmitting stress or not, and that these states could 

be flipped based on the stress history and temperature of the Berea. The theory was based 

on data by Ulrich and Darling [66] and did not have any data suggesting anomalous 

behavior with heating. Yet another fact learned in this study was that thermal history of 
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the Berea is very important. When the sample was left at high temperatures for 17 hours, 

it completely decoupled the low end of the hysteresis curve, indicating that dwell time 

might not change the qualitative elastic behavior of Berea, but it can induce significant 

shifting, allowing Berea to exist with two completely different values for the bulk 

modulus at the same temperature based only on the temperature history. Finally, after 

several experiments, it appears as though the critical temperature point marking the 

transition between anomalous and normal behavior is unique. Different maximum 

temperatures did not appear to shift this critical temperature by a significant amount. This 

likely indicates that this behavior is thermally activated at this temperature and the Berea 

requires a certain amount of thermal mobility. 

3.6  Conclusions 

 In this chapter, both resonance shifting and TT experiments were performed to 

determine how Berea acts at both high temperatures and when subjected to temperature 

hysteresis. As this chapter was focused on qualitative results, no quantitative analysis was 

performed. Berea was found to continue the trend of anomalous behavior when heated to 

350 °C at approximately the same rate as when Berea was heated to only 250 °C. This 

means that Berea underwent an anomalous softening of around 20% with cooling when 

the maximum temperature was increased. Temperature hysteresis was found with TT 

experiments on Berea when heated to around 200 °C, with heating exhibiting normal 

elastic behavior but cooling still showing the same anomalous behavior as before. The 

hysteresis curve approximately closed at both the minimum and maximum temperatures 

of the hysteresis loop. When the Berea was allowed to dwell after heating at around 200 
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°C before cooling, the hysteresis loop was decoupled at the lower end, with a significant 

shift in the bulk modulus between when the experiment started and ended, despite ending 

at the same temperature. In Buff Berea, however, anomalous behavior was also seen with 

heating and the qualitative behavior seemed to be the same when comparing the heating 

and cooling curves. This indicates that the behavior is far more complex than initially 

realized and likely depends on some unknown conditions. Finally, temperature hysteresis 

TT experiments on fused silica showed no anomalous behavior with temperature, as the 

heating and cooling cycles were both linear and followed each other almost exactly. This 

means that the anomalous behavior is likely to be a product of the overall mechanical 

system of Berea, being a collection of different sized grains cemented together, forming a 

total system of grains and interstitial regions that transmit stress nonuniformly. 
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Chapter 4: Comparison of Reservoir Constituent Materials with the Behavior of 

Berea Sandstone 

4.1 Introduction 

 This chapter presents results focusing on other materials besides just Berea 

sandstone, to understand whether the anomalous elastic behavior found in Berea 

sandstone extends to other similar materials. The idea is to compare and contrast the 

properties of the rocks that do exhibit this behavior from the ones that do not, to 

understand what might be causing the behavior. To accomplish this, frequency shifting 

experiments were performed on two Berea cores with 93 mD and 781 mD permeabilities 

from Cleveland Quarry, Austin Chalk, Boise sandstone, Indiana limestone, Kentucky 

sandstone, Upper Grey Berea sandstone, Sister Grey Berea sandstone, Grey Berea 

sandstone, Buff Berea sandstone, and Ohio sandstone with cooling from ~180 °C down 

to ~40 °C. Through-Transmission experiments were also performed on almost all 

samples to get a baseline sound speed measurement for which the resonance shifting 

could be used to extrapolate the sound speed and C11 at higher temperatures without 

doing Through-Transmission at elevated temperature conditions. The results show that 

only the originally studied Berea sandstone and Buff Berea exhibit anomalous elastic 

behavior with cooling. The other materials behaved mostly linear with cooling and had 

variable rates of hardening with cooling. Some materials had a rate change in hardening 

with cooling but were otherwise normal. The results indicate that the anomalous elastic 

behavior might be more isolated to certain rocks than previously thought and that the 

behavior is more complex than expected. 
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4.2 Motivation 

 The motivation for this chapter was to better understand the anomalous elastic 

behavior in Berea by comparing Berea to other materials of the same class. Since there 

are many sandstones and limestones that share many, but not all, traits with Berea, their 

behavior with temperature could be compared to Berea to find out what property of Berea 

could be causing this anomalous elastic behavior with cooling. As an example, although 

sandstone and limestone are similar, limestone has a different formation mechanism and 

is mostly made out of calcite. Would limestone show the same anomalous behavior even 

though the main constituent is different and the cementation varies slightly? By also 

comparing different sandstones, which vary in porosity and cementation, other 

characteristics could also be studied. If other sandstones and limestones show anomalous 

behavior, the similarities between the two materials could also be studied. Overall, the 

motivation for this chapter is to compare Berea to many other porous materials and better 

understand what makes Berea have such complex mechanical behavior with cooling. 

4.3 Experimental Methods 

4.3.1 Sample Preparation 

 The samples used in the experiments in this section were prepared in a similar 

fashion to those of the previous chapters, with a few differences. Many samples were 

obtained from different quarries to study a wide variety of sandstones and limestones. 

The first set of cores were purchased from Kocurek Industries 

(https://kocurekindustries.com/), which is a distributor and cutter of cores, and includes 

Kentucky sandstone, Indiana limestone, Austin chalk, Boise sandstone, Upper Grey 

https://kocurekindustries.com/
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Berea sandstone, Sister Grey Berea sandstone, Grey Berea sandstone, and Buff Berea 

sandstone. All four Berea cores purchased from Kocurek Industries originated from 

Kipton Quarry in Ohio. Several other cores were purchased directly from Cleveland 

Quarry (https://www.bereasandstonecores.com/) and include the originally studied Berea 

core from Chapter 2, as well as another Berea core with 73 mD porosity, a Berea core 

with 781 mD porosity, and a core of Ohio sandstone. In order to reduce the possible 

impact of moisture on any measurements, all samples in this section were dry cut with the 

low speed diamond wheel saw. Dry cutting is generally extremely ill-advised with a 

diamond wheel saw due to drastically increased wear on the saw blade, but was necessary 

to avoid exposing the samples to moisture from the blade coolant. Since the samples were 

dry cut, it was necessary to guide many of the cuts by hand, so the precision of these 

samples is not as fine as in the samples in previous chapters. This should not have any 

effect on the qualitative behavior of the material. After being cut, each sample was blown 

with an air gun to remove rock dust left by the saw (normally the coolant would remove 

any dust buildup). After being thoroughly dried, the sample was left in a desiccator 

overnight to remove any residual moisture. The next day, samples were weighed for later 

use in density calculations. Transducers were then attached to opposite ends of each 

sample using the same EPOTEK TM112 nonconductive epoxy used in all other 

experiments. Standard solder (Alpha Metals Cleanline Core Solder) was used for all 

electrical connections due to it having a similar operating temperature as the flexible 

small-diameter wire (W.L. Gore, CXN3369) used for all samples (about 200 °C max for 

the wire), as well as being exponentially faster to make electrical connections compared 

to using conductive epoxy. All samples in this section used Steminc 7 x 0.5 mm, 300 kHz 

https://www.bereasandstonecores.com/


79 

Lead Zirconate Titanate (PZT) sintered powder piezoelectric ceramic discs as 

transducers. The dimensions for each sample, as well as the face on which the transducers 

are attached, are shown in Table 2 below and were measured with a digital caliper. 

Table 2. Dimensions and transducer location for all materials studied in Chapter 4. 

Sample Material Dimensions (mm3) Transducer Face (mm2) 

Original Berea 9.13 x 8.32 x 6.65 9.13 x 6.65 

Berea 93 mD 8.00 x 7.83 x 7.20 7.83 x 7.20 

Berea 781 mD 8.26 x 7.72 x 7.18 7.72 x 7.18 

Austin Chalk 7.77 x 6.26 x 5.44 6.26 x 5.44 

Boise Sandstone 8.40 x 8.34 x 5.82 8.40 x 8.34 

Buff Berea 9.75 x 8.20 x 8.10 8.20 x 8.10 

Diatomite 7.50 x 7.12 x 7.09 7.12 x 7.09 

Grey Berea 9.70 x 10.20 x 6.97 10.20 x 9.70 

Indiana Limestone 7.44 x 6.55 x 6.36 7.44 x 6.55 

Kentucky Sandstone 10.76 x 8.46 x 7.19 8.46 x 7.19 

Sister Grey Berea 8.83 x 8.50 x 7.63 8.50 x 7.63 

Upper Grey Berea 9.74 x 8.63 x 6.96 9.74 x 8.63 

 

For later reference, a table of the porosity and permeability values given by the supplier 

for each material is shown below in Table 3. 
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Table 3. Porosity and permeability for most materials studied in Chapter 4 (as available). 

Material Porosity (%) Permeability (mD) 

Austin Chalk 25% 3 

Boise Sandstone 28% 650-850 

Buff Berea 22% 150-350 

Grey Berea 19-20% 60-100 

Indiana Limestone 14% 3 

Kentucky Sandstone 14% 0.1-1 

Sister Grey Berea 21% 80-90 

Upper Grey Berea 18% 105 

 

4.3.2 Resonance Tracking 

 For the resonance tracking experiments in this chapter, the procedure was nearly 

identical to that in Section 3.3.2. The main difference was that no data were collected 

during heating, and thus the heating rate was significantly higher. The heating rate is still 

the same as all other resonance tracking and RUS experiments that did not record any 

heating data, so there is no major deviation from previous experimental parameters. The 

only other difference, besides a slightly lower maximum temperature that was due to the 

melting point of the solder used for electrical connections, was that the cooling rate was 

more uniform than before, and also slightly faster. The reason for the higher cooling rate 

was due to the results presented in Chapter 5, which discuss the impact of cooling rate on 

the mechanical behavior of the material. The more uniform cooling rate was due to 

improvements in procedure learned from experience. Before, the cooling rate would slow 

down as the temperature decreased. In these experiments, the tube furnace was opened 
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wider as the temperature decreased to keep the cooling rate the same. This had the effect 

of exposing the hot tube more and more to the ambient air as the temperature decreased 

to keep cooling rates relatively constant. Earlier, a fan was experimented with to see if it 

could keep the cooling rate constant, but it instead caused rapid temperature fluctuations. 

All other parameters and techniques of the resonance tracking experiments were identical 

to the previous chapter. 

4.3.3 Through-Transmission 

 For the Through-Transmission experiments in this chapter, there are a few 

important differences from the Through-Transmission experiments in other chapters. In 

particular, one of the main differences is that the samples used in this chapter were cut for 

use in resonance tracking, with Through-Transmission measurements coming later. This 

means that the sample dimensions are not quite optimized for Through-Transmission, 

having a shorter propagation length and uneven side lengths. As mentioned earlier, all 

samples are using Steminc 7 x 0.5 mm, 300 kHz Lead Zirconate Titanate (PZT) sintered 

powder piezoelectric ceramic discs as transducers. The only quantities determined here 

are the compressional wave speed, vp, and C11. For almost all materials, the excitation 

consisted of a 4 µs Gaussian wavelet single burst centered around 1 MHz (σ = 0.4) with a 

300-1700 kHz physical bandpass filter provided by a Krohn-Hite 3945 digital 

programmable filter. The mathematical expression for the pulse is shown below: 

 Ψ�𝑡𝑡 − 𝑥𝑥
𝑐𝑐
� = 𝐴𝐴∫𝑑𝑑𝑓𝑓 cos(𝑓𝑓 �𝑡𝑡 − 𝑥𝑥

𝑐𝑐
�) 𝑒𝑒−

(𝑓𝑓−𝑓𝑓0)2

2𝜎𝜎2  (21) 
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For this equation, x is the propagation distance, t is the time, c is the wave speed, f is the 

frequencies which are integrated over, and the free parameters f0 and σ represent the 

center carrier frequency and half-width-half-maximum of the wavelet. For the Austin 

Chalk sample, however, a Gaussian pulse did not produce consistent results with data 

processing, and so a fixed frequency Tukey envelope [73] at multiple frequencies was 

used instead. To nail down a consistent value for the sound speed in Austin Chalk, more 

data processing was applied than the other samples, with the arrival time of each peak in 

the Tukey envelope being found for each frequency. A longer sample was also cut 

specifically for these measurements in Austin Chalk, measuring 24.82 x 13.88 x 11.35 

mm3, giving it a propagation distance more than three times the original sample. 

4.3.4 Resonance Tracking 

 Considering the sheer number of samples that needed to be experimented on, only a 

single room temperature Through-Transmission measurement was made for each sample. 

Since the qualitative behavior of each material was what was sought after, doing a very 

long temperature-dependent Through-Transmission experiment seemed unnecessary. 

Since the shifting in the resonance frequencies with temperature is determined 

experimentally for each material, the quantitative mechanical properties can be extracted. 

This is due to the direct relationship between the resonant frequencies and the sound 

speed. The mathematical basis for this is worked out below. 

(1) General resonant frequency equation: 𝑓𝑓𝑟𝑟 = 𝑁𝑁𝑁𝑁
2𝑑𝑑

 

(2) N and d should remain the same if tracking the same resonance 

(3) v and fr will change at the same rate due to the above 
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(4) 𝐶𝐶11 = 𝜌𝜌𝑣𝑣𝑝𝑝2 

(5) Therefore, resonance shifting can extrapolate C11 at all temperatures from a single 

measurement of v at any temperature 

Thus, although only a single Through-Transmission measurement at room temperature is 

performed for each material, it can be used to extrapolate vp and C11 at all higher 

temperatures.  

4.4 Experimental Results 

4.4.1 Resonance Tracking 

 The response of each of these materials with cooling was surprising, but appeared 

to fall into one of three categories. The first category, the most populous category, is of 

the materials that exhibited perfectly normal elastic behavior. The second category is that 

of materials that exhibited nearly normal behavior, but had a relatively significant change 

in the rate of hardening with cooling at some temperature point. The final category, 

which is also the category of interest, is of the materials that exhibited highly anomalous 

behavior in which the material softened with cooling within a certain temperature range. 

The results for the resonance shifting of all the materials from ~180 °C to ~35 °C are 

shown in Figures 39-51. 
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Figure 39. Plot of a resonant frequency versus temperature obtained from Cleveland Quarries Berea 
sandstone with 93 mD permeability. The sample was cooled from ~168 °C to ~40 °C and shows normal 
elastic behavior. 
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Figure 40. Plot of a resonant frequency versus temperature obtained from Cleveland Quarries Berea 
sandstone with 781 mD permeability. The sample was cooled from ~168 °C to ~40 °C and shows normal 
elastic behavior. 



86 

 
Figure 41. Plot of a resonant frequency versus temperature obtained from Sister Grey Berea. The sample 
was cooled from ~178 °C to ~40 °C and shows normal elastic behavior. 
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Figure 42. Plot of a resonant frequency versus temperature obtained from Austin Chalk. The sample was 
cooled from ~182 °C to ~30 °C and shows normal elastic behavior. 
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Figure 43. Plot of a resonant frequency versus temperature obtained from Boise Sandstone. The sample 
was cooled from ~180 °C to ~30 °C and shows normal elastic behavior. 
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Figure 44. Plot of a resonant frequency versus temperature obtained from Indiana Limestone. The sample 
was cooled from ~182 °C to ~30 °C and shows normal elastic behavior. 
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Figure 45. Plot of a resonant frequency versus temperature obtained from Kentucky Sandstone. The 
sample was cooled from ~170 °C to ~40 °C and shows normal elastic behavior. 
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Figure 46. Plot of a resonant frequency versus temperature obtained from Grey Berea. The sample was 
cooled from ~165 °C to ~40 °C and shows a higher rate of hardening at higher temperatures, but otherwise 
normal behavior throughout. 
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Figure 47. Plot of a resonant frequency versus temperature obtained from Upper Grey Berea. The sample 
was cooled from ~178 °C to ~42 °C and shows a higher rate of hardening at higher temperatures, but 
otherwise normal behavior throughout. 
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Figure 48. Plot of a resonant frequency versus temperature obtained from Diatomite. The sample was 
cooled from ~180 °C to ~50 °C and shows a higher rate of hardening at higher temperatures, but otherwise 
normal behavior throughout. 
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Figure 49. Plot of a resonant frequency versus temperature obtained from Ohio Sandstone. The sample 
was cooled from ~175 °C to ~50 °C and shows a higher rate of hardening at higher temperatures, but 
otherwise normal behavior throughout. 
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Figure 50. Plot of a resonant frequency versus temperature obtained from the original Berea sandstone 
sample. The sample was cooled from ~205 °C to room temperature and shows anomalous elastic behavior 
from ~205 °C to 110 °C, where it returns to normal elastic behavior with cooling. 
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Figure 51. Plot of a resonant frequency versus temperature obtained from Buff Berea. The sample was 
cooled from ~185 °C to ~40 °C and shows anomalous elastic behavior from ~170 °C to ~90 °C, where it 
returns to normal elastic behavior. The anomalous elastic behavior is less severe in Buff Berea as it is in the 
original Berea sandstone. 
 As the above figures show, the materials that exhibit normal behavior include 

Berea with 93 mD permeability (Figure 39), Berea with 781 mD permeability (Figure 

40), Sister Grey Berea (Figure 41), Austin Chalk (Figure 42), Boise Sandstone (Figure 

43), Indiana Limestone (Figure 44), and Kentucky Sandstone (Figure 45). Although these 

materials all behaved normally, their relative rates of hardening with cooling differed 

slightly. Materials that had some sort of rate change include Grey Berea (Figure 46), 

Upper Grey Berea (Figure 47), Diatomite (Figure 48), and to a lesser extent, Ohio 

Sandstone (Figure 49). All of the materials in this category had a faster rate of hardening 

at higher temperatures before settling into a slower rate later on. Finally, the materials 
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that exhibited highly anomalous elastic behavior with cooling include just the original 

Berea (Figure 50) and Buff Berea (Figure 51). For the Buff Berea, it first begins to soften 

with cooling down to ~90 °C, but then stops and begins hardening with further cooling to 

room temperature. Therefore, Buff Berea has an anomalous temperature band between at 

least 160 °C and 90 °C in which it softens with cooling. Comparing the Buff Berea to the 

original Berea sandstone, one of the key differences is the critical temperature in which 

the anomalous elastic behavior shifts back to normal behavior. In Buff Berea, this critical 

temperature is ~20 °C lower than that of Berea sandstone since the critical temperature is 

110 °C in Berea and 90 °C in Buff Berea. The total anomalous softening is also different 

between the two sandstones, with the original Berea sandstone having a larger anomalous 

softening. For comparison, the Buff Berea softened by only ~5.5% in C11, while the 

original Berea Sandstone had a much larger softening of ~13.5% in C11. The higher 

degree of anomalous elastic behavior with cooling in the original Berea sandstone can be 

seen in the above resonance shifting plots by noting the y-axis scale in both Buff Berea 

and the original Berea. Quantitative results for all of these materials will be shown in the 

next couple of sections. 

4.4.2 Through-Transmission 

 The Through-Transmission experiments for this chapter mostly focused on 

getting a room-temperature baseline value as a reference for each material. Therefore, 

only a single measurement is made for each material, except for the Berea 93 mD, Ohio 

sandstone, and Berea 781 mD in which no Through-Transmission measurements were 
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made, as these cores were received much later. The room-temperature Through-

Transmission results are shown in Table 4 below. 

Table 4. Compressional sound speed and C11 for each material studied in Chapter 4. Uncertainty is less 
than 1%. 

Material Compressional Sound Speed (m/s) C11 (GPa) 

Original Berea 2357 12.0 

Austin Chalk 3270 19.4 

Boise Sandstone 2914 14.3 

Buff Berea 2123 8.3 

Diatomite 1808 3.1 

Grey Berea 2776 15.6 

Indiana Limestone 2965 18.0 

Kentucky Sandstone 2817 17.4 

Sister Grey Berea 2596 14.3 

Upper Grey Berea 2491 12.9 

 

As the above table shows, there are a wide variety of sound speeds despite the fact that all 

of these materials are either sandstones or limestones (except diatomite). This is to be 

expected considering the wide variety of porosities and constituents that are represented 

by these materials. When analyzing the effects of porosity and permeability on the sound 

speeds, some mild trends emerge. When comparing permeability to sound speed, there is 

a decent trend of the studied materials with higher permeabilities having lower sound 

speeds. Of course Boise sandstone is a major outlier in this regard so it is more of a trend 

than a rule. This is shown below in Figure 52.  
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Figure 52. Sound speed versus permeability for most of the materials in Chapter 4. Due to the small sample 
size, the fit is likely not meaningful. The error in the sound speeds is around 3-5%. 
For porosity, less of a trend emerges but there is a very slight trend of higher porosity 

samples having lower sound speeds. This is shown below in Figure 53.  
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Figure 53. Change in sound speed versus porosity for most of the materials in Chapter 4. The error in sound 
speed is around 3-5%. The fit is unlikely to be meaningful due to small sample size. 
There are more outliers for any dependence on porosity, however, so it does not seem to 

make a huge difference, whereas permeability seems to have a decent trend. Of course, 

considering that most of these have very different constituents, it is not expected that the 

sound speeds should follow any solid trend with porosity or permeability. As explained 

earlier in this chapter, these measurements were taken to have a reference for the 

resonance tracking experiments. The main value in these Through-Transmission 

experiments is to provide sound speed and C11 values that can be used in combination 

with the resonance tracking to calculate the high temperature C11 values. This is 

performed in the next section. 
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4.4.3 C11 Determination Using Resonance Tracking 

 As explained in Section 4.3.3, there is a theoretical basis for using resonance 

tracking to extrapolate room temperature sound speed and C11 values to higher 

temperatures. In order to test its validity, it was compared with actual data obtained with 

Through-Transmission measurements performed at all temperatures. This is shown in 

Figure 54. 

 
Figure 54. Plot of compressional sound speed (vp) versus temperature for Berea sandstone. The red data 
points show the sound speed extracted from TT measurements at each temperature step. The black data 
points show the sound speed that was determined from a single room temperature sound speed 
measurement using resonance tracking to higher temperatures. The error bars are comparable to the data 
point size for TT and should be somewhat comparable to the error bars in Figure 50 for the extrapolated 
sound speeds. They are not shown here because the purpose of this figure is to demonstrate the ability to 
extrapolate sound speed with resonance measurements. 



102 

This figure shows very good agreement between the two up until the highest 

temperatures. There are a couple of reasons for this disagreement. The first is that the 

tracking was done from a separate sample of Berea than the resonance tracking. The 

second is that the Through-Transmission sample had a small shift in the highest 

temperature data points that can be seen in Figure 24 in Section 2.4.2. Otherwise the 

agreement was extremely good. The extrapolation for Buff Berea is shown in Figure 55. 

The other materials will be represented in Table 5 with their relative shift in sound speed 

and C11 that was calculated using the resonance shifting. 

 
Figure 55. Plot of extrapolated sound speed versus temperature for Buff Berea. The sound speeds were 
extrapolated from a single room temperature TT measurement using resonance tracking. The error bars 
should be comparable to those in Figure 51 but are not shown here. 
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As Figure 55 shows, the overall shift is not very large. The other materials had differing 

amounts of shifting in their resonances, representing a different rate of hardening with 

cooling in each. These percentages are shown in Table 5 below. 

Table 5. Sound speed shift and C11 shift for all materials studied in Chapter 4. 

Material Sound Speed Shift (%) C11 Shift (%) 

Berea 93 mD 12.1 22.7 

Berea 781 mD 14.6 27.1 

Austin Chalk 18.8 34.1 

Boise Sandstone 13.9 25.8 

Diatomite 13.8 25.8 

Grey Berea 14.3 26.5 

Indiana Limestone 20.5 36.8 

Kentucky Sandstone 2.8 5.5 

Ohio Sandstone 14.5 26.9 

Sister Grey Berea 9.1 17.5 

Upper Grey Berea 7.8 15.0 

 

Table 5 shows that even when the material has an approximately linear rate of hardening 

with cooling, the rate can vary significantly between materials. There appears to be no 

correlation between the overall hardening rate and whether or not the material underwent 

a rate change during cooling. The four materials that had a change in the rate of 

hardening during cooling, Grey Berea, Upper Grey Berea, Diatomite, and Ohio 

sandstone, did not have the largest total change in C11. In fact, the two materials with by 

far the largest shift in C11, Austin Chalk and Indiana Limestone, had an almost perfectly 

linear rate of hardening. Considering that both of these materials are limestones, it seems 
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as though limestones are significantly more impacted by temperature shock in terms of 

overall hardening when cooled. Porosity and Permeability do not seem to correlate with 

the overall hardening rate as no definitive fit could be made to the data, and even though 

the shifting trended slightly up with increasing porosity, the variability between samples 

was much larger than any overall linear trend. 

4.5 Discussion 

 The conclusions derived from this chapter are surprising. Qualitatively, it appears 

that most limestones and sandstones, as well as diatomite, do not exhibit anomalous 

elastic behavior. Even more surprising is the fact that most Berea varieties do not exhibit 

anomalous behavior. In fact, the only materials that have, are the samples from the 

original Berea core and Buff Berea. These two cores are derived from completely 

different quarries and companies. The important question that remains, however, is what 

sets Buff Berea and the original Berea apart from the rest of the materials that were tested 

in this section. Considering that most materials did not show this behavior, and that even 

other Berea types did not, make it more difficult to answer this question. Perhaps trace 

amounts of clays or metal contaminants play a larger role than it should, especially taking 

into account their low constituent percentage. More likely, however, is a difference 

between the pore structures of Buff Berea and the original Berea from these other 

materials. One factor that seems to differentiate these two Berea varieties from the rest is 

that their pore structure is visually different, with dissimilar cementing and pore spacing 

(visual comparison provided in Figure 56).  
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Figure 56. Visual comparison of Buff Berea (left) and Grey Berea (right). 
Considering that the interplay between pore spaces and the actual grains in sandstones 

govern the bulk of their mechanical properties, it is likely that the culprit lies in the pore 

structure layout. Supporting this argument is the fact that large thermal stress has actually 

destroyed the anomalous elastic behavior of a studied Berea sample and rearranged the 

resonance spectrum, which indicates likely pore structure collapse. In fact, this has been 

observed multiple times and the resulting Berea sample acts in a normal fashion after this 

event. The pore structure can frequently be arranged in a manner in which stress is either 

freely transmitted or not, meaning a drastic change in the structure can have implications 

for the Berea as a whole. Although no experiments were performed to test and solve 

some of these, some ideas for future experiments are shared later. As for the other 

materials which did not exhibit anomalous elastic behavior, the wide variety in hardening 

rates was also somewhat surprising. Certain materials such as Kentucky sandstone barely 

hardened at all over the studied temperature range while other materials such as Indiana 
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Limestone hardened drastically. Clearly this is an important factor to consider in drilling 

operations where these materials will be encountered in a wide variety of temperatures 

and pressures. Not only that, but many of these sandstones and limestones are used as 

building materials and rapid change in the mechanical properties of these materials with 

temperature change could be detrimental. 

4.6 Conclusions 

 In this chapter, both resonance shifting and Through-Transmission experiments 

were performed on a wide variety of sandstones and limestones to investigate how 

materials similar to Berea sandstone would react to cooling. The results indicate that most 

materials do not undergo anomalous elastic behavior with cooling, and in fact most 

harden at a linear rate when cooled (Berea 93 mD, Berea 781 mD, Sister Grey Berea, 

Austin Chalk, Boise Sandstone, Indiana Limestone, and Kentucky Sandstone). Other 

materials exhibited a change in the rate of hardening with cooling, but were otherwise 

normal in their behavior (Grey Berea, Upper Grey Berea, Diatomite, and Ohio 

Sandstone). Both of these sets of materials hardened at very different rates that ranged 

from a low of 5.5% in C11 (Kentucky Sandstone) to a high of 36.8% in Indiana 

Limestone. Finally, only two materials were confirmed to have anomalous elastic 

behavior with cooling (the original Berea sandstone and Buff Berea). These two materials 

are somewhat similar in appearance and pore structure, but there are key differences in 

the manifestation of the anomalous elastic behavior. The turning point for both was 

different, with the original Berea returning to normal elastic behavior at around 110 °C 

and the Buff Berea returning to normal behavior around 90 °C. The degree of the 
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anomalous elastic behavior was also much more severe in the original Berea, having an 

anomalous softening with cooling of at least double the Buff Berea (~5.5% versus 

~13.5% over their respective temperature ranges), despite the lower turning point for 

Buff Berea. Overall, this anomalous elastic behavior does not appear to be a very 

common occurrence in most materials and might be confined to a select few, or even just 

Berea.  
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Chapter 5: The Effects of Temperature Equilibration Time on the Magnitude of the 

Anomalous Elastic Behavior in Berea Sandstone 

5.1 Introduction 

 This chapter focuses on the effects of equilibration time on the overall magnitude 

of the anomalous elastic behavior discovered in Berea sandstone and Buff Berea. 

Considering that this anomalous behavior could arise from residual stress buildup during 

thermal contraction, allowing sufficient time for this stress to be relieved could possibly 

allow the Berea to behave normally with cooling. In this chapter, resonance tracking is 

used to measure the same cooling curves, only this time the relaxation time at each step is 

varied to see if there are any time-dependent effects. These experiments are only 

performed on the original Berea and Buff Berea because the focus is on whether the 

behavior will be destroyed with enough relaxation time. Neither RUS nor Through-

Transmission are used in this chapter because the focus is on qualitative results only. The 

results indicate that relaxation time does not affect the degree of the anomalous elastic 

behavior in either material. If a sample is allowed to relax at a temperature for an 

extended period of time, the resonances might shift slightly over time, but the overall 

qualitative behavior remains the same. 

5.2 Motivation 

 The motivation for this chapter comes from a couple of reasons. First of all, it has 

been established that Berea might have a memory effect and the mechanical properties 

rely on the past conditions of the Berea. If the mechanism that causes anomalous elastic 

behavior in Berea with cooling is related to some sort of long-lasting relaxation 
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mechanism, it would be important to know the characteristic time scale of the mechanism 

(i.e. does the Berea relax under a period of minutes, hours, or even days?). If it is, with 

enough relaxation time the anomalous behavior should be destroyed and Berea should 

exhibit normal elastic behavior with cooling. The second question that needed to be 

answered is how much do different rates of heating and cooling affect the anomalous 

behavior and should the rates be tightly controlled during each experiment. This set of 

experiments is an important validation of the previous sets because it is important to 

understand whether the originally chosen heating and cooling parameters were 

appropriate for the experiments. By understanding the effects of time on these 

experiments, it will become easier to pinpoint whether the mechanism is rate dependent 

or dependent on other factors such as absolute temperature of the Berea or solely on the 

previous condition of Berea. 

5.3 Experimental Methods 

5.3.1 Sample Preparation 

 The original Berea sample and the Buff Berea sample used in this chapter are 

identical to those used in previous chapters. No other modifications were made to these 

samples, except perhaps repairing electrical connections which should have no impact on 

the results of the experiment. 

5.3.2 Experimental Setup 

 Data collection was taken manually over a period of several hours and no 

anomalous events were seen during the data collection period. All other aspects of the 
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setup are identical to previous chapters. In terms of actual experimental procedure, the 

different equilibration times that were tested are: (1) no equilibration, (2) standard 

equilibration, and (3) one-hour equilibration. For the no equilibration case, after the 

furnace was brought to the maximum temperature, it was immediately shut off and 

allowed to cool. Data were collected as fast as the sweep was able to complete. Efforts 

were made to keep the cooling rate relatively constant over the studied temperature range 

by propping open the furnace at steadily increasing angles. For the standard equilibration 

case, the furnace was left on and the temperature set point was manually changed after 

each spectrum was acquired. At each temperature step, the temperature was allowed to 

equilibrate until no fluctuations were detected for around 3 minutes. Each step was 

dwelled on for around 5 minutes in standard equilibration, taking into account the time 

for data acquisition and furnace stabilizing time. For the hour equilibration case, the 

furnace was allowed to cool to much larger temperature steps but then equilibrated at 

each temperature for around one hour. Efforts were made to ensure that each temperature 

step had around one hour of dwell time, regardless of how much time it took to cool it to 

that temperature, therefore hour equilibration refers to the dwell time, not the amount of 

time between measurements. The other experiments are simpler and will be explained in 

the results section. 

5.4 Experimental Results 

 The first results from this chapter come from the original Berea sandstone in 

which the equilibration time was studied in the form of varied dwell time at each 

temperature step. By varying the relaxation time at each step, the sample is allowed to 
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relax and possibly release built up strain from thermal shock, if the structure does not 

allow free contraction with cooling. Figure 57 shows the resonance shifting for the 

original Berea sandstone for three different equilibration times starting at ~250 °C and 

cooling until around ~40 °C. 

 
 Figure 57. Plot of a resonant frequency versus temperature for Berea sandstone. Each data set was taken 
starting at ~250 °C down to ~40 °C with cooling. The blue data points represent data taken with no 
temperature equilibration at all, being allowed to continuously cool. The red data points represent data 
taken with thermal equilibrium achieved at each temperature step before data collection. The black data 
points represent data taken with a full hour of equilibration time before data collection at each 
temperature step. The error should be similar to Figure 50. 
As the above graph shows, the overall anomalous elastic behavior seems almost 

unchanged by the amount of equilibration time allowed. Even with a whole hour of 

equilibration time the trend is nearly unchanged versus no equilibration at all. Another 
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interesting point comes from the experiment without equilibration time. Since the data 

was taken continuously, the time and temperature between each data point was very 

short, and yet the trend is extremely tight with very little dispersion in the data points 

from the overall trend. This is a good demonstration of how powerful resonance 

techniques are, as even the slightest shift in temperature can be detected through 

resonance tracking. Since the original Berea is not the only material that exhibited this 

anomalous elastic behavior, the exact same experiment was repeated with Buff Berea. 

The results from this experiment are shown in Figure 58. 

 
 Figure 58. Plot of a resonant frequency versus temperature for Buff Berea. Each data set was taken 
starting at ~175 °C down to ~40 °C with cooling. The red data points represent data taken with no 
temperature equilibration at all, being allowed to continuously cool. The black data points represent data 
taken with thermal equilibrium achieved at each temperature step before data collection. The green data 
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points represent data taken with a full hour of equilibration time before data collection at each 
temperature step. The error should be similar to Figure 51. 
As it can be seen from the above graph, once again equilibration time seems to not have 

an impact, with hour long equilibration having nearly the same trend as no equilibration. 

There are a couple of things to note from this set of experiments, however. The reason for 

the lower point density in the no equilibration time experiment for Buff Berea was to cut 

down on data processing time, otherwise there is no reason why the points would need to 

be less dense for this experiment. Another important point to note is that there is clearly a 

larger amount of shifting in these spectra. Since these sandstones have a memory effect, it 

is not always possible to start at the exact same point even when heated to the same 

temperature. Many factors can cause the resonances to shift up and down, but it is 

important to note that this shifting never impacts the overall qualitative behavior when 

cooled. In the above graph, although the spectra are shifted, they would perfectly overlap 

if plotted on top of each other. To demonstrate some of these points, a couple of other 

experiments were performed. The first shows how different starting conditions can 

contribute in a shift in the overall spectrum. In this case, two different starting 

temperatures were chosen and their cooling curves were compared. This is shown in 

Figure 59 for the original Berea. 
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Figure 59. Plot of a resonant frequency versus temperature in Berea sandstone. This plot demonstrates 
that although the qualitative behavior remains the same in shorter runs versus longer runs, the history of 
the sample has a big impact on the vertical shifting of each spectrum. 
Once again, the spectra do not perfectly line up despite the fact that this is the same 

sample. The starting conditions affect the vertical position of the curves, representing that 

the sample was either harder or softer than at the same temperature point in the other 

experiment. Absolute temperature is not the only factor as to how hard or soft the sample 

is, the history is important as well. The second experiment explores how a sample can 

actually harden over time when left at the same temperature. This is shown in Figure 60 

for Buff Berea at 150 °C. 
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Figure 60. Plot of a resonant frequency versus elapsed equilibration at a fixed temperature (150 °C). This 
plot demonstrates that the resonances shift approximately linearly over time even when the temperature 
is fixed. This means that full equilibrium of the Berea likely takes many hours to fully achieve. 
Once again the above graph demonstrates the dynamic properties of sandstones, where 

the sample is actually hardening over a long period of time even though it is sitting at the 

same temperature and environmental conditions are relatively constant. In fact, the above 

experiment showed that this phenomenon happens at approximately a linear rate, with a 

resonant frequency shift of 1.18% over six hours. This perhaps indicates that the sample 

relaxes over an extremely long time and that one hour equilibration time is not long 

enough to ensure the sample has fully relaxed. In any case, even though the Berea 

appears to harden over time when left at a certain temperature, the data has shown that 

this only affects shifting and not the overall qualitative behavior. 
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5.5 Discussion 

 The results in this section represent a very surprising discovery about the 

mechanism responsible for the anomalous elastic behavior. The original hypothesis was 

that the anomalous behavior would be destroyed with enough equilibration time, but the 

results in this section do not support that. There is some evidence that perhaps a longer 

equilibration time is necessary, but even with increasing the equilibration time from zero 

to an hour, no difference was found which seems to indicate that longer equilibration 

time might not matter. If it is indeed the case that equilibration does not affect the 

anomalous elastic behavior, and it is not time-dependent at all, the underlying theory 

seems to be more difficult to untangle. Since the critical temperature point which marks 

the transition from anomalous to normal behavior seems constant in nearly all 

experiments, perhaps there is something meaningful about that particular temperature, 

even though there are no confirmed phase transitions or other events around that point. 

Regardless, further analysis and experimentation is necessary to understand why 

equilibration time does not impact the elastic behavior the way it seems like it should. 

5.6 Conclusions 

 In this chapter, resonance shifting was performed on both the original Berea 

sandstone as well as Buff Berea to determine the effect of equilibration time on the 

anomalous elastic behavior with cooling. The results show that equilibration time does 

not appear to affect the magnitude of the anomalous softening with cooling. The original 

Berea sandstone showed very little difference from no equilibration up to an hour of 

equilibration while the Buff Berea only showed shifting, with very little change in the 
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actual qualitative behavior. Spectral shifting is highly dependent on the history of the 

sandstone so it is not surprising to see that the hour equilibration spectrum is shifted 

upwards from the no equilibration spectrum. This was also shown by comparing a Berea 

sandstone cooling curve with a lower maximum temperature versus one with a higher 

maximum temperature in which the spectra were shifted from each other despite the fact 

that the sample was the same. Another interesting result was that Buff Berea (as well as 

the original Berea which was not shown) slowly hardens over time at a linear rate when it 

is kept at the same elevated temperature and with near identical environmental conditions 

over the studied timeframe. This hardening does not appear to affect the overall 

qualitative behavior over the cooling temperature range but might indicate that longer 

equilibration times are necessary to completely relax the sample, despite the fact that 

there is no significant change in the qualitative behavior with relaxation time. The 

collected data seems to indicate that this anomalous mechanism is time-independent, and 

thus dependent on absolute temperature, but data taken with extreme equilibration times 

(days, weeks) will need to be taken to know for sure. 
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Chapter 6: Conclusions and Suggested Future Work 

6.1 Conclusions 

 Before this work, existing research on temperature-dependent mechanical 

properties of Berea sandstone, as well as several other geo-materials studied, was almost 

nonexistent. Although the anomalous elastic behavior in Berea sandstone was discovered 

earlier by Ulrich and Darling [66] at cryogenic temperatures, no work was done to 

discover whether this behavior existed in industry relevant temperature ranges (i.e. room 

temperature up to >200 °C.) Additionally, no experimental work was previously done to 

better characterize the anomalous elastic behavior as well. In this work, several important 

advances were made regarding the anomalous elastic behavior discovered in Berea 

sandstone with cooling. Each chapter presented experiments and results that were 

designed to shed light on different aspects of this anomalous behavior in an attempt to 

understand the underlying physical mechanism, and each represents a significant step 

forward in the current state of knowledge on the subject. In Chapter 2, foundational work 

was presented that showed the initial experimental evidence that led to this project. In 

particular, the first RUS measurements of Berea sandstone with cooling from around 205 

°C to room temperature revealed an anomalous softening of ~8% with cooling to 110 °C, 

with a subsequent ~5% hardening with cooling to room temperature. These results were 

in line with those obtained by Ulrich and Darling [66] at cryogenic temperatures, in 

which they saw similar anomalous elastic behavior with cooling in Berea sandstone. 

These results were confirmed by Through-Transmission experiments using separate 

Berea samples from the same core. These foundational results led to the experiments in 
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later chapters aimed at uncovering specific details about the responsible mechanism. 

Chapter 3 explored the effects of temperature hysteresis and extremely high temperatures 

on the anomalous elastic behavior in an attempt to understand how temperature cycling 

and absolute temperature play a role in the physical mechanism responsible for the 

anomalous behavior. With heating up to 350 °C, the Berea sample simply extended the 

anomalous temperature zone, causing an anomalous softening of almost 20% with 

cooling from 350 °C down to 110 °C compared to the ~8% softening that was observed 

when the maximum temperature was only 205 °C. When subjected to temperature 

cycling, the Berea sandstone exhibited normal elastic behavior when heated, softening at 

an approximately linear rate, while still showing an anomalous softening with cooling 

right after. Complicating things, however, is the fact that Buff Berea showed anomalous 

elastic behavior for both heating and cooling. This makes the underlying theory much 

more complicated since any idea involving stress buildup from thermal contraction is not 

supported when the anomalous behavior can happen with heating as well. This also 

complicates the one-dimensional model proposed by Nobili et al. [69] which was based 

on the previously mentioned data by Ulrich and Darling and did not allow anomalous 

elastic behavior with heating in the model. Other results in Chapter 3 indicated that the 

hysteresis loops could be decoupled by dwelling at an endpoint for a significant amount 

of time, indicating that the mechanism is very dynamic. Through-Transmission 

experiments on fused silica also exhibited perfectly normal elastic behavior indicating 

that the anomalous elastic behavior likely comes from the bonding system inside Berea 

rather than any particular constituent. The overall takeaway from Chapter 3 was that 

focus should be on the bond system in Berea as well as the dwell time at each 
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temperature. Focus should also be on the critical point that marks the transition from 

anomalous elastic behavior to normal behavior as it did not appear to change with 

different maximum studied temperatures or hysteresis endpoints. Chapter 4 primarily 

focused on materials other than Berea to establish a link between the properties of 

materials that do exhibit anomalous elastic behavior and contrast the properties of the 

materials that do not. The results showed that most materials actually do not show 

anomalous elastic behavior with cooling and instead harden linearly with cooling or only 

have a single rate change in the studied temperature range from ~180 °C to 40 °C. Buff 

Berea, however, was found to also behave very similar to the original Berea, with an 

anomalous softening zone with cooling from the maximum studied temperature, ~180 °C 

down to around 90 °C, which differs from the critical temperature point of the original 

Berea by about 20 °C as the critical point for Berea was about 110 °C. The anomalous 

elastic behavior was found to be more severe in the original Berea sandstone, however, 

with an anomalous softening of a little less than double in the original Berea versus the 

Buff Berea, despite the lower critical temperature point for the Buff Berea. The last 

important point from this chapter is the fact that the hardening rates with cooling vary by 

quite a bit within the different materials tested, despite the fact that all of the tested 

materials are either sandstones or limestones (except diatomite). The hardening varied 

from a minimum of 5.5% (C11) in Kentucky to a maximum of 36.8% (C11) in Indiana 

Limestone. In Chapter 5, the effect of equilibration time was studied to determine 

whether the anomalous behavior was governed by a time-dependent mechanism. The 

results indicated that perhaps equilibration time did not have an impact at all on the 

anomalous elastic behavior. In fact, when comparing no equilibration to an hour of 
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equilibration, the differences were minimal in Berea. Buff Berea showed some spectral 

shifting indicating that the Buff Berea was harder to begin with, but the overall 

qualitative behavior was the same in all studied equilibration times for both Buff Berea 

and the original Berea. Although the data indicates that equilibration time does not seem 

to matter since there was no definite trend with increasing equilibration time, other 

experiments possibly indicate that much higher equilibration times are necessary. By 

keeping Berea at a single elevated temperature for a lengthy period of time, the 

resonances shift at a linear rate with time. After around four hours of waiting at a single 

temperature, the resonances were still shifting linearly with no indication of slowing 

down. This perhaps means that the anomalous elastic behavior could be altered with 

increased equilibration time, but the time scale is extremely large and would need to be 

studied over a period of days or even weeks. Overall, these experiment sets greatly 

characterized several important aspects of the mechanism responsible for the anomalous 

elastic behavior in Berea sandstone, and although the exact origin and cause for this 

behavior is unknown, the state of knowledge of this behavior is far greater than when this 

project began. 

6.2 Suggested Future Work 

 The experiments performed in this study represent a near-comprehensive look at 

the most important parameters affecting the anomalous elastic behavior in Berea and Buff 

Berea, and in fact have uncovered several important facts about the phenomenon, but 

there is still more work that would need to be performed to fully understand it. The 

following experiments represent the most important directions that this project should 
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follow if it were continued at a later date. The first task is to understand what happens to 

Berea when it undergoes rapid changes in temperature and pressure when in formation. 

This would be accomplished by completing temperature-dependent Through-

Transmission measurements at multiple isotropic confining pressures. Using a gas 

pressure cell with a heater would be adequate for this experiment. RUS could not be used 

because the confining pressure would not allow the sample to freely flex, suppressing the 

resonant frequencies. With these experiments, it would be possible to understand how 

this anomalous elastic behavior would affect the Berea formation in actual field 

conditions and whether drastic changes would be needed to current hydraulic fracturing 

calculations. The second experiment set would be to study resonance shifting in Berea 

over a long period of time to determine the time it takes for Berea to level off when held 

at a constant temperature. Currently, over four hours the Berea still continued to harden at 

a linear rate. The dwell time should be extended to days. After this, the time scale is 

known. The same equilibration experiments will need to be repeated with the new time 

scale to see if full equilibration affects the anomalous elastic behavior. This experiment 

could go a long way into determining whether the behavior is time-dependent or 

dependent on absolute temperature. The third experiment set would involve controlling 

the relative moisture content and other outside factors to see if any other factors are 

involved in the anomalous elastic behavior. It is possible that the behavior depends on 

some other factors not considered yet, so all possible outside influences need to be tightly 

controlled. The fourth set would consist of studying Berea at extreme temperatures, 

which would involve serious planning. It is possible that the behavior at extremely high 

temperatures differs from the studied temperature range and it would be interesting to see 
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the effects of extreme temperatures, extending to equivalent depths of 20+ kilometers. 

The final, and most important additional experiment set would be to repeat the same 

cooling experiments, but this time perform them in situ with a computed tomography 

(CT) machine performing continuous imaging. It is likely that high temperatures cause 

significant pore structure damage and in some cases, failure. This has been seen in many 

samples when the resonance spectrum suddenly changed at high temperature and the 

anomalous elastic behavior was destroyed. The pore structure almost certainly plays a 

major role, and thus it is important to see the change in the structure during the 

experiment to see what is actually happening. These experiment sets represent a 

considerable amount of work, however, and would take significant dedication to do. This 

is why these experiment sets are best left to future projects. If these sets of experiments 

are performed, the chances of finally understanding the mechanism responsible for this 

behavior seem high.  
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